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Preface
The human body is subjected to numerous chemical exposures from the external environment. 
The atmosphere is the largest component of this environment, and the lungs are the largest surface 
exposed to this environment. Protecting the lungs from exposures to hazardous chemicals in the 
environment is often more difficult than protecting the human body from ingestion and dermal 
absorption hazards. Hazardous chemicals enter the body through the lungs in both the occupational 
and domestic environments. Among the substances frequently inhaled with air are an array of gases, 
aerosols, and particulates from natural and anthropogenic sources. In addition, some humans occa-
sionally inhale therapeutic and/or abused drugs.

The objective of Inhalation Toxicology is to provide the practicing professional as well as the 
aspiring student with a pragmatic textbook. Included in Inhalation Toxicology are contributions 
from scientists in the academic, commercial/industrial, and governmental sectors focusing on regu-
latory aspects of exposure and testing, testing equipment and procedures, biomarkers and pathology 
of exposure, respiratory allergy and irritation of the respiratory tract, risk assessment, bioaerosols 
ranging from household molds to anthrax and botulinum toxin, low-level exposures, toxicology 
theory and toxicology modeling, and toxic effects of some individual toxicants ranging from tobacco 
smoke to botulinum toxins.

Inhalation Toxicology recognizes that the 100-m2 surface of the lungs coupled with the 15-l/min 
respiration rate provide significant opportunity for the entry of toxic and therapeutic chemicals into 
the human body. Transfer across the alveolar–gas interface is rapid and often enhanced by large 
partition coefficients. Toxicokinetic models have been developed for the absorption, distribution, 
metabolism, and elimination of inhaled chemicals. Only recently has this approach been extended 
to biological materials such as molds and fungi. Proteomics and genomics are also among the more 
recent approaches included in Inhalation Toxicology.

Inhalation Toxicology includes chapters on updated testing procedures and testing equipment. 
Some recent changes in the European and North American guidelines for testing procedures receive 
special attention in Inhalation Toxicology.
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 Inhalation Risk Assessment at 
the Environmental Protection 
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 1.1 RISK ASSESSMENT PRINCIPLES AND PRACTICES 

 1.1.1 Introduction 

 The potential adverse health effects of human exposures to environmental pollutants are charac-
terized through a process called health risk assessment. The National Research Council, in  Risk 
Assessment in the Federal Government: Managing the Process ,   defi ned risk assessment as “the use 
of the factual base to defi ne the health effects of exposure of individuals or populations to hazard-
ous materials and situations” (NRC, 1983). Risk assessment is based on a conceptual framework 
wherein research, risk assessment, and risk management are linked (Figure 1.1). The purpose of this 
chapter is to describe the use of risk assessment in environmental protection programs and the data, 
methods, models, and guidelines used in health risk assessment for inhalation end points. 

 “Risk assessment” is a term applied both to the  process  of risk assessment and to the  product  
of an assessment. In this chapter the emphasis will be on the process of risk assessment. It is not 
unusual, however, to encounter reference to a risk assessment of a particular chemical or site or 
emissions stream.   

 The risk assessment process is used in several ways by regulatory agencies such as the U.S. 
Environmental Protection Agency (EPA, the Agency) (U.S. EPA, 1988a, 1990a, 1990b; Sexton, 1992; 
Loehr et al., 1992; Browner, 1995; NRC, 1996; U.S. EPA, 2004a). First, risk assessment provides a 
framework to permit data utilization. As will be demonstrated below, risk assessment is by its nature 
an interdisciplinary effort, thus the coherent and consistent organization of diverse information is an 
essential feature of the process. Second, risk assessment provides information useful for establish-
ing regulatory and research priorities. In the regulatory arena, risk information can help determine 
which types of pollutants, emissions, or exposures are of greater or lesser concern, thereby focusing 
scarce resources on the highest risks. Establishing priorities for research can result from organizing 
existing information and identifying gaps in methods and data that affect confi dence in assessment 
results. Research can be targeted to address the areas of greatest uncertainty. Finally, risk information 
is used in establishing standards of human exposures to environmental pollutants.   Not surprisingly, 
this use of risk assessment information is more controversial because of the economic and societal 
consequences frequently associated with such decisions and the inherent uncertainties in risk assess-
ments. Some examples of approaches to risk evaluation and regulatory authority are shown in Table 1.1 
(see also U.S. EPA, 2004a). 

 The process and products of risk assessment are of interest to many groups. Within EPA, risk 
information is used by the major regulatory programs, including the air, water, pesticide, toxic sub-
stances, hazardous waste, and Superfund programs. External stakeholders in risk assessment include 
industry, Congress, environmental groups, academia, the legal community, and other governmental 
as well as private research organizations. 

4049_C001_r03.indd   44049_C001_r03.indd   4 11/15/2005   5:48:42 PM11/15/2005   5:48:42 PM



Inhalation Risk Assessment at the Environmental Protection Agency 5

FIGURE 1.1 Elements of risk assessment and risk management (from NRC, 1983).

TABLE 1.1 Selected Examples of Environmental Health Risk-Related Provisions in 
Federal Laws 

 Statute  Regulatory Scope Risk Provisions
Clean Air Act National ambient air quality 

standards for criteria 
pollutants

Set ambient air standards to protect public health 
with an adequate margin of safety

Hazardous air 
pollutants 

Protect public health with an ample margin of safety 
through technology-based maximum achievable 
control technology followed by residual health risk-
based emissions standards

Federal Insecticide, Fungicide, 
and Rodenticide Act

Pesticides Protect from unreasonable risks to health and the 
environment balancing risks against economic 
benefi ts to pesticide users and society

Toxic Substances 
Control Act

Existing chemicals 
in commerce

Protect from unreasonable risks to health and the 
environment balancing risks against economic 
benefi ts, considering alternative technologies

Safe Drinking Water Act Drinking water Protect the public from known or anticipated effects 
on human health by setting a maximum contaminant 
level goal with an adequate margin of safety and 
defi ning a maximum contaminant level as close as 
feasible to the goal
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6 Inhalation Toxicology

 The source of information used in risk assessment is similarly diverse, with information coming 
from universities, government laboratories (e.g., EPA, the National Institute of Environmental Health 
Sciences, the National Laboratories of the Department of Energy), industry-supported laboratories 
(e.g., the CIIT Centers for Health Research, Research Triangle Park, NC) regulated industry (e.g., pes-
ticide and chemical manufacturers), consulting companies, environmental and public health organiza-
tions (e.g., the American Lung Association), and trade organizations (e.g., Formaldehyde Council). 

 1.1.2 Environmental Toxicology 

 The fundamental question addressed by environmental toxicology is whether and how pollut-
ant exposures result in human disease. A series of toxicological events link exposure and disease 
(Figure 1.2). These events include pollutant uptake, distribution to target tissues, molecular inter-
actions, cellular responses, and altered tissue function that may ultimately progress to disease if 
repair and adaptation mechanisms are insuffi cient. 

 This event series can be separated into pharmacokinetics, which conceptually is the effect of 
the body on the pollutant, and pharmacodynamics, which is the effect of the pollutant on the body. 
Pharmacokinetics focuses on the disposition of the pollutant after an exposure. Pharmacokinetic 
information includes data on the magnitude and time course of absorption and distribution of a pol-
lutant to various body tissues (e.g., to fat, reproductive organs, liver), metabolism to more or less 
toxic components, and rates of elimination. Such data can be organized in mathematical models to 
quantitatively estimate the magnitude, duration, and type of exposure to individual target tissues. 
The pharmacodynamics or toxic effects of exposure of individual target tissues to pollutants and 
their metabolites depends on many factors, including the capacity of the tissues to be repaired and 
to maintain normal tissue function through homeostasis. If protective mechanisms are insuffi cient, 
toxicity may ensue and lead to disease, manifest as an increase in morbidity or mortality. 

 To assess risks associated with environmental pollutants, one would ideally like to have informa-
tion on impacts measured directly in humans exposed at environmental levels. For most environmen-
tal pollutants, substantial gaps exist in the available toxicological data. The series of events linking 
exposure to disease is rarely well characterized. More frequently, the limited evidence shows that 
high-level exposures can produce an increase in the incidence of morbidity or mortality in labora-
tory animals. The challenge to regulatory agencies is to determine what actions, if any, are required 
or warranted to protect public health when toxicological and exposure information for a chemical or 
source are uncertain or incomplete. To help address this situation, the U.S. EPA and other organiza-
tions have developed consistent procedures and guidelines for chemical testing and risk assessment. 

 1.1.3 Risk Assessment Paradigm 

 The four key components of risk assessment are hazard identifi cation, dose–response assessment, 
exposure assessment, and risk characterization (NRC, 1983).   Hazard characterization   is the deter-
mination of whether a particular chemical is or is not causally linked to particular health effects by a 
particular route of exposure. This determination involves evaluation of epidemiological data, animal 
bioassay data from chronic exposures, short-term studies, and comparisons of molecular structures. 
The process to determine the validity and signifi cance of toxicity data and the conclusions to be drawn 
regarding the weight of the evidence that a substance is causally linked to toxic effects are determined 
by using published risk   assessment guidelines (see U.S. EPA, 1986, 1991, 1992). For most chemicals 
the only toxicity data available are from laboratory studies on animals. The use of these data is based 
on a long-standing assumption that effects in humans can be inferred from effects in animals. 

   Dose–response assessment   is the determination of the relationship between the magnitude 
of exposure and the probability of occurrence of the health effects in question (NRC, 1983) 
(Figure 1.3). Dose–response 2  assessment entails several steps, including identifi cation and selection 

2 The term “dose-response” is commonly used as described subsequently in this chapter. The term “dose” refers to the 
internal or target-tissue dose whereas “exposure” refers to the external conditions that result in the (internal) dose.
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Inhalation Risk Assessment at the Environmental Protection Agency 7

of appropriate data, determination of equivalent exposure units between species, and choice of an 
extrapolation model. The risk assessment guidelines describe these procedures. A key consider-
ation in dose–response assessment, as well as hazard identifi cation, is that extrapolation is needed 
from the observable range to typically much lower environmental levels. Fundamental differences 
in the assumptions and dose–response methods used for cancer and noncancer end points are 
described below.   

   Exposure assessment   is the determination of the extent of human exposure before or after 
application of controls (NRC, 1983). Quantitative determination of the magnitude, frequency, dura-
tion, and timing of human exposure to pollutants involves evaluation of chemical and biological 
monitoring and modeling. 

 Questions central to exposure assessment include: 

  • Where is the substance found? 
  • Who and how many people are exposed? 
  • Are there highly exposed subgroups? 
  • What are the routes (e.g., inhalation, drinking water) of exposure? 
  • What is the degree of absorption by various routes of exposure? 

 Possible indicators of exposure potential range from crude estimates of production volume to bio-
markers of exposure obtained from human tissues. 

   Risk characterization   is the description of the nature and often the magnitude of human 
risk, including attendant uncertainty (NRC, 1983, 1996). Risk estimates may include statements 
regarding the estimated number of cancer cases or noncancer health effects that could result from 
pollutant exposures, the risks to highly exposed subgroups, and the distribution of risks in the 
population. Results are accompanied by statements regarding the data and methods employed and 

FIGURE 1.2 Toxicological events linking exposure to disease.
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8 Inhalation Toxicology

the assumptions and  uncertainties affecting the degree of confi dence associated with the assess-
ment process and results. The EPA has developed policy and guidance on qualitative and quantitative 
approaches and considerations for effectively communicating risk information to the public and others 
(U.S. EPA, 1995a, 1995b). 

 1.1.4 Extrapolations, Science Policy, and Risk Assessment Guidelines 

 Because of knowledge gaps, extrapolations and science policy are an integral part of the risk 
assessment process. This is true for many agents to which humans are exposed via inhalation, 
such as the hazardous air pollutants. A notable exception, however, is for the so-called “criteria” 
air pollutants. For these ubiquitous air pollutants, which include airborne particulate matter, 
tropospheric ozone, carbon monoxide, sulfur dioxide, nitrogen dioxide, and lead, extensive data 
from human exposures (including, in some cases, controlled human exposures) are available; 
hence the risk assessment process is different for these pollutants than what is described below 
(see U.S. EPA, 2004b). 

 Extrapolation methods and science policy positions developed by regulatory agencies are 
sources of considerable difference in opinion, and, therefore, controversy, and represent areas of 
signifi cant research interest. 

 The extrapolations frequently incorporated into risk assessments include: 

  • Extrapolating from high-dose experimental levels to much lower environmental levels 
  • Extrapolating from laboratory species to humans 
  • Extrapolating from healthy human volunteers to the diverse human population 
  • Extrapolating from one route of exposure to another (e.g., air to water) 
  • Extrapolating across widely varying exposure conditions (e.g., duration) 

 In Agency noncancer risk assessment procedures (following), these extrapolations are viewed and 
treated as areas of uncertainty and are addressed by the application of uncertainty factors or UFs. 

FIGURE 1.3 Dose–response assessment characterizes the quantitative relationship between 
magnitude of response and the dose inducing the response.
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Inhalation Risk Assessment at the Environmental Protection Agency 9

 Science policy positions regarding these and other extrapolations are described in the EPA risk 
assessment guideline series (U.S. EPA, 1986, 1991, 1992). These guidelines present a number of 
default assumptions that are used, after thorough consideration of available information, in the 
absence of information to the contrary. Thus, research results can provide information to be used in 
lieu of the default assumptions, although specifi c criteria need to be clarifi ed regarding when such 
information is suffi cient to replace the defaults (NRC, 1994). 

 1.1.4.1 Cancer 

 Examples of default risk assessment positions for cancer are listed below. These positions address 
the hazard identifi cation, dose–response assessment, and exposure assessment components of the 
risk assessment paradigm, and the extrapolations noted previously. Used in the absence of informa-
tion to the contrary, they include: 

  • In general, a combination of benign and malignant tumors. 
  • Use of responses from the most sensitive species and from the most sensitive tissues. 
  • Scale dose across species based on body weight (raised to the 0.75 power). 
  • Use of the multistage model to identify a point of departure (POD), then use a linear 

extrapolation from the POD through the origin (hence, no dose threshold below which the 
probability of a response is zero). 

  • Estimation of exposure as an average daily exposure prorated over a nominal 2-year life 
span for rodents and a 70-year life span for humans. 

  • Assumption that exposure to multiple carcinogens results in an additive response. 

 A hypothetical dose–response assessment for cancer is represented in Figure 1.4. The 95% 
lower confi dence interval on dose is used to identify the POD at a nominal 1, 5, or 10% response 
level, depending on the data being modeled. The cancer slope factor used in most risk assessments 
is the slope of the line from the POD through the origin. 3  Multiplying the cancer slope factor by 
estimates of exposure results in a risk estimate for essentially any level of environmental exposure. 

 When using default cancer risk assessment procedures, note that there is no nonzero dose level 
below which the risk of cancer is zero. This is based on a no-threshold assumption. Although the 
mechanism of cancer induction is not known with certainty, it is hypothesized that it may be caused 
by pollutant-induced alterations in genetic material leading to uncontrolled cell division and tumor 
formation. This hypothesis provides one basis for the no-threshold default assumption.   

 Also note that there is no adjustment or consideration of variability in potential response across 
the human population. The no-threshold assumption and consideration of intrahuman variability 
are signifi cant points of distinction between cancer and noncancer risk assessment procedures. 

 The EPA is currently engaged in revising the cancer risk assessment guidelines, thus some of the 
default assumptions and risk assessment procedures may change soon. 

 1.1.4.2 Noncancer 

 For noncancer risk assessment a central assumption is that a range of exposures from zero to 
some fi nite level can be tolerated with essentially no effect, that is, a threshold assumption. The 
assumption of a threshold for noncancer end points is based on evidence that homeostatic, com-
pensating, and adaptive mechanisms exist that must be overcome before toxicity is manifested 
(Barnes and Dourson, 1988). The concept of threshold is important in that risk assessors are 
essentially striving to determine an appropriate threshold dose in humans. Because the heteroge-
neous human population is highly variable in preexisting conditions and in response to exposure 
to toxic agents, the identifi cation of a threshold at the population level is arguably not possible. 

3 Some risk assessments based on human epidemiological data use the maximum likelihood estimate rather than the 
lower confi dence limit on dose to derive the point of departure.
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10 Inhalation Toxicology

Nonetheless, a threshold assumption is generally considered to be reasonable for noncancer risk 
assessment. A typical noncancer dose–response assessment assuming a threshold response is rep-
resented in Figure 1.5. 

 End point-specifi c guidelines for the risk assessment of noncancer end points have been 
developed (U.S. EPA, 1986, 1991). These include guidelines for developmental toxicity, repro-
ductive toxicity, and neurotoxicity (U.S. EPA, 1988b, 1988c), which are complemented by meth-
ods for estimating reference doses (Barnes and Dourson, 1988) and reference concentrations 
(Jarabek, 1994). 

 In the noncancer approach, qualitatively acceptable data are evaluated to determine which spe-
cies and end point(s) show effects of concern at the lowest doses. For example, the highest dose 
noted without an observable biologically signifi cant adverse effect is defi ned as the no observed 
adverse effect level (NOAEL). This dose level, or some other suitable POD, is then divided by a 
composite value of UFs applied to refl ect the various areas of extrapolation explained above. 

 The number of UFs applied depends on the data available for an assessment. The individual 
uncertainty factors are multiplied to provide a combined factor. For example, it is commonplace to 
encounter a combined factor of 1000 when subchronic animal toxicity data are used (i.e., 10-fold 
factors each for extrapolations involving human variability, animal-to-human considerations, and 
duration [subchronic to chronic extrapolation]). 

 Dividing a POD by the combined UF results in a reference dose (RfD) when exposures are via 
oral or dermal absorption, and in a reference concentration (RfC) when exposure is via air. The RfD 
and RfC are further explained and defi ned in the next sections of this chapter. 

 Effectively, exposures to levels below the RfD or RfC are of relatively low concern. Concern 
increases as exposure levels exceed the RfD or RfC and approach the LOAEL, a level at which 
adverse effects have been observed. A hazard index, defi ned as the ambient exposure level divided 
by the RfD or RfC, and/or a margin of exposure (discussed below) also may be calculated to 
provide insights on how human exposures compare to reference levels to help inform decision 
making. 

FIGURE 1.4 Hypothetical dose–response curve for a carcinogen. Dotted line is modeled 
95% confi dence interval.
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Inhalation Risk Assessment at the Environmental Protection Agency 11

 1.1.5 Research to Improve Health Risk Assessments 

 Current risk assessment procedures result from fundamental assumptions about how pollutants cause 
diseases in humans. These assumptions can be replaced with better scientifi c information as health 
effects research is conducted. Given the nature of many current procedures, research advances are 
anticipated to provide a stronger scientifi c basis for risk assessment in the future. Society benefi ts 
from development of a strong, credible science base for regulatory decisions, and the EPA has been 
strongly encouraged to advance the scientifi c basis for risk assessment (Loehr et al., 1992). To this 
end, EPA for a number of years has been developing new methods, models, and data to improve the 
scientifi c basis for risk assessment (U.S. EPA, 1990a). The EPA program has been characterized as 
a prototype for applied risk assessment research programs (U.S. Congress, Offi ce of Technology 
Assessment, 1993). The development of physiologically based pharmacokinetic models and bio-
logically based dose–response models represent important advances and opportunities for improv-
ing risk assessment procedures. 

 The preceding description of the concept, derivation, and use of inhalation risk assessment pro-
vides a backdrop for the balance of this chapter. What follows is an in-depth, practical description 
of the Agency processes for estimating health benchmarks from inhaled agents—those used by the 
Agency-wide Integrated Risk Information System (IRIS) program in derivation of the RfC, and those 
followed by the Offi ce of Pesticide Programs in derivation of the margin of exposure (MOE) for 
inhaled pesticides. 

FIGURE 1.5 Calculation of a benchmark concentration (BMC) and the benchmark concentration 
 lower boundlimit (BMCL). This example demonstrates the fi tting of a mathematical model to estimate 
the exposure–response curve (i.e., the BMC) and the 95% confi dence bounds (i.e., the BMCL) associ-
ated with the fi t. This plot is then used to fi nd the exposure corresponding to a designated response 
level, the benchmark response (BMR). In this case, a BMR of 0.1 (10%) is illustrated along with the 
 concentrations corresponding to the BMC (~64) and the BMCL (~51). The NOAEL (no or low  observed 
adverse effect level) of this data set are shown for comparison. When analyzing information from oral 
dosing, the terms BMD and BMDL are typically used. (Adapted from a fi gure provided by EPA col-
league Jeffrey S. Gift on oral data.)
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12 Inhalation Toxicology

 1.2 U.S. EPA’S INHALATION REFERENCE 
CONCENTRATION—THE RfC 

 1.2.1 Some Background Information on the RfC and IRIS 

 Current approaches for noncancer dose–response assessment for inhalation exposure currently 
focus on chronic (lifetime) exposures, although approaches for other exposure durations, in par-
ticular, acute, are being actively pursued. In the Agency, this procedure is refi ned and described 
in the derivation of the human health inhalation guideline value, the inhalation RfC, as part of the 
Agency’s IRIS database. The current RfC defi nition (U.S. EPA, IRIS Glossary) for this value is 
given in the accompanying text box. The specifi cs in the derivation of an RfC are described in the 
1994 Agency publication, “Methods for Derivation of Inhalation Reference Concentrations and 
Application of Inhalation Dosimetry” ( the Methodology)  (U.S. EPA, 1994a), in Jarabek (1994) and 
Hanna et al. (2001), and in an accompanying publication on the expansion of the IRIS process (Mills 
and Foureman, 1998). Note that an RfC is expressed as an air concentration (in mg/m 3 ), which the 
human population breathes continuously and that no assumptions are made as to the intake of agent 
(as in milligrams per kilogram per day). 

  Reference Concentration (RfC) 

 An estimate of an inhalation exposure for a given duration to the human population (including 
susceptible subgroups) that is likely to be without an appreciable risk of adverse health effects 
over a lifetime. It is derived from a BMCL (a statistical lower confi dence limit on the benchmark 
concentration), a NOAEL, a LOAEL, or another suitable point of departure, with uncertainty and 
variability factors applied to refl ect limitations of the data used.  

 Before the expansion of the IRIS process (Mills and Foureman, 1998), an RfC was prepared indi-
vidually with the oral RfD or cancer assessment for the given chemical done independently and often 
at different times. The RfC appeared on IRIS as a summary document with supporting information 
abstracted within the summary. RfCs currently appear as part of a complete IRIS assessment, includ-
ing an oral and cancer assessment for the agent, all done simultaneously, and all supported by an 
accompanying formal technical document, the  Toxicological Review.  The  procedures and applications 
described in this chapter are those that would be incorporated initially into a  Toxicological Review  for 
purposes of deriving an RfC. Under current IRIS operating procedures, an RfC  Summary  document 
would then be derived from the  Toxicological Review  document. Both now appear on IRIS. 

 1.2.2 The Fundamentals of the Process 

 The fundamental methodology for derivation of an RfC has been built on established practices of 
risk assessment used both by the risk assessment community, in general, and by the Agency, and is 
exemplifi ed by the generalized equation: 

  Health guideline value � point of departure � (uncertainty or variability) 

 For the Agency, the health guideline value is the route-specifi c inhalation RfC, for which the unit 
is an air concentration in mg/m 3 . The POD is the level of inhalation exposure, also in mg/m 3 , asso-
ciated with any of a variety of health effect end point values identifi ed from toxicological  studies 
in either animals or humans. More specifi cally, the POD is chosen from an ordered array of vari-
ous levels of exposures 4  to the toxicological agent and the corresponding toxicological responses, 

4 Throughout this section the term “dose” refers to the internal or target-tissue dose. “Exposure” refers to the external 
conditions that result in the (internal) dose.
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(i.e., from analysis of a dose–response relationship). For this reason, an RfC is more correctly 
termed an “exposure–response” assessment rather than a “risk” assessment, with the latter being 
more broadly defi ned (NRC, 1983). 

 This exposure–response array, and indeed the entire assessment, should always strive to be based 
on and refl ect the events causing the toxicity (i.e., the underlying mode of action of the observed 
toxicity). Furthermore, the assessment needs to provide to the reader as clear an understanding of 
those mechanisms as the currently available data and information will reasonably support. 

 In deriving the RfC, the POD is refi ned, when possible, to more accurately refl ect what humans 
would be exposed to under the stated defi nition of the RfC, such that it is termed a “human equivalent 
concentration” (HEC). Various procedures for this extrapolation to an HEC, discussed generally in 
this chapter, are given in detail in the  Methodology.  Application of these various procedures are guided 
based on the physical form of the agent (i.e., gas or particle) and on the site of the action by the agent 
(e.g., respiratory tract and systemic or “extrarespiratory” sites). Application of these procedures to a 
POD obtained from an animal exposure–response curve allows the POD to be termed a POD

 HEC 
. 

 In the RfC derivation, uncertainty and variability factors (UFs) are typically used for purposes 
such as compensating for information that is not known or extrapolating for other unknowns such 
as animal-to-human (interspecies) considerations or for assumed levels of variability in the human 
population. The POD

 HEC 
 is divided by the numerical product of these factors such that the greater 

the value ascribed to uncertainty, the lower the health guideline value. 
 The above generalized equation may be written more specifi cally for the inhalation RfC: 

  RfC POD UFHEC� �

  The purpose of the RfC is contained within the defi nition, as is the application, that is, “ . . . to the 
human population (including sensitive/susceptible subgroups)”. The RfC is also meant to consider 
critical life events. This aspect is refl ected in the overall criteria used to evaluate the confi dence in 
an RfC including toxicity information available on the biological milestones of development and 
reproduction. More recently, the Agency has indicated that this consideration should possibly be 
expanded to include more life stages, such as childhood and old age (EPA, 2002a). 

 This portion of the chapter elaborates on the components of the RfC equation and on the  specifi cs 
of how the components are chosen, derived, and interpreted. This will be accomplished by following 
generally the outline of the formal technical support document, the  Toxicological Review,  relating 
to the inhalation RfC. 

 1.2.3 Understanding the RfC Equation: The POD—Identifi cation 
from the Exposure–Response Curve 

 1.2.3.1 Analysis of Exposure–Response Information 

 An in-depth inspection of the world’s literature for toxicological effects associated with the agent of 
interest has and should always remain fundamental to any assessment process and to identifi cation 
of the POD for any given agent. To be of use and scientifi c merit, such inspections should be thor-
ough; they should be conducted from a viewpoint of what is known about the nature of the toxicity 
and the reason for its manifestations at the most basic biological level, that is, from the viewpoint of 
the mode(s) of action of the observed toxicity. Availability of a full-scale chronic animal study for a 
given agent, conducted under stringent guidelines and showing a clear dose–response relationship, 
may become available and be seen as a reason to undertake a new assessment or to possibly revise an 
existing assessment. However, the use and applicability of such a thorough and extensive study may 
be altered or possibly negated by a less extensive mechanistic-type study demonstrating, for example, 
that the toxicology reported in the chronic study may be of only marginal relevance to humans. 
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14 Inhalation Toxicology

 Once the relevant toxicological information, including mechanistic, has been identifi ed, fur-
ther analysis for information on exposure–response should proceed. Although it is likely that both 
human and animal information may be identifi ed in such a process and although human data clearly 
are from the most relevant species, no clear decision-type analysis can exist to always utilize human 
data over animal data in deriving the exposure–response relationship and POD. Animal toxicity 
studies of chronic duration and less are typically conducted under stringent and known conditions 
of exposure to an isolated and controlled population. On the other hand, occupational studies often 
report exposure in only the most general terms such as “low” or “high” that apply only to workers 
in uncontrolled settings. Other diffi culties, such as exposure to other agents that cause the same end 
point (e.g., smoking and lung cancer or heart disease) often occur in these types of studies, making 
them problematic for establishing a clear unconfounded exposure–response. This above compari-
son is not intended to advocate excessive reliance on animal information and studies. Such studies 
are often conducted at extraordinarily high concentrations of a given agent, producing effects in 
exposed animals that may not even occur at concentrations of concern to the assessment, which are 
typically much lower. Rather, this narrative demonstrates some of the many pitfalls and diffi culties 
that exist in analyzing scientifi c data, most of which were not generated for the purpose for which 
they were attempted to be utilized, that is, establishing a quantitative dose–response relationship for 
risk assessment. This comparison is also given to encourage the use of all information available to 
the full extent to which it is informative. 

 The outcome of this analysis for exposure–response information will vary widely. A complete 
array of exposure–response information would ideally be available. Such an array may include, 
for example, an animal inhalation study conducted under conditions of well-controlled chronic 
exposure showing a reasonably complete spectrum of response from low exposures, where no 
accompanying toxicity for a given end point is observed, to higher exposures, where more and 
more quantifi able toxicity occurs. And this study may be accompanied by informative studies in 
humans showing the same or similar target organ toxicity, studies reinforcing the presumed mode 
of action, and other animal or human studies that may support this exposure–response relation-
ship. Alternatively, only a minimum of barely useful information may be suffi cient, perhaps, to 
support only a qualitative description rather than a quantitative analysis of the dose–response 
relationship. The former, more ideal, situation will be assumed in describing the next step in the 
RfC process. 

 1.2.3.2 Additional and Supplemental Studies 

 In addition to studies that may be used to construct an array, other information may be available on 
the agent of interest that could aid in the interpretation of the array or in the ordering of the array 
with respect to the elements that should underlie its construction. A primary consideration for con-
sidering and deciding on such supplemental information is what they may provide in the way of 
information about key determinants of the toxicity, that is, mode of action. 

 IRIS assessments have specifi c information requirements. For example, all available toxic-
ity information relating to toxicity of the agent in developmental and reproductive settings, and in 
children as well as gender-specifi c effects, are reported in designated sections of the  Toxicological 
Review.  Sections in this portion of the assessment may be expanded to accommodate any specifi c 
toxicity of the agent, such as neurotoxicity or immunotoxicity. These data may be used in several 
aspects of the assessment, including exposure–response, and in the assessment of uncertainty factors. 
Human information that may have insuffi cient exposure–response data to make it useful may also be 
placed here. 

 The information described in this section (along with basic chemical and physical informa-
tion of the subject chemical) is summarized and appears in the front portion of the  Toxicological 
Review.  
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 1.2.4 Designation of a POD from an Exposure–Response 
Curve—Qualitative and Quantitative Analyses 

 1.2.4.1 The Qualitative Analysis 

 The end points and the exposure–response information on end points identifi ed in the foregoing 
processes are considered in both a qualitative and quantitative analysis. The qualitative analysis is 
where these end points are considered from the perspective of what is known about the mode of 
action of the agent. Some of the end points identifi ed may be of questionable toxicological signifi -
cance, such as lung cancers in rats from overload exposure conditions at the affected site. The sta-
tistical versus biological signifi cance of certain effects may also be discussed here. Evidence for the 
progression of effects from across several studies may be placed in perspective here. This analysis 
may also serve to refi ne or focus the quantitative analysis to follow. The sections in the  Toxicological 
Review  designated for this purpose are the “ Synthesis and Evaluation of Major Noncancer Effects ”  
 and  the  “ Weight-of-Evidence Evaluation and Cancer Characterization. ” 

 1.2.4.2 The Quantitative Analysis 

 1.2.4.2.1 The NOAEL Approach 
 An historical view of the ideal dose–response curve is that it is typically sigmoidal. Most  toxicity-
 testing strategies utilize this assumption in the planning of exposures to be tested—such that a series of 
relatively low exposures may produce little or no toxicological response, a higher exposure may pro-
duce a clear response, and yet higher exposures may produce still more of a toxicological response. In 
this ordered dose–response array, the lowest tested exposure producing a toxicological response that 
is considered adverse is termed the lowest observed adverse effect level or LOAEL. The next lower 
exposure from the LOAEL is termed the no observed adverse effect level or NOAEL. 

 The RfC methodology obligates the examination of all exposure–response arrays in a database 
and designation of all PODs, including NOAELs, for all toxicological end points that may exist. The 
NOAELs for these various end points may then be adjusted, both for purposes of the RfC as being 
continuous (i.e., 24 hr) and for “human equivalency” (described below), and compared to determine 
selection of the appropriate experimental NOAEL for the “critical” toxic end point, that is, that 
which occurs fi rst as exposure concentration increases. This NOAEL for the critical toxic end point 
is designated as the POD. 

 As evident from this description, the assumption underlying the NOAEL approach and a  sigmoidal 
exposure–response curve is the existence of a threshold. A threshold exposure would be the highest 
exposure below which an adverse effect is not expected (i.e., a NOAEL). With the assumption of 
the existence of a threshold, its estimation becomes the object of the  exposure–response assess-
ment. This focus on threshold has liabilities as the defi nition of threshold is  complicated because it 
includes elements of the end use of the assessment (e.g., legislative  mandates and implementation 
policy) as well as elements of data interpretation and science policy, such as questions of adversity, 
severity, individual versus population thresholds, and  biological versus statistical signifi cance. Also, 
as more and more exposure–response relationships become known and techniques to detect and 
assign adversity become more and more refi ned in toxicology, the very concept of a threshold in 
dose–response at low exposures becomes less and less robust. 

 1.2.4.2.2 The Benchmark Concentration Approach 
 The Agency has historically used the NOAEL approach. During this time, however, criticisms of 
aspects of the approach have accumulated. These include that its designation (i.e., as adverse) is sub-
jective, that it is limited to a single data point of those tested (even though the entire exposure–response 
curve may be well elucidated), that a NOAEL may not be present in a study (i.e., the lowest dose 
tested exhibited an “adverse” effect), that it does not refl ect the nature of the slope of the exposure–
response curve, and that it does not refl ect the size or power of the study. In fact, fewer animals in a 
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given experiment tend to result in higher and higher NOAELs. This is because differences that are 
statistically signifi cant at a given dose on exposure level testing a large number of animals tend not 
to be signifi cant with a smaller number of animals, causing this dose level not to be chosen over the 
next or even higher exposure level (Crump, 1984). 

 On the other hand, mathematical exposure–response modeling of data can be used to predict 
a response level that will then serve as the initial basis of the health assessment. Since Crump 
(1984) proposed the benchmark dose (BMD) method, a great deal of interest and an increasing 
level of activity have surrounded its use in dose–response analysis that has lead to the develop-
ment of EPA BMD software (EPA, 2004c). For inhalation scenarios, this method is termed the 
benchmark concentration (BMC) approach. It is accomplished by fi tting a mathematical model 
to a dose–exposure–response data set. Once this has been accomplished and a predetermined 
response (the benchmark response or BMR) within the observable range of existing data level 
chosen, the BMC can be determined by using the fi tted curve to fi nd the concentration corre-
sponding to the BMR. Variability and uncertainty may be addressed in this approach by deriving 
the lower bound on the BMC (the BMCL) predicted by the model that corresponds to the defi ned 
BMR response, such that choice of a 10% BMR would result in a BMCL

 10% 
. After adjustments as 

per the NOAEL, BMCLs may be arrayed, analyzed, and designated as PODs. An illustration of 
the benchmark process and the associated terms is given in Figure 1.5. 

 Compared with the NOAEL approach, the BMC method utilizes more information from the 
exposure–response curve, is less infl uenced by experimental design (e.g., exposure concentration spac-
ing), is sensitive to the infl uence of sample size (narrower and narrower confi dence bounds would 
result in smaller and smaller BMCLs), and may be utilized even when a NOAEL does not exist. 
In addition, the BMC method can consider the variability of the response in the experimental popula-
tion when a continuous variable (e.g., respiratory rate) is modeled (Crump, 1984, 1995; Dourson et al., 
1985). This approach is not without controversy, however. Debate continues on the rationale for choice 
of a response level, how near to the existing data the POD should be, and the criteria for the minimum 
data set that should be modeled (see Filipsson et al., 2003). Nevertheless, the BMC approach has been 
applied to the derivation of several RfCs in the IRIS database for a variety of toxic end points. 

 Other dose–response methods are currently under consideration for use in risk assessment by 
the Agency. These methods include the categorical regression approach, which is a procedure that 
involves fi tting a mathematical model to response data that have been categorized by severity. The 
model then determines the probability of obtaining a response of a particular severity, not only at cer-
tain exposure concentrations, but also at specifi c durations (Guth et al., 1997). As the BMC approach 
has the capacity to elucidate and make the entire exposure–response curve available to the risk asses-
sor, categorical regression has the capability to make extensive portions of the duration–response 
curve available. This approach is anticipated to contribute greatly to assessments in which duration of 
exposure is a principal consideration, such as for acute and other less-than-lifetime exposures. 

 1.2.5 Understanding the RfC Equation: The POD HEC  

 1.2.5.1 Orientation—Inhalation Dosimetry and the “Target-Tissue Dose” 

 PODs are typically derived from experimental results in laboratory animal studies where inhala-
tion exposure has been to either gases or particles. The risk assessment process uses these PODs to 
derive human health guideline values. Historically, this transformation was accomplished by consid-
ering this issue as one of uncertainty (i.e., animal-to-human) by simply dividing the animal exposure 
value by 10 (Dourson and Stara, 1983), implying, among other things, that humans are 10-fold more 
sensitive than animals. 

 Thought and analysis applied to this area of uncertainty have reasonably deduced that this trans-
formation comprises two general components, one dealing with what the animal or human body 
does to the toxic agent (i.e., pharmacokinetics), and the other with what the toxic agent does to 
the body (i.e., pharmacodynamics). The  Methodology  offers a suite of procedures falling under the 
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descriptive category of inhalation dosimetry intended to address the pharmacokinetic component 
of this uncertainty for toxic agents in gas or particle form. These inhalation dosimetric procedures, 
discussed only generally here, have as their basis the concept of the internal dose, more specifi cally 
the dose to the target tissue. As recognized by NRC (1994): “ target tissue dose is . . .  the ultimate 
determinant of risk . . . ”. Dosimetry is the means for estimating the target tissue dose. The result of 
application of inhalation dosimetry to exposures of laboratory animals is an estimate of an externally 
applied concentration that would result in the same internal target tissue dose in humans as in ani-
mals. The outcome of inhalation dosimetry procedures is aptly termed a HEC. Moreover, because 
application of dosimetry leads to an estimate of an internal target tissue dose from an externally 
applied concentration, an assessment based on this estimate could be termed appropriately as an 
“exposure-dose–response” rather than just an exposure–response assessment. 

 The suite of options for performing inhalation dosimetry in the  Methodology  provides “optimal” 
and “default” procedures for the process (Table 1.2), the optimal approach requiring and utilizing exten-
sive chemical-specifi c information. This hierarchy provides an incentive for research and development 
of relevant data such that a default option for any given chemical may at some point be reevaluated 
under an optimal approach. 

 With their extensive requirement of species- and chemical-specifi c data, physiologically based 
pharmacokinetic (PBPK) models may be regarded as an optimal model structure. Because the infor-
mation available for the majority of environmental agents do not attain this level of information, the 
discussion following will be concerned with the default model structures that are described in more 
detail in the  Methodology.    

 The respiratory tract is often the target tissue in inhalation risk assessment so that dosimetry in 
and about this anatomical structure becomes prominent. Consistent with the underlying principal of 
determining risk (i.e., the internal dose), dosimetry is applied to the target tissue in the area or region 
where the toxicity occurs. For purposes of dosimetric adjustment in inhalation of both gases and 
particles (which behave differently in these regions), the  Methodology  divides the respiratory tract 
into three regions  (see Figure 1.6). 

 In this respiratory tract-based scheme, the remainder of the body is termed the extrarespiratory 
(ER) or systemic region. Estimates of the surface area of these individual regions of the respira-
tory tract (i.e., ET, TB, and PU) and other physiological parameters necessary for the dosimetric 
adjustment process (e.g., minute volumes, default body weights, numerous allometric equations) are 
included in the  Methodology  for several species and for humans. 

 Information on the surface areas of these regions along with other critical determinants of dose in 
an inhalation scenario, that is, ventilation rates, partitioning of the agent into the tissues (for gases), 

TABLE 1.2 Hierarchy of Model Structures for Dosimetry and 
Interspecies Extrapolation 

Optimal model structure:
Structure describes all signifi cant mechanistic determinants of chemical disposition, 
toxicant-target interaction, and tissue response

Uses chemical-specifi c and species-specifi c parameters

Dose metric described at level of detail commensurate to toxicity data

Default model structure:

Limited or default description of mechanistic determinants of chemical disposition, 
toxicant-target interaction, and tissue response 

Uses categorical or default values for chemical and species parameters

Dose metric at generic level of detail

Source : U.S. EPA, 1994.
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18 Inhalation Toxicology

and characteristics of the particles being inhaled, are combined into a dosimetric adjustment factor, a 
DAF, a process elaborated on below. 

 1.2.5.1.1 POD HEC —Mathematical Derivation 
 Mathematical derivation of the POD

 HEC 
 consists of the following: 

  POD
 HEC 

 � POD
 adj 

 � DAF 

 where DAF � RGDR or RDDR,  RGDR  is the regional gas dose ratio, and  RDDR  is the regional 
deposited dose ratio. 

 The remainder of this section will expand on the explanation of the terms POD
 adj 

, DAF, RGDR, 
and RDDR. 

 1.2.5.1.2 POD adj  (Adjusted Point of Departure) 
 Nearly all inhalation studies with laboratory animals are conducted under a less-than-continuous 
daily exposure. To adjust these less-than-continuous daily exposure scenarios to those applicable 
to the intent for the RfC (i.e., a continuous daily exposure), the procedure of duration adjustment is 
regularly applied to both animal and human studies. 

 Duration adjustment, which is actually duration extrapolation, is accomplished by normalizing to 
a  C  � 24 hr product and will therefore nearly always result in a lowering of the concentration ( C ), for 
example, 100 ppm � 6 hr � 25 ppm � 24 hr. Application of this procedure has implications regard-
ing the nature of the exposure associated with the response. The measure of dose associated with a 

FIGURE 1.6 Diagram of the three regions of the respiratory tract, including the extrathoracic (ET), 
the tracheobronchial (TB), and pulmonary (PU) regions. (Adapted from U.S. EPA, 1994.)
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 C  �  t  product is typically some aspect of the concentration-time curve (e.g., area-under-the-curve, 
AUC) measure in the tissue and not just the concentration level attained (e.g., a maximum concentra-
tion,  C 

max
) in the tissue. Although neither of these may be the appropriate measure of dose, application 

of this procedure will nearly always result in a lowering of the concentration, thereby providing an 
automatic margin of protectiveness for chemicals for which  C  alone may be appropriate. Application 
of this procedure would also refl ect the maximum dose for agents for which total or cumulative dose 
may actually be the appropriate measure. When considered in this way, this procedure may be regarded 
as being protective of public health (see U.S. EPA, 2002a). 

 Duration adjustment would not be considered necessary or appropriate where the end point is 
highly concentration dependent (e.g., anesthesia), or under conditions of exposure that are continuous 
relative to the end point or desired goal. For example, duration adjustment would not be applied to 
exposures in a developmental study where exposures are administered continuously (i.e., 24 hr/day, 
7 days/week) throughout specifi c and known “windows” of developmental processes. 

 Duration adjustment is intended to apply to days per week as well as hours per day to be com-
pletely continuous in nature. Experimental inhalation exposures conducted on 5 of 7 days during a 
week would be factored by 5/7. A variation on this procedure applies also to human occupational 
exposures as elaborated on in the  Methodology.  

 Thus, application of duration adjustment to the POD would result in the POD being desi-
gnated as: 

 
POD POD

hours exposure

24 h

days exposure

7 daysadj � � �
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞⎞
⎠⎟

 1.2.5.1.3 DAF, the Dosimetric Adjustment Factors RGDR and RDDR 
 Application of dosimetry to the conditions of the inhalation scenario, as outlined and justifi ed above, 
are applied quantitatively through a factor aptly termed a “dosimetric adjustment factor” or DAF. 
The nature of the DAF and the method employed to derive the DAF is based on the nature of the 
agent, that is, whether it is a gas or a particle, and the location of the toxicity, either in some region 
in the respiratory tract (e.g., PU, TB, or ET) or elsewhere in the body, that is, at an “extrarespiratory” 
site. For effects observed in the respiratory tract or systemically from exposure to a gas, a regional 
gas dose ratio or RGDR is derived. For effects observed after inhalation exposure to an agent in 
particulate form, whether in the respiratory tract or systemically, a regional deposited dose ratio or 
RDDR is derived. The following text elaborates on these terms and procedures. 

 1.2.5.2 The Regional Gas Dose and Regional Gas Dose Ratio 

 After identifying the likely or known region of the toxic effect, based either on the characteristics 
of the gas or on known experimental results, the  Methodology  provides options for computing a 
DAF—for gases, a regional gas dose ratio (RGDR). The options in the  Methodology  for computa-
tion of an RGDR are in a hierarchy, prioritized upon the amount of information available where 
options such as  application of PBPK models or agent-specifi c mass transport coeffi cients (K

 g 
) are 

described. Default procedures, for the more likely situation in which data are limited, are also given 
and explained. For the purposes here, the default procedure for derivation of an RGD and the RGDR 
(i.e., the ratio) are illustrated. 

 1.2.5.2.1 The RGD 
 The default option for determination of the regional gas dose (RGD) for gases that have effects in the 
portal-of-entry tissues, that is, the respiratory tract being the target tissue, is based on the assumption 
that the major interspecies determinants of dose delivered to the respiratory tract are functions of 
the concentration of the toxicant in the volume of air breathed in and the surface area of the affected 
region in the respiratory tract. This relationship, which is actually a surrogate for impingement of 
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the agent on the surface area of the affected region(s), is expressed by constructing minute volume to 
surface area ratios, for example, V

 E  
/ SA

 ET, TB, PU, TH or TOTAL  
(see Figure 1.6). A listing of the values for these 

various factors currently used by the Agency for various species is available in the  Methodology.  
Note that these within-species ratios are made under the assumption that the gas is distributed uni-
formly and everywhere to the surface areas of the designated regions. This assumption is known not 
to be valid (e.g., Kimbell and Subramaniam, 2001) and attempts continue to offer refi nements in the 
quantitative description of this distribution. 

 The RGD from an experimental animal exposure to a gas that results in an effect in the ET 
region, for example, would be calculated as follows: 

  

RGD
V

SAET A

E

ET animal

( ) ⎛
⎝⎜

⎞
⎠⎟

�

 

 For the default option in determining the RGD for gases having systemic or extrarespiratory 
effects, where absorption and circulation to the target tissue is implied, the partitioning of the gas 
into the blood (i.e., H

 b/g 
) is assumed to be the primary determinant of dose delivered to the body. 

 1.2.5.2.2 The RGDR 
 For gases associated with effects in the portal-of-entry tissue, that is, the respiratory tract being 
the target tissue, the basis of the DAF is the gas dose to the region of interest (an RGD) for both 
animals (RGD

 A 
) and humans (RGD

 H 
). The ratio of these RGDs (RGD

 A 
 /RGD

 H 
) yield the RGDR, 

that is, the DAF. 

  

RGD

RGD
RGDRET A

ET H

ET

( )
( )

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

�

 

 The exposure concentration of interest is then factored by this RGDR to make the dosimetric 
adjustment and yield the HEC. For example, the HEC from an experimental animal BMCL

 10 
 with 

an effect in the ET region would be calculated as follows: 

  
BMCL RGDR BMCLadj ET HEC10 10( ) ( )� �

 

 In a manner analogous to those gases having the respiratory tract as the target tissue, the animal-
to-human ratio of the gas–blood partition coeffi cient, the H

 b/g 
, provides the basis for constructing the 

RGDR for gases having systemic or extrarespiratory effects. Under the default option, the  Methodology  
provides detailed direction for deriving the RGDR for these type gases based on the availability of the 
actual partition coeffi cients. When neither animal nor human values are available, the  Methodology  
states that the values may be assumed to be unity such that the RGDR would be 1. When values are 
available and the animal value is greater than the human (i.e., the value of the RGDR would be >1), 
the RGDR reverts to unity, that is, the RGDR � 1. 

 As can be seen, the RGDR is a normalizing factor that brings the concentration applied to the 
animal to equal that applied to the human. 

 1.2.5.3 The Regional Deposited Dose and the Regional Deposited Dose Ratio 

 The current Agency basis to dosimetrically adjust for inhaled particles with effects occurring within 
regions of the respiratory tract is an empirical model comprising a system of equations fi t to actual 
experimental deposition data from animals and humans. The models developed from the laboratory 
animal and human data have been mathematically combined and described in the  Methodology  such 
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that the fractional deposition (F
 r 
) of a particle distribution (characterized by size and distribution) 

observed in laboratory animals is used to predict the fractional deposition of that same particle dis-
tribution in humans. The F

 r 
 is combined with the other factors used as surrogates for the regional 

deposited dose (RDD), that is, minute volumes and surface areas of the affected regions, to estimate 
the dose of particulate to the particular species, the RDD. 

 In a manner analogous to the RGDR, RDDRs are then constructed and calculated for a particular 
region of the respiratory tract. In practice, this is done by using a computer program. 

 For systemic or extrarespiratory effects occurring in response to inhaled particles, the calcula-
tion is adapted quite logically for these circumstances in which body weight (BW) is substituted for 
surface area (SA) with the fractional deposition (F

 r 
) becoming the dose to the entire respiratory tract 

or “total”, F
 TOTAL 

. 

 1.2.6 Understanding the RfC Equation: Uncertainty/Variability 
Factors 

 1.2.6.1 Discussion and Application 

 The fi nal step in determining the RfC is application of uncertainty and variability factors, that is, 
UFs, to the POD

 HEC 
. As designated, these factors are not intended to be viewed as “safety” factors. 

Rather they may be viewed as default “place holders” for missing information. Once that information 
is obtained or the uncertainty is resolved, in whole or in part, the overall uncertainty and variability 
factors may be adjusted or even eliminated in a revision of that RfC assessment. Thus, a large factor 
applied to a POD

 HEC 
 for this purpose in a given RfC assessment should not be interpreted as that agent 

being especially toxic and requiring a large degree of safety. Rather, it indicates that the assessment 
considers that much uncertainty exists about the toxicity of this particular agent. 

 Applications of these factors are matters of scientifi c judgment on the extent of data available 
and on how informative these data are in the particular area of uncertainty. The history and extent 
of their use by the risk assessment community and the lack of instances in which these factors were 
insuffi cient are evidence of their general adequacy. Several investigators are considering the intended 
purpose and overall adequacy of these factors and how they may best address specifi c populations 
(Baird et al., 1996; Hattis et al., 2002). Guidance and implementation of “chemical-specifi c” or “data-
derived” adjustment factors (CSAF) to replace the general default uncertainty/variability in the areas 
of interspecies extrapolation and human variability is now a focus of the U.S. EPA (IPCS, 2001; 
Dourson et al., 2002; Renwick et al., 2002) as evidenced by the use of a CSAF in the Agency’s boron 
assessment (U.S. EPA, IRIS, 2004d). 

 The various uncertainty factors used in the derivation of an inhalation RfC (i.e., a health guideline 
value for lifetime exposures in the human population including sensitive subpopulations) are (U.S. 
EPA, 1994): 

 UF
 A
,
 
 extrapolation of animal data to humans, or interspecies uncertainty 

 UF
 H
,
 
 variation in susceptibility among the members of the human population (i.e., interindividual 

or intraspecies variability) 
 UF

 S 
, extrapolation from data obtained in a study with less-than-lifetime exposure (e.g., from 

subchronic to chronic exposure) 
 UF

 L 
, extrapolation from a LOAEL rather than from a NOAEL 

 UF
 D 
, incompleteness of the database .

 1.2.6.2 UF A —Interspecies Extrapolation 

 This UF is applied to account for the extrapolation of laboratory animal data to humans. 
 The general underlying components in this area of uncertainty are considered to be pharmacoki-

netics (PK) and pharmacodynamics (PD) with the value typically assigned to this area uncertainty, 
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10, equally partitioned between these components. This dichotomization, described in the  Methodology  
and elsewhere (e.g., Renwick and Lazarus, 1998), allows for the strategy of reducing this uncertainty 
by addressing either of these components with information. The  Methodology  provides several options 
for doing this; the ideal option is the application of an agent-specifi c, physiologically based pharma-
cokinetic (PBPK) model that is parameterized for such a purpose, that is, with both animal and human 
information (see “Optimal Approach” in Table 1.2). The other prominent option from the  Methodology  
is the application of dosimetry to estimate an HEC (discussed at length previously). These options 
provide for the replacement of the PK component of this UF. Options provided for the replacement of 
the PD component with information are yet to be developed but would greatly improve the RfC and 
other noncancer methodologies. 

 Model use and dosimetric adjustments provided for in the  Methodology  are considered to address 
at least certain aspects of pharmacokinetics, thereby decreasing the uncertainty about interspecies 
extrapolation. As mentioned previously, one-half the default 10-fold interspecies UF (i.e., 10 0.5 ) is 
assumed to be due to PK so that, with an HEC calculated in an assessment, the value for this area of 
uncertainty is reduced to 10 0.5 , which is typically rounded to the nearest whole value of 3. 

 1.2.6.3 UF H —Intraspecies Variability 

 The intraspecies UF, actually a variability factor, is applied to account for variations in susceptibility 
within the human population (hence the subscript “H”) and the possibility (given a lack of relevant 
data) that the database available is not representative of the dose/exposure–response relationship in 
the most susceptible subpopulations among the human population. 

 Various authors have evaluated the intraspecies UF by using data from animal or human stud-
ies, as summarized by Dourson et al. (1996). They concluded that the 10-fold default factor seemed 
adequate to address this area of uncertainty when starting from a median response, by inference a 
NOAEL assumed to be from an average group of humans. 

 In a manner analogous to the interspecies UF, this 10-fold UF is also considered to have both 
PK and PD components. Upon evaluating the composite 10-fold factor to account for variability 
in both PK and PD, Renwick and Lazarus (1998) concluded that a 10-fold factor would cover the 
vast majority of the population (>99%). These evaluations are intended to consider children or 
other potential subpopulations (see Table 4–9 in  Methodology ). Reductions from a default value 
of 10 for this UF are rare and considered only if relevant data are available from what is clearly 
demonstrable as the most susceptible subpopulation. One such instance is the application of a 
chemical-specifi c adjustment factor (CSAF) employed in the Agency health effect assessment 
for boron (U.S. EPA, 2004d), wherein data on a critical kinetic parameter in the population of 
concern, the kinetic elimination rate of boron in pregnant women, was used to address the kinetic 
component of UF

 H 
. 

 1.2.6.4 UF S —Extrapolation from a Subchronic to a Chronic Duration 

 A duration adjustment or extrapolation currently in use is the application of a UF when only a 
 subchronic duration study is available to develop the chronic RfC. A default value of 10 for this 
UF is applied to the NOAEL/LOAEL or BMD/BMC from the subchronic study. Implicit in this 
practice is the assumption that effects from a given compound in a subchronic study would occur at a 
10-fold higher concentration than in a corresponding (but absent) chronic study. This factor would 
be applied subsequent to the adjustment of these subchronic exposures from intermittent to continuous 
(i.e., duration adjustment). 

 The specifi c use of a UF applied to a subchronic study in the derivation of a chronic reference 
value is reasonable. Some work has been published on this aspect of extrapolation (Lewis et al., 
1990; Pieters et al., 1998). As with the other areas of uncertainty, this factor could be replaced 
when applicable information becomes available (e.g., an adequate animal toxicity of chronic 
duration). 
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 1.2.6.5 UF L —Extrapolation from a LOAEL to a NOAEL 

 An UF with a default value of 10 is typically applied to the scenario in which the POD
 HEC 

 is a 
LOAEL with no NOAEL available. The size of this UF may be altered, depending on the magnitude 
and nature of the response at the LOAEL. For example, if the LOAEL available is for a very mild 
or minor effect, whose adversity is of questionable biological signifi cance, the value assigned to this 
UF may be assigned a value of 3 instead of 10. Any judgment in applying this UF should also con-
sider the slope of the dose–response curve in the range of the LOAEL and lower, where the NOAEL 
(or BMC) may occur. Reports examining LOAEL/NOAEL ratios in studies having both have shown 
this value to vary from approximately 3-fold to as much as 10-fold, depending on the steepness of the 
dose–response curve in this NOAEL/LOAEL dose range (Lewis et al., 1990; Faustman et al., 1994). 

 The advent of the benchmark dose approach discussed above, which depends on a designated 
benchmark response level versus a NOAEL or LOAEL as a POD (see Figure 1.5), may in time result 
in a more limited use of this UF. 

 1.2.6.6 UF D —Completeness of the Database (Including Route-to-Route 
Extrapolation) 

 The database UF is intended to account for the potential for deriving an underprotective RfC as a 
result of an incomplete characterization of the chemical’s toxicity. In addition to the identifi cation 
of toxicity information that is lacking, review of existing data may also suggest a defi ciency in the 
toxicological characterization of a given agent, for example, on particular end points or for certain 
life stages. Consequently, in deciding to apply this factor to account for defi ciencies in the avail-
able data set, and in identifying its magnitude, both the data lacking and the data available should 
be evaluated and considered. With reference to the minimum database for derivation of an RfC, the 
 Methodology  states that no RfC be derived if neither an adequate subchronic nor chronic inhalation 
study is available. 

 If, in a database for a given agent, the data raise suspicions of developmental toxicity, for exam-
ple, and signal the need for other types of testing (e.g., specialized neurotoxicity studies, develop-
mental immunotoxicity studies, developmental carcinogenesis studies, or developmental endocrine 
toxicity studies), then the database factor should take into account whether or not these data have 
been collected and used in the assessment and their potential to become the critical effect or other-
wise infl uence the POD. The size of the factor to be applied will depend on other information in the 
database and on the judgment as to how much impact the missing data may have on determining the 
toxicity of a chemical and, consequently, the POD. 

 An additional 10-fold factor for infants recommended by the National Research Council (1993) 
and called for in the 1996 FQPA is similar to the database UF but also incorporates consideration of 
childhood exposure differences. Often a factor of 3 is applied if either a prenatal toxicity study or a 
two-generation reproduction study is missing, or a factor of 10 may be applied if both are missing 
(Dourson et al., 1996). Dourson et al. (1992) examined the use of the database UF by analyzing 
ratios of NOAELs for chronic toxicity in dog, rat, and mouse studies and reproductive and develop-
mental toxicity studies in rats. They concluded that reproductive and developmental toxicity studies 
provide useful information for establishing the lowest NOAEL or BMC value, and if one or more 
bioassays are missing, a factor should be used to address this scientifi c uncertainty in deriving an 
RfC. Thus, application of the existing uncertainty factor for database defi ciency may be adequate in 
most cases for protecting children’s health. 

 1.2.6.6.1 Route-to-Route Extrapolation from Oral to Inhalation 
 For many agents of interest, satisfactory oral RfD assessments with adequate databases exist. 
A strategy whereby a defi cient inhalation database could be augmented would be to utilize the oral 
information via route-to-route extrapolation. The Proposed Test Rule for Hazardous Air Pollutants 
(U.S. EPA, 1996) states that “EPA would consider route-to-route extrapolation of toxicity data from 
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routes other than inhalation when it is scientifi cally defensible to empirically derive the inhalation 
risk” which recognizes and supports such a strategy. 

 The text of the Test Rule goes on to state, however, that “Derivation of the inhalation risk is gen-
erally only reasonable when portal-of-entry effects (toxic effects on the respiratory tract from inhala-
tion exposure) and/or fi rst-pass effects can be ruled out or adequately characterized.” These practical 
caveats for performing route extrapolation are also stated and expanded upon in the  Methodology,  
in particular, the necessity of having adequate information to evaluate the capacity of the agent to 
produce toxicity in the respiratory tract as a consequence of inhalation. Current efforts are underway 
within the Agency to provide guidance as to when such a route-to-route extrapolation should be 
undertaken and how it may be applied to the development of an RfC. 

 A PBPK model has been used for purposes of route-to-route extrapolation in the Agency’s 
health effect assessment for vinyl chloride, in which an inhalation exposure was estimated for dose-
response information that was observed in the oral route (U.S. EPA, 2004d). 

 1.2.6.6.2 Characterization of the RfC 
 The multifaceted nature of the deliberative and subjective aspects of the health effect assessment 
process and the infl uence they may have on the fi nal version of the assessment have been described 
in preceding sections. The identifi cation and discussion of those general areas of uncertainty by no 
means encompass all the deliberative aspects that may be present in an assessment. For example, 
even though one may be confi dent in obtaining from the database suffi cient exposure–response 
information on end points adequate to determine the “critical effect,” the actual exposure–response 
information for that effect may be barely adequate for any further quantitative analysis. This uncer-
tainty may be compounded by uncertainty inherent in the method or model chosen to be used in 
the analysis of these barely adequate exposure–response data. Furthermore, the ever-moving, 
self-correcting nature of the scientifi c process and the basic scientifi c assumptions that underlie an 
approach to a given assessment may change or be supplanted by other more current science. Layered 
on this uncertainty is the varying interpretation of the same data. Thus, nearly every decision made 
to move the assessment process forward requires some deliberative analysis and judgment. The 
complexity and diversity of the factors involved in the deliberative aspect practically ensures the 
occurrence of divergent results in the assessment process. 

 To acknowledge and incorporate this situation, practitioners of risk assessment provide an inte-
grative discussion of this aspect as a “risk characterization” of an assessment. EPA risk characteriza-
tion guidelines (U.S. EPA, 1995b) provide for and stress the importance of identifying uncertainties 
and variability and major assumptions in the subject assessment and presenting them as part of risk 
characterization. A risk characterization should attempt to be the repository and evaluation of the 
analytic-deliberative aspects of the assessment. It is intended to present conclusions related to risk 
and convey information regarding the strengths and limitations of those conclusions. These guide-
lines set forth fundamental principals to what risk characterization should convey. Those principles, 
and their essence, are transparency with respect to what policy decisions are and what scientifi c 
decisions are, clarity, in regard to the strengths and weaknesses of the assessment, and reasonable-
ness, with respect to the conclusions that have been drawn from the available data. 

 Assessments, such as the RfC, are intended to be scientifi c syntheses of what is known about the 
toxicity of a chemical and the relationship of that toxicity to the human population; as such, assess-
ments are to utilize all available information to the maximum extent possible. 

 1.2.6.6.3 Other Aspects of the RfC Assessment—Review and Appendices 
 The entire IRIS assessment, the RfC included, undergoes several review processes. These include an 
internal Agency review conducted by Agency scientists, a review by Agency program offi ces (e.g., 
Offi ce of Water), and an external “peer” review conducted by scientifi c experts outside the Agency. 
Comments received from these reviewers may result in changes to the assessment. A summary and 
response to the major peer review comments can be found in an appendix to the  Toxicological Review.  
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Other items that are part of the offi cial assessment, such as calculations and descriptions of models 
used in the assessment, may be added as appendices. 

 1.3 INHALATION RISK ASSESSMENTS IN THE OFFICE OF 
PESTICIDE PROGRAMS 

 Within the Offi ce of Prevention, Pesticides, and Toxic Substances (OPPTS), the Offi ce of Pesticide 
Programs (OPP) regulates the use of all pesticides in the United States, establishes maximum levels 
for pesticide residues in food, and performs risk assessments to prevent injury. Risk assessments are 
routinely performed for exposure to pesticides by the oral, dermal, and inhalation routes for a variety 
of pesticides and use patterns. 

 When a registrant submits a petition for the registration of a new pesticide, it is accompanied 
by considerable supporting data performed in compliance with OPPTS-harmonized test guidelines. 
The purpose of these guidelines is to minimize variations among the testing procedures that are 
performed to meet the data requirements of the U.S. EPA under the Toxic Substances Control Act 
(TSCA) (15 U.S.C. 2601) and the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) 
(7 U.S.C. 136  et seq. ). The following guideline series can be found on the EPA’s Web site at  www.epa.
gov/opptsfrs/home/guidelin.htm:  

 810 Product Performance Test Guidelines 
 830 Product Properties Test Guidelines 
 835 Fate, Transport and Transformation Test Guidelines 
 840 Spray Drift Test Guidelines 
 850 Ecological Effects Test Guidelines 
 860 Residue Chemistry Test Guidelines 
 870 Health Effects Test Guidelines 
 875 Occupational and Residential Exposure Test Guidelines 
 880 Biochemicals Test Guidelines 
 885 Microbial Pesticide Test Guidelines 

 The 870 series of Health Effects Test Guidelines include a wide variety of toxicity studies—49 
in all—ranging from acute studies to developmental toxicity, reproductive toxicity, genotoxicity, and 
carcinogenicity studies. The two guidelines used for inhalation toxicity studies are 870.1300 for acute 
inhalation toxicity studies and 870.3465 for subchronic inhalation toxicity studies. OPP requires inhala-
tion toxicity studies for all pesticide active ingredients that may pose an inhalation hazard. In addition, 
acute inhalation toxicity studies are required for labeling purposes for all pesticide formulations that 
may pose an inhalation hazard. Subchronic studies characterize inhalation toxicity, and the NOAELs in 
these studies are used to estimate inhalation risk. 

 1.3.1 Estimating Pesticide Inhalation Risk 

 Whereas RfCs are based on lifetime exposure, OPP typically deals with inhalation exposures that 
are less-than-lifetime in duration. Human exposures can range from minutes to years. Air concentra-
tions may be constant, variable, or episodic. Human exposure scenarios can be as diverse as fl ying 
a crop duster, spraying an orchard, working in a greenhouse, a child playing in a pesticide-treated 
lawn, or a family living in a house treated for vermin. An effort is made to consider all applicable 
variables when estimating human risk. 

 An interdisciplinary team, consisting of a toxicologist, a chemist, and an exposure specialist, is 
assigned to each pesticide risk assessment project. This team characterizes the human exposure sce-
narios encountered with their pesticide, then selects toxic end points and NOAELs that will be used 
for short-term (1–30 days), intermediate-term (1–6 months), and long-term (longer than 6 months) 
inhalation risk assessments. The team’s selections are considered by a Risk Assessment Review 
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Committee (RARC) that either endorses or modifi es their choices. For pesticides that are controver-
sial, the RARC may review the completed risk assessment before a regulatory decision is made. 

 The methods used by OPP to characterize human inhalation risk differ from those used by the rest 
of the Environmental Protection Agency. Rather than expressing risk in terms of a reference concentra-
tion (RfC), inhalation risk is expressed as a margin of exposure (MOE). One reason for this difference 
is that human exposure is less than lifetime in duration. Two risk assessment methods are used in OPP. 
The fi rst method—the  route-extrapolated MOE —is used for nearly every inhalation risk assessment 
and, as the name implies, always involves route extrapolation. The second method—the  route-specifi c 
MOE —does   not require route extrapolation and has only been used a few times to estimate inhalation 
risk for fumigants. 

 1.3.2 The Route-Extrapolated MOE 

 The following equation has been used to estimate inhalation risk for nearly all inhaled pesticides since 
OPP was established in 1970 (U.S. EPA, 1998c). Note that the NOAEL and human exposure values 
in this equation are both in milligrams per kilogram per day units rather than air concentrations. 

  
MOE

NOAEL mg kg day

Human exposure mg kg dayI �
� �

� �

( )
( )  

 Although inhalation toxicity studies are required for all pesticides that may pose an inhalation 
hazard, in reality, these studies are lacking for most inhaled pesticides. It is usually during the risk 
assessment process that this data gap is discovered and studies are requested. Rather than waiting 
for the submission of inhalation data, inhalation MOEs (MOE

 I 
) are calculated by using oral toxicity 

data on the assumption that a pesticide’s absorption and toxicity are similar by the oral and inhala-
tion routes (U.S. EPA, 1998a). Approximately 80% of pesticides have inhalation risk assessments 
based on oral data. For the other 20% of pesticides that have inhalation data, the inhalation NOAEL 
is route-extrapolated to a milligrams per kilogram per day dose so it can be used in the preceding 
equation. 

 Human inhalation exposure (the denominator of the MOE
 I 
 equation) is measured as an air 

concentration, then route extrapolated to a milligrams per kilogram per day dose. Most inhalation risk 
assessments are performed by using surrogate human exposure values from the Pesticide Handlers 
Exposure Database (PHED). This is a huge database of actual fi eld-monitoring data that provides 
inhalation and dermal exposure estimates based on type of pesticide product and  application method 
(U.S. EPA, 1998b). Although the inhalation values are based on air sampler concentrations, they 
are only available as route-extrapolated milligram per kilogram per day doses. When a registrant 
provides a human  exposure concentration specifi cally for their pesticide, the concentration is route 
extrapolated to a milligram per kilogram per day dose before calculating an MOE

 I 
 (U.S. EPA, 

1998a). The following equation is used to extrapolate from an air concentration to a milligram per 
kilogram per day dose (U.S. EPA, 1998c): 

  

mg L day A MV D

BW
mg kg day

� � � � �
� � �

 

  A  The inhalation: oral absorption ratio. In the absence of oral and inhalation absorption data, 
the default ratio is 1. 

  BW  Body weight (kg) (see Table 1.3 for animal weights). Adult human body weight is a 
default of 70 kg, whereas child body weight is based on a measured value. 

  D  Duration of daily exposure (hours per day) .
  MV  Minute volume (L/min) (see Tables 1.3 [animal] and 1.4 [human]). 
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 Once an MOE
 I 
 has been calculated, it is compared with a   target MOE .  A target MOE is a 

cumulative uncertainty factor (UF). In most cases, the inhalation risk is considered acceptable 
provided the MOE is greater than, or equal to, a target MOE of 100. This includes UFs of 10 each 
for interspecies extrapolation and intraspecies variability. If a LOAEL is used, an additional UF of 
3 or 10 is included in the target MOE (i.e., target MOE of 300 or 1000). When an oral NOAEL or 
a route-extrapolated human exposure value is used to calculate an inhalation MOE, no additional 
UFs are applied to account for extrapolation error, the likelihood of respiratory portal-of-entry 
effects, or the possibility that the inhalation route may be more toxic than the oral route. The fol-
lowing example shows how a route-extrapolated inhalation MOE is calculated with biological 
values in Tables 1.3 and 1.4:   

 Example 1: Route-Extrapolated MOE 

 Rat (Sprague–Dawley) 

 Inhalation NOAEL � 0.2 mg/L/day (6 h/day exposure duration) 
 Minute volume � 0.17 L/min (from Table 1.3) 
 Body weight � 0.236 kg (from Table 1.3) 

 Human 

 Inhalation exposure � 0.003 mg/L/day (6 h/day exposure duration) 
 Minute volume (light activity level) � 16.7 L/min (from Table 1.4) 
 Minute volume (rest) � 6.7 L/min (from Table 1.4) 
 Duration of daily exposure � 6 h (360 min) 
 Body weight � 70 kg (default value for an adult human) 

   TABLE  1.3 Animal Minute Volumes and Body Weights 

Subchronic Chronic

MV (L/min) BW (kg) MV (L/min) BW (kg)
Species and Strain ♂ ♀ ♂/♀ ♂ ♀ ♂/♀ ♂ ♀ ♂/♀ ♂ ♀ ♂/♀

Rats � � � �

Fisher 344 0.14 0.10 0.12 0.180 0.124 0.152 0.25 0.17 0.21 0.380 0.229 0.305

Sprague–Dawley 0.19 0.15 0.17 0.267 0.204 0.236 0.33 0.23 0.28 0.523 0.338 0.431

Long–Evans 0.18 0.14 0.16 0.248 0.179 0.124 0.30 0.23 0.27 0.472 0.344 0.408

Osborne–Mendel 0.19 0.15 0.17 0.263 0.201 0.232 0.32 0.26 0.29 0.514 0.389 0.452

Wistar 0.16 0.12 0.14 0.217 0.156 0.187 0.30 0.21 0.25 0.462 0.297 0.380

Mice
B6C3F1 0.037 0.028 0.033 0.032 0.025 0.028 0.044 0.041 0.043 0.037 0.035 0.036

BAF1 0.026 0.023 0.024 0.022 0.020 0.021 0.030 0.026 0.028 0.026 0.022 0.024

Hamsters
Syrian 0.043 0.042 0.042 0.097 0.095 0.096 0.057 0.061 0.059 0.134 0.145 0.140

Chinese 0.015 0.013 0.014 0.030 0.025 0.028 0.020 0.018 0.019 0.041 0.038 0.040

Guinea pigs
[Not specifi ed] 0.21 0.19 0.20 0.48 0.39 0.44 0.29 0.28 0.28 0.89 0.86 0.88

Rabbits
New Zealand 1.09 1.17 1.13 2.86 3.10 2.98 1.37 1.43 1.40 3.76 3.93 3.85

MV � minute volume, the total volume of new air moved into the respiratory passages each minute (mean tidal volume � 

respiratory rate); BW � body weight, mean body weight.
  Source : U.S. EPA, 1998c. 
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 Target MOE 

 100 (UFs of 10 each for interspecies extrapolation and intraspecies variation) 

 MOE
 I 
 Calculation 

 

MOE

mg L day L

kg

mg L
I �

� � � � � �

�

0 2 1 0 17 360
0 236

0 003

. . min
.

.

 min⎛
⎝⎜

⎞
⎠⎟

�� � � � �
�

� �

� �day L

kg

mg kg day

mg kg1 16 7 360
70

51 9

0 26. min min

.

.⎛
⎝⎜

⎞
⎠⎟

dday
� 200

 

 An MOE of 200 is greater than the target MOE of 100, so this inhalation risk is generally considered 
acceptable. 

 The validity of a route-extrapolated MOE depends on the route extrapolation method used. The 
route extrapolation in Example 1, which considers only one pharmacokinetic factor (minute volume), 
is clearly not as robust as one based on a PBPK model. 

 1.3.3 The Route-Specifi c MOE 

 Although OPP uses RfDs to estimate oral risk, it does not use RfCs to estimate inhalation risk. 
Consequently, a route-specifi c MOE equation for estimating inhalation risk was developed in 
1994 (U.S. EPA, 1998d). It is similar to the Agency’s RfC method except that it yields an MOE, 
which OPP prefers. This equation uses air concentrations (milligrams per liter per day) instead 
of milligram per kilogram per day units, so it is not hindered by the hazard assumptions and 

   TABLE  1.4 Human Minute Volumes  

Short-Term Exposures

Rest 
(L/min)

Sedentary Activity 
(L/min) 

Light Activity 
(L/min)

Moderate 
Activity 
(L/min)

Heavy Activity 
(L/min)

Children 5.0 6.7 16.7 20.0 31.7

Adults 6.7 8.3 16.7 26.7 53.3

Long-Term Exposures (24-h means)

Age <1 y 1–2 y 3–5 y 6.8 y 9–11 y 12–14 y 15–18 y 19–65�

L/min 3.1 4.7 5.8 6.9 9.7 ♂9.0 ♀ 10.4 ♂8.3 ♀ 11.8 ♂8.3 ♀ 10.6 ♂7.8 ♀

Rest, lying down; Sedentary, sitting, pilot, driving a tractor; Light, fl agger, mixer/loader (containers <50 lb), pneumatic 
reel sprayer, lawn treatment, most harvesters; Moderate, mixer/loader (containers >50 lb), backpack sprayer (greenhouse 
applicator, hilly conditions, heavy brush), harvesters using ladders; Heavy, generally not applicable to occupational 
exposure to pesticides;   Minute volume , total volume of new air moved into the respiratory passages each minute (mean 
tidal volume � respiratory rate). 
Source: U.S. EPA 1998c.
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missing  pharmacokinetic data that can make route extrapolations unreliable. Whenever possible, 
a dosimetric adjustment factor or DAF (a RDDR

 r 
 for aerosols or a RGDR

 r 
 for gases and vapors) 

should be used to improve accuracy and allow for use of a lower target MOE. A route-specifi c 
inhalation MOE is calculated as follows: 

  

MOE
NOAEL DAF D

Human exp conc D
Human MV

Human

I
I r A

H
actual

�
� �

� �  
 

. .
  MVrest

⎛
⎝⎜

⎞
⎠⎟

 

  NOAEL I 
  No observed adverse effect level from an animal inhalation toxicology study in 

units of air concentration (milligrams per liter per day, milligrams per cubic meter per day 
and parts per million per day). 

 Human Exp. Conc. Human air concentration (measured or surrogate) in the same concen-
tration units as the animal NOAEL. 

  D
 A 

 
 Duration of daily animal exposure (minutes/day) .

  D
 H 
  Duration of daily human exposure (minutes/day) .

  DAF
 r 
  Dosimetric adjustment factor for respiratory tract region (r); either a regional depos-

ited dose ration (RDDR
 r 
) for aerosol particles or a regional gas dose ratio (RGDR

 r 
) for 

gases and vapors. 
  MV

 actual   Human minute volume (L/min) at an actual level of activity. 
  MV

 rest   Human minute volume (L/min) at rest (see Table 1.4). 

 When this method was presented to FIFRA the Science Advisory Panel (SAP) in 1997, they 
recommended that appropriate route-specifi c data be requested from pesticide registrants to mini-
mize or eliminate the need for route-to-route extrapolations “fraught with many uncertainties.” They 
endorsed the route-specifi c method for use with all inhaled pesticides and encouraged the inclusion 
of dosimetric adjustment (FIFRA SAP, 1997). OPP began using the route-specifi c MOE equation in 
2002, but only to estimate inhalation risk for fumigant gases, presuming that they pose a particular 
inhalation concern. 

 When dosimetric adjustment is not used, the route-specifi c inhalation MOE is typically com-
pared with a target MOE of 100, which includes UFs of 10 each for interspecies extrapolation and 
human variability. An additional UF of 3 or 10 may be added to the target MOE if a LOAEL is used 
instead of a NOAEL, or if uncertainties exist regarding the quality of the toxicity or exposure data-
base. A target MOE would likely be lower if a  DAF

 r 
  were used. 

 Example 2 shows how a route-specifi c MOE is calculated using the same biological data as in 
Example 1. At this writing, OPP has yet to use a  DAF

 r 
,  so one is not included in this example: 

 Example 2: Route-Specific MOE 

 Target MOE 

 100 (UFs of 10 each for interspecies extrapolation and intraspecies variation) 

 MOE
 I 
 Calculation 

 

MOE
I

mg L day A

mg L day H
L a

�
� � �

� � � �
�

0 2 360

0 003 360
16 7

. min

. min
. min

 

 cctual
L rest6 7
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. min�

�
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⎝
⎜
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 Because an MOE
 I 
 of 27 is less than the target MOE of 100, the inhalation risk is considered 

 unacceptable. 
 Although Examples 1 and 2 were both calculated by using the same data, the route-extrapolated 

MOE
 I 
 in Example 1 was 7.4-fold greater than the route-specifi c MOE

 I 
 in Example 2. Whereas the 

route-extrapolated MOE
 I 
 of 200 would be considered acceptable because it is greater than the target 

MOE of 100, the more reliable route-specifi c MOE
 I 
 of 27 reveals that the inhalation risk is, in fact, 

unacceptable. These examples show that a route-extrapolated MOE may make a pesticide appear 
“safer” than it really is. Using oral data to estimate inhalation risk further compounds the uncertainty 
of a route-extrapolated MOE

 I 
. 

 1.3.4 The Food Quality Protection Act (FQPA) of 1996 

 By a unanimous vote, Congress passed the Food Quality Protection Act. President Bill Clinton signed 
it into law (P.L. 104–170) on August 3, 1996. This law amended the two major federal statutes used by 
EPA to regulate pesticides. These are the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), 
by which the EPA registers pesticides and prescribes labeling and other regulatory requirements to 
prevent unreasonable adverse effects on health or the environment, and the Federal Food, Drug, and 
Cosmetic Act (FFDCA), by which the EPA establishes tolerances (maximum legally permissible levels) 
for pesticide residues in food. 

 The FQPA mandates a single, health-based standard for all pesticides in all foods; provides spe-
cial protections for infants and children; expedites approval of safer pesticides; creates incentives 
for the development and maintenance of effective crop protection tools for American farmers; and 
requires periodic reevaluation of pesticide registrations and tolerances to ensure that the scientifi c 
data supporting pesticide registrations will remain up to date in the future. The following are high-
lights of the law: 

  1. The FQPA establishes a single safety standard under FFDCA for setting tolerances; it is 
not a risk/benefi t standard (with some exceptions). 

  2. Assessments must include aggregate exposures, including all dietary exposures, drink-
ing water, and nonoccupational exposures (e.g., residential, including oral, dermal, and 
inhalation). 

  3. When assessing a tolerance, EPA must also consider cumulative effects and common 
mode of toxicity among related pesticides, the potential for endocrine disruption effects, 
and the appropriate safety factor to incorporate. 

  4. The Act requires a special fi nding for the protection of infants and children, including a 
10-fold safety factor to further protect infants and children unless reliable information in 
the database indicates that it can be reduced or removed. 

  5. The Act establishes a tolerance reassessment program and lays out a 10-year schedule 
whereby EPA must reevaluate all tolerances that were in place as of August 1996. 

  6. The Act requires a minor use program and provides that special considerations be afforded 
minor use actions. 

  7. The Act requires review of antimicrobial actions within prescribed time frames. 
  8. EPA must review every pesticide registration every 15 years. 
  9. Tolerances must be set for the use of pesticides under emergency exemptions (FIFRA 

Section 18). 

 1.3.5 Risk Aggregation 

 When two or more routes of exposure induce the same toxic effects, the risk for these routes can be 
aggregated. OPP’s traditional way of aggregating was to add all oral, dermal, and inhalation expo-
sure values (all in milligram per kilogram per day units) and to divide the sum into an oral NOAEL 

4049_C001_r03.indd   304049_C001_r03.indd   30 11/15/2005   5:48:50 PM11/15/2005   5:48:50 PM



Inhalation Risk Assessment at the Environmental Protection Agency 31

to yield an aggregate MOE (U.S. EPA, 1998a). This method has two disadvantages: fi rst, an oral 
NOAEL must suffi ce for all three routes, and second, extrapolating an inhalation concentration into 
a milligram per kilogram per day dose introduces error. 

 To overcome these shortcomings, two new aggregation methods were developed that aggregate 
route-specifi c MOEs for the oral, dermal, and inhalation routes. Because MOEs are unitless, there 
is no need for route extrapolation (U.S. EPA, 1998d). The  aggregate MOE (MOE

 A 
)  is used when 

all routes of exposure have the same target MOE, and the  aggregate risk index (ARI)  is used when 
the routes of exposure have dissimilar target MOEs. A more detailed description of OPP’s methods 
for aggregating risk for single chemical, multiroute, and multisource assessments can be found in its 
Aggregate Guidance (U.S. EPA, 2001). 

 1.3.5.1 Aggregate MOE (MOE A ) Method 

 The following equation was developed in 1994 as a means to aggregate “unit-less” MOEs into an 
 aggregate MOE  ( MOE A 

 , formerly called a total MOE or MOE
 T 
). This method was endorsed by 

FIFRA’s SAP in 1997 (FIFRA SAP, 1997). 

  

MOE

MOE MOE

1

MOE

A

n

�

� � �

1
1 1

1 2

…
 

 This method is used when the target MOE for each route of exposure is the same as in this example: 

 Route MOE Target MOE
Oral 100 100

Dermal 200 100

Inhalation 70 100

  

MOEA

o D I

�

� �

�
1

1
100

1
200

1
70

34 1.

 

 The MOE
 A 
 is always lower than the lowest individual MOE and decreases with every MOE in the 

equation because each additional route of exposure increases the hazard. The MOE
 A 
 of 34.1 in this 

example is of concern because it is less than the target MOE of 100. 

 1.3.5.2 Aggregate Risk Index (ARI) Method 

 The aggregate risk index (ARI) was devised in 1998 as a way to aggregate MOEs that have dissimi-
lar target MOEs (described here and in the Aggregate Guidance as UFs). It has been used in OPP 
since February 1998. MOEs for each route of concern are compared with UFs that refl ect the nature, 
source, and quality of the data and the FQPA mandate to protect susceptible infants and children. 
This can result in differing UFs such as these: 

Oral Dermal Inhalation

MOE: 300 100 1000
UF: 1000 100 300
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 MOEs can only be combined if they have a common UF. If the MOE/UF ratios for each route 
are treated as fractions (as shown above), they can be adjusted to a common denominator of 1. This 
is accomplished by dividing each MOE by its UF to yield a  risk index  ( RI ): 

 Oral Dermal Inhalation
RI: 0.30 1.0 3.3

 The RIs can then be combined to yield an  aggregate risk index (ARI).  

  

ARI

RI RI RI n

�

� � �

1
1 1 1

1 2

…
 

  

ARI

O D I

�

� �

�
1

1
0 30

1
1 0

1
3 3

0 22

. . .

.

 

 RIs and ARIs are always compared against 1. This allows for direct comparisons between routes 
and between chemicals. As a general rule, an RI or ARI �1 is of little concern, but an RI or ARI �1 
suggests a risk of concern. In this example, the ARI (0.22) suggests a risk of concern because it is �1. 
The oral exposure, with its low RI of 0.30, is the major route of concern. 

 Just as risk increases as the MOE decreases, so also does risk increase as the RI or ARI decreases. 
The ARI method automatically considers each route’s potency when route-specifi c NOAELs are used. 
The following equation is a simplifi ed way of calculating a chemical’s ARI in a single step. 
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 Oral hazard is often expressed as the “percent of RfD” instead of as an MOE. Because the UF 
for the oral route is used to defi ne the oral RfD, the percent of RfD (expressed as a decimal) can be 
inserted directly in the equation (e.g., oral exposure for a pesticide is 80% of the RfD, i.e., 0.8): 
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 Percentages of reference doses (RfDs) and reference concentrations (RfCs) for all routes may 
also be aggregated: 
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 1.3.6 Waiving the Requirements for Inhalation Toxicity Studies 

 The Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) gives OPP the authority to request 
inhalation toxicity studies for any pesticide that may pose an inhalation hazard. Occasionally, the 
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requirement for an inhalation toxicity study should be waived for ethical or scientifi c reasons. For 
example, it is a waste of animals and resources to perform an inhalation toxicity study when a pesti-
cidal product has a very low potential for human inhalation hazard during handling or application. 

 A document entitled  Waiver Criteria for Multiple-Exposure Inhalation Toxicity Studies  describes 
scenarios in which waivers may be appropriate (U.S. EPA, 2002b). All waiver requests are consid-
ered on a case-by-case basis, and the burden of proof lies entirely with the pesticide registrant. If no 
signifi cant inhalation hazard is identifi ed during risk characterization and risk assessment, a waiver 
may be granted. Four criteria may be used to justify a waiver. 

 1.3.6.1 Criterion 1: Severe Irritation and Corrosivity 

 An active ingredient that causes severe irritation or corrosion of the skin or eye will also damage the 
sensitive respiratory mucosa if inhaled. Waivers should be granted for active ingredients that are cor-
rosive (pH �2 or �11.5) or severely irritating. Waivers should not be granted for active ingredients 
that are slight to moderate irritants. Inhalation toxicity studies of irritants can quantify the sensitivity 
of this route and characterize portal-of-entry effects. This information is essential in an inhalation 
risk assessment. 

 1.3.6.2 Criterion 2: Low Volatility 

 Waivers will be considered for nonvolatile active ingredients that are not aerosolized (i.e., gener-
ated as mist, fog, dust, smoke, fumes), heated, evaporated, or otherwise made inhalable as a gas 
or vapor. Nonvolatile active ingredients are defi ned as having vapor pressures �1 � 10 	5  kPa 
(7.5 � 10 	5  mmHg) for indoor uses, and �1 � 10 	4  kPa (7.5 � 10 	4  mmHg) for outdoor use at 
20–30
C. Waiver candidates based on volatility may include, but are not limited to, viscous liq-
uids (under conditions of use), waxes, resins, lotions, and caulks. Waivers for formulated products 
such as animal dips, shampoos, pour-ons, slow-release collars, ear tags, and tree injections will 
be considered. 

 1.3.6.3 Criterion 3: Large Aerosol Particle Size 

 An  inhalable particle  is capable of entering the respiratory tract via the nose or mouth. A  respirable 
particle  evades capture in the upper respiratory tract and reaches the lungs. The larger the particle, 
the less likely it is to be inhalable or respirable. Waivers will be considered for active ingredients that 
do not pose a signifi cant inhalation hazard because the particles are too large to be inhaled. 

 Large particles have the potential to do considerable local damage if they are absorbed because 
of the volume of material they contain. Table 1.5 demonstrates that with each 10-fold increase in 
particle diameter, there is a 1000-fold increase in particle volume. Compared with a 0.1 µm particle, 
a 100 µm particle has 1000 times the diameter and a billion times the volume.   

 An aerosol for a product formulation or application method can be considered essentially 
noninhalable provided �99% of the particles are �100 µm in diameter. Although aerosols that meet 
this criterion are candidates for waivers, the registrant is responsible for providing data on aerosol 
size distribution. Waiver candidates based on large particle size include, but are not limited to: 

 • Microencapsulated formulations that are not readily fractured, dissolved, time released, 
leaky, or small enough to be respirable during mixing/loading or application. Evidence of 
capsule durability must be provided. 

 • Granular products placed in or on the soil and baits applied by hand or during seed planting. 
Although granular products are inherently noninhalable, they may pose a signifi cant inha-
lation hazard if attrition occurs.  Attrition  is the breaking down of a material into smaller 
particles as can occur during shipping, handling, pouring, and application. A product sus-
ceptible to attrition is said to be  friable.  A friable product may pose a signifi cant inhalation 
hazard if it produces a measurable quantity of dust when poured or scattered. 
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 A registrant requesting a waiver on the basis of particle size must demonstrate that their prod-
uct contains large, noninhalable particles that are resistant to attrition. This can be accomplished 
by using the latest version of the American Society of Testing Materials (ASTM)  Test Method 
E728-91 — Standard Test Method for Resistance to Attrition of Granular Carriers and Granular 
Pesticides.  This test method is not available from the EPA but can be purchased from ASTM 
(100 Barr Harbor Drive, West Conshohocken, Pennsylvania 19428-2959,  www.astm.org).  

 1.3.6.4 Criterion 4: Toxicity Category IV and an Extrapolated MOE 

 Toxicity categories I, II, III, and IV are assigned for labeling purposes based on the 4-h LC
 50 

 of an 
active ingredient; toxicity category IV is the least toxic (LC

 50 
 >2 mg/L). Although pesticides with 

low oral toxicity also tend to have low toxicity by the inhalation route, waivers are not granted for 
active ingredients based solely on low  oral  toxicity because: 

 • Toxicity by the inhalation route tends to be more severe than by other routes. 
 • Inhaled chemicals bypass the metabolic protection of the liver (portal circulation). 
 • Oral data cannot be used to predict respiratory portal-of-entry effects (e.g., irritation, edema, 

cellular transformation, degeneration, and necrosis). 
 • The use of route extrapolation in a risk assessment minimizes the true inhalation risk. 
 • The application rate is usually higher for pesticides with low oral toxicity, so a potential 

exists for high inhalation exposure. 

 Nevertheless, a waiver may be granted for an active ingredient that is toxicity category IV 
for inhalation (4-h LC

 50 
 � 2 mg/L) provided an extrapolated inhalation MOE (based on an oral 

NOAEL) exceeds a target MOE of 1000 or greater. The target MOE may include the conven-
tional UF of 100; an additional UF of 10–100 to account for unknown pharmacokinetic and 
pharmacodynamic  differences between the oral and inhalation routes in animals and humans, 
and respiratory portal-of-entry effects; and any other additional assigned UF (e.g., for use of a 
LOAEL). The waiving of inhalation toxicity studies is the only instance when OPP includes an 
extra uncertainty factor to account for uncertainties introduced by route extrapolation. 

 1.3.7 What the Future Holds for Inhalation Risk Assessments in OPP 

 In early 2005, the Offi ce of Pesticide Programs performed risk assessments for several fumigants 
using the Agency RfC guidelines. OPP is now willing to use RfCs in its risk assessments of all 
inhaled pesticides that have adequate inhalation toxicity data. 

TABLE 1.5 A Comparison of Aerosol Particle Diameters and Volumes

Particle Diameter 
(µm)

� Diameter Particle Volume
(µm3)a

� Volume

0.1 — 0.000524 —

1.0 10 0.524 1000

10 100 524 1,000,000

100 1000 523,599 1,000,000,000

a Volume of a sphere � 4
3

3πr �
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 2.1 INTRODUCTION 

 The tragic accidental release of methylisocyanate in Bhopal, India in 1985, resulted in the death 
of over 2000 people (U.S. EPA, 1988). This incident lead to the realization by both the chemical 
industry and the regulatory community of the need to pool resources for the development of emer-
gency response plans for areas near chemical production sites (Gephart et al., 1986; Gephart and 
Moses, 1989). These activities have been occurring at many levels around the world. In Europe, for 
example, the European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC), formed 
a task force that published a guide for reviewing chemicals and estimating the hazard associated 
with an accidental release (ECETOC, 1991). 

 In the United States, under Superfund Amendments and Reauthorication Act (SARA) Title III 
and similar regulations, local communities are required to set up emergency response plans in loca-
tions where potential hazards exist, such as nuclear power plants or chemical-manufacturing opera-
tions (U.S. Environmental Protection Agency [U.S. EPA], 1987). These plans frequently include 
utilization of emergency response teams, which may include fi re fi ghters, fi rst aid professionals, 
and police. Where chemicals are involved, it is important to know the identity of the chemical, the 
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toxicity of the chemical, its physical properties (vapor pressure, fl ammability, reactivity), and the 
amount used or stored at the plant. It is also important to know the area that could be affected if 
the chemical were accidentally released and the airfl ow patterns around that area (Fleischer, 1980; 
Hanna and Drivas, 1987; National Research Council [NRC], 1993). With this information, local 
emergency response units can estimate potential dispersion patterns and plan for emergency evacua-
tion routes if they are needed. In addition, the teams need to know how to monitor for the chemicals 
potentially involved in a local release, what constitutes appropriate personnel protective equipment, 
and what are effective fi rst aid procedures. Finally, the local team needs to know if there is an 
appropriate remediation to disperse or neutralize the cloud. For example, with many reactive or 
corrosive chemicals, such as hydrofl uoric acid, methyl isocyanate, nitric acid, and phosgene, creat-
ing a water mist screen can be an effective means for removing them from the air. However, for 
substances such as chlorine gas, benzene, carbon tetrachloride, and 1,1,1,2-tetrafl uoroethane, cre-
ating a water mist screen would not be an effective approach. Most of this information should be 
well known to the plant safety personnel, especially current information on protective equipment, 
monitoring, and containment practices. Information on meteorological conditions must be obtained 
locally. Although the larger chemical companies may have the resources to provide information on 
toxicity, frequently this information is not available or it may be subject to skepticism by the local 
community if it comes from the company. 

 In the past 20 years two groups have been formed to address this issue. The fi rst is the Emergency 
Response Planning Committee, a group sponsored by the American Industrial Hygiene Association 
(Rusch, 1993). This group was created in 1988 to review toxicology summary documents, originally 
prepared by toxicologists within the chemical industry and now written by committee members or 
other interested parties. The committee developed three advisory levels for a one-hour exposure to 
these substances. Emergency Response Planning Guideline (ERPG) 1 is a level that could be associ-
ated with slight irritation. ERPG-2 is a level that could be associated with developmental or subchronic 
toxicity. ERGP-3 is a level that is frequently associated with acute lethality. 

 The other committee, the Acute Exposure Guideline Level for Hazardous Substances, is a 
National Advisory Committee (NAC) sponsored by the EPA with membership drawn from many 
federal and state agencies and academia and industry (Table 2.1). Recently member participation 
has been expanded to include representatives from Germany, France, The Netherlands, and Russia. 
This committee fi rst met in 1996 (Rusch et al., 2000). The development and review of the informa-
tion required to conduct a risk assessment for a possible chemical exposure is a time-consuming 
and costly process. All stakeholders participate in the selection of chemicals for review and in the 
development of the Acute Exposure Guideline Level (AEGL) values. Thus, when the process has 
been completed, it has broad support and is applicable to many different situations. 

 To meet the needs of the many groups represented on this committee, three values are developed 
for each of several time periods, 10 min, 30 min, 1 h, 4 h, and 8 h. These AEGLs represent threshold 
exposure limits for the general public and can be applied to emergency exposure periods that would 
occur infrequently in a person’s life (NRC, 2001). 

 AEGL-1 is the airborne concentration of a substance above which it is predicted that the general 
population, including sensitive individuals, could experience notable discomfort, irritation, or cer-
tain asymptomatic, nonsensory effects. However, the effects are not disabling and are transient and 
reversible upon cessation of exposure. 

 AEGL-2 is the airborne concentration of a substance above which it is predicted that the general 
population, including sensitive individuals, could experience irreversible or other serious, long-lasting 
adverse health effects, or an impaired ability to escape. 

 AEGL-3 is the airborne concentration of a substance above which it is predicted that the gen-
eral population, including sensitive individuals, could experience life-threatening health effects or 
death. 

 Airborne levels below AEGL-1 represent exposure levels that could produce mild and pro-
gressively increasing but transient and nondisabling odor, taste, and sensory irritation or certain 
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TABLE 2.1 Composition of the Acute Exposure Guideline Level Committee
 U.S. Federal Agencies
Agency for Toxic Substances and Disease Registry

Centers for Disease Control 

Department of Defense

Army

Navy

Air Force

Department of Energy

Department of Transportation

Environmental Protection Agency

Offi ce of Pollution Prevention & Toxics (OPPT)

Superfund

Regional Risk Assessors

Offi ce of Research and Development (ORD)

Federal Emergency Management Agency

Food and Drug Administration

National Institute for Occupational Safety and Health

Occupational Safety and Health Administration

Department of Labour

 Organizations
American Federation of Labor-Congress of Industrial Organization (AFL-CIO)

American Association of Poison Control Centers 

American Association of State and Territorial Health Offi cials

American Industrial Hygiene Association

American College of Occupational and Environmental Medicine

Institute for Children’s Environmental Health (ICEH)

STAPPA/ALAPCO(state local air quality)a

Environmental Justice Representative

States Academia
California Oregon State

Illinois Rutgers University

Minnesota University of Idaho

New York

Texas

Vermont

Industry International Liaison/Members
Honeywell International

Arch Chemical Germany

Exxon/Mobile The Netherlands

a  STAPPA/ALAPCO, State and Territorial Air Pollution Program Administrators/Association of Local Air Pollution Control 
Offi cials.

4049_C002_r03.indd   414049_C002_r03.indd   41 11/15/2005   3:07:04 PM11/15/2005   3:07:04 PM



42 Inhalation Toxicology

asymptomatic, nonsensory effects. With increasing airborne concentrations, above each AEGL, the 
likelihood of occurrence and the severity of effects described for each corresponding AEGL level 
progressively increases. Although AEGLs represent threshold levels for the general public, includ-
ing susceptible subpopulations, such as infants, children, the elderly, persons with asthma, and those 
with other illnesses, it is recognized that individuals subject to unique or idiosyncratic responses 
could experience the effects described at concentrations below the corresponding AEGL. 

 In reviewing toxicology data and performing a risk assessment, one typically evaluates all the 
available pertinent data, selects key end points for each AEGL level, and applies an uncertainty 
factor to the threshold levels identifi ed from those data. The result is a guidance exposure level 
that should protect the “exposed population” from the adverse effects associated with overexpo-
sure. In the development of AEGL values, the committee is concerned with the rare, accidental 
exposure and focuses its attention on the results from short-term studies. The results from studies 
involving multiple exposures are reviewed to provide a more comprehensive understanding of 
the toxicity of the substance under review. When multiple studies are available, especially stud-
ies involving different animal species, attention is paid to the relative agreement among these 
studies. If several studies involving multiple species give generally similar results, there is a high 
degree of confi dence that a similar exposure to humans would have a similar result. In this case, 
a small uncertainty factor may be used. Also, attention is paid to the slope of the dose–response 
curve. If the slope is steep such that small changes in dose will move from a marked effect to a 
no-observed-effect level, again one may use a small uncertainty factor. However, a slope that is 
fl at implies that effects may be seen over a wide span of doses. In this case a large uncertainty 
factor would be used. 

 Another important consideration is the number of animals used. For a study using small group 
sizes, a larger uncertainty factor would be used than for a study with either larger group sizes or 
more groups. 

 When greater variability exists, the committee tries to use information on mechanisms of action 
and species sensitivity to determine the most relevant species to use as the basis for understanding 
the risk to humans. Although frequently this will be the most sensitive species, occasionally, other 
species are selected as being more biologically relevant to humans (NRC, 2001). 

 2.2 TOXICOLOGICAL END POINTS USED TO DERIVE AEGL VALUES 

 Most often different studies will be used to serve as the basis for the three AEGL values defi ned 
above. If data are available from human studies, they will most frequently apply to AEGL-1 values. 
This level can be considered to represent an annoyance level. Above AEGL-1, symptoms of discom-
fort such as headache, strong objectionable odor, mild sensory irritation, and nausea can be noted. 
Below AEGL-1, some effects such as odor, taste, or mild sensory irritation may be observed. Studies 
that look at sensory irritation, altered pulmonary function, central nervous system (CNS) depression 
in humans, asymptomatic or nonsensory effects such as methemoglobin formation or miosis have 
been used to defi ne this level. 

 For AEGL-2, one is concerned about effects that are serious or irreversible or that would impair 
ones ability to escape. Exposures at levels between AEGL-1 and AEGL-2 may result in clinical 
signs of toxicity, but these effects should be reversible. An AEGL-2 value could be the highest level 
that does not cause marked liver or kidney toxicity, pulmonary effects, or other systemic toxicity. It 
could also be just below a level that would be severely irritating or cause CNS depression to a degree 
that would impair escape or trigger an asthma episode. 

 AEGL-3 levels are most typically based on animal lethality studies. An estimate for a threshold 
for lethality is derived and reduced by the appropriate uncertainty factors. This could be based on 
an LC

 50 
 study, an approximate lethal concentration study, circulating levels of methemoglobin or 

carboxyhemoglobin, or a level that could produce cardiac arrhythmias or other potentially lethal 
acute effects. 
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 2.3 SELECTION OF UNCERTAINTY AND MODIFYING FACTORS 

 In general, uncertainty factors are applied to cover extrapolations where the sensitivity of the popula-
tion being protected may be different from the sensitivity of the population from which the data had 
been drawn. Additional safety factors frequently can be applied when the data are from a short-term 
study and the exposure will be for a longer time. This latter situation does not apply to AEGL values 
because they are derived for rare events. 

 For extrapolations from animals to humans, where there are few data, for example, a few acute 
studies in a single species, an uncertainty factor of 10 is most often applied. If, however, the data are 
from multiple species and they tend to give similar responses, or the most sensitive species is used, 
the uncertainty factor may be reduced to 3. Also if the species tested is known to respond similarly 
to humans, a factor of 3 or 1 may be used. If the data are developed from approved clinical studies 
in humans, an uncertainty factor of 1 will be used. Occasionally when the data are good, human 
equivalent concentrations may be calculated. Wherever data permit estimation of a more precise 
toxicology ratio between the test system and humans, that value will be used. 

 For extrapolations that are designed to protect the more sensitive members of the population, 
again up to a factor of 10 may be applied to the value considered safe for most people. For example, 
10 was used to protect infants from exposure to aniline because they are highly sensitive to this 
substance. Most often, a factor of from 3 to 6 is used. This would be especially true if the data were 
developed by using approved clinical studies with well-defi ned protocols and clear end points. In 
some cases where data are representative of the sensitive members of the population, an uncertainty 
factor of 1 has been used. This was the case for an evaluation conducted using HCl, where the sub-
jects included exercising asthmatics. 

 Where data are poor a modifying factor may be used to account for this additional uncertainty. 
These modifying factors range from 2 to 10. They are clearly indicated as a separate step in the 
risk assessment process and are applied after the application of the data-driven uncertainty factors. 
For a more detailed discussion of this approach the reader should consult the Standing Operating 
Procedures for the Acute Exposure Guideline Committee (NRC, 2001). 

 2.4 TIME EXTRAPOLATIONS 

 As has been noted, the committee develops AEGL values for exposures of 10 min to 8 h in dura-
tion. Data exist rarely for all these times. Many different approaches are available to the committee 
to extrapolate AEGL values from one period to another. In performing these extrapolations, the 
committee relies heavily on an understanding of the mechanism of toxic action of the chemical and 
empirical extrapolations using real data. Four approaches can be taken. 

 For cases where a response is viewed as a concentration threshold and independent of time, the 
same value may be used at all periods. An example would be the AEGL-1 response to an irritant. 
For ammonia, the current draft AEGL-1 value is 25 ppm for all intervals. This value is based on 
the irritation caused by exposure to ammonia at levels above 25 ppm and the fact that continuous 
exposure to ammonia at 25 ppm will not lead to an increase in severity of the effect. The AEGL-2 
levels are based on a combination of time extrapolation and a constant exposure. Time extrapola-
tion based on empirical data is used to develop AEGL-2 levels for 10 min to 1 h. These vary from 
380 ppm at 10 min to 110 ppm at 1 h. The committee reasoned that exposure to 110 ppm would 
not be systemically toxic but would lead to impairment of escape as a consequence of the irrita-
tion; thus, that value was applied for exposures from 1 h to 8 h . For the AEGL-3 values, the values 
were derived by using a time extrapolation for all periods. Here, it was reasoned that the exposure 
levels could result in a systemic toxicity and therefore, as the exposure time increased, the level of 
exposure must decrease. 

 Extrapolations involving data derived under one set of time and concentration conditions to 
another can be estimated with reference to either Haber’s rule (Rinehart and Hatch, 1964; Witschi, 
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1999), which states that the product of concentration times time is equal to a constant. Thus, this 
concept states that exposure concentration and exposure duration may be adjusted reciprocally 
to maintain a cumulative exposure constant (k) and that this cumulative exposure constant will 
refl ect a specifi c quantitative and qualitative response. This relationship appears to be applicable 
primarily over short intervals and mostly to direct acting chemicals, such as hydrogen chloride 
and dibutylhexamethylenediamine: 

  Concentration � time � constant. 

 ten Berge et al. (1986) evaluated this relationship and concluded that the relationship is more general 
with the product of concentration to the nth power times time being equal to a constant. (Note: This 
is the same relationship as concentration times time to the nth power.) Ammonia is an example of 
this relationship where  n  � 2. This has the effect of fl attening the curve so concentration is more 
important than time. 

  (Concentration)  n   � time � constant. 

 In this case, the value for the exponent  n  is derived from the experimental data. 
 If the data are not adequate, default values of one (from shorter to longer periods) or three (from 

longer to shorter periods) are used. Because these two values encompassed more than 90% of the  n  
values calculated by ten Berge et al. (1986), they represent conservative approaches in that applica-
tion of  n  � 3 for shorter periods of time results in a fl atter curve and exposures for short periods will 
be lower than if  n  � 1. Likewise, using  n  � 1 when extrapolating to longer periods results in a lower 
recommended exposure level than if  n  � 3. 

 2.5 DRAFTING OF THE TECHNICAL SUPPORT DOCUMENTS 

 In the United States technical support documents summarizing key toxicology data on the chemical 
are written by a team of toxicologists at Oak Ridge Laboratory. Those written in the European Union 
are prepared by other groups of experts such as TNO in the Netherlands and Fobig in Germany. An 
AEGL chemical review group initially reviews drafts of these documents. This group is composed 
of three members of the AEGL Committee, a chemical manager, and two reviewers. When they 
have completed their review, the revised document is sent to the full AEGL committee for review, 
discussion, and the development of proposed AEGL values. The public is invited to attend these 
meetings. Adoption of AEGL values requires support from at least two-thirds of those committee 
members participating in the meeting. The executive summary with proposed AEGL values from 
the technical support document is then published in the  Federal Register  for comment. Comments 
are discussed at a full AEGL Committee meeting. Once the Committee feels that the public com-
ments have been addressed, the values are considered to be interim. The technical support document 
is revised, as appropriate, based on the public comments, and sent to the NRC’s Subcommittee on 
Acute Exposure Guideline Levels for a fi nal peer review. 

 The NRC Subcommittee on Acute Exposure Guideline Levels conducts an extensive review of 
the technical support documents and recommended AEGL values. Their comments are considered 
by the NAC AEGL committee and may lead to modifi cation of the document or modifi cation of the 
risk assessment process and the values themselves. Upon acceptance by the NRC subcommittee, the 
AEGL values are considered fi nal and will be published by the NRC. To date twenty chemicals have 
been fi nalized (NRC, 2000, 2002, 2003, 2004). 

 2.6 COMMITTEE MEMBERSHIP 

 With the participation by representatives from France, Germany, and The Netherlands, the AEGL 
process has become international. This is vital to the success of the program for two reasons. First, 
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a chemical spill does not recognize national borders and it would be wrong to have one level of 
exposure considered to be safe for the people living in one country and a different level considered 
as safe for the residents of the adjacent country. Also, many of the third world countries do not have 
the resources to develop their own chemical exposure guideline levels. Yet many of these same 
countries have extensive chemical production facilities. Faced with confl icting values from other 
nations, they would not know which values to use. If, however, they could adopt a set of values 
that represent a consensus standard from several nations they could have confi dence that they were 
appropriately protecting their citizens. 

 2.7 SPECIFIC APPLICATIONS TO RISK ASSESSMENT 

 No general approach exists for the development of the Acute Exposure Guideline Levels. Each 
chemical must be evaluated independently. The rate of uptake and elimination, metabolism, irri-
tant potency, systemic toxicity, degree of reversibility, half-life, and mode of action must all be 
considered. Some chemicals like ammonia may be predominately irritants; others, like phosgene, 
may exert delayed effects and not have adequate warning properties; still others, like aniline and 
tetrafl uoroethane, may show an increased severity of a similar effect as concentration increases. 
Even similar compounds like hydrogen fl uoride and hydrogen chloride can have different patterns 
of toxicity. In this case, both are irritants at low levels, but at higher levels hydrogen chloride is still 
an irritation, whereas while hydrogen fl uoride can cause cardiac effects through depletion of serum 
calcium (NRC, 2004). Therefore, instead of trying to present a single approach to the development 
of the AEGLs, several examples of different approaches are given in the following sections. Each 
represents a somewhat different approach. 

 2.7.1 Aniline 

 Aniline (NRC, 2000, pp. 15–51) is an aromatic amine used chiefl y in the chemical industry in 
the manufacture of dyes, dye intermediates, rubber accelerators, antioxidants, drugs, photographic 
chemicals, isocyanates, herbicides, and fungicides. Production of aniline oil in 1993 was approxi-
mately 1 billion pounds. The primary effect of an acute exposure to aniline is the oxidation of the 
hemoglobin in red blood cells (RBCs), resulting in the formation of methemoglobin. The effect may 
occur after inhalation, ingestion, or dermal absorption. In conjunction with methemoglobinemia, 
chronic exposures or exposures to high concentrations may produce signs and symptoms of head-
ache, paresthesia, tremor, pain, narcosis/coma, cardiac arrhythmia, and possibly death. 

 No reliable information is available on human exposures via the inhalation route. 
 All the acute exposure guideline level values for analine are based on a study in which rats were 

exposed to aniline at concentrations of 0, 10, 30, 50, 100, or 150 ppm for 8 or 12 h (Kim and Carlson, 
1986). The only reported effect has been methemoglobin formation. The relationship between ani-
line concentration and methemoglobin formation appeared to be linear. Furthermore, at a constant 
concentration (100 ppm), the formation of methemoglobin between 3 and 8 h was basically linear, 
reaching an asymptote at 8 h. Based on the linear relationship between aniline concentration and met-
hemoglobin formation and between methemoglobin formation and time at constant aniline concen-
tration, a linear relationship between concentration and exposure duration ( C  1  � t �  k ) was chosen 
for time scaling aniline concentrations to the appropriate AEGL exposure durations. 

 The AEGL-1 was based on the exposure of rats to 100 ppm of analine for 8 h, which resulted in 
elevation of methemoglobin from a control value of 1.1% to 22%. A review of the published data 
indicates that methemoglobin levels of 15–20% in humans results in clinical cyanosis but no hypoxic 
symptoms. Although inhalation data for comparison purposes are not available, oral ingestion data 
suggest that humans may be considerably more sensitive to methemoglobin-forming chemicals than 
rats. Therefore, a default uncertainty factor of 10-fold was used for interspecies extrapolation. Several 
sources also indicate that newborns may be more sensitive to methemoglobin-forming chemicals than 
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adults. Because of the absence of specifi c quantitative data on sensitive human subpopulations and 
the fact that there are data suggesting greater susceptibility of infants, a default uncertainty factor of 
10-fold was used for intraspecies extrapolation. It is believed that an intraspecies uncertainty factor 
of 10 is protective of the general population including susceptible individuals. The default uncertainty 
factors of 10 for each of the interspecies and intraspecies variabilities are also supported by the small 
database of information and the lack of reliable human inhalation studies. The data were scaled across 
time by using  C  1  � t � k because of data indicating a linear relationship between concentration and 
exposure duration as related to methemoglobin formation. 

 The AEGL-2 was based on the same study with rats in which a concentration of 150 ppm for 8 h 
resulted in elevation of methemoglobin from a control value of 1.1% to 41%. This level of methemo-
globin was associated with fatigue, lethargy, exertional dyspnea, and headache in humans and was 
considered the threshold for disabling effects. Since the same mode of action applies to AEGL-2 
effects, the 150-ppm concentration was divided by a combined uncertainty factor of 100 and scaled 
across time by using the same reasons and relationships as those used for the AEGL-1. 

 Data on concentrations of aniline inducing methemoglobin levels at the threshold for lethality 
were not available. Because the relationship between the concentration of aniline and methemoglo-
bin formation is linear, the dose–response curve from the study on which the AEGL-1 and AEGL-2 
values were based was extrapolated to a concentration resulting in >70% formation of methemoglo-
bin, the threshold for lethality. The concentration of 250 ppm for 8 h was chosen as the threshold for 
lethality. Because the same mode of action applies to AEGL-3 effects, the 250-ppm concentration 
was divided by a combined uncertainty factor of 100 and scaled across time using the same reasons 
and relationships as those used for the AEGL-1. 

 Several studies with rats support the AEGL-3 values. A 10-min exposure to aniline at 15,302 
ppm resulted in no toxic effects, and a 4-h exposure at 359 ppm resulted in severe toxic effects but 
no deaths. Dividing these values by a total uncertainty factor of 100 and scaling across time by using 
 C  1  �  t  �  k  results in values similar to those derived from the study above. Studies with repeated 
exposures of rats resulted in additional effects on the blood and spleen, but concentrations up to 
87 ppm, 6 h/d, 5 d/weeks for 2 weeks were not disabling or life threatening. 

 The derived AEGLs are listed in summary table below. Because aniline is absorbed through the 
skin in quantities suffi cient to induce systemic toxicity, a skin notation was added to the summary 
table. The reported odor threshold for aniline ranges from 0.012 to 10 ppm. Therefore, the odor of 
aniline will be noticeable by most individuals at the AEGL-1 concentrations. The odor is somewhat 
pungent but not necessarily unpleasant. 

AEGL Values for Anilinea, b

Classifi cation  30 min  1 h  4 h  8 h End Point (Reference)
AEGL-1c 

(nondisabling)
16 (61) 8.0 (30) 2.0 (7.6) 1.0 (3.8) 22% Methemoglobin, cyanosis

AEGL-2 (disabling) 24 (91) 12 (46) 3.0 (11) 1.5 (5.7) 41% Methemoglobin, lethargy

AEGL-3 (lethal) 40 (152) 20 (76) 5.0 (19) 2.5 (9.5) �70% Methemoglobin, lethality 

  a   Values are stated in ppm (mg/m3). 
  b   Cutaneous absorption of the neat material may occur, adding to the systemic toxicity. 
 c   The aromatic, aminelike odor of aniline will be noticeable by most individuals at these concentrations.

 2.7.2 Phosgene 

 Phosgene (NRC, 2002, pp. 15–51) is a colorless gas at ambient temperature and pressure. Its odor has 
been described as similar to new-mown hay. Phosgene is manufactured from a reaction of carbon mon-
oxide and chlorine gas in the presence of activated charcoal. The production of dyestuffs, isocyanates, 
carbonic acid esters (polycarbonates), acid chlorides, insecticides, and pharmaceutical chemicals 
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requires phosgene. Manufacture of phosgene is approximately 1 million tons per year in the United 
States, and more than 10,000 workers are involved in its manufacture and use. Manufacture of phos-
gene in the United States is almost entirely captive—it is used in the manufacture of other chemicals 
within a plant boundary. 

 Inhalation is the most important route of exposure for phosgene. Because of phosgene’s mild upper 
respiratory tract eye, and skin irritancy and mildly pleasant odor, an exposed victim may not actively 
seek an avenue of escape before lower respiratory tract damage has occurred (Currie et al., 1987; Lipsett 
et al., 1994). Pulmonary edema is the cause of death after a clinical latency period of  � 24 hours. 

 Odor and irritation cannot be used as a warning for potential exposure. The odor threshold 
is reported to be between 0.5 and 1.5 ppm, a value above or approaching AEGL-2 and AEGL-3 
values, and tolerance to the pleasant odor of phosgene occurs rapidly. Furthermore, following odor 
detection and minor irritation, serious effects may occur after a clinical latency period of  � 24 h. 
Therefore, it was deemed inappropriate to set AEGL-1 levels for phosgene. 

 AEGL-2 values were based on chemical pneumonia in rats (exposure at 2 ppm for 90 min) 
(Gross et al., 1965). An uncertainty factor (UF) of 3 was applied for interspecies extrapolation 
because little species variability is observed for lethal and nonlethal end points after exposure to 
phosgene. A UF of 3 was applied to account for sensitive human subpopulations due to the steep 
concentration–response curve and because the mechanism of phosgene toxicity (binding to macro-
molecules and causing irritation) is not expected to vary greatly among individuals. Therefore, the 
total UF is 10. The 1.5-h value was then scaled to the 30-min and 1-, 4-, and 8-h AEGL exposure 
periods by using  C  n  �  t  �  k , where  n  � 1. Haber’s law has been shown to be valid for phosgene 
within certain limits and was originally derived, in part, from phosgene data. The 30-min value was 
also adopted as the 10-min value, because extrapolation would have yielded a 10-min AEGL-2 value 
approaching concentrations that produce alveolar edema in rats. Alveolar pulmonary edema was 
observed in rats exposed to phosgene at 5 ppm for 10 min (Diller et al., 1985). Applying a total UF 
of 10 to this data point yields a supporting 10-min AEGL-2 value of 0.5 ppm. 

 The 30-min and 1-, 4-, and 8-h AEGL-3 values were based on the highest concentration not 
causing mortality in the rat after a 30-min exposure (15 ppm) (Zwart et al., 1990). A UF of 3 was 
applied for interspecies extrapolation because little species variability is observed for lethal and non-
lethal end points after exposure to phosgene. A UF of 3 was applied to account for sensitive human 
subpopulations because of the steep concentration–response curve and because the mechanism of 
phosgene toxicity is not expected to vary greatly between individuals. Therefore, the total UF is 10. 
The value was then scaled to the 1-, 4-, and 8-h AEGL periods using  C  n  �  t  �  k , where  n  � 1 for 
the reason discussed above. The 10-min AEGL-3 value was based on the highest concentration not 
causing mortality in the rat or mouse (36 ppm) after a 10-min exposure.   

AEGL Values for Phosgenea

Classifi cation 10 min 30 min 1 h 4 h 4 h End Point (Reference)
AEGL-1
(nondisabling)

NA NA NA NA NA NA

AEGL-2 (disabling) 0.60 (2.5) 0.60 (2.5) 0.30 (1.2) 0.08 (0.33) 0.04 (0.16) Chemical pneumonia rats

AEGL-3 (lethal) 3.6 (15) 1.5 (6.2) 0.75 (3.1) 0.20 (0.82) 0.09 (0.34) Highest concentration causing 
no mortality in the rat after 
a 30-min or 10-min exposure

a  Values are stated in ppm (mg/m3).

 2.7.3 Hydrogen Chloride 

 Hydrogen chloride (NRC, 2004) is a colorless gas with a pungent suffocating odor. It is used in the 
manufacture of organic and inorganic chemicals, steel pickling, food processing, and processing of 
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minerals and metals. A large amount of hydrogen chloride is released from solid rocket fuel exhaust. 
It is an upper respiratory tract irritant at relatively low concentrations and may cause damage to the 
lower respiratory tract at higher concentrations. Hydrogen chloride is soluble in water, and the 
aqueous solution is highly corrosive. 

 The AEGL-1 values are based on a 45-min no adverse effect level in exercising adult asthmatics 
(Stevens et al., 1992). No uncertainty factors were applied for inter- or intraspecies variability because 
the study population consisted of sensitive humans (asthmatics). Additionally, the same value was 
applied across the 10- and 30-min, and 1-, 4-, and 8-h exposure time points because mild irritantancy 
is a threshold effect and generally does not vary greatly over time. Thus, continuous exposure will 
not result in an enhanced effect. 

 The AEGL-2 was based on severe nasal or pulmonary histopathology in rats exposed to 1300 
ppm hydrogen chloride for 30 min (Stavert et al., 1991). An uncertainty factor of 3 was applied for 
interspecies variability because the test species (rodents) is two to three times more sensitive to the 
effects of hydrogen chloride than primates; therefore, a larger uncertainty factor was not warranted. 
An uncertainty factor of 3 was applied for intraspecies extrapolation because the mechanism of 
action is direct irritation and the subsequent effect or response is not expected to vary greatly among 
individuals. An additional modifying factor of 3 was applied to account for the sparse database of 
effects defi ned by AEGL-2 and because the effects observed at the concentration used to derive 
AEGL-2 values were somewhat severe. Thus, the total uncertainty and modifying factor adjust-
ment is 30-fold. It was then timescaled to the specifi ed 10- and 30-min, and 1-, 4-, and 8-h AEGL 
exposure periods by using the  C  n  �  t  �  k  relationship, where  n  � 1 based on regression analysis of 
combined rat and mouse median lethal concentration (LC

 50 
) data (1–100 min). 

 The AEGL-3 was based on an estimated nonlethal level of one-third of a 1-h LC
 50 

 reported for 
rats (Wohlslagel et al., 1976; Vernot et al., 1977). Again, an uncertainty factor of 3 was applied for 
interspecies variability because the test species (rodents) is two to three times more sensitive to the 
effects of hydrogen chloride than primates. An uncertainty factor of 3 was applied for intraspe-
cies extrapolation because the mechanism of action is direct irritation and the subsequent effect or 
response is not expected to vary greatly among individuals. A modifying factor was not needed to 
derive these values. Thus, the total UF is 10. It was then timescaled to the specifi ed 10- and 30-min, 
and 1-, 4-, and 8-h AEGL exposure periods using the  C  n  �  t  �  k  relationship, where  n  � 1 based on 
regression analysis of combined rat and mouse LC

 50 
 data (1–100 min). 

 The calculated values are listed in the table below.   

AEGL Values for Hydrogen Chloridea

Classifi cation 10 min 30 min 1 h 4 h 8 h End Point (Reference)
AEGL-1
(nondisabling)

1.8 (2.7) 1.8 (2.7) 1.8 (2.7) 1.8 (2.7) 1.8 (2.7) No-adverse-effect level 
in exercising human 
asthmatics

AEGL-2 (disabling) 130 (197) 43 (65) 22 (33) 56.4 (8.1) 2.7 (4.1) Histopathology in rats

AEGL-3 (lethal) 620 (937) 210 (313) 100 (155) 26 (39) 13 (19) Estimated NOEL for 
death from 1-h rat LC

50

a  Values are stated in ppm (mg/m3).

2.7.4  Hydrogen Fluoride 

 Hydrogen fl uoride (HF) (NRC, 2004) is a colorless, highly irritating, and corrosive gas. Reaction with 
water is rapid, producing heat and hydrofl uoric acid. Hydrogen fl uoride is used in the manufacture 
of artifi cial cryolite; in the production of aluminum, fl uorocarbons, and uranium hexafl uoride; as a 
catalyst in alkylation processes during petroleum refi ning; in the manufacture of fl uoride salts; and 
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in stainless steel pickling operations. It is also used to etch glass and as a cleaner in metal-fi nishing 
processes. 

 Hydrogen fl uoride is a severe irritant to the eyes, skin, and nasal passages; high concentrations 
may penetrate to the lungs resulting in edema and hemorrhage. Data on irritant effects in humans 
and lethal and sublethal effects in six species of mammals (monkey, dog, rat, mouse, guinea pig, 
and rabbit) were available for development of AEGL values. The data were considered adequate for 
derivation of the three AEGL classifi cations for fi ve exposure periods. Regression analyses of the 
reported concentration–exposure durations for lethality for the animal species determined that the 
relationship between concentration and time is  C   2  �  t  �  k . 

 AEGL-1 was based on a concentration of 3 ppm for 1 h, which was the threshold for pulmonary 
infl ammation, as evidenced by an increase in the percentage of several infl ammatory parameters 
such as CD3 cells and myeloperoxidase in the bronchoalveolar lavage fl uid of 20 healthy exercising 
adult subjects (Lund et al., 1999). There were no increases in neutrophils, eosinophils, protein, or 
methyl histamine at this or the next higher average exposure concentration of 4.7 ppm. There were 
no changes in lung function and only minor increased symptoms of irritation at this concentration 
(Lund et al., 1997). Although healthy adults were tested, several individuals had increased immune 
factors, indicating atopy. The 3-ppm concentration was divided by an intraspecies uncertainty of 3 
to protect susceptible individuals. Because no effects occurred on respiratory parameters of healthy 
adults at concentrations that ranged up to 6.34 ppm in this study and up to 8.1 ppm for 6 h/d with 
repeated exposures in a supporting study (Largent, 1960, 1961), it is felt that the calculated AEGL-1 
values would be protective of a population of asthmatics. Although the Lund et al. (1999 )  study was 
for a 1-h duration, the longer exposures to higher concentrations in the supporting study (Largent, 
1960, 1961 ),  support application of the 1-ppm concentration for up to 8 h. 

 The 10-min AEGL-2 value was based on an absence of serious pulmonary or other adverse 
effects in rats during direct delivery of HF to the trachea at a concentration of 950 ppm for an 
exposure period of 10 min. This reported concentration–exposure value of 950 ppm for 10 min was 
adjusted by a combined UF of 10: an UF of 3 for interspecies variation, because the rat was not the 
most sensitive species in other studies (but direct delivery to the trachea is a sensitive model), and 
an intraspecies UF of 3 to protect susceptible individuals. This 10-min value is clearly below seri-
ous injury categories of data from tests in monkeys, rats, dogs, mice, guinea pigs, and rabbits. 

 The 30-min and the 1-, 4-, and 8-h AEGL-2 values were based on a study in which dogs exposed 
to 243 ppm for 1 h showed signs of more than mild irritation, including blinking, sneezing, and 
coughing (Rosenholtz et al., 1963 ).  This value is one-fourth of the rat LC

 50 
 value in the same study. 

Rats exposed to a similar concentration (291 ppm) developed moderate eye and nasal irritation. The 
next higher concentration (489 ppm for 1 h) resulted in respiratory distress and severe eye and nasal 
irritation in the rat, signs more severe that those ascribed to AEGL-2. The moderate eye and nasal 
irritation observed in dogs at 243 ppm was considered the threshold for impaired ability to escape. 
The 1-h value of 243 ppm was adjusted by a total UF of 10: a UF of 3 for intraspecies variation, 
because the dog is a sensitive species for sensory irritation, and a UF of 3 to protect susceptible 
individuals. The values were scaled across time by using  C   2  �  t  �  k,  where the value of  n  � 2 was 
derived from concentration–exposure duration relationships based on lethality in animals studies. 
Note that the resulting 30-min AEGL-2 value of 34 ppm is similar to the 32-ppm concentration that 
was tolerated for only several minutes by human subjects in the study of Machle et al. (1934 ).  Using 
a larger total uncertainly factor such as 30 would reduce the 1-h value to 8 ppm, a concentration that 
resulted in only slight irritation in healthy adults during repeated, intermittent exposures. Because a 
timescaled 8-h value of 8.6 ppm was inconsistent with the study of Largent (1960, 1961 )  in which 
humans subjects intermittently inhaling 8.1 ppm suffered no greater effects than slight irritation, the 
8-h AEGL-2 value was set equal to the 4-h value. 

 The 10-min AEGL-3 value was based on the reported 10-min lethal threshold in orally cannulated 
rats of 1764 ppm (Dalbey, 1996; Dalbey et al., 1998 ).  This value was rounded down to 1700 ppm and 
adjusted by UFs of 3 for interspecies differences (LC

 50  
values differ by a factor of approximately 2–4 
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between the mouse and rat) and 3 to protect susceptible individuals. The total adjustment for UFs for 
the 10-min AEGL-3 value was 10. Application of a larger UF such as 30 would reduce the 10-min 
AEGL-3 to below the 10-min AEGL-2. 

 The 30-min and the 1-, 4-, and 8-h AEGL-3 values were derived from a reported 1-h expo-
sure resulting in no deaths in mice  ( Wohlslagel et al., 1976). The data indicated that the value of 
263 ppm was the threshold for lethality. A comparison of LC

 50 
 values among species in several 

studies  indicated that the mouse was the most sensitive species in lethality studies. The 1-h value of 
263 ppm was adjusted by an interspecies UF of 1, because the mouse was the most sensitive species, 
and an intraspecies UF of 3 to protect susceptible individuals. A modifying factor of 2 was applied 
to account for the fact that the highest nonlethal value was close to the LC

 50 
 of 342 ppm. The result-

ing value was scaled to the other AEGL-specifi ed exposure periods using  C  n  �  t  �  k,  where  n  � 2. 
A total uncertainty plus modifying factor of 6 is reasonable and suffi cient, because application of 
a total uncertainty and modifying factor of 20 (3 each for inter- and intraspecies uncertainties and 
2 as a modifying factor) would reduce the predicted 6-h AEGL-3 level to 5.4 ppm, a concentration 
below the 8.1 ppm concentration which produced only slight irritation in humans when reached 
intermittently during daily 6-h exposures (Largent, 1960, 1961 ).  Because HF is well scrubbed at 
low concentrations and because the timescaled 8-h AEGL-3 value of 15 ppm was inconsistent with 
data from repeated exposures in animal studies, the 8-h value was set equal to the 4-h value. Rhesus 
monkeys survived a 6–7 h/d, 50-day exposure to 18.5 ppm  ( Machle and Kitzmiller, 1935). 

 Values are in the summary table below.   

AEGL Values for Hydrogen Fluoridea

Classifi cation 10 min 30 min 1 h 4 h 8 h End Point (Reference)

AEGL-1
(nondisabling)

1.0 (0.8) 1.0 (0.8) 1.0 (0.8) 1.0 (0.8) 1.0 (0.8) Threshold, pulmonary 
infl ammation, humans

AEGL-2 (disabling) 95 (78) 34 (28) 24 (20) 12 (9.8) 12 (9.8) NOAEL for lung effects 
in cannulated ratsb; 
sensory irritation in dogsc

AEGL-3 (lethal) 170 (139) 62 (51) 44 (36) 22 (18) 22 (18) Lethality threshold in 
cannulated ratsd; lethality 
threshold in micee

a  Values are stated in ppm (mg/m3).
b  10-min AEGL-2 value.
  c   30-min and 1-, 4-, and 8-h AEGL-2 values. 
  d   10-min AEGL-3 value. 
 e   30-min and 1-, 4-, and 8-h AEGL-3 values.

 2.7.5 Tetrafl uoroethane 

 Hydrofl uorocarbon-134a or 1,1,1,2-tetrafl uoroethane (HFC-134a) (NRC, 2003) has been developed 
as a replacement for fully halogenated chlorofl uorocarbons because, compared with chlorofl uoro-
carbons, its residence time in the atmosphere is shorter and its ozone-depleting potential is insig-
nifi cant. HFC-134a is used in refrigeration and air-conditioning systems as a blowing agent for 
polyurethane foams and as a propellant for medical aerosols. HFC-134a is a colorless gas with a 
faint ethereal odor that may go unnoticed by most individuals. 

 HFC-134a has a very low acute inhalation toxicity. Both uptake and elimination are rapid, but 
uptake is low, and most of the compound is exhaled unchanged. Consequences of acute HFC-134a 
inhalation have been studied with human subjects and several animal species, including the monkey, 
dog, rat, and mouse. Considerable inhalation data from controlled studies with healthy human 
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subjects and patients with respiratory tract diseases are available. Studies addressing repeated and 
chronic exposures, genotoxicity, carcinogenicity, neurotoxicity, and cardiac sensitization were also 
available. At high concentrations, halogenated hydrocarbons may produce cardiac arrhythmias; this 
end point was considered in development of AEGL values. 

 Adequate data were available for development of the three AEGL classifi cations. Based on 
the observations that (1) blood concentrations in humans, rapidly approach equilibrium with neg-
ligible metabolism and tissue uptake and (2) the end point of cardiac sensitization is a blood 
concentration–related threshold phenomenon, the same concentration was used across all AEGL 
periods for the respective AEGL classifi cations. 

 The AEGL-1 concentration was based on a 1-h no-effect concentration of 8000 ppm in healthy 
human subjects (Emmen et al., 2000). This concentration was without effect on pulmonary function, 
respiratory parameters, the eyes (irritation), or the cardiovascular system. Because this concentra-
tion is considerably below that causing any adverse effect in animal studies, an intraspecies UF of 1 
was applied. The intraspecies UF of 1 is supported by the absence of adverse effects in therapy tests 
with patients with severe chronic obstructive pulmonary disease and adult and pediatric patients with 
asthma who were tested with metered-dose inhalers containing HFC-134a as the propellant. Because 
blood concentrations in this study approached equilibrium after 55 min of exposure and effects are 
determined by blood concentrations, the value of 8000 ppm was made equivalent across all periods. 
The AEGL-1 of 8000 ppm is supported by the absence of adverse effects in experimental animals 
that inhaled considerably higher concentrations. No adverse effects were observed in rats exposed 
at 81,000 ppm for 4 h or in rats exposed repeatedly at 50,000 or 100,000 ppm for 6 h/d. Adjustment 
of the 81,000 ppm value by interspecies and intraspecies UFs of 3 each, for a total of 10, results in 
essentially the same concentration (8100 ppm) as the AEGL-1 based on data from humans. 

 The AEGL-2 was based on the no-effect concentration of 40,000 ppm for cardiac sensitization 
in dogs (Hardy et al., 1991). In this test the dog is given an injection of epinephrine just below that 
which, by itself, would cause a cardiac arrhythmia. This is done both before the exposure and during 
the exposure to the agent. A positive response is the development of a cardiac arrhythmia during the 
exposure but not before the exposure. This results in a model that is from 3 to 10 times as sensitive 
as an untreated dog, and one that appears to be far more sensitive than humans, based on more than 
35 years of evaluation (Brock et al., 2003). As a consequence, an interspecies UF of 1 was used in 
extrapolating from the dog to humans. Although it has been shown that, even with coronary disease, 
there is no difference in response to account for the possibility that some members of the general 
population may be highly sensitive to the exposure, an UF of 3 was applied to account for these 
individuals. Again, using the reasoning that peak circulating concentration is the determining factor 
in 1,1,1,2-tetrafl uoroethane-induced cardiac sensitization, and exposure duration past 5 min was not 
of importance, the resulting value of 13,000 ppm was applied to all periods. 

 The AEGL-3 concentration was based on a concentration of 80,000 ppm, which caused marked 
cardiac toxicity but no deaths in dogs (Hardy et al., 1991). The cardiac sensitization model with the 
dog is considered an appropriate model for humans; therefore, an interspecies UF of 1 was applied. 
Because the cardiac sensitization test is highly sensitive as the response to epinephrine is optimized, 
an intraspecies UF of 3 was applied to account for sensitive individuals. Cardiac sensitization is 
concentration dependent; duration of exposure does not infl uence the concentration at which this 
effect occurs. Using the reasoning that peak circulating concentration is the determining factor in 
HFC-134a cardiac sensitization, and exposure duration is of lesser importance, the resulting value 
of 27,000 ppm was applied to all periods.   

 2.7.6 Sarin (Nerve Agent GB) 

 The nerve agents for which AEGL analyses have been performed include the G series agents (GA 
[tabun], GB [sarin], GD [soman], and GF) and nerve agent VX (NRC, 2003). These agents are all toxic 
ester derivatives of phosphonic acid containing either a cyanide, fl uoride, or sulfur substituent group; 

4049_C002_r03.indd   514049_C002_r03.indd   51 11/15/2005   3:07:06 PM11/15/2005   3:07:06 PM



52 Inhalation Toxicology

they are commonly termed “nerve” agents because of their anticholinesterase properties. These com-
pounds were developed as chemical warfare agents, and one (agent GB, or sarin) was used by terrorists 
in the 1995 exposure incident that took place in the Tokyo subway system. 

 It is a viscous liquid. Toxic effects may occur at vapor concentrations below those of odor detection. 
However, the vapor pressure and acute toxicity is suffi ciently high for the vapor to be rapidly lethal. 

 Exposure to acutely toxic concentrations of GB can result in excessive bronchial, salivary, ocular, 
and intestinal secretions and sweating, miosis, bronchospasm, intestinal hypermotiity, bradycardia, 
muscle fasciculations, twitching, weakness, paralysis, loss of consciousness, convulsions, depression 
of the central respiratory system, and death. Minimal effects observed at low vapor concentrations 
include miosis (contraction of the pupils of the eye, with subsequent decrease in pupil area), tightness 
of the chest, rhinorrhea, and dyspnea (Dunn and Sidell, 1989). 

 The results of agent GB vapor exposure studies conducted with human volunteers indicate that 
the threshold for miosis and other minimal toxic effects falls in the range of 0.05–0.5 mg/m 3  for 10- to 
30-min exposures. The fi ndings are based on the results of low-concentration nerve agent exposures 
of informed volunteers who were under clinical supervision during the periods of exposure and for 
postexposure periods of several months. 

 A concern associated with symptomatic exposures to anticholinesterase compounds such as the 
nerve agents is the possibility of chronic neurological effects. At present, no evidence indicates that 
asymptomatic exposures to any of the nerve agents result in chronic neurological disorders. In general, 
the available epidemiological data indicate that most clinical signs of toxicity resolve within hours 
to days; severe miosis can require several months after exposure for resolution. However, several 
studies have shown that subclinical signs may persist for longer periods. After the chemical terrorist 
attacks with nerve agent GB (sarin) that occurred in Japan in 1994 and 1995, clinical signs of agent 
toxicity were no longer apparent in the surviving victims 3 months after the exposures had occurred; 
however, several studies conducted on a small number of asymptomatic individuals 6–8 months after 
the attack revealed subclinical signs of neurophysiological defi cits as measured by event-related and 
visual evoked potentials, psychomotor performance, and increases in postural sway. 

 In a study of workers who had been occupationally exposed to agent GB, altered electroencephalo-
grams (EEGs) were recorded 1 year or more after the last exposure had occurred. Spectral analysis of 
the EEGs indicated signifi cant increases in brain beta activity (12–30 Hz) in the exposed group when 
compared with nonexposed control subjects, and sleep EEGs revealed signifi cantly increased rapid eye 
movement in the exposed workers; however, those observations were not clinically signifi cant. 

 Animal data from vapor and oral exposure studies suggest that agent GB does not induce reproduc-
tive or developmental effects in mammals. Neither agent GB nor agent VX was found to be genotoxic 
in a series of microbial and mammalian assays. No evidence indicates that agent GB is carcinogenic. 

 AEGL-1 values for agent GB were derived from a well-conducted study on adult female Sprague– 
Dawley rats exposed whole-body in a dynamic airfl ow chamber to a range of GB vapor concentra-
tions (0.01–0.48 mg/m 3 ) over three time durations (10 min, 60 min, or 240 min) (Mioduszewski et al., 

AEGL Values for HFC-134aa

Classifi cation 10 min 30 min 1 h 4 h 8 h End Point (Reference)
AEGL-1
(nondisabling)

8,000
(34,000)

8,000
(34,000)

8,000
(34,000)

8,000
(34,000)

8,000
(34,000)

No effects, humans 

AEGL-2 (disabling) 13,000
(55,250)

13,000
(55,250)

13,000
(55,250)

13,000
(55,250)

13,000
(55,250)

No effect, cardiac 
sensitization, dogsb

AEGL-3 (lethal) 27,000
(114,750)

27,000
(114,750)

27,000
(114,750)

27,000
(114,750)

27,000
(114,750)

Marked effect, cardiac 
sensitization, dogsb

a  Values are stated in ppm (mg/m3).
b   Response to challenge dose of epinephrine (cardiac sensitization test).
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2002b). Analysis of rat pupil diameters assessed pre- and postexposure allowed determination of 
EC

 50 
 values for miosis (defi ned as a postexposure pupil diameter of 50% or less of the preexposure 

diameter in 50% of the exposed population). Blood samples collected from tail vein and heart at 
60 min and 7 d postexposure indicated no signifi cant change from preexposure baseline in moni-
tored blood RBC-cholinesterase (ChE), butyrylcholinesterase (BuChE), or carboxylesterase. No 
other clinical signs were evident throughout the duration of the study. Gender differences (females 
more susceptible) were statistically signifi cant at 10 min (  p  � 0.014) and 240 min (  p  � 0.023), but 
not at 60 min (  p  � 0.054). This is a well-defi ned animal end point in a susceptible gender, and it is 
transient, reversible, and nondisabling. 

 In terms of potential effects on humans, an EC
 50 

 for miosis is not considered an adverse effect. 
This degree of miosis is the fi rst measurable change, by modern and reproducible techniques, in the 
continuum of response to anticholinesterase compounds. In bright daylight or under bright lighting, 
a 50% reduction in pupil diameter would result in greater visual acuity among some members of the 
affected exposed population and no marked reduction in visual acuity for most of the affected popula-
tion. In twilight or dim-light conditions, 50% reduction in pupil diameter in some persons would result 
in reduced visual acuity and less-than-optimal performance of tasks requiring operation of vehicular 
controls, monitoring or tracking on computer screens, reading of fi ne text, or shifts in focus between 
near and far fi elds. For individuals with central cataracts, the effects would be more pronounced at all 
illumination levels. During the Tokyo Subway Incident (terrorist release of GB), persons experienc-
ing �50% reduction in pupil diameter were able to self-rescue and to render aid to others. 

 The human data of Harvey (1952) and Johns (1952) indicate that some adult humans exposed to 
concentrations within the exposure range tested by Mioduszewski et al. (2002b) would experience 
some discomfort (headache, eye pain, nausea, etc.) in addition to miosis, corresponding to �50% 
pupil area decrement but no disability. Compared with the available human data, the miosis data 
derived from the study on rats are considered a more reliable data set because they are based on cur-
rent and multiple analytical techniques for quantifying exposures and measuring miosis and because 
they apply an experimental protocol incorporating suffi ciently large test and control populations. 

 The weight-of-evidence analysis indicates reasonable concordance among AEGL-1 estimates 
derived from the female Sprague–Dawley rat, the marmoset, and the human data sets identifi ed above. 

 The AEGL-2 values for agent GB were derived from a study in which miosis, dyspnea, pho-
tophobia, inhibition of RBC-ChE, and changes in single-fi ber electromyography (SFEMG) were 
observed in human volunteers after a 30-min exposure at 0.5 mg/m 3 . 

 Although not considered debilitating or permanent effects in themselves, SFEMG changes are 
considered an early indicator of exposures that potentially could result in more signifi cant effects. 
Selection of this effect as a protective defi nition of an AEGL-2 level is considered appropriate given 
the steep dose–response toxicity curve of nerve agents (Mioduszewski et al., 2000, 2001, 2002a). 
The concept of added precaution for steep dose–response is consistent with the emergency-planning 
guidance for nerve agents that was developed by the National Center for Environmental Health for 
the Centers for Disease Control and Prevention. 

 Animals exposed to low concentrations of the G agents exhibit the same signs of toxicity as 
humans, including miosis, salivation, rhinorrhea, dyspnea, and muscle fasciculations. Studies on 
dogs and rats indicate that exposures to GB at 0.001 mg/m 3  for up to 6 h/d are unlikely to produce 
any signs of toxicity. 

 Because exposure–response data were not available for all the AEGL-specifi c exposure dura-
tions, temporal extrapolation was used in the development of AEGL values for some of the SEGL-
specifi c periods. The concentration–exposure time relationship for many systemically acting vapors 
and gases may be described by  C  n  �  t  �  k , where the exponent  n  ranges from 0.8 to 3.5. The temporal 
extrapolation used here is based on a log-log linear regression of the LC

 01 
 lethality of GB in female 

Sprague–Dawley rats and a log-log linear regression of female SD rat miosis data following GB vapor 
exposure for durations of 10–240 min (Mioduszewski et al., 2000, 2001, 2002a, 2002b). Regression 
analysis of the LC

 01 
 values yields an  n  value of 1.93 with an  r  2  of 0.9948, and regression analysis of 
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the miosis data yields an  n  value of 2.00 with an  r  2  of 0.4335 (24 data points; see Appendix B). Given 
that all mammalian toxicity end points observed in the data set for all nerve agents represent different 
points on the response continuum for anticholinesterase exposure, and that the mechanism of acute 
mammalian toxicity (cholinesterase inhibition) is the same for all nerve agents, the experimentally 
derived  n  � 2 from the rat lethality and the miosis data sets was used as the scaling function for all 
AEGL derivations rather than a default value. However, because of uncertainties associated with 
some of the exposure measurements in the earlier studies, the rat data of Mioduszewki et al. were 
determined to be the best source of an estimate for  n.  The  n  value of 2 was used to extrapolate for 
exposure periods for which there were no experimental data. Those included (1) the 8-h AEGL-3 
value (extrapolated from experimental data for 6 h); (2) the 30-min and 8-h AEGL-1 values (extrapo-
lated from 10-min and 4-h experimental data); and (3) all the AEGL-1 values (extrapolated from 
experimental data for 30 min). 

 In consultation with experimental investigators at Porton Down (United Kingdom) and the 
TNO Prins Maurits Laboratory (The Netherlands), the analysis has determined that the miotogenic 
response of mammalian eyes to agent GB vapor exposure is similar across species. The species 
evaluated include standard laboratory animals (rabbits, rats, guinea pigs), nonhuman primates 
(marmosets), and humans. As a consequence, the interspecies UF for critical AEGL-1 end point 
of miosis is considered equal to 1. To accommodate known variation in human cholinesterase and 
carboxylesterase activity that may make some individuals susceptible to the effects of cholinesterase 
inhibitors such as nerve agents, a factor of 10 was applied for intraspecies variability (protection of 
susceptible populations). Thus, the total UF for estimating AEGL-1 values for agent GB is 10. 

 The fact that AEGL-2 analyses for agent GB are based on data from human volunteers 
(Baker and Sedgwick, 1996) precludes the use of an interspecies UF. As in the AEGL-1 estima-
tions, a factor of 10 was applied for intraspecies variability (protection of susceptible populations). 
A modifying factor is not applicable. Thus, the total UF for estimating AEGL-2 values for agent 
GB is 10. 

 AEGL-3 values for agent GB were derived from recent inhalation studies in which the lethality 
of GB vapor in female Sprague–Dawley rats was evaluated for 10-, 30-, 60-, 90-, 240-, and 360-min 
periods (Mioduszewski et al., 2000, 2001, 2002a). Both experimental LC

 01 
 and LC

 50 
 values were 

evaluated. The use of the rat data set resulted in selection of an interspecies UF of 3; the full default 
value of 10 was not considered appropriate because the mechanism of toxicity in rats and humans is 
the same, and lethality represents one point on the response continuum for these anticholinesterase 

AEGL Values for Nerve Agent GBa

Classifi cation 10 min 30 min 1 h 4 h 8 h End Point (Reference)
AEGL-1 
(nondisabling)

0.0012 
(0.0069)

0.00068 
(0.0040)

0.00048 
(0.0028)

0.00024 
(0.0014)

0.00017 
(0.0010)

EC
50

 for miosis observed in adult 
female SD ratsb exposed to a 
range of GB vapor concentrations 
(0.01–0.48 mg/m3) for 10, 60, and 
240 min

AEGL-2 
(disabling)

0.015 
(0.087)

0.0085 
(0.050)

0.0060 
(0.035)

0.0029 
(0.017)

0.0022 
(0.013)

Miosis, dyspnea, RBC-ChE 
inhibition, SFEMG changes in 
human volunteers exposed at 
0.5 mg/m3 for 30 min

AEGL-3 
(lethal)

0.064 
(0.38)

0.032 
(0.19)

0.022 
(0.13)

0.012 
(0.070)

0.0087 
(0.051)

Based on experimental SD rat 
lethality data (LC

01
 and LC

50
); 

whole-body dynamic exposure

a  Values are stated in ppm (mg/m3).
b  SD rats, Sprague–Dawley rats.
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compounds. The full default value of 10 for intraspecies uncertainty was considered necessary to 
protect susceptible populations. Because a modifying factor is not applicable, the composite UF for 
AEGL-3 determination for agent GB is equal to 30. 

 2.7.7 Nerve Agent VX 

 Insuffi cient data were available from which to directly derive AEGL values for VX (NRC, 2003) 
from human or animal inhalation toxicity studies. The few studies available are historical and are 
considered nonverifi able because of fl awed study design, poor sampling techniques, or suspect 
contamination of sampling and detection apparatus. Nevertheless, available literature clearly indi-
cates that inhibition of cholinesterase activity is a common mechanism of toxicity shared by the 
G-series nerve agents and nerve agent VX. Thus, it was possible to develop AEGL estimates for 
agent VX by a comparative method of relative potency analysis from the more complete data set 
for nerve agent GB. The concept has been applied before in the estimation of agent VX exposure 
limits. All estimates in the literature regarding the potency of VX relative to agent GB indicate that 
vapor toxicity for agent VX is greater than for agent GB. Comparable RBC-ChE

 50 
 data from clini-

cally supervised human volunteers who were exposed to agents GB and VX during well-conducted 
studies are available for estimation of relative potency. The human data indicate that agent VX 
is approximately four times more potent than agent GB or induces the RBC-ChE

 50 
 end point, 

which is considered an early and quantitative measure of the response continuum known for those 
compounds. Thus, the GB:VX relative potency ratio of 4 is considered an appropriate estimate 
of GB:VX relative potency for all VX AEGL determinations (Grob and Harvey, 1958; Sidell and 
Groff, 1974). 

 All mammalian toxicity end points observed in the data set for nerve agent VX and the 
G-series agents represent different points on the response continuum for anticholinesterase 
effects. Further, the mechanism of mammalian toxicity (cholinesterase inhibition) is the same for 
all newer agents. In consequence, the experimentally derived  n  � 2 from the Mioduszewski et al. 
(2000, 2001, 2002a, 2002b) rat miosis and lethality data sets for agent GB are used as the scal-
ing function for the agent-VX AEGL-1, AEGL-2, and AEGL-3 derivations rather than a default 
value. 

 By applying the GB:VX relative potency concept outlined above (the relative potency of GB:
VX equal to 4), the AEGL-1 analyses for agent VX are derived from miosis data for adult female 
Sprague–Dawley rats exposed to GB vapor for three time durations of signifi cance for AEGLs (10, 
60, and 240 min). Data from a GB vapor study of nonhuman primates (marmosets, 5-h exposures 
to GB vapor concentrations of 0.05–150 µg/m 3 ) and human volunteers (minimal and reversible 
effects of miosis, rhinorrhea, headache, etc., after 20-min exposure to a GB vapor concentration 
of 0.05 mg/m 3 ) are considered secondary and supportive. The same UFs and logic applied in the 
derivation of AEGL-1 and AEGL-2 values for agent GB (e.g., interspecies UF of 1 intraspecies UF 
of 10) are used here for estimating AEGL-1 and AEGL-2 values for agent VX. With application 
of a modifying factor of 3 for the sparse VX data set, the total UF for estimating AEGL-1 values 
for agent VX is 30. 

 By further application of the GB:VX relative potency concept outlined above, the AEGL-2 
values for agent VX were derived from a GB vapor exposure study of human subjects in which 
miosis, dyspnea, photophobia, inhibition of RBC-ChE to approximately 60% of individual baseline, 
and small but measurable changes in SFEMG of the forearm occurred after a 30-min exposure at 
0.5 mg GB/m 3  (Baker and Sedgwick, 1996). 

 The fact that AEGL-2 analyses for agent VX are based on data from clinically supervised human 
volunteers exposed to GB vapor (Baker and Sedgwick, 1996) precludes the use of an interspecies 
UF. With application of a factor of 10 for intraspecies variability and a modifying factor of 3 for the 
sparse VX data set, the total UF for estimating AEGL-2 values for agent VX is 30. 
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 By further application of the GB:VX relative potency concept outlined above, the AEGL-3 
values for agent VX were derived from recent inhalation studies in which the lethality of GB to 
female Sprague–Dawley rats was evaluated for the 10-, 30-, 60-, 90-, 240-, and 360-min periods. 
Both experimental LC

 01 
 and LC

 50 
 values were evaluated. The same UFs and logic applied in the 

derivation of AEGL-3 values for agent GB (interspecies UF of 3 and an intraspecies UF of 10) are 
used here for agent VX. With the additional application of a modifying factor of 3 for the sparse VX 
data set, the total UF for AEGL-3 determination for agent VX is equal to 100.   

 2.8 CONCLUSIONS 

 With the increased production and shipment of chemicals, an urgent need exists for international 
guidance levels applicable to exposures to the general population. These guidance levels are 
being developed by the National Advisory Committee on Acute Guideline Levels for Hazardous 
Substances. The international membership of this committee ensures that there will be international 
recognition for these values. In addition to the benefi ts of having one standard approach to acute risk 
assessment for chemical spills or accidental releases in the United States and the European Union, 
this approach is of great value to the less-developed countries, as it provides them with a set of stan-
dards to use both for planning and in the event of a chemical release. To date, the AEGL committee 
has reviewed more than 130 chemicals. The National Academies have published many standards. 
A current list of these chemicals is provided in Table 2.2. 

AEGL Values for Agent VXa, b

Classifi cation 10 min 30 min 1 h 4 h 8 h End Point (Reference)
AEGL-1 
(nondisabling)

0.000052 
(0.00057)

0.000030 
(0.00033)

0.000016 
(0.00017)

0.0000091 
(0.00010)

0.0000065 
(0.000071)

Derived by relative 
potency from EC

50
 for 

miosis observed in 
adult female SD ratsc 
exposed to a range of 
GB vapor concentrations.

AEGL-2 
(disabling)

0.00065 
(0.0072)

0.00038 
(0.0042)

0.00027 
(0.0029)

0.00014 
(0.0015)

0.000095 
(0.0010)

Derived by relative 
potency from study of 
GB vapor exposure to 
exercising human 
volunteers exposed at 
0.5 mg/m3 for 30 min; 
miosis, dyspnea, 
inhibition of RBC-ChE, 
changes in SFEMG.

AEGL-3 
(lethal)

0.0027 
(0.029)

0.0014 
(0.015)

0.00091 
(0.010)

0.00048 
(0.0052)

0.00035 
(0.0038)

Derived by relative potency 
from experimental SD rat 
lethality data (LC

01
 and LC

50
); 

whole-body dynamic 
exposure to GB vapor 
concentrations.

a  Values are stated in ppm (mg/m3).
b  The derived AEGL values are for vapor exposures only. Percutaneous absorption of nerve agent vapors is known to be 
an effective route of exposure; nevertheless, percutaneous vapor concentrations needed to produce similar adverse effects 
are greater than inhalation vapor concentrations by several orders of magnitude. (For agent VX, the percutaneous vapor 
concentration needed to produce similar adverse effects are greater than inhalation vapor concentration by an approximate 
factor of 10.) Thus, the AEGL values presented are considered protective for both inhalation and percutaneous routes of 
exposure.
c  SD rats, Sprague–Dawley rats.
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TABLE 2.2 Acute Exposure Guideline Levels: Chemicals Reviewed

Chemical Name CAS No.a Chemical Name CAS No.
Final AEGLs

Agent GA (Tabun) 77-81-6 HCFC 141b 1717-00-6

Agent GB (Sarin) 107-44-8 Hydrogen chloride 7647-01-0

Agent GD (Soman) 96-64-0 Hydrogen cyanide 74-90-8

Agent VX 50782-69-9 Hydrogen fl uoride 7664-39-3

Aniline 62-53-3 Methyl hydrazine 60-34-4

Arsine 7784-42-1 Methyl isocyanate 624-83-9

Diborane 19287-45-7 Phosgene 75-44-5

1,1-Dimethyl hydrazine 57-14-7 Propylene glycol dinitrate 
6423-43-4

106602-80-6

1,2-Dimethyl hydrazine 540-73-8 Sulfur mustard 505-60-2

GF agent 329-99-7

Interim AEGLs
Acetone cyanohydrin 75-86-5 Methacrylonitrile 126-98-7

Acrolein 107-02-8 Methanol 67-56-1

Acrylic acid 79-10-7 Methyl ethyl ketone 78-93-3

Allyl alcohol 107-18-6 Methyl mercaptan 74-93-1

Allyl amine 107-11-9 (HFE-7100) Methyl monofl uorobutyl 
ether

163702-07-6

Ammonia 7664-41-7 Monochloroacetic acid 79-11-8

Boron trichloride 10294-34-5 N,N-Dimethylformamide 68-12-2

Boron trifl uoride 353-42-4 Nickel carbonyl 13463-39-3

Bromine 7726-95-6 Nitric acid 7697-37-2

Carbon disulfi de 75-15-0 Nitric oxide 10102-43-9

Carbon monoxide 630-08-0 Nitrogen dioxide 10102-44-0

Carbon tetrachloride 56-23-5 Peracetic acid 79-21-0

Chlorine 7782-50-5 Perchloromethyl mercaptan 594-42-3

Chlorine dioxide 10049-04-4 Phenol 108-95-2

Chlorine trifl uoride 7790-91-2 Phosphine 7803-51-2

Chloroform 67-66-3 Phosphorus oxychloride 10025-87-3

Chloromethyl methyl ether 107-30-2 Phosphorus trichloride 7719-12-2

cis- and trans-1,2-Dichloroethylene 156-60-5 Piperidine 110-89-4

cis-1,2-Dichloroethylene 156-59-2 Proprionitrile 107-12-0

cis-Crotonaldehyde 4170-30-3 Propylene oxide 75-56-9

Cyclohexylamine 108-91-8 Propyleneimine 75-55-8

Dichlorodimethylsilane 75-78-5 Tetrachloroethylene 127-18-4

Epichlorohydrin 106-89-8 Tetranitromethane 509-14-8

Ethylene diamine 107-15-3 Toluene 108-88-3

Ethylene oxide 75-21-8 2,4-Toluene diisocyanate 584-84-9

Ethyleneimine 151-56-4 2,6-Toluenediisocyanate 91-08-7

Fluorine 7782-41-4 trans-Crotonaldehyde 123-73-9

(Continued)
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 3.1 INTRODUCTION 

 3.1.1 Background and Need for Community Protection 

 In December 1984, the release of 40 tons of methyl isocyanate (MIC) in Bhopal, India, emphatically 
underscored the need for the development of chemical emergency response plans. The great surprise 
was that so little was known about the toxicity of MIC. It was primarily used as a captive chemical 
intermediate in the production of carbaryl, and a toxicological profi le had never been developed. 
The lack of a toxicological base was, in part, because its acute toxicity was so great that long-term 
studies had never been considered. In this tragedy, more than 3800 residents died and an additional 
200,000 suffered adverse health effects (www.Bhopal.com/chrono.htm). The public in India and 
even worldwide was enraged that an event of this magnitude could happen, because the local com-
munity had no idea that such a dangerous chemical was housed in such large quantities, just across 
the road from their homes (Rusch, 1993; Cavender and Gephart, 1994; Cavender, 2002). 

 Globally, residents living near chemical plants demanded that they be given information 
on chemicals being produced or used in their communities. They also insisted that solutions be 

 3 
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found that would prevent similar catastrophes from happening again. As a result, many chemical 
companies began developing emergency response plans, most of which included health-based 
exposure values. However, if each company had their own exposure values, the toxicological 
basis and rationale for each set of values might vary from one company to the next based on 
the data available to them. Such variance would be confusing and could lead the public to ask, 
“Which values should we use?” A better approach was for stakeholder chemical companies to 
work together in developing a single set of emergency response exposure values for chemicals of 
interest, eliminating the possibility of a multiplicity of numbers which would also be confusing 
to emergency response planners and managers (Rusch, 1993; Cavender and Gephart, 1994; Kelly 
and Cavender, 1998; Cavender, 2002). 

 The outcry of the public in the United States resulted in the promulgation of the Superfund 
Amendments and Reauthorization Act (SARA) of 1986, which contained provisions entitled Emergency 
Planning and Community Right-to-Know. This legislation along with provisions under Title III of the 
Clean Air Act of 1990, required local communities to set up emergency response plans. How was the 
public to develop emergency response plans without a single set of exposure values? Without a unifi ed 
set of exposure values based on acute toxicity data, each planning activity would result in differing 
numbers for every community across the nation. Thus, it was all the more important that a single set of 
exposure values be developed for each chemical for emergency response planning purposes. 

 3.1.2 Were Health-Based Numbers Suitable for Emergency Planning 
Available in 1986? 

 In 1986, occupational exposure guidelines and standards such as the American Conference of 
Governmental Industrial Hygienist’s threshold limit values (TLVs) (2005), the American Industrial 
Hygiene Association (AIHA) Workplace Environmental Exposure Levels (WEELs) (AIHA, 2005b), 
and the Occupational Safety and Health Administration’s permissible exposure limits (PELs) 
(Occupational Safety and Health Administration, 1995) were available for a good number of chemicals. 
However, these values were inappropriate for evaluating brief emergency exposures to the general 
public. These values were developed for the protection of healthy workers. They were based primarily 
on repeated dose studies conducted over months and years to simulate the daily exposure of workers 
over their working lifetime. The levels were set as a time-weighted average over the usual 8-h workday 
and serve to protect against both acute and chronic health effects. They were not designed to protect 
children, the elderly, or otherwise compromised individuals, such as individuals with asthma or alco-
hol dependency. 

 In addition to these occupational standards, several types of guidelines have been developed for use 
in emergency situations involving a single exposure to a specifi c chemical or mixture that may cause 
adverse health effects. In the 1950s, the National Research Council (NRC) began setting operational 
emergency numbers as advisory responses to specifi c exposure scenarios. These emergency numbers 
were developed principally for the Department of Defense (DOD) and were intended for young robust 
individuals. For instance the Navy needed levels for confi ned spaces such as being submerged in a sub-
marine. In 1964, such exposure levels were termed emergency exposure levels (EELs) (NRC, 1986). 

 Independently, in 1964, the AIHA Toxicology Committee also introduced the concept of EELs 
and initially proposed EELs for three chemicals: nitrogen dioxide, 1,1-dimethylhydrazine, and 
1,1,1-trichloroethane (AIHA Toxicology Committee, 1964). The EELs were established for a single 
exposure for periods of 5, 15, 30, or 60 min. They were defi ned as levels that would not result in 
irreversible toxicity, impair the ability to perform emergency operations, or impair the ability to 
escape from the exposure. However, these levels were for healthy workers and were not designed to 
protect many within the general public. Considered to duplicate the NRC guidelines, no additional 
AIHA EELs were developed (Jacobson, 1966). 

 In 1986, the NRC changed the from EELs to Emergency Exposure Guideline Levels (EEGLs), 
which have been developed for a number of chemicals (NRC, 1986). EEGLs were developed 
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primarily for military personnel and were not applicable to the general public. Realizing the need for 
community numbers, NRC introduced the concept of short-term public emergency guidance levels 
(SPEGLs), but few SPEGLs were developed (NRC, 1986). The NRC also developed continuous 
exposure guidance levels (CEGLs) for continuous exposure scenarios, for example, in a submarine 
(NRC, 1986). In the 1990s, similar levels were needed for the confi ned quarters of spacecraft. Such 
levels called spacecraft maximum allowable concentrations (SMACs) have been released periodi-
cally in a series of publications (SMACs, 1992). 

 National Institute for Occupational Safety and Health (NIOSH), in the late 1970s, developed a 
series of values representing exposure levels that were “immediately dangerous to life and health” 
(IDLHs) (NIOSH, 1994). These values were used for identifying respiratory protection require-
ments in the NIOSH/OSHA Standards Completion Program. Since 1994, some IDLHs have been 
reviewed and some documentation is available. One of the problems inherent in using IDLHs is that 
they were intended for the workplace where protective clothing and equipment are at hand, and they 
do not take into account exposure of the more sensitive individuals, such as the elderly, children, or 
people with asthma, living in the surrounding community. In addition, the rationales and documen-
tations were not peer-reviewed and are not generally available. 

 Other groups have considered the development of short-term exposure guidelines including, 
the American National Standards Institute (ANSI), the Pennsylvania Department of Health, and the 
National Fire Protection Association (NFPA). In general, the guidelines from these organizations 
are directed only to occupational exposure, are no longer being generated, or are merely relative 
hazard ratings. As such, they do not meet the need for airborne concentrations to be used in planning 
for emergency situations (AIHA, 2005c). 

 Although various “emergency numbers” have been recommended by several organizations, none 
of them have been specifi cally developed for potential accidental releases to the community with the 
exception of the few NRC SPEGLs. The process of developing NRC SPEGLs is a thorough process, 
but it is time consuming. Thus, it became evident that a new set of numbers for emergency planners 
and managers was needed and that they should be developed rapidly for a wide variety of chemicals. 

 3.2 THE DEVELOPMENT OF EMERGENCY RESPONSE PLANNING 
GUIDELINES 

 3.2.1 The Birth of ERPGs 

 Without suitable numbers in place in 1986, several companies, responding to internal needs, indepen-
dently undertook development of these emergency planning guideline numbers. Each had separately 
reached similar conclusions: 

  1. The numbers are useful primarily for emergency planning and response. 
  2. The numbers are suitable for protection from health effects due to short-term exposures. 
  3. They are not suitable for effects due to repeated exposures nor as ambient air quality 

guidelines. 
  4. The numbers are guidelines. They are not absolute levels demarcating safe from hazard-

ous conditions. 
  5. The numbers do not necessarily indicate levels at which specifi c actions must be taken. 
  6. The numbers are only one element of the planning activities needed to develop a program 

to protect the neighboring community. 
  7. The selection of chemicals needing emergency planning guidelines  should, in general, be 

based on volatility, toxicity, and releasable quantities. 

 In discussions among personnel in companies developing these guidelines, it became evident 
that a consistent approach was needed. Uniform procedures and defi nitions would provide more 
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consistent guidelines. In addition, sharing guidelines for different chemicals would avoid redundant 
efforts and increase the number of available guidelines (Rusch, 1993; Cavender and Gephart, 1994; 
Kelly and Cavender, 1998; Cavender, 2002; AIHA, 2005c). 

 3.2.2 The Role of the Organization Resources Counselors, 
Incorporated 

 Recognizing this need, Organization Resources Counselors, Inc. (ORC) established a task force 
to address the need for reliable, consistent, and well-documented emergency planning guidelines. 
Through the ORC Emergency Response Planning Guidelines (ERPGs) Task Force, companies will-
ing to play an active role in the development of emergency guidance concentrations, by using a 
consistent procedure, were able to coordinate their efforts. Members of the ORC ERPG Task Force 
collectively developed methods for establishing emergency exposure guidance levels and a list of 
chemicals for which ERPGs were believed to be needed. Participating companies made commit-
ments to develop ERPGs for selected chemicals according to the methods developed by the Task 
Force. Participation in the ORC Task Force was voluntary. (Rusch, 1993; Cavender and Gephart, 
1994; Kelly and Cavender, 1998; Cavender, 2002; AIHA, 2005c). 

 When the Emergency Response Planning Committee was formed, many chemical companies 
had representatives on the Organizational Resources Counselors (ORC). Chemical companies who 
needed ERPGs for given chemicals would write a draft document and submit it to the Emergency 
Response Planning Committee through ORC. This worked well for the fi rst 40 or so documents 
(Cavender, 2002; AIHA, 2005c). 

 3.2.3 The Role of the American Industrial Hygiene Association 

 In looking for an acceptable venue to develop and publish the documents of the Emergency Response 
Planning Committee, the AIHA seemed to be a logical organization because its membership included 
both industrial hygienists and toxicologists from stakeholder chemical companies, government agen-
cies, academic institutions, and the public sector. As a result, the Emergency Response Planning 
Committee (ERP Committee) was formed in 1987, initially as an ad hoc group under the Workplace 
Environmental Exposure Level Committee, with the specifi c charge to develop suitable documents for 
emergency response planning. In 1988, the ERP Committee began producing Emergency Response 
Planning Guidelines (ERPGs) (Rusch, 1993; Cavender and Gephart, 1994; Cavender, 2002; AIHA, 
2005a, 2005b). 

 It should be obvious that groups other than chemical companies need ERPGs. For instance, the 
Department of Energy (DOE) includes many nuclear plants, laboratories, and research facilities. 
Because DOE and numerous other organizations are not represented on ORC, a method was needed 
whereby other stakeholders could supply a draft document for a chemical for which they needed an 
ERPG. As a result, ORC has dropped out of the process and all documents are now submitted directly 
to the ERP Committee. Submissions have been made by the DOE, the DOD, consortia of produc-
ers, and committee members. EPRGs have been integrated in risk management scenarios to protect 
soldiers in noncombat situations. Documents are considered from any source, and the selection of 
chemicals is based on interest in the chemical, production volume, and physical/chemical properties 
such as volatility, odor, reactivity, and solubility (Cavender, 2002; AIHA, 2005c). 

 Almost immediately, ERPGs gained worldwide recognition and acceptance and are currently 
used throughout the world. In 1991, the European Centre for Ecoltoxicology and Toxicology of 
Chemicals (ECETOC) published the concept of Emergency Exposure Indices (EEIs) (ECETOC, 
1991). However, only three documents were ever published, mainly because of the wide acceptance 
of ERPGs by emergency planners (ECETOC, 1991; Woudenberg and von der Torn, 1992; AIHA, 
2005c). Instead of developing additional EEIs, Dutch scientists joined the ERP Committee and have 
aided in the development of sound documents. 
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 At the request of the U.S. Environmental Protection Agency and the Agency for Toxic Substances 
and Disease Registry, NRC convened a Subcommittee on Guidelines for Development of Community 
Emergency Exposure Levels (CEELs) in 1993. The report of the comprehensive CEEL concept served 
as a blueprint for risk assessment of short-term exposures to high concentrations of chemical toxi-
cants. This report identifi ed the NRC SPEGLs and the AIHA ERPGs as being standards that might be 
useful in developing CEELs (NRC, 1993). The NRC’s criteria for establishing CEELs were similar 
to the established methodology used in developing ERPGs. However, no CEEL documents were ever 
produced (Rucsh, 1993; Cavender and Gephart, 1994; Cavender, 2002; AIHA, 2005c). In an effort to 
move forward, representatives from the EPA approached the ERP Committee in 1995 and expressed 
their interest in developing similar numbers for emergency response planning. After several meet-
ings, EPA spearheaded the development of Acute Exposure Guideline Levels (AEGLs) through the 
NRC/AEGL committee, which was established in 1996 (NRC, 2001). The ERP Committee wel-
comed EPA’s efforts to develop similar exposure values and helped them establish the AEGL com-
mittee. From the outset, the plan was to work independently of each other. The AEGLs have a basis 
very similar to ERPGs as the ERP Committee has worked with EPA in setting up this program. (Kelly 
and Cavender, 1998, Cavender, 2002; AIHA, 2005c). 

 3.2.4 What Are the Levels of Concern? 

 The AIHA ERP Committee has utilized three guidance concentration levels. Each of these levels is 
defi ned and briefl y discussed below. 

 3.2.4.1  ERPG-3 

ERPG-3  is  “the maximum airborne concentration below which it is believed that nearly all individu-
als could be exposed for up to one hour without experiencing or developing life-threatening health 
effects.” 

 The ERPG-3 level is a worst-case planning level above which there is the possibility that expo-
sure to levels above ERPG-3 will be lethal to some members of the community. This guidance level 
could be used to determine the maximum releasable quantity of a chemical should an accident occur. 
This quantity is used in the planning stages to project possible exposure levels in the community 
should a release occur. Once the releasable quantity is known (size of the storage tanks, etc.), the 
steps to mitigate the potential for such a release can be established. 

 3.2.4.2  ERPG-2 

ERPG-2  is  “the maximum airborne concentration below which it is believed that nearly all individu-
als could be exposed for up to one hour without experiencing or developing irreversible or other 
serious health effects or symptoms which could impair an individual’s ability to take protective 
action.” 

 Above ERPG-2, for some members of the community, there may be signifi cant adverse health 
effects or symptoms, including lung or liver disease, miscarriage, or cancer. On the other hand, this 
level could impair an individual’s ability to take protective action. These effects might include dizzi-
ness, severe eye or respiratory tract irritation, central nervous system (CNS) depression, or muscular 
weakness. 

  3.2.4.3 ERPG-1 

ERPG-1 is   “the maximum airborne concentration below which it is believed that nearly all indi-
viduals could be exposed for up to one hour without experiencing other than mild, transient adverse 
health effects or without perceiving a clearly defi ned objectionable odor.” 
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 ERPG-1 identifi es a level that does not pose a health risk to the community but which may be 
noticeable because of odor, coughing, discomfort, or irritation. In the event that a small, nonthreat-
ening release has occurred, the community could be notifi ed that they may notice an odor or slight 
irritation but that concentrations are below those which could cause serious health effects. For 
some materials, because of their properties, an ERPG-1 may not exist. Such cases would include 
substances for which sensory perception levels are higher than the ERPG-2 level. In such cases, 
the ERPG-1 level would be given as “not appropriate.” It is also possible that no valid sensory 
perception data are available for the chemical. In this case, the ERPG-1 level would be given as 
“insuffi cient data.” 

 All planning activity is to ensure that the daily operations of the plant or process will not result in 
lethality even if a catastrophic release occurs. The ERPG-2 is the most signifi cant and useful of the 
ERPGs in emergency planning. This is the level on which decisions to evacuate a region or to shelter 
in place are based. After collecting and reviewing all the data that have an impact on the ERPG-2 
level, setting ERPG-1 and ERPG-3 levels are straightforward. 

 3.2.5 What Time Period Is Relevant? 

 One might consider a range of time periods for these guidelines; however, the decision was made 
to focus on a single period, namely, 1 h. This decision was based on the availability of toxicity 
information and on a reasonable estimate for an exposure scenario. Most acute inhalation toxic-
ity studies are for either 1 h or 4 h because EPA, the Consumer Product Safety Commission, the 
Department of Transportation, the Organization of Economic and Community Development, and 
other government agencies require studies for one or both of these periods. Acute lethality data 
are rarely available for 10 min, 30 min, or 8 h. Some releases may be shorter or longer than 1 h, 
depending on volatility and weather conditions, but 1 h should serve the community well in being 
notifi ed of a release, allow time for suitable rescue operations within the plant, and allow fi rst 
responders to reach and isolate the site of the release. The Committee has resisted the develop-
ment of values for periods other than 1 h because, for most exposure scenarios, the 1-h period is 
suffi cient; and when another time period is expected to be important, the emergency planners or 
managers can develop values specifi cally for their situation rather than randomly using safety fac-
tors or concentration times time ( C  �  t ) extrapolations for every chemical. However, when war-
ranted, the ERP Committee has set ERPGs for different time periods (see the 1999 addendum to 
the hydrogen fl uoride ERPG document). The logistics are, in general, against very short periods. 
It is impossible to report a spill or release, run the air dispersion models, and have the news agen-
cies report the information to the public within 10 min. If the message would be to shelter in place 
with windows closed and air conditioners turned off to prevent outside air entering the house, the 
exposure would be over before the public could be alerted to the danger (Kelly and Cavender, 
1998; Cavender, 2002; AIHA, 2005c). For emergency managers who need to extrapolate to dif-
ferent time periods, there are two generally recognized approaches. For nonirritants, Haber’s rule 
(concentration � time � constant, or  C  �  t  �  k ) is usually valid over a three- or fourfold range of 
time (Habor, 1924). A seemingly better method for all chemicals was developed by ten Berge and 
is given as ( C  n  �  t  �  k ), where in practice,  n  � 3 in extrapolating to a shorter period or  n  � 1 in 
extrapolating to a longer period (ten Berge et al., 1986). For the best possible results,  n  should be 
derived from the slope of the dose–response curve. 

 3.2.6 How Are the Numbers Derived? 

 In developing an ERPG level for a chemical, it is important to emphasize the use of acute or short-
term inhalation toxicity data and workplace experience. ERPGs are for a once-in-a-lifetime expo-
sure for 1 h. When evaluating the adverse health effects, both immediate and delayed health effects 
should be considered. When it is believed that adverse reproductive, developmental, or carcino-
genic effects might be caused by a single exposure, these data should be carefully considered in the 
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derivation of the ERPGs (Rucsh, 1993; Cavender and Gephart, 1994; Kelly and Cavender, 1998; 
Cavender, 2002; AIHA, 2005c). If carcinogenicity data are used, the mathematical approaches 
adopted by the NRC are utilized in assessing the risk of developing cancer from a single exposure. 
(NRC, 1986). 

 The data for developing an ERPG for any chemical are evaluated on a case-by-case basis because 
each chemical is likely to have a different dose–response curve and produce signifi cantly different 
effects. Also, the quantity and quality of data available vary widely. There is no formula for selecting 
ERPG values and no fi xed relationship between the three ERPG values (Rucsh, 1993; Cavender and 
Gephart, 1994; Kelly and Cavender, 1998; Cavender, 2002; AIHA, 2005c). 

 It is very important that the rationales for the ERPGs be documented and published. AIHA pub-
lishes a pocket-sized handbook (AIHA, 2005c) that contains the numbers for all ERPG documents. 
In addition, anyone using these numbers for chemicals of concern, should obtain the complete ERPG 
documents for those chemicals (AIHA, 2005a). These documents provide all the data and rationales 
used in deriving the ERPGs. 

 3.2.7 Chemical Selection and Data Requirements 

 ERPGs are developed for a once-in-a-lifetime exposure for up to 1 h. Thus, acute toxicity data 
and workplace experience in handling the chemical are important in developing ERPGs. Because 
most community exposures are anticipated to be via inhalation, inhalation toxicity data are most 
useful in setting the numbers. A 1-h or 4-h inhalation lethality study (1-h median lethal concentra-
tion [LC

 50 
] or 4-h LC

 50 
) in one or more species, a respiratory depression study in Swiss–Webster 

mice (RD
 50 

), an odor threshold, and workplace exposure or human testing to known concentra-
tions are useful in setting ERPGs. Repeated exposure toxicity data and developmental toxicity 
data, sensitization data, and carcinogenicity data are also important in setting the fi nal numbers. 
Toxicity by routes other than inhalation are supportive, and if the only carcinogenicity or devel-
opmental studies available are via oral dosing, such studies are carefully considered in setting 
ERPG-2 levels. Finally, if mechanistic or dose–response data are available, these are applied as 
appropriate (Rucsh, 1993; Cavender and Gephart, 1994; Kelly and Cavender, 1998; Cavender, 
2002; AIHA, 2005c). 

 Obviously, the more complete the data set, the easier it is to set ERPG numbers and the greater 
credibility they will have because there will be greater confi dence that the effects noted are due to 
exposure to the chemical. However, it is important that the data be specifi c and relevant to the deriva-
tion of ERPGs. Consider mercury vapor or toluene diisocyanate (TDI). Numerous reports are avail-
able on the toxicity of these compounds, but most are not useful in deriving ERPGs. It is common 
knowledge that mercury vapor is toxic, but no one has conducted a 1-h LC

 50  
for mercury vapor. 

Similarly, there are many reports on the sensitizing properties of TDI, yet these data contribute 
little to the overall acute toxicity profi le of TDI. Finally, note that some very common chemicals are 
extremely reactive, e.g., hydrogen fl uoride (HF). Studies conducted in standard inhalation chambers 
destroy the chamber because of the extreme reactivity of HF. Such chemicals are studied in special 
chambers coated or lined to reduce the damage to the chamber. 

 The documents are arranged in the following sections in the AIHA 2005 Handbook for ERPGs: 
and WEELs (AIHA, 2005c): 

  I. Identifi cation 
  II. Chemical and Physical Properties 
  III. Animal Toxicity Data 
  IV. Human Experience 
  V. Current Occupational Exposure Guidelines 
  VI. Recommended ERPGs and Rationales 
  VII. References 
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 3.2.8 The Review Process 

 For documents that are submitted to the ERP Committee, the author should adhere to the following 
guidelines: 

  1. The authoring organization should use a multidisciplinary team, including expertise 
in industrial hygiene, toxicology, medicine, and other health professions to collect and 
review data and write a draft ERPG document. 

  2. The author should identify producers, major users, and industry associations that have a 
signifi cant interest in the chemical and should request unpublished data and other relevant 
information from them. Studies of effects in humans or animals at known airborne con-
centrations are especially useful. 

  3. A robust literature search should be conducted and should include appropriate on-line 
databases, including MEDLINE and TOXLINE. 

  4. The author should make every effort to obtain the original reference for all data because 
transcriptional errors or signifi cant omissions frequently occur in secondary references. 

  5. The ERPG document should be drafted by using the format prescribed in the latest edition 
of the AIHA Handbook on ERPGs (AIHA, 2005c). 

  6. The authoring company or organization should submit the draft ERPG document, marked 
“Preliminary Draft,” to the ERP Committee. 

  7. Copies of all the referenced literature must accompany the draft document. For some 
lengthy publications, such as NTP chronic studies, the full document may not be needed. 
Unpublished data such as internal industry reports are often an enormous help, represent-
ing the majority of the toxicity data on a given chemical. Confi dential company reports 
should not be used unless a summary containing some details of the methods, results, and 
conclusions is provided. 

  8. Upon receipt of a draft document, the AIHA ERP Committee will assign a primary and a 
secondary reviewer who will review the draft in depth, rewriting any sections that do not 
conform to current practice in developing ERPG documents. The submitting author may 
be contacted concerning any necessary clarifi cations or corrections. 

  9. After this initial review and revision, the document is presented to the full AIHA ERP 
Committee for a detailed discussion of the data summary, ERPG values, and rationales. 
A document may be discussed at several meetings before it is approved to ballot. 

  10. A majority vote of members in attendance is needed before sending the fi nal draft to all 
members for ballot. Members may vote “yes,” “no,” or “abstain.” “No” votes must be accom-
panied by a specifi c explanation. Every attempt to garner unanimous approval is sought for 
every ERPG document. 

  11. Before being balloted by the committee, the ERPG numbers, rationales, and references 
are posted on the AIHA Web site for 45 days to garner any private or public comments 
concerning the chemical or the document. 

  12. Following approval via the balloting process, all necessary changes are incorporated into 
the document and it is then sent along with the entire reference package to AIHA head-
quarters for publication. 

  13. The ERPG document is fi led at AIHA along with copies of all the referenced literature. 
These will be made available to the public as needed. 

  14. ERPGs are updated after seven years, but may be reviewed and revised at any time as 
relevant new data become available. 

 3.2.9 Policy for Commenting on ERPGs under Review 

  1. On a quarterly basis a list of all chemicals for which ERPGs are being reviewed is posted 
on the AIHA Web site. The following statement will also be posted: “The following 
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materials are currently being studied for future ERPGs. Information and comments are 
welcome. If one has any input on candidate or completed ERPGs, he/she should contact 
the AIHA Department of Scientifi c and Technical Affairs who will forward all comments 
to the current Chair of the committee.” 

  2. For chemicals where ERPG levels have been approved to ballot, the ERPG numbers, 
rationales, and a list of references will be posted on the Web site for a period of 45 days 
before balloting. This allows time for public review and comment before publishing the 
document. All suitable comments will be incorporated into the document before ballot-
ing. Comments that do not arrive in the 45 days will be incorporated in the next update of 
the document or if they provide signifi cant new data, the document will be re-reviewed as 
soon as feasible. 

  3. The Chair will direct the comments to the primary reviewer with a copy to the secondary 
reviewer and the Secretary. The primary and secondary reviewers will develop a response 
and, with the concurrence of the Chair, they will send the response directly to the individ-
ual submitting the initial comment. Copies of both comments and responses will be listed 
in the minutes of the next meeting and will be maintained with the reference packages 
for the specifi c ERPG documents. When possible, responses will be made within 30 days 
after the next Committee meeting. 

  4. If a responsible individual requests the opportunity to attend a Committee meeting to dis-
cuss a specifi c document, the Chair may, at his discretion, grant permission. In general, the 
guest is only present for the discussion of the document of interest. The individual should 
be encouraged but is not required to fi rst submit comments in writing. The Chair has the 
right to limit discussion, as would be necessary to ensure an orderly, productive meeting. 

  5. All requests to attend meetings and all comments not presented at meetings must be in 
writing. Written responses, possibly brief, will be given to all written comments. 

  6. Although the Committee may elect to incorporate new information into an ERPG docu-
ment based on these comments, they are under no obligation to do so. 

  7. Drafts of documents are rarely provided, even if formally requested. For certain working 
committees or interested government agencies, a single copy of a draft that is so stamped 
on every page may be given to a responsible individual. In such documents, the tentative 
numbers are deleted because they do not refl ect the Committee’s or AIHA’s position. 
The numbers may be communicated verbally, with the caveat that they are only tentative. 
Draft documents are never published because the draft may contain incomplete or errone-
ous data that are usually completed or corrected during the review process. 

  8. ERPG values that have not been approved by ballot by the Committee must not be pub-
lished. These numbers usually change as data are evaluated during the review. 

 3.3 APPLICATION OF ERPGs FOR EMERGENCY PLANNING 

 3.3.1 How Are the Numbers Used? 

 ERPGs are intended for emergency planning. ERPGs can be applied in a variety of mandated or 
voluntary emergency response planning programs. These programs generally include accident 
scenarios in which air dispersion models determine concentration isopleths. ERPGs are also used 
in programs designed to protect the public from transportation incidents. ERPGs are extremely 
important for compliance with Emergency Planning and Community Right-to-Know legislation. 
Individuals using ERPGs include: 

 Air dispersion modelers 
 Community Action Emergency Response (CAER) participants 
 Fire protection specialists 
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 Government agencies 
 Industrial process safety engineers 
 Industrial hygienists and toxicologists 
 Local Emergency Planning Coordinators (LEPCs) 
 RCRA managers 
 Risk assessors and risk managers 
 State Emergency Response Commissions (SERCs) 
 Transportation safety engineers. 

 ERPGs may be used with air dispersion models together with information such as vapor pres-
sure and storage volumes, to provide computerized estimates of the direction and speed at which 
the released plume or cloud will spread over the neighboring terrain. These models will also pro-
vide the concentration within the cloud during the time of its dispersion. These models incorporate 
the quantity and rate of release, volatility, wind speed and direction, temperature, and other envi-
ronmental conditions. Such models help emergency planners know whom to alert and where fi rst 
responders should report should a release occur. From these models, action plans can be developed. 
The plans may vary for any given emergency depending on such things as population density, type 
of population (e.g., schools), terrain, weather conditions, and other hazards of the released entity 
(e.g., fl ammability). 

 Many air dispersion models, as related to accidental releases of toxic chemicals, stem from assump-
tions established in  Technical Guidance for Hazard Analysis—Emergency Planning for Extremely 
Hazardous Substances,  also known as the Green Book, published in 1987 (U.S. Environmental 
Protection Agency/U.S. Federal Emergency Management/U.S. Department of Transportation, 1987). 
This reference provides a basis for technical applications for community exposure limits. This and 
similar references often specify that ERPGs be used to determine where in the community protective 
actions are needed (sheltering in place, evacuation, or isolation zones). 

 Although emergency planners need to know the conditions of the release, the magnitude of a 
potential release can also be predicted by using these models. This allows plant managers to reevalu-
ate possible “worst case” situations that might occur as a result of process or human failures. Since 
9/11, industrial sabotage and terrorist activities are also considered. To aid in plant design and com-
munity planning, the engineers select the size of tank that will ensure that a potential release will 
never reach an airborne concentration above the ERPG-2 level or whatever level the planning group 
selects as its action level. This type of information is also useful in transporting chemicals across the 
country. The quantity within the tankers or tank car is limited based on the predicted concentrations 
that could result from an accidental release. 

 3.3.2 Limitations in Using ERPG Numbers 

 ERPGs are general reference levels, the best judgment of specialists using the best available data, 
and are intended to be used as part of an overall emergency planning program. The levels are not 
to be used as safe limits for repeated exposures, as defi nitive delineators between safe and unsafe 
exposure conditions, or as a basis for quantitative risk assessment. 

 Human responses do not occur at precisely the same exposure level for all individuals but can vary 
over a wide range of concentrations. The values derived for ERPGs should be applicable to nearly all 
individuals in the general population; however, in any population there may be hypersensitive individu-
als who have adverse responses at exposure concentrations far below levels where most individuals 
would respond. Furthermore, because these ERPG values have been derived as planning and emer-
gency response guidelines,  not  as exposure guidelines, they do not contain the safety factors normally 
incorporated into exposure guidelines. Instead, they are estimates of the concentrations above which 
there would be an unacceptable likelihood of observing the defi ned effects. The estimates are based on 
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the available data that are summarized in the documentation (AIHA, 2005a). In some cases where the 
data are limited, the uncertainty of these estimates may be large. Users of the ERPG values are strongly 
encouraged to carefully review the documentation before applying these values. 

 Using ERPG values to determine the actions to be taken when planning for or responding to a 
given emergency requires careful evaluation of site-specifi c or situation-specifi c factors. These may 
include how the 1-h ERPG values might relate to exposures of different duration; whether there are 
populations at special risks (such as the elderly, the very young, or those with existing illnesses); 
and other factors such as the volatility and vapor density of the chemical, storage quantities, weather 
conditions, and terrain. 

 3.3.3 What Does the Future Hold? 

 As of December 2005, the ERP Committee published ERPG documents for 114 chemicals and 
updates for 49 of these chemicals. Although other groups are producing emergency response plan-
ning documents, there will always be a need for the ERP Committee because the chemical selec-
tion process for government agencies or foreign entities will never include many of the chemicals 
that are of interest to industry in the United States. So, the ERP Committee, as volunteers working 
steadily in behalf of communities worldwide, will continue to evaluate data and produce these docu-
ments to reduce the risk of such exposures. After all, chemicals are an integral part of our lives and 
the potential of exposure to chemicals manufactured, transported, or stored within our communities 
should not pose an undue risk. It would be great to say, “A catastrophe such as Bhopal will never 
happen again!” However, “never” does not have a statistical basis, and so we plan shrewdly, we con-
sider all of the data available, and we strive to reduce or minimize the risk of signifi cant exposure 
(Kelly and Cavender, 1998; Cavender, 2002; AIHA, 2005c). 
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 4.1  INTRODUCTION  

 There is a need for technology that allows controlled inhalation exposure of animals to highly patho-
genic and highly toxic chemical agents. Thus, this chapter seeks to describe how directed-fl ow, 
nose-only inhalation exposure systems can be operated. The reader is also directed to works that 
may provide additional guidance (Salem, 1994). 

 Nose-only, directed-fl ow inhalation exposure systems require less material and occupy rela-
tively little space in the laboratory. They are also easier to operate and decontaminate than traditional 
whole-body exposure systems. We differentiate directed-fl ow “nose and snout only exposure” from 
“fl ow past exposure.” The latter concept consists of a system or chamber having a central space 
where airfl ow (whether from above or from the side) is tangential to the axis of the animal’s body. 
Such systems include fl owing manifold designs that cause the aerosol to be delivered sequentially 
to each animal’s nose. Examples of these include the Henderson Apparatus (Henderson, 1952) 
and the ADG type system (Alexander et al., 1997; Fox et al., 2001). We observe that simultane-
ous exposure is preferred over sequential because the contribution that each animal makes to the 
inhaled air of the subsequent animal can seriously reduce the exposure dose (Moss and Asgharian, 
1994; Moss, 1997). 

 The history and some aspects of operation of selected inhalation exposure systems for the genera-
tion, regulation, and delivery of toxic particles and pathogenic aerosols to animals via the respiratory 
tract are also described in this chapter. The principles, like the equipment described, can apply as well to 
gases and vapors. The generation and control of the inhalant and the equipment used to generate them 
have been described by others (Drew and Laskin, 1973; Leong, 1981; MacFarland, 1983, 1987). 

 4 
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74 Inhalation Toxicology

 4.2  BACKGROUND  

 4.2.1 History of Inhalation Exposure Systems 

 Early work in this fi eld was summarized by Fraser et al. (1959). As noted in the Introduction, a good 
portion of the standard inhalation exposure literature has since been presented elsewhere and need 
not be repeated here. Several important works have appeared in the past several decades. These 
include the pioneering work of Bob Drew and Sidney Laskin (Drew and Laskin, 1973); compen-
dium works such as Leong’s 1981 symposium on inhalation toxicology (Leong, 1981), Salem’s fi rst 
edition of  Inhalation Toxicology  (Salem, 1987), and Phalen’s text of the same name (Phalen, 1997) 
deserve special mention. More recently, McClellan and Henderson’s  Inhalation Toxicology,  second 
edition, is a comprehensive text on the subject (McClellan and Henderson, 1995). Drs. Pauluhn and 
Mohr have covered their investigations of whole-body and nose-only exposures along with those of 
others in a well-documented review article (Pauluhn and Mohr, 2000). Additionally, the reader may 
wish to review the following works (Willeke, 1980; Gardner and Kennedy 1993; Wong, 1999). 

 These preceding works are all suggested as basic texts to inform those wishing to practice this 
art. However, it should be noted that this fi eld, like its parent, namely toxicology as a whole, can be 
learned in at least two lessons, each one taking 10 or more years (Arnold Lehman, as ascribed to him 
in Casarett and Doull’s toxicology text). 

 Drew and Laskin (1973) cite a number of early versions of head and nose exposure units in their 
review. The efforts of Stokinger, D. W. Henderson, Hodge, Laskin, and the Rochester group, among 
others, to develop and advance the science of inhalation toxicology are cited. Among the early 
investigators, several stand out as having developed methods for working with pathogens, radioac-
tive aerosols, and tobacco smoke. The design for one such a system, an early New York University 
(NYU) implementation of a 12-animal, multi-tier nose-only exposure unit with Lucite restraint tubes 
is illustrated in Drew’s review. This design, described by a graphic illustration in the text, shows how 
an early style of nose-only exposure system might appear. Note that the design pictured is one that 
is based on a fl ow-past mode of operation rather than a directed-fl ow design. 

 One situation in which Drew and Laskin state a need for nose-only exposure concerns cigarette 
smoke. Such researchers need to study exposure methods that prevent oral exposure to tobacco tar. 
Oral exposure by licking and preening occurs routinely in fur-bearing experimental animals. The 
animal licks its fur as a matter of course and thus, an oral dose will occur due surfi cial tar deposi-
tion during whole-body exposure. These observations, that fur contamination by cigarette smoke 
and whole-body exposure to radionuclides resulted in a sizeable oral dose, form the basis for the 
designs of Homburger and colleagues (1967) and later, Dontenwill (1970), among others, to restrict 
the exposure of the body to toxicants. Thus, early tobacco smoke investigators employed the nose-
and-snout-only technique as one means to minimize and reduce oral exposure due to contamination 
of body parts. Similarly, in infectious diseases research, after exposure to the virulent organisms the 
exposed animal must be irradiated with ultraviolet light for 30 min to disinfect the animal’s skin and 
hair (Lurie et al., 1950; Middlebrook, 1952; North, 1995). 

 Based on the above, Coggins and his colleagues at the Battelle Memorial Institute in Geneva, 
Switzerland developed a multi-tier, directed-fl ow nose-only exposure system for use in tobacco 
smoke research (Baumgartner and Coggins, 1980). This Battelle-Coggins-Geneva (BCG) exposure 
design was fabricated from aluminum and poly (vinyl chloride) (PVC). Two radial openings within 
each exposure port, one for smoke delivery and one for smoke removal, were employed. The unit was 
closely coupled to a cigarette-smoking machine (CSM). It allowed fresh, suitably diluted mainstream 
smoke to be radially distributed to the nose (breathing zone) of each of 72 animals. The animals were 
individually restrained, each within an open polycarbonate tube. Each tube was located on one of 
three separable 24-port exposure tiers. A total of 72 animals, mouse, rat, hamster, or guinea pig, could 
be thus accommodated. 

 The animal restraint tubes were originally designed by Baumgartner. An example of the avail-
able style is shown in Figure 4.1. The tubes are fabricated from polycarbonate and have become 
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known in the inhalation toxicology fi eld as “Battelle Restraint Tubes” because of their early use in 
tobacco smoke research conducted at the Geneva, Switzerland, toxicology laboratory of Battelle. 
Each open tube has an asymmetric design with vent openings and an easy-to-operate sliding rear 
pusher (tail piece); each movable pusher is sized for the animal in question and is suitable for use 
with mice, adult and weanling rats, hamsters, or guinea pigs. Note that the rat, hamster, and guinea 
pig open-tube designs have three longitudinal slots above the neck of the animal. While useful for 
cooling, early investigators at Battelle found that the slots permitted the release of static electricity 
that had built up between the fur and the plastic.   

 Finally, the design in a closed format is available in several sizes and shapes that can accom-
modate mice, various sizes of rat and hamster, guinea pigs, and more recently rabbits. Examples of 
additional restraint tubes can be seen at www.inhalation.org. 

 Tubes like those pictured in Figure 4.1 have been used in hundreds of studies for at least 20 years. 
Tubes like these as well as cigarette-smoking machines are available from CH Technologies (USA) 
Inc. (Westwood, NJ). 

 Cannon and his colleagues at the Battelle Memorial Institute’s Pacifi c Northwest Laboratory 
(Cannon et al., 1983) designed another early and widely accepted directed-fl ow, nose-only inhala-
tion system. This design is illustrated in Figure 4.2.   

 This top-to-bottom fl ow design calls for four animals per level with 13 tiers .  The total capacity is 
52 animals or less with sample ports. Multispecies exposures can be performed with such a system. 
Various Battelle-style open and closed tubes are accommodated by this system. The tubes can also 
be held in place by wire supports as well as be freestanding by means of a double O-ring tube seal 
(snout) at each exposure port. The tube snout seal grasps the front protrusion of tube, not the snout 
of the animal. Suffi cient pressure must be applied to rear pusher to assure that the animal places its 
nose and nares within the narrow end of the tube. 

FIGURE 4.1
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 Early implementations of this patented design have been rendered in a variety of materials. One 
example is the use of PVC pipe. Some investigators are reported to have “built their own Battelle style 
system.” This may have led to variability in results. For example, the use of different materials among 
investigators and a range of system sizes could lead to the existence of systematic differences that 
may change the operating characteristics of the device. To reduce this possibility, commercial stan-
dardized design exposure units in brass and stainless steel have been fabricated and sold by the Lab 
Products Company under license from Battelle. Such systems stand almost 4 feet tall and are supplied 
with a rotating base. The usual fl ow of aerosol in this implementation is from the top to the bottom. 

 This design, a tall device with a potentially stratifi ed central delivery column, may lead to differ-
ences in concentration at various points along the inlet column. Dose differences between layers are 
possible. To reduce this possibility, a modular design was developed (Bernstein et al., 1994, 1995, 
1996) for asbestos fi bers, and Bernstein’s modular system was employed by RCC and others to 
assess the hazards associated with various fi bers. The system is fabricated with either 8 or 16 ports 
per layer. A large ring and circular tray, similar to that used by Coggins but now more open, was 
employed as a back tube support and as a feces and urine trap. Such sanitary collection systems were 
missing in some of the early exposure system implementations. Such collectors do not work with 
closed tubes and the latter may result in soiling of the animal’s fur. Such soiling has been reported 
to offend some Institutional Animal Care and Use Committees.  The nose-only exposure system was 
used for the fi rst time for tuberculosis infection of mice by Tsenova et al. (1997).

 The Jaeger-NYU Inhalation System was designed to provide an inhalation exposure system 
with reduced height, a smaller, centralized common breathing zone, and less internal dead space as 
compared with most other existing systems. In an effort to harmonize a variety of needs and wishes, 
namely ease of cleaning, alternative materials, and an altered airfl ow pattern, the design selected was 
one that encompasses and extends the radial form of the Coggins, Bernstein, and Cannon designs so 
as to construct a reduced-height, nose-only, directed-fl ow exposure system that allowed 12 animals 
per level. The U.S. patent for this design titles it as a fl ow-past system. However, the more recent 
defi nition of Moss applies, namely, that this system, along with the systems of Cannon, Coggins, 
and Bernstein, should be considered a directed-fl ow system. 

 The number of animals per layer, 12, was chosen for pragmatic reasons because many studies 
require 10 animals per sex per group and thus, 12 ports per level allows for the desired group size 
with two ports for sampling. When sampling at each level is not required, more animals can be 
accommodated in a small space. The design issues of numbers of animals per level have an impact 
on the diameter of such exposure systems. The restraint tubes are fi xed in length and diameter. 

FIGURE 4.2
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Mouse tubes, being smaller, can be accommodated in a tighter circle (20 inches) than a comparable 
number of guinea pig tubes (36 inches). Sealed tubes often require an extended pusher to coax the 
animal forward and thus, 48-inch diameters can be required. Inaccurate placement of the nose cone 
ports and their associated delivery tubes can lead to potential misalignments of the aerosol delivery 
tube within the common breathing space   (Moss and Asgharian, 1994). 

 Because there is often no connection between the inner and outer plenum of some designs, prob-
lems of assembly and alignment have been reported. These problems will occur unless the aerosol 
delivery tube location is nested or somehow controlled within the nose port. This is precisely the 
case with the BCG unit because the delivery tube is integral with the connector port. To prevent 
misalignment, the Jaeger-NYU design makes the round center hole of the common breathing zone 
within each animal port serve as a nesting point for a square cross section in the delivery nozzle, also 
called a trumpet because of the bell-shaped fl are at the end (outlet). The four points of the 3/8-inch 
cross section make contact with the edge of the connector cone that holds the restraint tube (charac-
terized by Owen Moss as a square peg in a round hole). The aerosol is thus directed to the nares of 
each animal without the possibility for misalignment. Further, choosing different tube lengths can 
alter the location of the end of the delivery trumpet. Flow rate (velocity actually) can be controlled 
by choosing delivery diameter  sizes ranging from 7.5 mm down to 1.0 mm. Thus, larger openings 
will have a delivery velocity that is low whereas small holes will have a high velocity for a given 
pressure difference. Thus, at a constant fl ow rate, the delivered velocity can be adjusted. At a given 
location or level, the rate of aerosol delivery can be controlled in this manner. 

 Based on the preceding considerations, the Jaeger-NYU design (Jaeger, 1994) was created; it is 
illustrated schematically by S. Shami in Figures 4.3 and 4.4.   

 This radial, modular stacking design allows for a reduction of the diameter compared with that 
used in the BCG system to a more manageable size within a standard laboratory hood. To allow for 
reduced height restriction due to the hood used, the repeat distance between tiers (layers) is decreased 
to 3.5 inches. This is achieved by staggering the location of tubes in adjoining tiers. A 24-port stack-
able design with tube offset is illustrated below in a patent drawing but similar results are seen with 
two by 12-port slices where the tube connector cones are offset by 30 degrees  (see Figure 4.5).    

FIGURE 4.3 Representation of the Jaeger-NYU nose-only inhalation chamber. Two levels of 12 expo-
sure ports each are depicted. Green arrows indicate clean air and aerosol. Red arrows indicate exhaled air 
and aerosol. Any type of aerosol production device may be used at the aerosol inlet including nebulizers 
or dust generators. An enlarged view of a portion of this chamber shows more detail. (Illustration by 
Susan Shami.)
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FIGURE 4.4 Aerosol enters inner plenum (1) at inlet on bottom and is delivered to animals via the 
trumpets (4) which screw into the inner plenum. There are usually 12 trumpets per level. The trumpets 
then deliver the aerosol to the animal’s nose. The animal is held steady in the restraint tube (8). Each 
restraint tube is held into a port of the outer plenum (3) by means of a connector cone (2). Exhaust and 
exhaled air enter the space between the inner and outer plenum (9) and are released at the exhaust at the 
top of the chamber. The inner plenum is sealed with top cap (5) and base plate (6) and O-rings. The outer 
plenum is sealed with the top plate (7) and base plate and O-rings. The common breathing zone (10) is 
shown in pink around the nose of each animal. It is the region in which there may be a small amount of 
mixing of exhaled air and incoming aerosol. (Illustration by Susan Shami.)

 Thus, a large number such as six layers or 72 animals can be mounted on a 6-inch-high table 
base (rotating). This will result in a system height that is less than 30 inches overall. As noted above, 
pragmatic considerations resulted in a modular directed-fl ow system based on 12 animals per tier. 
The airfl ow pattern that would apply is illustrated in Figure 4.6.   

 The system of radial aerosol presentation uses a generation system that is physically located 
below the exposure unit. Other systems such as those fabricated in accord with the designs of 
Cannon and Bernstein make use of exposure sources or generators that are often located above 
or at a distance removed from the exposure unit. As a result, signifi cant line losses may occur. 
Additionally, a larger delivery dead space (tubing and fi ttings) can make such systems slow to 
achieve the desired concentration except where greater fl ows are used. A representation of the 

4049_C004_r03.indd   784049_C004_r03.indd   78 11/15/2005   3:05:42 PM11/15/2005   3:05:42 PM



Directed-Flow Aerosol Inhalation Exposure Systems 79

FIGURE 4.5

Jaeger-NYU design with an attached BGI Collison Nebulizer mounted directly beneath the expo-
sure tower is shown in Figure 4.7.   

 4.2.2 Generation Systems 

 The next most important consideration after the choice of the animal exposure system used relates 
to the choice of a generation system for the exposure atmosphere. The system in Figure 4.7 shows a 
Collison nebulizer for direct delivery or aerosol to the base of the chamber. Desirable and effi cient 
aerosol generation devices need to identifi ed; many of these technologies are outlined by Phalen 
(1997). Particular attention should be paid to the article by Moss and Cheng (1995). Aerosol expo-
sures are by their nature dynamic; thus, the generation and characterization of the atmosphere must 
be done in a careful and systematic manner.   

 Figure 4.8 shows a reduced-height inhalation exposure system that accommodates guinea pigs. 
The unit allows for simultaneous exposure of 64 animals in sealed tubes. The system height is less 
than 20 inches, whereas the diameter with internal plugs and sealed tubes is less than 31 inches. 
Thus, within many standard hoods, even those rated for highly toxic agents and pathogens, large 
numbers of animals can be exposed simultaneously.   

 The system pictured in Figure 4.9 is equipped for rats. A 64-port version of this system may be 
used with mice. Thus, it uses less space, namely a 20-inch diameter. The design shown above uses 
a sloping inner plenum with straight inner and outer surfaces. Thus, the internal delivery volume 
at each tier is reduced. Airfl ow that enters the bottom of the chamber is sent directly to each of the 
four layers so that the contained volume or delivery space at each level decreases as the input gas 
or aerosol is delivered to each layer of integrated nose cones. This design and detailed photographs 
can be found at www.inhalation.org. The pictured unit is undergoing validation at CIIT Centers for 
Health Research (Research Triangle Park, NC) for use as both an exposure system for mice and as 
a breath collection unit. 
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FIGURE 4.6 This cross-sectional diagram through a nose-only directed-fl ow inhalation chamber 
demonstrates the relationship between the entering aerosol, exhaled air and the exhaust aerosol, and 
the common breathing zone. The common breathing zone is the region of aerosol fl ow where some air 
exhaled from the animal may mix with the fresh aerosol allowing the animal to rebreath a small amount 
of mixed exhaust plus air. The Jaeger-NYU chamber has been designed to minimize the volume of this 
common breathing zone. (Note that the light green region represents the incoming air/aerosol and the 
light pink region represents the exhaled air and exhaust aerosol. The regions are contained by the inner 
and outer plenum.) (Illustration by Susan Shami.)

 A restraint tube for rabbits is shown in Figure 4.10. The holder for this tube can be seen in 
Figure 4.11.   Both of the systems pictured are experimental and are based on the need for larger 
animal models for infectious disease research. 

 The term dynamic inhalation exposure implies regulated fl ow and the maintenance of a con-
trolled exposure concentration. In the dynamic case, the operative terms, concentration, exposure, 
and control can be done in several ways. Principally, clean dry air at a suitable pressure is regulated 
by a device such as a calibrated rotameter or a mass fl ow controller; a calibrated orifi ce is applied 
to a suitable generation system. Such devices include the Collison Nebulizer (Ip and Niven, 1994), 
the Wright Dust Feeder (www.bgiusa.com/agc/wright.htm), or the newly developed BioAerosol 
Nebulizing Generator (BANG) (www.inhalation.net/compare.htm). 

 In some cases, dry powders and fi bers have been generated by using a rotating brush, and thus, 
controlled delivery of powder can be done in the Pallas Rotating Brush Generator (www.pallasdust.de) . 

4049_C004_r03.indd   804049_C004_r03.indd   80 11/15/2005   3:05:43 PM11/15/2005   3:05:43 PM



Directed-Flow Aerosol Inhalation Exposure Systems 81

FIGURE 4.7

 An extensive discussion of devices and principles used for aerosol generation can be found in the Lung 
Biology in Health and Disease volume (Hickey, 1996). 

 Whether the choice is for whole-body or snout/nose-only exposure, whether the choice is between 
directed-fl ow or fl ow-past systems, the inhalation exposure chamber must always be supplied with 
a source of clean, uncontaminated air before the animals are admitted to it. To start the process, 
animals are gently and carefully placed within their restraints. For practical reasons of uniformity of 
delivered dose, they should be allowed a period to accustom themselves to their novel surroundings. 
In the nose- and/or snout-only exposures, where restraint is required and is thought to cause stress, 
researchers at NYU have shown that an acclimatization period, 7 days at least, is required for animals 
to “settle” down, even when using optimally designed animal restraint tubes (Narciso et al., 2003). 

 4.2.3 Operational Issues 

 The exposure plan and equipment must fi t within the facilities available. One such design is illus-
trated in Figure 4.12. The design presumes a Jaeger-NYU exposure system but others can be accom-
modated. The system also uses digital mass fl ow controllers, a digital control unit or general-purpose 
computer, along with suitable pressure regulators and air-cleaning devices to maintain aerosol gen-
eration while keeping the system negative. Air-cleaning devices would be required for safety even if 
the system were placed within a BSL-2 or BSL-3 enclosure.   

 Regardless of the inhalation system chosen by an investigator, a procedure or plan should be 
followed. Such a plan or procedure is sometimes referred to as a standard operating procedure, or 
SOP. All investigators and staff should agree about what and how work is to be done. The plan 
should be tailored for use in a specifi c institution or physical location. Of course, it must comply 
with applicable good laboratory practices (GLP) regulations. Anyone not familiar with using SOPs 
should seek the advice of an expert. 

 By using a Jaeger-NYU inhalation exposure system as the example and applying a modifi ed 
version of the technology illustrated above for aerosol infection of 24 mice, the following procedure 
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might be followed. Portions are derived from the work of Mark Buller and the St. Louis University 
group. This plan is subject to change and modifi cation, depending on the infectious agent and specifi c 
institutional conditions. The reader is encouraged to contact the authors, Mark Buller, or others 
knowledgeable in the fi eld for the latest offerings. See also www.inhalation.net for further discussion. 

 4.3 PROCEDURE: AEROSOL INFECTION OF MICE 

 This procedure utilizes the Jaeger-NYU aerosol exposure unit (CH Technologies) for pathogen 
infection of mice. The unit is a directed-fl ow, nose-only exposure system with multianimal capacity. 
This procedure is based on a 12- or 24-port unit. Four illustrations are shown.   

 The fi rst view (Figure 4.13) shows a single-tier, 12-port design that is similar in concept to that 
given in Figure 4.12, now with manual controls replacing the digital fl ow controllers. 
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  • The entire exposure apparatus must be placed inside a suitable biosafety cabinet, one spe-
cifi cally constructed or sized to contain the unit. For maximum safety, the entire device 
must be located within a properly designed and operated biosafety facility. 

  • An actual system during installation within a BSL-3 hood is shown in Figures 4.14 and 
4.15. The front panel of the glove box/hood (Purifi ed Micro-Environments, Ormond 
Beach, FL) has been removed for installation and illustration purposes. 

FIGURE 4.9

FIGURE 4.10
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FIGURE 4.12 (Drawing courtesy of Neal Hartman, Alicat Scientifi c.)

FIGURE 4.11

    • The system operates using a single-jet BioAerosol Nebulizing Generator (BANG) shown 
in Figure 4.16. In the same space, a standard one-, three-, or six-jet Collison will also 
work in this setting. The chosen aerosol generator unit with vertical discharge attaches 
directly to the bottom of the exposure system. Thus, any condensation that occurs within 
the central plenum can return to the aerosol generator. 

  • The bacterial suspension within the dose jar is drawn by aspiration through the aerosol 
generator.—This forms an aerosol that is stripped of large particles within the droplet 
fi lter/impactor that is built into the outlet. 

  • The generated aerosol meets an airstream (wet, dry, or mixed humidity) that then enters 
the system exposure unit at its base. 
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FIGURE 4.13 (Illustration by Susan Shami.)

FIGURE 4.14 (University of Kentucky–Photo by R.J. Jaeger)

  • After entering the inner plenum and being delivered outward, each animal inhales the 
delivered aerosol via directed fl ow from the central plenum. 

  • Exhaled gasses and the noninhaled aerosol exit the individual nose cones. 
  • The preceding step occurs via the outer exhaust plenum seen in Figure 4.16. 
  • The exhaust air is conducted through a high-effi ciency particulate air (HEPA) fi lter to the 

vacuum line. An in-line sampler or impinger may be attached to the outfl ow line allowing 
collection of pathogen for subsequent analysis. 

 4.3.1 Start-Up and Operation 

  • The fi rst task is to turn on the vacuum pump or initiate vacuum-controlled outfl ow. This 
causes the system to become negative. 

  • Verify that the entire exposure chamber is negative relative to the pressure within the hood 
or glove box. This can be done by opening one port in the system and observing the pres-
sure gauge. Recheck all stoppers, plugs, tubing connections, etc. and confi rm that there 
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FIGURE 4.15 (University of Kentucky–Photo by R.J. Jaeger)

FIGURE 4.16 (Illustration by S. Shami)
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are no obvious leaks. Test various locations by moving the connections and observe the 
pressure gauge. 

  • Turn on the air pump or activate the air supply. In a 24-port mouse system, set the dilution 
or breathing air to 4.5 l/min (90% of outfl ow rate if a 5 l/min fl ow restrictor [choke] is used). 
Note that the chamber becomes less negative as breathing air is added to the system. 

  • Verify that the system continues to be at least 0.1 inch of water negative at the desired 
airfl ow. Record chamber pressure relative to hood. You may wish to choose between wet 
and dry air sources for diluting air. Combine both such that the chamber remains slightly 
(0.1 inch H

 2 
O) negative. 

  • Move animals from the housing room to the exposure facility. 
  • Insert each animal into a restraint tube. The animals are moved into the hood, BSL-3 cabi-

net, or the exposure location via the air lock. Carefully insert the test animals into ports, 
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one after another, removing plugs or stoppers and then setting them aside as each animal 
is inserted. The stoppers should be easily accessible for later use. 

  • Let the clean dilution air run for 15 min. This allows the animals to acclimate and for the 
investigator to confi rm that connections are secure. 

  • Confi rm and record the fl ow rate. Confi rm that the gauges used have been calibrated with 
suitable instruments and the readings are reliable. 

  • Check all animal positions to be certain that none have turned around or are retracted 
within the tube. 

 4.3.2 Procedure, Assuming That a Pathogen Exposure Will Be Done 

  • Prepare a bacterial suspension (10–15 ml) in advance and place in the nebulizer cup or 
jar. Alternatively, a pump-fed delivery system may be used. This is covered in a separate 
SOP. The particle density of the suspension may vary and should be chosen based on the 
desired infectivity, e.g., desired number of colony-forming units per milliliter. 

  • Shut diluting air down, causing the chamber to swing abruptly negative. Quickly set the 
nebulizer fl ow switches or controls to on. These should have been set previously to the 
same or slightly less fl ow as the diluting air. 

  • Confi rm or adjust fl ow of dilution air as required (or shut off if not used) and set aerosol 
fl ow to 4.9 l/min. This assumes a 5-l/min overall fl ow rate. Confi rm that there is at least 
0.1 inch of water negative within the exposure unit. A greater pressure difference may 
be preferred for reasons of safety.  In any event, do not allow the system to become 
positive.  

  • The aerosol exposure should continue for 20–30 min. Mice should be infected with a 
defi ned number of organisms, but the exact number remains to be determined. The exact 
number of organisms is determined by separate measurements, e.g., serial dilution of 
standard innoculum. 

  • When the desired exposure time is reached (end of exposure), shut down the nebulizer 
air fl ow and allow the system to swing negative, e.g., 1.5 inches of H

 2 
O. Then initiate the 

dilution airfl ow. Allow a time, e.g., 15 min of clean air operation, to remove the residual 
aerosol from the system. 

  • Remove the infected animals one at a time from the exposure space. Insert the port stop-
per as each animal is removed. We suggest removing animals to a class 2 hood and using 
fi ltered transport cages. This may be subject to local biosafety rules that vary from labora-
tory to laboratory. 

  • Remove each animal from its restraint tube carefully. Place the subject into a transport-
ing cage with a fi lter lid. Using a cart or sealed system, the animals are transported and 
relocated to the housing room. 

  • As each animal is removed, replace the stoppers in each exposure port to seal the system. 
  • Disconnect the nebulizer. Discard the remaining bacterial suspension after adding a suit-

able disinfectant such as sodium hypochlorite solution, 70% ethanol, or another approved 
decontamination solution. Use a clean nebulizer cup, shut off diluting air, and restart the 
aerosol unit. 

  • Allow the disinfecting aerosol to circulate through the tubing and exposure system for a 
 set  time, e.g., 20 min. The purpose of this step is to clean, disinfect, and sterilize the unit 
from within the chamber. 

  • After each exposure, the animal restraint tubes are placed in a container with a lid and 
disinfected in a suitable solution. After a set time, e.g., 20 min or more (q.s.) the restraint 
tubes are washed in a suitable solution such as hot water and detergent. The nebulizer is 
disinfected externally in a suitable solution. 
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  • The various layers are rinsed with disinfectant, followed by warm tap water; then they 
may be sprayed with 70% ethanol as an additional safety factor. The entire chamber is 
disassembled as desired to inspect seals and to ensure proper drying. Residual sodium 
hypochlorite should be removed by the water rinse. A distilled water rinse can be used 
and then the system can be allowed to air dry. 

  • Note that aluminum-plated or anodized parts may corrode when left wet or kept in contact 
with alkaline solutions. Physical damage of aluminum parts that breach plating or anod-
ized coatings can lead to leaks and/or corrosion. Thus, the integrity of system elements 
must be confi rmed before the start of each experiment. 

  • As noted the exposure unit should always be rinsed with clear water followed by a distilled 
rinse and then allowed to air dry. A separate SOP is used for steps involving an autoclave. 

  • The bacterial challenge dose is determined by sacrifi cing one or more animals at a suit-
able time after exposure. Two hours is a standard sacrifi ce time. Remove the lungs and 
homogenize and plate them on appropriate agar medium. This should be the subject of 
SOPs that are presented in the following works: Israeli (1994) and Jensen et al. (1994). 

 4.4 CONCLUSION 

 This chapter seeks to inform the reader and the user of the inhalation system about the origin and 
application of methods suitable for use with pathogens or highly toxic agents that are delivered as 
aerosols. The information offered in this chapter should be considered general in nature but specifi c 
in intent. That is, case-by-case determinations of particle size, particle number, and infectivity may 
alter the methods that are applied in individual cases. 

 Individual toxicants vary and, thus, no generalities should be applied without a modicum of cau-
tion. There is no replacement for experience and cautious investigation. The local institutional rules 
must be factored into any work performed. 

 Finally, our greatest reliance is placed on individual investigators, acting in a competent manner 
and developing their methods and further qualifying their coinvestigators. We encourage readers to 
share their observations and methods through publication and meeting presentations. 
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 5.1 INTRODUCTION 

  O -Ethyl  S -[2-(diisopropylamino)ethyl] methylphosphonothiolate (VX) is an organophosphorous (OP) 
compound that has been the subject of much research for more than half a century. It is extremely 

   5 
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toxic with an equivalent dose of VX being substantially more toxic than related nerve agents such as 
sarin (GB), cyclosarin (GF), tabun (GA), and soman (GD). Most of what is known about the effects of 
VX on whole animals is derived from studies administering VX subcutaneously, percutaneously, intra-
venously, or as an inhaled aerosol (Craig et al . , 1977; Rickett et al., 1986; Gupta et al., 1991; Bide and 
Risk, 2000). However, few studies exist in which reliable toxicity estimates in animals have been estab-
lished for VX administered as a vapor (Hartman, 2002). Contributing to this lack of information is the 
diffi culty in producing stable vapor concentrations in a controlled environment due to the extremely low 
vapor pressure of VX (0.00063 mmHg at 25°C compared with 2.9 mmHg at 25°C for sarin [GB]). 

 The available literature addressing the toxicity of VX vapor includes two studies that dealt with 
the toxic effects of chemically neutralized VX in rats (Manthei et al., 1990; Muse et al . , 2002). 
Several studies have dealt with either aerosolized VX (Bide and Risk, 2000) or VX mixed with 
other compounds (Weimer and Ballard, 1960; Dimmick et al., 1979). One recent study examined 
the toxicity of VX vapor inhalation in rats using a  “ nose-only ”  exposure design (Bide et al., 1996), 
but did not address the issue of fi rst noticeable effect (FNE) associated with very low concentrations 
of VX vapor. The concept of FNE is used to defi ne the threshold concentrations of nerve agents 
below which there are no observable effects and above which more severe measurable effects are 
produced. Defi ning the FNE for a whole-body inhalation exposure to VX vapor is necessary for any 
comprehensive risk assessment dealing with exposure to VX vapor. Previous studies in our labora-
tory using GB (Mioduszewski et al., 2002) and GF (Whalley et al., 2004) vapor have shown miosis 
to be the FNE resulting from a whole-body inhalation exposure. In those two studies and the present 
study, miosis was used as the experimental end point. Miosis was defi ned as a 50% reduction in 
pupil diameter relative to preexposure baseline measurements. 

 Our objectives were to determine the median effective concentrations (EC
 50 

s) of VX vapor that 
produced miosis in rats at three exposure durations of 10, 60, and 240 min; to determine the degree of 
cholinesterase inhibition in whole blood; to determine whether the miotic effects and cholinesterase 
depression of VX vapor exposure were gender dependent; and to develop an empirical toxic load 

FIGURE 5.1 Comparison of Haber’s rule and toxic load models for toxicity time 
dependence.
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model for predicting VX vapor-induced miosis for duration times not tested directly. Our toxic load 
model is based on the initial work on dose–response relationships between concentrations of vari-
ous chemicals and duration of exposure (Haber, 1924). The relationship, known as Haber ’ s Rule, is 
described by the equation  C  �  T  �  k , where  C  is equal to the atmospheric concentration of the chemi-
cal being tested,  T  is equal to the duration of exposure, and  k  is a constant for some effect or response. 
This equation assigns equal importance to concentration and time in determining the response. Thus, 
the product of  C  �  T  would remain constant regardless of the concentration or exposure time. This 
assumption proved to be inadequate for many chemicals when attempting to describe cumulative tox-
icity effects. Thus, the equation was modifi ed to better describe the relationship between concentration 
and exposure time for a given chemical (ten Berge et al., 1986). The equation  C n   �  T  �  k  includes 
the exponent  n , which is an experimentally determined, chemical specifi c value that helps describe the 
nonlinear relationship between concentration and duration of exposure (Figure 5.1). An integral part of 
our toxic load model was the estimation of this  n  value for miosis producing levels of VX vapor. 

 Whole-body vapor exposures were conducted in a 750-l dynamic airfl ow inhalation chamber. 
Rats were exposed for 10, 60, or 240 min. Five concentrations of VX were tested at each exposure 
duration. Baseline values for whole blood cholinesterase levels and pupil size were established in 
each rat prior to exposure. 

 Separate median effective dosage (ECT
 50 

) values for miosis were established for male and female 
rats at each exposure duration. The values were derived from pupil measurements taken within 1 h 
after exposure. Table 5.1 shows that VX is approximately an order of magnitude more potent than GB 
and GF. There was signifi cant acetylcholinesterase (AChE ) depression at the highest concentrations 

TABLE 5.1 Miosis Level EC50 and ECT50 Values for VX, GB, and GF

95% Fiducial Interval 95% Fiducial Interval

Sex
Time 
(min)

EC50 
(mg/m3)

Lower 
Limit

Upper 
Limit

ECT50

(mg-min/m3)
Lower 
Limit

Upper 
Limit

VX
m 10 0.01 0.0085 0.0124 0.102 0.085 0.124

m 60 0.004 0.0030 0.00520 0.229 0.180 0.300

m 240 0.002 0.0015 0.0023 0.443 0.363 0.547

f 10 0.007 0.0060 0.0089 0.073 0.060 0.089

f 60 0.002 0.0014 0.0023 0.106 0.087 0.136

f 240 0.001 0.0009 0.0014 0.268 0.219 0.326

GB
m 10 0.087 0.076 0.099 0.87 0.76 0.99

m 60 0.030 0.022 0.043 1.80 1.34 2.58

m 240 0.024 0.016 0.044 5.76 3.84 10.56

f 10 0.068 0.059 0.078 0.68 0.59 0.78

f 60 0.020 0.014 0.027 1.20 0.84 1.62

f 240 0.012 0.006 0.019 2.88 1.44 4.56

GF
m 10 0.184 0.146 0.239 1.843 1.46 2.39

m 60 0.042 0.031 0.059 2.511 1.86 3.56

m 240 0.029 0.023 0.038 7.031 5.41 9.19

f 10 0.080 0.063 0.099 0.796 0.63 0.99

f 60 0.024 0.018 0.031 1.413 1.13 1.84

f 240 0.017 0.014 0.022 4.155 3.27 5.25
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of each exposure duration. There were signifi cant gender differences in the ECT
 50 

 values for miosis 
at each exposure duration. An empirical toxic load model was developed and the toxic exponent for 
miosis ( n ) in the equation  C n   �  T  �  k  was determined to be  n  � 1.65. 

 The data provide important information regarding the relationship between exposure levels, 
gender sensitivity, miosis, and cholinesterase depression. 

 5.2 MATERIALS AND METHODS 

 5.2.1 Chemicals 

  O -Ethyl- S -[2-(diisopropylamino) ethyl] methylphosphonothiolate (VX ) was used for all vapor expo-
sures. Seven iterations of a  31 P NMR analysis were performed according to an established method 
(Brickhouse et al., 1997) to certify the purity of the material as 93.6 � 0.5 mol% pure. 

 5.2.2 Inhalation Chamber 

 Whole-body vapor exposures were conducted in a 750-l dynamic airfl ow inhalation chamber. The 
chamber was hexagonal and constructed of stainless steel with plexiglas windows on each of its six 
sides. The interior of the exposure chamber was maintained under negative pressure (0.25 in. H

 2 
O), 

which was measured by a calibrated magnehelix (Dwyer, Michigan City, IN). Room air was` drawn 
through the exposure chamber (570–580 l/min) and measured at the chamber outlet with a calibrated 
thermoanemometer (Alnor model 8565, Skokie, IL). Temperature and humidity were recorded at the 
start of every exposure. 

 5.2.3 Vapor Generation 

 The vapor generation system was located at the chamber inlet and was contained within a stainless 
steel box maintained under negative pressure. Saturated VX vapor streams (0.00037–0.016 mg/m 3 ) 
were generated by a continuous fl ow of nitrogen carrier gas (8–202 ml/min) through a glass satura-
tor cell (Glasssblowers Inc., Turnersville, NJ) containing 1 ml of liquid VX (Figure 5.2). The main 
body of the saturator cell contained a porous, hollow, ceramic cylinder, which increased the contact 
area between the liquid VX and the nitrogen carrier gas by absorbing the liquid VX. The satura-
tor cell was fabricated to allow nitrogen gas to make three passes along the surface of the wetted 
ceramic cylinder (Alundum-fused alumina, Norton Co., Colorado Springs, CO) before exiting the 
outlet arm of the saturator cell. The saturator cell body was immersed in a constant temperature bath 
(Thermo NESLAB, Portsmouth, NH) containing mineral oil. Alterations in nitrogen gas fl ow rate 
and temperature were used to regulate the amount of VX vapor entering the inhalation chamber. 

 5.2.4 Sampling System Sorbent Tubes 

 The solid sorbent tube sampling system consisted of a 20:35 mesh Tenax-TA fast-fl ow sorbent 
tube (Dynatherm part AO-06–2717) and a thermal desorption unit (TDU) (ACEM-900, Dynatherm 
Analytical Instruments, Kelton, PA) coupled to a gas chromatograph with fl ame photometric detec-
tion (GC/FPD). Vapor samples were drawn from the middle of the exposure chamber by inserting a 
rod containing a sampling tube through small access ports located on the walls of the chamber. The 
rod was connected to a vacuum line that drew a sample through the tube at a rate of 3–5 l/min for 
1–9 min depending on the chamber concentration. Sample fl ow rates were controlled with calibrated 
mass fl ow controllers (Matheson Gas Products, Montgomeryville, PA) and verifi ed before and after 
sampling with a calibrated fl owmeter (DryCal, Bios International, Pompton Plains, NJ) connected 
in-line with the sample stream. The sample tube was transferred to the TDU and prepared for injec-
tion onto a Restek RTX-5 column (15 m � 0.32 mm � 0.5 µm). Temperature and fl ow programming 
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within the TDU desorbed VX from the sorbent tube directly onto the GC column. Detection was 
performed with FPD in the phosphorous mode. 

 Concentration uniformity was checked at several locations throughout the chamber, including 
areas directly above the animal cages. At higher generated agent concentrations, vacuum pumps 
were used to draw air through glass fi ber fi lter pads at high fl ow rates to test for the presence of aero-
sols. Analysis of the glass fi ber pads required isopropanol desorption and liquid extract injection 
onto a 20:35 mesh Tenax-TA fast-fl ow sorbent tube. The sorbent tube was thermally desorbed and 
analyzed by GC/FPD. All fi ndings for the presence of aerosolized VX were negative. 

 5.2.5 Animal Model 

 Sexually mature male and female Sprague–Dawley rats (Charles River Laboratories, Wilmington, MA) 
weighing between 180 and 300 g were used in this study. Animals were housed in an Association 
for Assessment and Accreditation of Laboratory Animal Care (AAALAC) accredited facility. The 
animals were quarantined for a minimum of 5 days after their arrival. Ambient conditions were 
maintained at 70 � 5°F, 30–70% relative humidity with a 12:12 hour light-dark cycle. Rats were 
provided with certifi ed laboratory rat chow and fi ltered house water ad libitum, except during 
exposure. All experiments and procedures were approved by the U.S. Army Edgewood Chemical 
Biological Center Institutional Animal Care and Use Committee and conducted in accordance with 
the requirements of Army Regulation 70-18 and the National Research Council’s Guide for the Care 
and Use of Laboratory Animals. 

 5.2.6 Blood Sample Collection 

 Blood samples were drawn from the tail vein of all test rats and used for the cholinesterase inhibi-
tion assays. Blood draws were done once before exposure, approximately 60 min. after exposure, 
and 7 days after exposure. Approximately 300 µl of blood was collected at each draw. 

FIGURE 5.2 VX vapor generation using a saturator cell.
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96 Inhalation Toxicology

 5.2.7 Cholinesterase (ChE) Inhibition Assays 

 The method used for measuring whole-blood acetylcholinesterase (AChE) and butyrylcholinester-
ase (BChE) activities was a modifi cation of the Ellman Reference Method (Ellman et al., 1961). 

 Approximately 300 µl of blood was collected for determination of whole-blood AChE and BChE 
activities. For each blood sample, a 10-µl aliquot of clot-free whole blood was added to 2 ml of dis-
tilled water in a 13 � 75 mm test tube followed by addition of 200 µl of 0.69 mM phosphate buffer 
at pH 7.4 (EQM Research, Cincinnati, OH). Each tube was then vortexed and 200 µl of the resulting 
solution from each tube was transferred to individual wells on a 96-well plate. Twenty-fi ve microli-
ters of 30 m M  5,5-dithiobis-2-nitrobenzoic acid (DTNB) was added to each well. For determination 
of AChE activity, 25 µl of a solution containing 10 m M  of the substrate acetylthiocholine and 200 µ M  
10-(�-diethylaminopropionyl)-phenothiazine, a specifi c inhibitor of butyrylcholinesterase (EQM 
Research), was added to the appropriate wells of the 96-well plate. For determination of BChE activ-
ity, 25 µl of a solution containing 20 m M  butyrylthiocholine (EQM Research) was added to the appro-
priate wells of the 96-well plate. The plate was then read at 450 nm and 37 o C using a SpectraMax 
Plus 384  microplate spectrophotometer (Molecular Devices Corp., Sunnyvale, CA) for 10 min, and 
analyzed using SoftMax Pro LS version 4.3 software (Molecular Devices Corp., Sunnyvale, CA). 

 BChE activity values in whole blood were expressed as units of activity per gram of total plasma 
protein (U/g TPP). To determine total plasma protein (TPP) concentration in grams per milliliter, 
whole blood was centrifuged to separate the plasma from the red blood cells (RBCs). Plasma was 
placed in a refractometer (American Optical Co., Keene, NH) and the total protein was read directly 
from the TPP scale. 

 AChE activity values in whole blood were expressed as units of activity per gram of hemoglobin 
(U/g HGB). Hemoglobin was measured by the Oshiro method (Oshiro et al., 1982). In brief, 225 µl 
of hemolysate was added to a 96-well (uncoated) Greiner microplate (Greiner BioOne, Longwood, 
FL) along with 25 µl of 2.08 m M  sodium lauryl sulfate in a 30 m M  phosphate buffer (pH 7.2). 
The plate was read at 536 nm and 37 o C using a SpectraMax Plus 384  microplate spectrophotometer 
(Molecular Devices Corp., Sunnyvale, CA) for 10 min and analyzed by using SoftMax Pro LS ver-
sion 4.3 software (Molecular Devices Corp.). All specimens were assayed in duplicate. 

 5.2.8 Photography 

 This study utilized a noninvasive method for assessing pupil size whereby projected infrared (IR) 
light (880 nm) was refl ected off the animal’s retina, producing an image of a bright pupil surrounded 
by a dark iris (Miller et al., 2002, 2003a, 2003b). The right eye of all rats in the study was digitally 
photographed on 3 different days before exposure to establish an average baseline pupil size. Pictures 
were also taken 60 min, 2 h, 24 h, 48 h, and 7 days after exposure. All photographs were taken under 
low-light conditions (< 10 foot-candles). All rats were temporarily restrained while photographed. 
Restraint lasted approximately 30 sec per rat and involved immobilizing the head of the rat in a yoke. 

 5.2.9 Experimental Design 

 Groups of rats were exposed for either 10, 60, or 240 min. Five concentrations of VX were tested at 
each exposure duration. For each exposure, 10 rats were placed in a compartmentalized stainless steel 
cage (20 � 14 � 4in.) with each rat occupying a separate compartment (4 � 7 � 4in.). The chamber 
could accommodate two of these steel cages, allowing for a maximum of 20 rats to be exposed at 
once. The cages were placed on the fl oor of the exposure chamber before the introduction of VX. 
Each exposure consisted of 10 male and/or 10 female rats exposed to VX vapor. An additional 5 male 
and/or 5 female control rats were placed in a separate control chamber and exposed to air only. The 
 t 
 99  

(time to attain 99% of the equilibrium concentration within the chamber) ranged from 7.7 to 8.2 
min. Physical parameters monitored during exposure included chamber airfl ow, nitrogen fl ow rate 
through the saturator cell, chamber room temperature, and relative humidity. Following the exposure, 
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the chamber was purged with air for 10 min before removing the rats. After removal from the chamber, 
the rats were observed for any overt toxic signs of exposure such as tremors, salivation, or lacrimation. 
Clinical signs of exposure were monitored twice daily for up to 7 days after exposure. After 7 days post-
exposure, surviving rats were euthanized in accordance with the Report of the American Veterinary 
Medical Association (AVMA) Panel on Euthanasia (1993). 

 5.2.10 Calculation of Pupil Diameter 

 To determine the effect of the exposure on pupil size, changes in pupil diameter were assessed as fol-
lows. The ratio of pupil radius to iris radius was calculated for all rats (�

 ind 
) and used as an indicator 

of pupil size. For each rat, the postexposure �
 ind 

 was divided by the preexposure �
 ind 

. For VX-exposed 
rats, this post- versus pre-�

 ind 
 ratio was divided by the average post- versus pre-�

 ind 
 ratio of the same-

sex control animals. The result of this calculation was the pupil diameter ratio (�
 ratio 

) of post- versus 
preexposure values for an individual rat adjusted for controls. 

 5.2.11 Calculation of Blood ChE Values 

 For each rat, the postexposure ChE (either AChE or BChE) activity level was divided by the pre-
exposure ChE activity level. For VX-exposed rats, this value was then divided by the mean value 
for the same-sex control rats. The result of this calculation was the whole-blood ChE ratio of post- 
versus preexposure values for an individual rat adjusted for controls. The whole-blood AChE ratio 
is denoted by �

 ratio 
, and the whole-blood BChE ratio is denoted by β ratio 

. 

 5.2.12 Data Analysis 

 Minitab®, Version 13 (Minitab, Inc., State College, PA) was used for all statistical analyses. 
 Analysis of variance (ANOVA) (Fox, 1997) was used to determine statistically signifi cant differences 

between control and exposed rats. A p-value of <0.05 was the criterion for statistical signifi cance. 
 For statistically signifi cant pupil constriction and blood ChE depression, a probit analysis 

(Finney, 1971) was conducted to calculate ECT
 50 

s. The following equation was used to fi t the exper-
imental data: 

 
Y Y k C kN P C i j i j

ji

� � � �5 10

23

( ) ( ) ( ) ( )∑∑log , Time Gender
 

(5.1)

 Where  Y
 N 
 
 
 

 
is a normit,  Y

 P 
  is a probit, the  k

 S 
  are fi tted coeffi cients,  C  is vapor concentration, Time is 

the exposure durations (treated as a three-level factor), and Gender is a two-level factor. The fi tted 
coeffi cient,  k

 C 
 , is the estimate for the probit slope for concentration.  Y

 N 
 
   
equals �1, 0 and 1 at the 

16, 50, and 84% response levels, respectively. The binary response modeled in Equation (5.1) was 
the presence of either miosis or blood ChE depression in an exposed rat. Miosis was defi ned as at 
least 50% pupil diameter constriction (�

 ratio 
 � 0.50), whereas ChE depression was defi ned as a 50% 

decrease in baseline ChE levels (�
 ratio 

 (AChE) or �
 ratio 

 (BChE) � 0.50), respectively. 
 Binary and ordinal logistic regressions (with a normit link function) (Finney, 1971; Agresti, 

1990; Fox, 1997) were used to fi t the toxic load model for probability of effect to the blood ChE 
depression and pupil diameter data sets, respectively. The model used was: 

  
Y k k C k T kN C T S� � � �0 10 10log log( ) ( ) Sex

  
(5.2)

 Where Sex was coded �1 for female rats and 1 for male rats,  k
 S 
 
   
is the fi tted coeffi cient for the factor 

Sex, the constants  k
 C 
  and  k

 T 
  are the probit slopes for concentration and time, respectively. The expo-

sure duration,  T , is treated as a covariate in Equation (5.2) (in contrast to duration as a factor in 
Equation [5.1]). For ordinal regression,  k 

 0 
 is replaced by  k 

 1 
,  k 

 2 
, . . . ,  k 

 N 
, which act as the intercepts for 
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the  N  levels of response used in the analysis. The signifi cance of the interaction between log
 10  

 T  and 
Sex was investigated for both pupil constriction and ChE depression, and in both cases, this interac-
tion was not statistically signifi cant. 

 The ratio ( k
 C 
  /  k

 T 
  ) equals the toxic load exponent,  n . If this ratio is not different (with statistical 

signifi cance) from one, then Haber’s Rule (Haber, 1924) is appropriate for modeling the toxicity. 
Otherwise, the classic toxic load model ( C n  �   T  �  k ) is the proper approach (ten Berge et al., 1986; 
Sommerville  et al. , 2004) assuming no signifi cant curvature exists in the experimental data used to 
fi t the model. 

 5.3 RESULTS 

 This study focused on estimating ECT
 50 

s for miosis in rats exposed to low levels of VX vapor for 10, 
60, or 240 min. By exposing groups of rats to fi ve different concentrations of VX vapor per exposure 
duration, we were able to establish ECT

 50 
s for miosis and ChE depression for both male and female 

rats at each of the exposure durations. Subsequently, these data were used to formulate multifactor 
models to predict dose–response relationships and the probability of incurring VX vapor-induced 
miosis and ChE depression as a function of exposure concentration and duration. 

 5.3.1 Pupil Response as a Function of Observation Period 

 Of the fi ve postexposure observation periods (1 h, 2 h, 24 h, 48 h, and 7 days), the lowest �
 ratio 

 values 
(greatest miotic response) occurred 1 h postexposure (Figure 5.3).   ANOVAs were done for each obser-
vation period. For 1-h, 2-h, and 24-h postexposure periods, statistically signifi cant differences occurred 
between the ratio values (�

 ratio 
) of exposed and control rats. However, for the 48-h and 7-day postex-

posure periods, �
 ratio 

 values for exposed and control rats were not signifi cantly different. Thus, for the 
range of vapor concentrations and dosages investigated, complete recovery from a miotic response to 
VX vapor exposure in male and female rats occurred between 24 h and 48 h postexposure. 

FIGURE 5.3 Representative graph showing mean pupil-to-iris ratio values for male rats 
exposed to VX vapor for 240 min.
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 5.3.2 Probit Analysis of Miotic Response 

 The �
 ratio 

 values for each rat (1 h postexposure) were converted into binary data, with (�
 ratio

 
 
� 0.50) being 

the criterion for miosis. A probit analysis was then performed (with Equation [5.1]) on the binary data, 
and median effective concentrations (EC

 50 
) and dosages (ECT

 50 
) for miosis were calculated for each 

gender-exposure duration combination (Table 5.1). For comparison, the values for GB (Mioduszewski 
et al., 2002a) and GF (Whalley et al., 2004) are also included in Table 5.1 and Figure 5.4.    

 The probit slope for concentration ( k
 C  
 ), was found to equal 5.2, with a 95% confi dence interval 

of 3.9 to 6.5. The ECT
 50 

s of the male and female rats were statistically signifi cant from each other 
at all exposure durations, with the female rats being more sensitive. 

 5.3.3 Analysis of Time Dependence of ECT 50  (Miosis) 

 The effect of exposure duration on the miotic response was investigated via ordinal logistic regression 
by using Equation (5.2). Ternary miosis data (1-h postexposure) was generated for the analysis by 
using the following categories: 

 Score of 0: �
 ratio 

 � 0.50 number of exposed rats in group: 90 
 Score of 1: 0.50 < �

 ratio 
 � 0.84 number of exposed rats in group: 135 

 Score of 2: 0.84 < �
 ratio 

 number of exposed rats in group: 75 

 A ternary scoring system was found to give the best regression fi t to the quantal data. The fol-
lowing normit fi ts (see Equation [5.2]) were obtained for the boundaries between scores 0 and 1 
(Equation [5.3]) and scores 1 to 2 (Equation [5.4]), respectively. 

  
Y C TN 0 5 1107 3 5946 2 1772 0 298410 10{ } ( ) ( )( ) ( )( ) ( )� � � � �. . log . log . SSex

  
(5.3)

 
Y C TN 1 6 8141 3 5946 2 1772 0 298410 10{ } ( ) ( )( ) ( )( ) ( )� � � � �. . log . log . SSex

 
(5.4)

FIGURE 5.4 Comparison of ECT
50

 estimates for miosis in rats for VX, GB (Mioduszewski 
et al., 2002a) and GF (Whalley et al., 2004) as a function of exposure duration.
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100 Inhalation Toxicology

 A plot of Equation (5.3) is compared with the ECT
 50 

s plotted in Figure 5.5. The toxic load expo-
nent value (identical for both Equations [5.3] and [5.4]) equals (3.5946/2.1772) or 1.65 � 0.092 
SE (Table 5.2). The 95% confi dence interval for the exponent value is 1.47 to 1.83. Because this 
interval does not overlap 1, the toxic load exponent ( n ) for miosis is different from 1 (with at least 
95% statistical signifi cance). Therefore, a toxic load model better describes the time dependence of 
the probability of miosis than does Haber’s Rule. Also, gender (Sex) was found to be statistically 
signifi cant because the female rats were more sensitive by a factor of 1.46. 

 Potential lack of fi t for the toxic load model was tested by adding the term (log
 10  

 T ) 2  to equa-
tion (5.2) to test for curvature. It was found that this term was statistically signifi cant. Thus, there 
is signifi cant curvature, and the toxic load model does not adequately explain the time dependence 
of the miotic response relationship. However, the toxic load model is still a better alternative for 
explaining the data than Haber’s Rule. 

 5.3.4 Analysis of Variance for Blood ChE Response 

 ANOVAs were performed separately on both the AChE and BChE 1-h postexposure data. In the 
BChE data, no statistically signifi cant difference was found between the ratio values (�

 ratio 
) of the 

exposed and control rats at any of the exposure durations and dosages. For the AChE data, there were 
statistically signifi cant differences between the ratio values (�

 ratio 
) of exposed and control rats at each 

of the three exposure durations (10, 60, and 240 min). For 10- and 240-min exposures, signifi cant 
depression occurred at the two highest vapor concentrations of each duration, whereas for the 60-min 
exposures signifi cant depression occurred at only the highest vapor concentration (Table 5.3). 

 5.3.5 Probit Analysis of AChE Response 

 The �
 ratio 

 values (1-h postexposure) were converted into binary data, with (�
 ratio 

 � 0.50) being the cri-
teria for AChE depression. A probit analysis was performed on the binary data (using Equation [5.1]), 

FIGURE 5.5 Comparison of toxic load model fi t (Equation [5.3]) with VX ECT
50

 
 estimates for miosis for male and female rats (from Equation [5.1]) as a function of exposure 
duration.
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and median effective concentrations (EC
 50 

) and dosages (ECT
 50 

) for AChE depression were calculated 
for each exposure duration (Table 5.4). 

 The probit slope for concentration ( k
 C 
 ) equaled 3.7, with a 95% confi dence interval of 2.3 to 5.1. 

The ECT
 50 

s of the male and female rats were not statistically different from each other at each of the 
three exposure durations (10, 60, and 240 min). 

 5.3.6 Analysis of Time Dependence of ECT 50  (AChE Depression) 

 The effect of exposure duration on the AChE depression response in rats exposed to VX vapor was 
investigated via binary logistic regression with Equation (5.2). The following normit fi t was obtained: 

  Y C TN � � � � �3 5240 3 2388 2 0605 0 214010 10. . log . log .( ) ( )( ) ( )( ) ( ) Sex   (5.5)

 Equation (5.5) has been plotted in Figure 5.6 along with the ECT
 50 

s for AChE depression. The 
toxic load exponent value equals (3.2388 / 2.0605) or 1.57, with a standard error of 0.14 (Table 5.2). 
Thus, the 95% confi dence interval for the exponent value is the range from 1.29 to 1.85. Because 
this interval does not overlap 1, the toxic load exponent for AChE depression is signifi cantly differ-
ent from 1. Therefore, the toxic load model better describes the time dependence of the probability 
of AChE depression than Haber’s Rule. 

 Potential lack of fi t for the toxic load model was tested by adding the term (log
 10  

T) 2  to Equation (5.2) 
to test for curvature. It was found that this term and its interaction with Sex were not statistically sig-
nifi cant. Thus, there is no signifi cant curvature and the toxic load model adequately explains the time 
dependence of the AChE response relationship. 

 5.3.7 Gender Differences in AChE Depression 

 The  p  value for Sex in Equation (5.5) equals 0.066, or in other words, the null hypothesis (i.e., no 
difference in AChE depression exists between the genders) can be rejected with 93.4% confi dence. 
If exposure duration is treated as a factor instead of a covariate in Equation (5.5), the  p- value for 
Sex drops to 0.049 (or 95.1% confi dence for rejecting the null hypothesis). From the probit analysis 
results, the  p -value was not close to being less than 0.05. So, the statistical signifi cance of the Sex 
term, in general, is marginal, but it is enough to support the reporting of separate ECT

 50 
s for the two 

genders. 

 5.3.8 Comparison of Miotic and AChE Responses 

 The toxic load exponents 1.65 (miosis) and 1.57 (AChE depression) from Equations (5.3) and (5.5), 
respectively, are not signifi cantly different from each other. In addition, the ECT

 50 
s for miosis in both 

male and female rats are lower in value than those for AChE depression (Tables 5.1 and 5.4). To illus-
trate miosis as the fi rst noticeable effect (FNE) of VX exposure, each of the 300 exposed rats were 

TABLE 5.2 Probit Slopes and Toxic Load Exponents (n) Determined from Toxic Load 
Modeling 

End Point Terms in Model K
C

SE (C ) K
T

SE (T) n SE (n)

Miosis Log C (Time)(Sex) 5.24 0.63 — — — —

Miosis Log C Log T Sex 3.59 0.32 2.18 0.23 1.65 0.09

AChE depression Log C (Time)(Sex) 3.72 0.71 — — — —

AChE depression Log C Log T Sex 3.24 0.58 2.06 0.35 1.57 0.14

Values obtained from various ordinal (miosis) and binary (AChE) logistic regression model fi ts.
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placed into one of four categories based on their paired binary responses for miosis (�
 ratio 

 � 0.50) and 
AChE depression (�

 ratio 
 � 0.50): 

  1. Rat shows neither miosis nor AChE depression (203 rats) 
  2. Rat shows miosis but not AChE depression (62 rats) 
  3. Rat does not show miosis but does show AChE depression (7 rats) 
  4. Rat shows both miosis and AChE depression (28 rats) 

 Of particular interest are categories 2 and 3 containing 69 rats total—rats only showing one of 
the two possible signs. Sixty-two rats showed miosis without AChE depression and 7 rats had AChE 
depression without miosis. Therefore, miosis occurred without AChE depression 90% of the time in 
those rats showing only one sign or the other. 

FIGURE 5.6 Comparison of toxic load model fi t (Equation [5.5]) with VX ECT
50

 esti-
mates for AChE depression for male and female rats (from Equation [5.1]) as a function of 
exposure duration.

TABLE 5.4 Blood AChE Depression EC50 and ECT50 Values for Rats Exposed to VX Vapor

Gender

Time EC50 95% Fiducial Limits ECT50 95% Fiducial Limits

(min) (mg/m3) Lower Upper (mg-min/m3) Lower Upper

Male

10 0.0200 0.0143 0.0346 0.200 0.143 0.346

60 0.00634 0.00413 0.0124 0.380 0.248 0.744

240 0.00270 0.00204 0.00414 0.648 0.490 0.994

Female

10 0.0153 0.0106 0.0285 0.153 0.106 0.285

60 0.00340 0.00216 0.00737 0.204 0.130 0.442

240 0.00217 0.00163 0.00324 0.521 0.391 0.778
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104 Inhalation Toxicology

 5.4 DISCUSSION 

 During the past several years much of the work in our laboratory has focused on establishing ECT
 50 

s 
for miosis as a function of exposure duration for GB (Mioduszewski et al., 2002a; Hulet et al., in 
preparation) and GF (Whalley et al., 2004) vapor. The results of the current study on low-level 
VX vapor exposures add to this database and directly establish ECT

 50 
s for VX-induced miosis in 

rats (Table 5.1). These newly established ECT
 50 

s for VX will reduce the need for relative potency 
analysis using other nerve agents such as GB to establish toxicity levels for VX inhalation exposures 
(Hartmann, 2002). Based on the results of the present study, VX potency for male and female rats at 
all exposure durations, ranges between 7.9 and 13.0 times greater than GB. Similarly, VX is 10.9 to 
18.1 times more potent than GF (Table 5.1 and Figure 5.4). However, note that the method used for 
the determination of pupil diameter in the GF and present study differed from that used in the GB 
study by Mioduszewski et al. (2002a). 

 In addition to potency comparisons based on similar exposure duration, comparison of the toxic 
load exponents offers insight into whether relative potency between two agents is constant with 
respect to duration. If there is no signifi cant difference between a pair of exponent values, then the 
relative potency is constant. Among the rat miosis studies, the exponent values ( n 

 all 
) of GB and VX 

are signifi cantly different from each other with the  n  for GB larger than the  n  for VX. Therefore, VX 
is increasingly more potent than GB as exposure duration increases. The exponent value for GF lies 
in between those of GB and VX and its value is not signifi cantly different from either GB or VX. 

 The need to develop toxic load exponents in the equation  C  n �   T  �  k  arose because Haber’s Rule 
failed to adequately describe the relationship between concentration and time, and the net effect this 
interaction had on cumulative toxicity levels. It should be recognized that the toxic load relationship is 
based more on empirical observations than on basic biological theories (Griffi ths, 1991; Fairhurst and 
Turner, 1993; Sommerville et al., 2004). It is not surprising that an empirical model would provide a 
poor fi t when extended over too wide a range. In miosis studies performed to date (Mioduszewski et al., 
2002a; Whalley et al., 2004; the present study), signifi cant upward curvature was found in the relation-
ship between effective median dosages (ECT

 50 
s) and exposure duration (Figure 5.4). Thus, the toxic 

load model does not adequately explain the time dependence of the miotic response relationship. Several 
possible explanations exist for the curvature in the ECT

 50 
 versus exposure duration relationships found 

in the GB, GF, and VX rat miosis studies. First, the curvature is the natural relationship for the species-
agent-end point systems under consideration. The next two categories presuppose that the toxic load 
model is the proper model and that any observed curvature must be due to factors whose effect on miosis 
levels is not constant with respect to exposure duration. For instance, certain behavioral and physiologi-
cal factors (i.e., changes in activity, sleep, closed eyelids, etc.) are likely to have more pronounced effects 
on the observed levels of miosis in longer duration exposures. Also, the potential existed for recovery 
from miosis during the time after the conclusion of the exposures until the rats’ eyes were photographed 
for the presence of miosis. This potential for recovery was greatest following the 240-min exposures 
because of the greater infl uence of concentration in determining miosis when the toxic load exponent 
is greater than 1 in the equation  C  n �     T  �  k . Thus, greater concentrations of VX at shorter times have 
a more pronounced effect on pupil size than lesser concentrations over longer exposure durations. The 
net effect is that more rats were borderline miotic at the longer exposure durations, allowing for a faster 
recovery from VX-induced miosis before assessment of pupil diameter (unpublished observations). 

 These last two possibilities have important implications for risk assessment applications of the 
determined ECT

 50 
s. Figure 5.7 illustrates this point with plots of two ECT

 50 
 extrapolations based on 

the female rat VX miosis data. The extrapolation based on the 10- and 60-min ECT
 50 

 values produces 
lower (more conservative) ECT

 50 
 estimates at longer durations than a similar extrapolation that is 

based on the 60- and 240-min ECT
 50 

 values. From a risk assessment perspective, the former has an 
implicit built-in safety factor. Expanding this approach, a second set of toxic load exponents (n

 short 
) 

was calculated for GB, GF, and VX miosis based on a reanalysis of the original data with exposure 
durations greater than 60 min excluded. Thus, with the uncertainty about why the curvature exists, 
more weight should be given to the more conservative n

 short 
 values rather than the n

 all 
 values when 
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FIGURE 5.7 Comparison of different extrapolations of the median effective dosage—
exposure duration relationship using the female rat VX miosis ECT

50
 data.

attempting to establish a human toxic load exponent for miosis. Moreover, estimates for a lethality 
toxic load exponent value should not be based on the results of experimental miosis studies, because 
it can be expected that differing degrees of curvature would come with different end points. 

 The need to establish separate ECT
 50 

s for males and females at each exposure duration is 
because female rats are signifi cantly more sensitive to VX vapor. The differential sensitivity to this 
OP was consistent with similar fi ndings from recent GB (Mioduszewski et al., 2002a, 2002b) and 
GF (Whalley et al., 2004) rat studies. In addition, numerous studies show that the actions of a variety 
of other drugs such as amobarbital, nicotine (Holck et al., 1937), strychnine, and picrotoxin (Kato 
et al., 1962), to name a few, are more pronounced and/or persist longer in female rats than in male 
rats (Kato, 1974). In many instances, gender differences in drug sensitivity appear to be mediated 
at least in part by androgens present in male rats that can increase two to three times the activities 
of drug-metabolizing enzymes in liver microsomes (Booth and Gillette, 1962). The present study 
was tracking low-level VX vapor-induced miosis, considered the result of a localized depression of 
AChE. This localized effect might preclude involvement of liver microsome-mediated changes in VX 
toxicity, but other gender differences related to the eye also may indirectly alter the local response to 
CW agents. There is evidence of structural dimorphism of the lacrimal gland (Sullivan et al., 1990) 
and gender differences in the quantities and activity levels of various enzymes associated with the 

TABLE 5.5  Miosis Toxic Load Exponents (n) for GB, GF, and VX

Agent Species

Toxic Load Exponents (n)

(nall � nshort) SourceWhole Dataset T � 60 min
nall 95% CI nshort

GB Rat 2.33 1.85 to 2.81 1.62 0.71 Mioduszewski et al. (2002a)

GF Rat 1.98 1.70 to 2.26 1.30 0.68 Whalley et al. (2004)

VX Rat 1.65 1.47 to 1.83 1.35 0.30 Present study
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lens of the rat eye (Bours et al., 1988). These gender differences in rats are well documented and 
emphasize the point that males and females cannot be assumed to have the same thresholds for 
response. Whatever the reasons for the increased sensitivity of female rats to VX vapor, the larger 
issue is whether these gender differences in the rat are relevant to humans. 

 The fi nding that exposure to the highest concentrations of VX vapor at the three exposure dura-
tions produced signifi cant whole-blood AChE depression differed from previous results obtained 
with miosis-producing levels of GB (Mioduszewski et al., 2002a) and GF (Whalley et al., 2004) in 
rats. In those studies, there was no signifi cant depression of AChE, carboxylesterase (CaE), or BChE 
after exposure to GB or GF. The difference in AChE depression after exposure to miosis producing 
levels of VX vapor may be due to its higher binding affi nity for AChE. In a study looking at the effec-
tiveness of CaE protection against the toxicity of OP compounds such as VX, soman, sarin and tabun, 
Maxwell (1992) found that VX was the most specifi c in vitro inhibitor of AChE but showed very little 
affi nity for CaE. In the present study, gender differences in the degree of AChE depression were mini-
mal but may have been masked by the large variability in baseline AChE activity levels within and 
between individual rats. Also, the fact that signifi cant depression only occurred at the highest dosages 
of VX used in this study limited the number of groups available for statistical comparison. 

 Because this study used whole-body inhalation exposures, a potential confounding effect of a low-
volatility, lipophilic compound such as VX was the possibility of delayed toxicity effects due to percu-
taneous absorption. To account for agent deposition on the surface of the animal, Jakubowski et al., (in 
preparation) performed a study in which two groups of rats (eight to nine rats per group) were exposed 
to whole-body VX vapor concentrations of 0.08–0.09 mg/m 3  for 240 min. These conditions represented 
dosages far exceeding what was necessary to produce miosis (Table 5.3). After exposure, surviving rats 
were euthanized and VX was extracted from the surface of the rat by using whole-body immersion into 
isopropyl alcohol. The average amount of VX recovered per rat from the combined results of groups 
1 and 2 for whole-body extraction was 13.8  +  3.2 µg as determined by GC-mass spectrometry. This 
amount of surface deposition of VX represents less than one tenth of 1% of the entire exposure dose, 
and this exposure dose represented a “worst case” scenario. The highest exposure dose actually used in 
this study was 0.00287 mg/m 3  for 240 min (0.689 mg-min/m 3 ). From postexposure observations of all 
exposed rats in this study, we have concluded that there were no observable delayed toxicity effects such 
as tremors, salivation, or convulsions. Figure 5.3 illustrates our fi ndings that any delayed miotic effects 
were minimal. In addition, statistical analysis of all fi ve postexposure observation periods revealed that 
the greatest miotic response occurred at the 1-h postexposure observation period. Also, for the range of 
vapor concentrations and dosages investigated, complete recovery from a miotic response to VX vapor 
exposure in male and female rats occurred between 1 and 2 days postexposure. 

 Previous studies in our laboratory with GB (Mioduszewski et al., 2002a) and GF (Whalley, et al., 
2004) have shown that miosis is the FNE resulting from a whole-body inhalation exposure. In these 
studies, there was no signifi cant ChE depression in either the plasma or RBC components of the 
blood. In contrast, the current study with VX has identifi ed signifi cant whole-blood AChE depres-
sion at the higher dosage levels of each exposure duration. To determine whether AChE depression 
could be expected to occur before miosis, probit analysis was used to determine ECT

 50 
s for AChE 

depression of whole blood. Tables 5.1 and 5.4 list the ECT
 50 

s for both miosis and AChE depression, 
respectively. ECT

 50 
 values for miosis are approximately 1.5 to 2 times lower than those for AChE 

depression. Also, of the 300 VX-exposed rats, 21% of all the exposed rats had miosis without AChE 
depression whereas 2% of exposed rats had AChE depression without miosis. Miosis, therefore, 
would be expected to occur fi rst at these low dosages of VX vapor. 

5.5  CONCLUSIONS 

 This study fi lled some of the gaps in our understanding of the threshold effects of low-level VX 
vapor exposure. In contrast to that predicted by using Haber’s Rule, the ECT

 50 
s associated with 

miosis and AChE inhibition were not constant over time. Toxic load exponents ( C  1.65  �  T  �  k  for 
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miosis and  C  1.57  �  T  �  k  for AChE inhibition) describing the threshold effects of VX vapor dosage 
over time were developed. Although female rats were more sensitive to the miotic effects of VX 
vapor than males in this study, the applicability of gender differences in the sensitivity to OPs in 
human populations is unresolved. Insofar as effects such as miosis may have an impact on both mili-
tary and worker operational effectiveness, the results of the current study are critical to operational 
risk management. Data derived from this study are also essential for determining appropriate thresh-
old levels for detection and determination of when it is safe to come out of protective posture for any 
operations involving VX. It must be emphasized that the results of this study pertain only to miosis 
levels of VX exposure. Estimates for a lethality toxic load exponent value should not be based on the 
results of experimental miosis studies, because it is possible that, with lethal concentrations of VX 
vapor, percutaneous effects may have a greater infl uence on the dose–response relationship. 
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 6.1 INTRODUCTION 

 Pulmonary toxicology studies require exposure of the lungs to a chemical or particle. The two basic 
approaches to accomplish such pulmonary exposures are intratracheal (IT) instillation or inhalation. 
It is widely considered that IT exposures can be applied to comparative pulmonary toxicology stud-
ies (Driscoll   et al., 2000). The premise of this chapter is that appropriately conducted IT exposures 
also provide a useful and powerful tool for determining disease etiology. To demonstrate this point 
and to highlight important considerations in the experimental design of such experiments, a specifi c 
example in which the application of IT exposures was crucial to determining the etiology of a pul-
monary disease outbreak of unknown origin will be discussed. 

 6.2 IDENTIFICATION AND CHARACTERIZATION OF A 
PULMONARY DISEASE OUTBREAK OF UNKNOWN ORIGIN 

 Nylon fl ock is fi nely cut nylon and is used for the manufacture of upholstery used in a variety of 
products. As early as 1990, cases of interstitial lung disease were noted in nylon fl ock workers and 

  6
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were described in a 1995 case series (Lougheed   et al., 1995). In this report, 5 of 88 workers devel-
oped interstitial lung disease (ILD). In addition, disease recurred in the workers that returned to 
the workplace (Lougheed   et al., 1995). Biopsies from three of the patients demonstrated important 
tissue alterations, including infi ltration of alveolar spaces by macrophages (desquamative interstitial 
pneumonia), hypertrophy and hyperplasia of alveolar type II cells, and a predominantly lympho-
plasmacytic interstitial infi ltrate. The latter observation would become increasingly important as 
additional cases were reported. 

 An occupationally associated inhaled agent was the suspected cause of the ILD outbreak, 
although the exact etiological agent was not known. Initially, nylon fl ock produced at the plant was 
believed to be above the respirable size range (Lougheed   et al., 1995) and thus was not considered 
a causative factor in disease development.  Fusarium  sp. was cultured from adhesives used at one 
plant, leading to the hypothesis that mycotoxins were a potential source of the disease. However, 
ILD continued to be reported in workplaces producing nylon fl ock, including worksites without 
mold contamination, as well as in the worksite where the ILD was fi rst described. These observa-
tions suggested that biological contaminants were not responsible for the ILD outbreak. 

 Other occupational agents, such as crystalline silica, asbestos, coal dust, some metals (e.g., 
beryllium, cobalt), and some chemicals (e.g., anhydrides, isocyanates) were also considered as caus-
ative factors, because exposure to these agents can also result in the development of occupational 
ILD (Lopez and Salvaggio, 1994; Schwartz   et al., 1994; Redlich, 1996; Rose, 1996). However, none 
of these materials were present in the plants with affected nylon fl ock workers and consequently 
could not explain the ILD outbreak. Thus, the etiological agent for the disease outbreak at the nylon 
fl ock plants appeared to be new and unknown. 

 By 1998, it was known that ILD affected nylon fl ock workers in fi ve separate worksites 
(Eschenbacher   et al., 1999). Morphological changes in lung tissues from affected workers varied, 
but one morphological pattern was unique to the nylon fl ock workers: the infi ltration of lympho-
cytes into and around bronchioles with the associated appearance of lymphoid aggregates. This 
morphological alteration was termed lymphocytic bronchiolitis and peribronchiolitis with lymphoid 
hyperplasia (Boag   et al., 1999). However, not all nylon fl ock workers with ILD had lymphocytic 
infi ltrates. The spectrum of pulmonary pathological alternations in nylon fl ock workers also included 
diffuse alveolar damage, chronic bronchiolocentric interstitial pneumonia with foci of bronchiolitis 
obliterans organizing pneumonia, nonspecifi c interstitial pneumonia, and desquamative interstitial 
pneumonia (Lougheed   et al., 1995; Boag   et al., 1999; Kern   et al., 2000). 

 6.3 MEDICAL AND ENVIRONMENTAL FIELD STUDIES 

 Case studies indicated that nylon fl ock workers who developed ILD, and returned to or remained 
in the workplace, relapsed or failed to improve (Boag   et al., 1999; Eschenbacher   et al . , 1999). This 
suggested the possibility of a susceptible population and a persistent airborne etiological agent. 

 Medical and industrial hygiene cross-sectional surveys were conducted to quantify respiratory 
morbidity and to identify work-related factors that could be causally related to the ILD outbreak 
(NIOSH, 1998; Burkhart   et al., 1999). The medical survey, which included a review of medical 
records of workers who were diagnosed with ILD, revealed a high prevalence of respiratory symp-
toms and respiratory diagnoses among workers from three departments. The dust present in one of 
the nylon fl ock plants included respirable samples that had a length to width ratio of >3 consistent 
with respirable fi bers of irregular shape and appeared to arise as shreds from the larger nylon fl ock 
fi bers (Burkhart et al., 1999). The fi nding of respirable-size nylon fl ock fi bers contradicted an earlier 
report (Lougheed   et al., 1995) and caused the nylon fl ock fi bers to be reconsidered as a possible 
etiological agent for the ILD in nylon fl ock plant workers. Further evidence indicating that the nylon 
fl ock fi bers might be a possible etiological agent came from observations of industrial processes, in 
conjunction with the medical survey and industrial hygiene results that indicated that the airborne 
dust or a chemical additive component of the dust might be responsible for lung disease in nylon 
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fl ock workers. To investigate this hypothesis,  in vivo  toxicological studies were initiated to investi-
gate the pulmonary toxicity potential of airborne dust and of the components of the airborne dust. 

 6.4 TOXICOLOGICAL STUDIES 

 6.4.1 Important Considerations 

 The IT exposure route was chosen to investigate the hypothesis that airborne dust collected at a 
fl ock plant, or a component of the dust, may be responsible for the reported ILD outbreak. The IT 
exposure technique was selected for these studies primarily because of the limited amount of mate-
rial available for study. Further, shreds of nylon fl ock often were in the form of irregularly-shaped 
nylon fi bers in the respirable but polydispersed size range. Longer fi bers tend to be more toxic than 
shorter fi bers (Oberdorster, 2000; Bernstein   et al., 2001). Some of the longer fi bers that are depos-
ited in the human lung are fi ltered out in the rodent nose (Oberdorster, 2000). IT instillation of such 
fi bers allows exposure of the rat lung to long respirable fi bers, which are more effi ciently deposited 
in the human than rat lung (Driscoll   et al., 2000). In addition, IT exposures allowed the studies to be 
completed in a much shorter time frame than an inhalation exposure, because an inhalation exposure 
would have required the development and validation of an exposure system. In the absence of any 
laboratory evidence that the dust was responsible for the ILD outbreak, and the urgency with which 
the information was needed, the expenditure of time and resources to develop such an inhalation 
system seemed imprudent. 

 Once the IT exposure route was selected for use, several other factors needed to be considered. 
These considerations regarded the anesthetic and vehicle to be used, as well as the physical charac-
teristics and dose of test material to be given to the animal. All these factors contribute to the success 
of a study employing IT exposures. 

 An anesthetic that is chosen should suppress the animal’s refl exes for a minimal period to allow 
IT instillation, but it should be short acting, thus allowing the animal to quickly recover and resume 
normal respiration. Methohexital (Brevital, Eli Lilly and Company, Indianapolis, IN) has been used 
routinely in this laboratory for this purpose in rats, although other alternatives are available. With 
regard to the use of methohexital, we routinely lightly anesthetized rats with an intraperitoneal injec-
tion of sodium methohexital (28 mg methohexital/kg body weight). Rats thus anesthetized are easily 
handled for IT instillation but recover within minutes after the administration of anesthetic. 

 Another important factor that should be considered is the choice of vehicle. To administer a 
sample by IT instillation, it is usually necessary to suspend the sample in some liquid, because the 
suspension of the sample in liquid facilitates delivery and distribution in the lung. We have found 
that sterile phosphate-buffered saline (PBS) causes little to no response in the lung when IT instilled. 
The same is also true for normal saline (0.9% w/v), although in this case any buffering capacity 
is lacking. However, it is important that the vehicle be free of endotoxin contamination, because 
endotoxin can cause pulmonary infl ammation and damage, and thus can produce false positives if 
not controlled. 

 Regarding dose, materials that have not been previously studied are problematic, because no 
literature exists on which to base a decision. In such cases, a dose similar to doses of other occupa-
tional dusts that are known to cause pulmonary responses is an appropriate dose to begin testing. For 
example, it has been reported that a number of occupationally relevant dusts, exposed by IT instil-
lation at 2.5- and 10-mg doses, resulted in pulmonary infl ammation and damage only at the 10-mg 
dose (Hubbs   et al., 2001). Fibers with known occupational hazards, such as chrysotile and glass, 
have been demonstrated to cause pulmonary alterations after exposure by IT instillation to 5 and 
20 mg of fi bers, respectively (Bernstein   et al., 1980; Lemaire   et al., 1985). Thus, a dose of 10 mg/kg 
body weight was chosen for the studies of this new, potentially toxic occupational dust. 

 The last, and perhaps most important consideration, is the particle size of the material that will 
be instilled. Although particles that normally would not be respirable can be instilled into the lung 

4049_C006_r03.indd   1114049_C006_r03.indd   111 11/15/2005   3:11:55 PM11/15/2005   3:11:55 PM



112 Inhalation Toxicology

by using IT techniques, the results of such studies may not provide data that are comparable with an 
inhalation exposure. Thus, particles that are respirable in humans should be used in IT studies. 

 These general considerations are highlighted in the following example, in which an  in vivo  pul-
monary toxicology study of nylon fl ock dust using IT instillation exposures was used to determine 
the etiological agent responsible for a pulmonary disease outbreak (Porter   et al., 1999). 

 6.4.2 Test Samples 

 Four different samples were examined in these studies: airborne dust, washed airborne dust, soluble 
fraction, and nylon tow. Airborne dust was collected at the nylon fl ock plant from air samples. 
The largest particles observed were the fl ock itself, usually being approximately 1 mm long and 
10–15 �m in diameter. Because of their size, these particles would not be respirable and thus were 
excluded from the samples used for IT instillation by application of a vertical elutriator, which has 
been previously described in detail (Burkhart   et al., 1999). Thus, the dust sample used was a respi-
rable fraction in humans. Washed airborne dust and soluble fraction were prepared by extracting a 
portion of the airborne dust with water and isolating the resulting dust (washed airborne dust) and 
the water extract (soluble fraction) by centrifugation. The last material tested was dust prepared in the 
laboratory by cutting nylon tow with a rotary knife mill and isolating a respirable fi ber fraction. This 
nylon tow contained fi nish materials used in its manufacture, but it did not contain any of the fi nish 
or dye components commonly used at the fl ock plant. The milled nylon tow was fi berlike and in 
the respirable size range with an average diameter of approximately 2 �m and an average length of 
approximately 14 �m (Porter et al., 1999). 

 6.4.3 Dosage and IT Instillation 

 Because these dusts had not been studied previously, we used a dose that is known to cause pul-
monary infl ammation in response to other well-known occupational dusts. Rats received either a 
10 mg/kg body weight dose of a dust or an equivalent dose (1 ml/kg body weight) of PBS (vehicle 
control). For studies of the soluble fraction, rats received either a 1.3 ml/kg body weight dose of the 
soluble fraction or a 1.3 ml/kg body weight dose of PBS (vehicle control). This dose of the soluble 
fraction contained approximately the same amount of endotoxin present in a 10 mg/kg dose of the 
airborne dust. 

 6.4.4 Bronchoalveolar Lavage and Histological Sample Collection 

 In this study, bronchoalveolar lavage (BAL) and tissue samples for histological studies were obtained 
from the same rat, a design that provides advantages in comparison with having separate animals for 
BAL and histology. First, this approach allows BAL and histology end points to be conducted when 
the number of animals that can be exposed is limited by the amount of sample available for study. 
Second, it allows the distribution of instilled material to be qualitatively assessed. For example, 
if the IT administration resulted in a relatively diffuse deposition, then infl ammation should be 
observed in both lung lobes examined histologically and in lung lobes used for BAL. 

 Rats were euthanized 1 day after IT instillation of all test materials and 29 days after IT exposure 
for airborne dust. A tracheal cannula was inserted, the left lung lobe was clamped off with a hemostat, 
ligated, and removed below the ligature for histopathology. The right lung was lavaged through the 
cannula with ice-cold PBS, the fi rst lavage used 3 ml and subsequent lavages used 4 ml until a total 
of 40 ml of lavage fl uid was collected. The fi rst BAL was kept separate from the rest of the lavage 
fl uid. BAL cells were isolated by centrifugation (500 �  g , 10 min, 4°C). The acellular supernate from 
the fi rst lavage (BAL fl uid) was decanted and saved for later analysis. The acellular supernate from 
the rest of the lavage was decanted and discarded. BAL cells from all lavages were resuspended in 
HEPES buffer (10 m M N -2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid, 145 m M  NaCl, 5.0 
m M  KCl, 1.0 m M  CaCl

 2 
, 5.5 m M   d -glucose; pH 7.4) and centrifuged (500 �  g , 10 min, 4°C), and the 
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supernate was decanted and discarded. The BAL cell pellet was then resuspended in HEPES buffer 
and placed on ice. Cell counts and differentials were obtained by using a Coulter Multisizer II and 
AccuComp software (Coulter Electronincs, Hialeah, FL). 

 6.4.5 End Points 

 Examination of the effect of the test agents on alveolar macrophage (AM) function and pulmonary 
infl ammation and damage at 1-day post-IT are summarized in Table 6.1  . AM function was assessed 
by measuring zymosan-stimulated AM chemiluminescence, which is a measure of reactive oxygen 
species production. To determine pulmonary infl ammation and damage, BAL polymorphonuclear 
leukocytes (PMNs) and BAL fl uid albumin concentrations were quantifi ed, respectively. Versus 
vehicle controls, zymosan-stimulated AM chemiluminescence was signifi cantly increased by all 
three dusts and the soluble fraction. In addition, all three dusts and the soluble fraction caused a sig-
nifi cant increase in BAL PMNs and BAL fl uid albumin as compared with vehicle control; however, 
the soluble fraction was less active than any dust fraction. 

Table 6.1 AM Function and Pulmonary Infl ammation 1 Day 
Post-IT Exposure a

Agent

AM Chemiluminescence b

(cpm � 105/0.5 � 106 
AM/15 min)

BAL PMN 
(106 cells/rat)

BAL Fluid 
Albumin(mg/ml)

Vehicle 2.27 � 0.45 0.75 � 0.11 0.20 � 0.01

Airborne dust 259.95 � 24.39* 8.89 � 1.48* 0.35 � 0.04*

Washed dust 66.77 � 12.32* 3.94 � 0.55* 0.34 � 0.02*

Nylon tow 21.01 � 6.20* 5.59 � 1.32* 0.37 � 0.03*

Soluble fraction 7.73 � 3.11* 1.43 � 0.19* 0.33 � 0.05*

a  An asterisk (*) indicates a signifi cant difference versus vehicle (p � 0.05).
b  Zymosan-stimulated chemiluminescence measured in the presence of 1 mg unopsonized zymosan 
and 0.04 mg% (w/v) luminol.

Table 6.2 Histopathology Scoresa in Rats Exposed 
to Agents Present in Nylon Flocking at 1 Day 
Postexposure

Exposure
Suppurative or Histiocytic and 

Suppurative Pneumonia a, b

Vehicle 0.7 � 0.3

Airborne dust 5.8 � 0.2*

Washed dust 6.4 � 0.9*

Nylon tow 5.4 � 0.5*

Soluble fraction 0.8 � 0.8

a  The pneumonia pathology score is the sum of the scores for severity 
(intensity) and distribution of infl ammation in the lung where each 
were scored on a scale of 0 to 5 as previously described (Hubbs et al., 
2002).
b  An asterisk (*) indicates signifi cant different from control value 
(Kruskal–Wallis One-Way Analysis of Variance on Ranks, Dunn’s 
Intergroup Comparison).
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 Histopathological assessment of rat lungs exposed to airborne dust at 1 day post-IT exhibited 
suppurative (neutrophilic) infl ammation, consistent with the BAL cell differentials. Similar histo-
pathological assessments also were made for washed airborne dust, soluble fraction, and nylon tow 
dust. These histological assessments indicated that airborne, washed airborne, and nylon tow dusts 
all caused suppurative or suppurative and histiocytic pneumonia, whereas the soluble fraction was 
far less active (Table 6.2)  . 

 Examination of the effect of airborne dust on AM function and pulmonary infl ammation and 
damage at 1 and 29 days post-IT is summarized in Table 6.3  . At 1 day post-IT, airborne dust caused 
signifi cant increases in zymosan-stimulated AM chemiluminescence, BAL PMNs, and BAL fl uid 
albumin concentrations versus vehicle control, but by 29 days these parameters had returned to vehicle 
control levels. The histological results were consistent with the BAL end points but revealed that some 
pulmonary alterations persisted. At 29 days post-IT exposure, each of the fi ve rats that received air-
borne dust had multiple foci of minimal to mild alveolar histiocytosis (proliferation of AMs) associated 
with birefringent fi bers localized within macrophages at sites of alveolar histiocytosis (Table 6.4)  . 

 6.4.6 Using IT Instillations of Nylon Flock as a Tool for 
Understanding the ILD Outbreak 

 Several major conclusions from this study, as they relate to the ILD outbreak at the nylon fl ock 
plant, can be made. First, the airborne dust collected at the nylon fl ock plant was infl ammatory. 
Second, nylon tow, which has fi ber properties similar to those observed in the airborne dust but was 
not treated or exposed to chemical or biological contaminants added during the fl ocking process, 
was also infl ammatory. Third, the washed airborne dust was infl ammatory, but BAL data suggest 
that the intensity of infl ammation was less than that produced by the airborne dust. Last, respirable 
nylon fi bers persisted in the lungs of rats 29 days after IT instillation, and these persistent fi bers were 
associated with aggregates of macrophages. 

TABLE 6.3 AM Function and Pulmonary Infl ammation 1 and 29 Days Post-IT Exposure a

 1 Day Post-IT 29 Days Post-IT

 Vehicle Airborne Dust Vehicle Airborne Dust
AM chemiluminescence b

 (cpm � 105/0.5 � 106 AM/15 min) 2.52 � 0.43 259.95 � 24.39* 1.96 � 0.41 1.17 � 0.19

BAL PMNs (106 cells/rat) 0.56 � 0.06 8.89 � 1.48* 0.66 � 0.04 0.80 � 0.97

BAL fl uid albumin (mg/ml) 0.18 � 0.01 0.35 � 0.04* 0.20 � 0.02 0.20 � 0.01

a  An asterisk (*) indicates a signifi cant difference versus vehicle (p � 0.05).
b  Zymosan-stimulated chemiluminescence measured in the presence of 1 mg unopsonized zymosan and 0.04 mg% (w/v) 
luminol.

Table 6.4 Histopathology Scores in Rats 
Exposed to Airborne Dust or Vehicle at 
29 Days Postexposure

Exposure
Alveolar Histiocytosis with 

Intralesional Birefringent Fibers a

Vehicle 0.0 � 0.0

Airborne dust 4.8 � 0.2*

a  An asterisk (*) indicates signifi cant different from control 
(p � 0.008, Mann–Whitney Rank Sum Test).
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 6.5 HUMAN RELEVANCE 

 When we instilled the airborne dusts present within the nylon fl ock industry into rats, we found that 
these dusts were acutely infl ammatory; we further found that infl ammation was also produced by 
the washed airborne dust and the respirable nylon fi bers derived from cut tow (nylon fi ber shreds), a 
component of the airborne dust. The soluble fraction produced less acute infl ammation by BAL and 
no signifi cant histopathologically detectable infl ammation. Twenty-nine days after instillation, foci 
of alveolar histiocytosis were associated with retained respirable fi bers that were birefringent and 
morphologically consistent with retained nylon fi ber shreds. Each of these fi ndings implicated the 
respirable nylon fi bers in the airborne dust as being initially infl ammatory, biologically persistent 
for at least 4 weeks in the rodent lung, and associated with the alveolar histiocytosis that remained 
more than 4 weeks after exposure. 

 For mineral fi bers, long, nonphagocytizable fi bers tend to be removed by dissolution (Bernstein  
 et al., 2001). If this is also true for manufactured organic fi bers, biologically persistent fi bers of 
low solubility would be expected to slowly release their components at the site of deposition. The 
morphological changes in the human patients exposed to nylon fl ock are diverse but are frequently 
characterized by infi ltration of lymphocytes or macrophages (Lougheed   et al., 1995; Eschenbacher 
et al., 1999; Kern   et al., 2000). This is a cellular response which suggests up-regulation of cellular 
immunity, a process that usually involves T-helper 1 (T

 H 
1) pattern responses in the lung as opposed 

to allergic or T-helper 2 (T
 H 
2) patterns of response. 

 Although processes that control the immune response in the lung are incompletely investigated, 
several recent fi ndings may be relevant to ILD seen in the nylon fl ock industry. Antigen exposure in 
the lung frequently leads to the development of antigenic tolerance (Steinman   et al., 2003). When 
sensitization occurs, peripheral sensitization and pulmonary challenge tend to cause a predomi-
nantly T

 H 
1 (cellular) response, whereas pulmonary sensitization and pulmonary challenge tend to 

cause a T
 H 
2 (allergic) type of response (Constant et al., 2002). However, in chronic silicosis, which 

is a highly investigated occupational lung disease caused by exposure to crystalline silica, dust expo-
sure and challenge are pulmonary, but both T

 H 
1 and T

 H 
2 activation occur with a predominance of 

T
 H 
1 activation (Weissman   et al., 2001). Recently, antigen presentation by alveolar macrophages has 

been suggested to stimulate T
 H 
1-type immune responses in the lung (Tang   et al., 2001). In rats, the 

ability of alveolar macrophages to release T
 H 
1- or T

 H 
2-type cytokines is strain dependent, suggest-

ing a genetic basis for variable lung immunopathological responses (Sirois and Bissonnette, 2001). 
 Our IT instillations with nylon fl ocking materials provided useful insights into important toxi-

cological differences between different occupational agents, namely silica and nylon fl ock. These 
studies are even more interesting in view of recent advances in pulmonary immunology. The studies 
indicated that, of the agents investigated, the airborne dust collected from the worksite was highly 
infl ammatory and was also more infl ammatory than the components of the dust that were tested. 
Retrospective comparisons with other IT instillation experiments of occupationally important agents 
previously conducted in our laboratory supported the highly infl ammatory nature of these dusts 
(Porter   et al., 1999). In general, such comparisons are accepted as a valid use of data obtained from 
studies using the IT exposure technique (Driscoll   et al., 2000) and could not have been conducted 
in a timely fashion by inhalation exposures. In addition, this study showed that the respirable nylon 
fi bers that were a component of the workplace dusts were highly infl ammatory and that some fi bers 
persisted in AMs in the lungs of rats for at least 4 weeks and were associated with focal histocyto-
sis. In view of recent evidence regarding the role of AMs and inhaled dusts in altered pulmonary 
immune response, the persistence of these workplace fi bers in the lungs of exposed rats indicated 
that these fi bers played a potentially important role in the etiology of this disease outbreak. 

 6.6 SUMMARY 

 The example above indicates that when appropriate consideration is given to the design of an experi-
ment utilizing IT instillation exposures, the data obtained can provide information relevant to human 
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inhalation exposures. In this case, the study provided crucial evidence that suggested that the etio-
logical agent causing an outbreak of ILD at an industrial plant was a respirable fraction of nylon 
shreds produced during nylon fl ock production. 
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   7.1 INTRODUCTION 

 The choice of the most appropriate animal to predict the toxic effects of chemicals in humans is a 
critical question to all branches of biological and biochemical research. In the past 100 years prob-
ably every animal on earth has been considered as possibly predictive of the human response to 
chemical injury. This chapter considers the use of large farm animals as models for the response of 
humans to the inhalation toxicity of chemicals. Most of the common laboratory animal species pro-
vide useful information in predicting the effects of inhaled toxicants and the treatment of their toxic 
effects in humans. Small animals, such as rats, mice, and guinea pigs, offer the advantage of larger 
numbers in experimental groups, thus allowing a better prediction of the variation of biological 
response. Small animals, however, do not easily allow the investigation of multiple pathophysiologi-
cal changes without using multiple groups. Moreover the therapeutic or toxicological investigations 

 7 
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often require the design and construction of specialized equipment to account for the small size of 
the experimental subject. Some diffi culties are involved in housing and handling larger animals, but 
where these can be overcome, the use of larger animals allows the investigation of multiple physi-
ological changes resulting from toxic insult and the use of conventional equipment designed for 
clinical use in humans. 

 Large animals provide different problems in exposure to verifi able concentrations of inhaled 
chemicals than smaller animals. 

 Over the past ten years our laboratory has been using the pig to investigate the effects of 
lung-damaging agents, specifi cally phosgene, and how these can be treated in an intensive care 
environment. This chapter uses the methods and results of some of that work to illustrate the use 
of large animals in studying inhalation toxicology. Before considering these details however, it 
is necessary to review the two large farm animal species, the sheep and the pig, that have been 
used extensively in inhalation research and their anatomical and physiological similarities to 
humans. 

 7.2 COMPARATIVE ANATOMY AND PHYSIOLOGY 

 7.2.1 The Lungs 

 The anatomy and physiology of the immediate air–blood interface is very similar in all species. The 
main body of the lungs, or parenchyma, is composed of many alveoli that terminate the airways and 
bring the inspired air into close contact with the blood to enable gas exchange. At this point the only 
tissue separating the air and the blood is the thin squamous epithelium of the alveoli, a basement 
membrane and the endothelium of the capillaries. 

 Macroscopically the lungs are organized into a number of lobes, which, together with the heart, 
virtually fi ll the thoracic cavity. When the lungs are infl ated within the thoracic cavity the lobes can 
be discerned by fi ssures but separated from each other when the lungs are removed from the thorax 
to show the lobes distinctly (Figure 7.1). The surface of the lungs shows many distinct hexagonal 
lobules. 

 In humans the lungs are of similar size, though the right is slightly heavier than the left. The left 
lung comprises two lobes, upper and lower (or superior and inferior), whereas the right lung has 
three, the upper, middle, and lower (superior, middle, and inferior). Each lobe is supplied with air 
from the trachea via a bronchus and with blood by a branch of the pulmonary artery arising from the 
right ventricle of the heart (Figure 7.2). 

 In the pig the right lung is a little larger than the left and has four lobes, the apical, middle, inter-
mediate, and diaphragmatic lobes (Figure 7.1). The intermediate lobe is not present in humans. The 
left lung has only two lobes, though it may appear that it has three, the middle and apical lobes are 
not anatomically separate and are supplied by the same bronchus. Unlike in humans the apical lobe 
of the left lung is supplied by an accessory bronchus that branches off the trachea at a sharp angle 
about 2 to 3 cm above the bronchial bifurcation. 

 In sheep the right lung is almost twice the size of the left with lobules similar to the pig (Figure 7.1). 
The right lung has four lobes and the left has two. The apical lobe of the left lung is supplied by an 
ancillary bronchus similar to that in the pig. 

 Other than the greater lobulation of the right lung, the most marked difference between sheep, 
pigs, and humans may result from humans walking upright and pigs and sheep walking on all 
fours. The greater angle of the diaphragm in the quadrupeds means that more of the diaphragmatic 
or lower lobes of both lungs protrude over the abdominal space. This has the effect of placing the 
weight of the liver, spleen, and some of the gut onto the lower part of the diaphragmatic lobe when 
a pig or a sheep is placed on its back, as it may be when anesthetized for surgery. Thus, a degree of 
hemorrhagic change is observed in pigs anesthetized and placed on their backs for any period and 
can be mistaken for pathology related to a toxic insult. 
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FIGURE 7.1 Diagrammatic representation of the lungs of sheep and pigs showing the appearance of 
the thoracic cavity (left) and when dissected (right). Note the accessory bronchus and intermediate lobes 
not present in humans.
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 Despite these differences the lungs of sheep, pigs, and humans are very similar in form and 
function; provided the researcher is aware of the anatomical differences when designing studies, 
results from studying these animals should be predictive of what will happen to humans exposed to 
similar conditions. 

 7.2.2 Upper Airways 

 Probably the greatest interspecies difference with a direct impact on the use of animals to model 
human inhalation is in the anatomy of the upper airways. In common with many primates, humans 
have developed a reliance on their visual sense at the expense of the olfactory sense. Thus humans 
have lost the well-developed “nose” of lower animals, which presents a smaller surface area for 
the absorption of inhaled material present in the pig or the sheep. Moreover, the reliance of the 
other species on their olfactory sense makes them more reliant on breathing through their nose, 
only breathing through their mouths in extremis. Because toxic vapors, gases, and particulates are 
absorbed in the nasal cavities, the use of other species to model the effects of toxicants on humans 
requires some method of either bypassing the nasal cavities or taking their effects on pulmonary 
absorption into account. 

 Figure 7.3 shows the differences in the size of the nasal turbinates relative to the heads for 
humans and pigs, together with the degree of convolution of the turbinates. Pigs and sheep clearly 
have a much larger surface area compared to the size of their heads than humans. The effect of this 
on using animals to model effects in humans is that a larger percentage of the inhaled dose would 
potentially be absorbed in the upper respiratory tract of sheep and pigs than would be in humans. 
Similarly, because animals rely more heavily on their olfactory sense to fi nd food and drink than 
humans do, damage to the olfactory epithelium may have an impact on the very survival of animals 
when it would not in humans. 

FIGURE 7.2 Diagrammatic representation of human lungs, showing the positions of the lobes as they 
would be in the chest cavity.

4049_C007_r03.indd   1224049_C007_r03.indd   122 11/15/2005   3:08:34 PM11/15/2005   3:08:34 PM



The Use of Large Animals in Inhalation Toxicology 123

FIGURE 7.3 A comparison of the anatomy of the human and porcine head. Note the greater complexity 
and hence area available for absorption of the nasal cavities of the pig compared with the human. The 
transverse section is taken at the point indicated by the plane AA and is viewed in the direction of the 
arrows.
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 7.3 THE USE OF SHEEP AS A MODEL IN INHALATION 
TOXICOLOGY 

 The sheep has been used as a model to aid investigation of inhalation injury caused by smoke inhala-
tion. Smoke inhalation is a major cause of death in domestic and industrial fi res. In addition to the 
carbon monoxide and hydrogen cyanide present in smoke, which can kill by preventing the body 
from using and transporting oxygen, smoke can contain a number of gases that cause direct damage 
to the respiratory tract. These include gases like acrolein, phosgene (and other reactive halogenated 
hydrocarbons), and hydrogen chloride. 

 Like porcine models, in general, sheep are exposed to toxic gases via a face mask or tracheal 
intubation while anesthetized. During exposure animals are often laid on their backs or on their 
sides, which is not a natural posture for either species; the position the animal is placed in should be 
carefully considered during experimental design. 

 Sheep are commonly prepared by instrumentation. This involves the introduction of an arte-
rial or venous cannula via the femoral or jugular vessels. Sometimes a Swan–Ganz type catheter 
is introduced to measure pulmonary arterial pressure. An advantage of using the sheep as a 
model of lung injury is the ease with which a fi stula can be introduced into the efferent lymphatic 
duct from the medial mediastinal lymph node, enabling good lymph samples to be acquired 
(Staub et al., 1975). 

 This kind of preparation was described by Alpard et al. (2000), who reported the development of 
a model for clinically relevant smoke inhalation injury combined with a 40% cutaneous fl ame burn 
in sheep. Animals were anesthetized for surgery 24 h before injury was induced and prepared by 
the insertion of cannulas into the right femoral artery and vein, externalized through the subinguinal 
fold. A pulmonary arterial thermodilution catheter was introduced via a percutaneous access cath-
eter into the right external jugular vein. These catheters enabled routine measurement of heart rate, 
arterial and venous pressure, central venous pressure, cardiac output, pulmonary artery occlusion 
pressure, and arterial and mixed venous blood gases. 

 Traber et al. (1988) described a method of exposing sheep to smoke by using a modifi ed bee 
smoker that burned cotton toweling. They found a close correlation between duration of expo-
sure and lung lymph formation and showed polymorphonucleocyte recruitment and release of 
chemotactic factors produced by the cells damaged by the chemicals in the smoke. They reported 
the stimulation of pulmonary macrophages and showed an increase in many enzyme activities 
(i.e., glucuronidase, trypsin, and elastase). Tasaki et al. (1997, 2002) also investigated the rela-
tionship between inhalation injury by smoke and heat and cutaneous burns. They instrumented 
sheep with a jugular catheter and a Swan–Ganz catheter for measuring pulmonary arterial pres-
sure. The sheep were anesthetized with sodium pentobarbital for exposure to smoke from wood 
chips. A subjective scoring system was used to assess histological lung damage. Sheep were 
allowed to recover consciousness for 48 h (Tasaki et al., 1997) or 5 days (Tasaki et al., 2002). 
The addition of a 40% cutaneous burn to an inhalation smoke injury increased the postinjury 
hemodynamic changes and hypoproteinemia but not the hypoxic changes, pulmonary hypertension, 
or pulmonary edema. 

 Soejima et al. (2000) used sheep to investigate the role of nitric oxide (NO) in pulmonary injury. 
These workers were able to show that NO produced by inducible nitric oxide synthase plays an 
important role in combined smoke inhalation/third degree burn injury but does not affect the vascu-
lar permeability of third-degree-burned tissue. 

 Sheep have been used extensively to investigate the role of various mediators of infl ammation in 
lung injury. Sakurai et al. (1999) used sheep to investigate the role of  l -selectin in the development 
of lung injury following smoke inhalation injury combined with 40% cutaneous burn. Janssens et 
al. (1994) showed that Leucotriene B

4
 might be involved in the development of edema caused by 

acrolein-containing smoke by using instrumented sheep pretreated with several different selec-
tive inhibitors of cyclo-oxygenase and lipoxygenase, whereas Brizio-Molteni et al. (1995) showed 
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that a thromboxane antagonist could decrease pulmonary lipid peroxidation. Demling et al. (1993) 
also demonstrated that airway damage caused by smoke inhalation increased parenchymal lipid 
peroxidation. 

 7.4 THE PIG AS A MODEL OF PHOSGENE-INDUCED LUNG 
INJURY 

 Though sheep have been used extensively for investigating lung injury, when our laboratory needed 
to test treatments of lung injury induced by phosgene, the pig was investigated as more represen-
tative of humans. Investigation of the sensitivities of ruminants (sheep and goats) to phosgene is 
greater than all other species investigated to date. Boyland et al. (1946) showed that the LCt

 50 
 for 

rats, mice, and guinea pigs was in the range of 1500 to 2000 mg·min·m �3  and primates are signifi -
cantly less sensitive than rats (Weston and Karel, 1947). Keeler et al., 1990, however, showed that 
the LCt

 50 
 for sheep was 13,300 mg·min·m �3  and other studies have shown that the goat is simi-

larly insensitive (Greeson and Walker, 1932; Karel and Weston, 1947). Small-animal models have 
allowed the defi nition of a lethal dosage and the relationship between that dosage and exposure time 
(Boyland et al., 1946). The use of a large animal fulfi lls the need to model phosgene-induced lung 
injury in a clinically appropriate environment and investigate candidate therapies. The pig has been 
used widely as a model of acute lung injury caused either by chemical agents, e.g., inhalation of 
chlorine (Gunnarsson et al., 2000), or intravenous administration of oleic acid (Lange et al., 2000) 
or physical trauma, e.g., repeated bronchiolar lavage (Sison et al., 2000). These models have been 
used to investigate a wide variety of therapies including the use of nitric oxide and surfactant (Sison 
et al., 2000) or the use of specifi c drug regimens, e.g., corticosteroids (Gunnarsson et al., 2000). 
Additionally, much of the instrumentation found within an intensive care unit (ICU) setting can be 
applied readily to a pig model because the trachiobroncheal and vascular architectures are similar 
in size to humans. 

 Research was carried out in our laboratories to develop a reproducible model of chemically 
induced lung injury, using phosgene as a model toxicant, in the anesthetized pig that could form 
the basis for the scientifi c study of a therapeutic regimen. The experimental details of this work are 
included as an example of the use of the pig in inhalation toxicology research. 

 7.5 THE ANIMAL MODEL 

 Juvenile female large white pigs (mean weight, 50 kg; range, 47 to 55 kg), obtained from com-
mercial sources, were fed a standard pig diet and housed in pairs in a purpose-built animal-holding 
facility for 7 days before the start of the experiment. Animals were allowed access to food until 
12 h prior to the study period and water intake was not restricted. Animals were premedicated with 
midazolam hydrochloride (Hypnovel) by intramuscular injection and anesthesia was induced by 
inhalation of Fluothane in oxygen and nitrous oxide. Animals were intubated with a cuffed endo-
tracheal tube and inhalational anesthesia was maintained until venous access had been obtained. 
Anesthesia was subsequently maintained throughout the experiment by intravenous infusion of 
ketamine (Ketaset), midazolam hydrochloride (Hypnovel), and alfentanil hydrochloride (Rapifen) 
(Parker et al., 2000) administered at a dose rate of approximately 1 ml·kg �1 ·h �1 . 

 Animals were maintained supine and allowed to breathe spontaneously with a F io 
 2 
 of 0.3. 

Under aseptic conditions, the cervical vessels were surgically exposed and size 8 French Gauge 
(FG) catheters were introduced into each of the left internal jugular veins and the left common 
carotid arteries. A pulmonary artery thermodilution catheter was introduced via the right internal 
jugular vein. A 14FG Foley catheter was introduced into the bladder via an open cystotomy. Three 
standard electrocardiogram electrodes were attached to the skin to allow recording of the electro-
cardiogram. All monitoring devices were attached to a Propaq 106EL monitor. The pulmonary 

4049_C007_r03.indd   1254049_C007_r03.indd   125 11/15/2005   3:08:35 PM11/15/2005   3:08:35 PM



126 Inhalation Toxicology

artery catheter was attached to a Baxter Vigilance monitor, which allowed continuous measure-
ment of cardiac output, mixed venous oxygen saturation, and core temperature. Insensible losses 
were corrected by intravenous infusion of sodium chloride (0.18%) and glucose (4%) solution at 
a dose rate of 2.5 ml·kg �1 ·hr �1 . 

 Following the completion of surgery, baseline measurements were taken for 1 h. The animal was 
then transferred to the exposure facility (Figure 7.4). 

 7.5.1 Phosgene Exposure 

 The exposure system consisted of a delivery apparatus, an exposure tube, and effl uent and analysis 
equipment (Figure 7.5). The delivery system was a 10-l lamofoil bag mounted within a rigid Perspex 
box and fi lled with phosgene diluted with nitrogen. Delivery of phosgene was achieved by admitting 
nitrogen to the outer Perspex chamber, thereby subjecting the lamofoil bag to a positive pressure and 
directing the outfl ow to the exposure tube inlet to produce the required concentration. The outfl ow 
from the bag (�250 ml·min �1 ) is further diluted into a carrier fl ow of laboratory air (50 l·min �1 ), 
which carries the phosgene past the distal end of the endotracheal tube. The concentration of phos-
gene in the carrier fl ow is adjusted by changing the rate of fl ow out of the bag. 

 The animal was attached to the exposure tube, via the endotracheal tube, and allowed to equilibrate 
for 10 min before being exposed to phosgene for 10 min. Carrier air was drawn through the exposure 
tube at a fl ow rate 50 l·min -1 . The concentration of phosgene within the exposure tube was monitored 
continuously by using a Miran infrared gas analyzer. Phosgene concentrations were recorded every 
30 sec and were integrated over time to calculate the Ct (the product of concentration [mg·m�3] � 
time [min]) delivered to the animal. After exposure the animal remained attached to the exposure 
apparatus for 30 min and monitoring continued. 

 7.5.2 Ventilation 

 Thirty minutes after exposure the level of anesthesia was deepened suffi ciently to permit intermit-
tent positive pressure ventilation (IPPV) using an Evita 2 ventilator. The ventilator strategy was 
20 breaths·min �1 , F io 

 2 
 of 0.3 and a tidal volume of 10 ml·kg �1 . No additional positive end-expiratory 

FIGURE 7.4 Experimental time line showing frequency of vital signs, cardiovascular measurements, 
and blood samples.
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pressure (PEEP) was set on the ventilator. These settings remained constant for the duration of the 
experiment. 

 7.5.3 Physiological Measurements 

 Cardiac and pulmonary physiological parameters were recorded every 5 min for the fi rst 30 min after 
exposure and then every 30 min thereafter throughout the course of the experiment (see Figure 7.4 and 
Table 7.1). Arterial and mixed venous blood samples were taken at regular intervals and immediately 
analyzed using a GEM blood-gas analyzer. Lung compliance was measured from the Evita 2 ventilator 
every 30 min during IPPV. Derived variables were calculated by using standard formulas (Edwards 
et al., 1993). 

 7.5.4 Postmortem and Histopathology 

 At the end of the 24-h monitoring period, or when the animal became moribund as evidenced by 
asystole and a mixed venous

  
 oxygen saturation of less than 15%, it was killed by an intravenous 

overdose of sodium pentabarbitone (200 mg·ml �1  Euthatal), and a full postmortem examination was 
carried out. After clamping of the trachea distal to the end of the endotracheal tube, the thorax was 
opened and the lungs and heart were removed following exsanguination by severing the major arter-
ies. The lungs were then weighed for wet weight/body weight determination. Samples from each 
of the lobes, together with samples from other major organs, were taken, fi xed in neutral buffered 
formalin, and processed for histopathological examination using routine methods. 

 7.5.5 Control Values and Statistical Analysis 

 Baseline values were used as controls during the fi rst 0.5 h when the animal was spontaneously 
breathing (see Figure 7.4). When the animal was ventilated, the 1 h after exposure time point (fi rst 
measurement under IPPV) was used as the “control” value (see Figure 7.4). Statistical analyses 

FIGURE 7.5 Schematic diagram of the apparatus used for phosgene exposure.
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were made by two-factor (group and time) analysis of variance (ANOVA) followed by Duncan’s 
test of signifi cance between groups. Data were expressed as mean (� SE) and  p  values � 0.05 were 
accepted as signifi cant. 

 7.6 RESULTS 

 7.6.1 Preliminary Dose–Response Experiments 

 In these experiments animals were exposed to Cts of phosgene between 250 and 4000 mg·min·m �3 . 
The results may be summarized as follows: 

  • Animals not challenged with phosgene could be maintained in a stable condition for 24 h 
under anesthesia. 

TABLE 7.1 Physiological Measurements Recorded Throughout the 
Course of the Experiment

Measurement Parameters
Vital signs Core temperature

Expired carbon dioxide

Cardiac physiology Heart rate
Mean arterial pressure
Central venous pressure
Mean pulmonary artery pressure
Pulmonary artery wedge pressure
Cardiac output

Pulmonary physiology (IPPV only) Pulmonary resistance
Pulmonary compliance
Breathing rate

Blood chemistry (arterial and venous) pH
Po

2

Pco
2

Hco
3

Tco
2

Base excess
Hematocrit
O

2
 saturation

Mixed venous O
2
 saturation

Derived cardiovascular variables Systemic vascular resistance (indexed)
Pulmonary vascular resistance (indexed)
Stroke volume (indexed)
Left and right ventricular stroke work 
(indexed)

Derived O
2
 transport variables Oxygen delivery and consumption 

Arterial O
2
 content 

Mixed venous O
2
 content 

Shunt fraction 
Oxygen extraction ratio
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  • At concentrations above Ct 500 mg·min·m �3  lung wet weight/body weight ratios increased 
in relation to the increase in Ct of phosgene. 

  • The pathology observed was similar to that observed in other animal species with areas 
of severe congestion, petechial hemorrhages, and consolidation. Histopathology showed 
areas of both interstitial and intra-alveolar edema and infl ammatory cell infi ltration. 

  • Animals exposed to a Ct of 2500 mg·min·m �3  or above and maintained either breathing 
spontaneously or supported by an assisted spontaneous breathing strategy died within 14 h 
of exposure. 

  • A Ct of 2500 mg·min·m �3  resulted in a reproducible lung injury and this dose was used in 
all future treatment studies. 

 7.6.2 The Effects of Exposure to a Ct of 2500 mg·min·m �3  

 7.6.2.1 Survival 

 All control animals survived to the end of the 24-h monitoring period with stable hemodynamic and 
cardiovascular parameters. In the phosgene-exposed group three animals survived to 24 h, and the 
remainder (7) died or became moribund between 16.5 and 23 h (mean, 20 h). 

 7.6.2.2 Lung Wet Weight/Body Weight Ratio 

 Exposure to phosgene resulted in a signifi cant increase in lung wet weight/body weight ratio (8.84 � 
1.03) when compared with controls (17.53 � 3.35;  p  � 0.005) (Table 7.2)   .

 7.6.2.3 Changes Observed either during or in the First 30 Min after 
Exposure 

 A transient but signifi cant (  p  � 0.05) decrease in stroke volume index occurred immediately follow-
ing the end of the phosgene exposure, which returned to normal by 20 min. A signifi cant decrease in 
arterial oxygen saturation (  p  � 0.05) was recorded at 30 min, which returned to normal by 1 h after 
exposure. By this stage IPPV had been initiated (see Figure 7.4). 

 7.6.2.4 Changes Observed during Intermittent Positive Pressure Ventilation 

 Phosgene exposure resulted in a signifi cant decrease in arterial pH from 6 h following exposure 
when compared with controls as well as decreases in P aO 

 2 
 (from 1 h postexposure) (Figures 7.6 

and 7.7) and increases in PaCO
 2 
 (from 12 h postexposure). Oxygen saturation was maintained at 

levels greater than 90% for up to 16 h and then fell gradually from 18 h onward to 67% in surviving 

TABLE 7.2 Changes in Wet Weight/Body Weight Ratio in Animals 
Exposed to Phosgene (Ct 2500 mg·min·m �3 ) and Ventilated with 
IPPV Ventilation

Group Lung Wet Weight/Body Weight Ratio (� SD)
Control 8.84 � 1.03

Phosgene conventional ventilation 17.53 � 3.35**

**  p  � 0.005 when compared with control.
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FIGURE 7.6 Changes in arterial pH after exposure to phosgene. * p < 0.05.

FIGURE 7.7 Changes in arterial PO
2
 after exposure to phosgene. * p � 0.05.
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animals at 21 h. No signifi cant changes in mixed venous pH were observed. However, signifi cant 
decreases in P vO 

 2 
 (  p  � 0.04) and saturation (  p  � 0.01) were noted from 12 h accompanied by an 

increase in P vco 
 2 
. All other hemodynamic parameters remained unchanged. 

 7.6.2.5 Lung Compliance 

 In the phosgene-exposed group a signifi cant (  p  � 0.02) reduction in compliance was noted from 
6 h after exposure (Figure 7.8). 

 7.6.2.6 Circulatory Status 

 Pulmonary hypertension was noted with increased mean pulmonary artery pressure from 15 h post-
phosgene exposure when compared with the 1 h control time point (  p  � 0.04) and the control group 
(  p  � 0.001 (Figure 7.9). Pulmonary vascular resistance index (PVRI) was elevated throughout the 
experimental period but reached statistical signifi cance by 9 h postexposure (Figure 7.10). All other 
cardiovascular parameters, including cardiac index and systemic vascular resistance index (SVI), 
showed no signifi cant changes. 

 7.6.2.7 Oxygen Transport Variables 

 Oxygen delivery was reduced in the phosgene-exposed group compared with the control group with 
signifi cance (  p  � 0.05) at 21 h postexposure. In addition, a signifi cant (  p  � 0.05) reduction occurred 
in oxygen consumption at this time. Arterial and mixed venous oxygen content also showed signifi cant 
decreases both between control values and over time from 18 h postexposure (  p  � 0.01 and  p  � 0.05, 
respectively). Shunt fraction was signifi cantly increased in the phosgene-exposed group (  p  � 0.05) 
both with time and when compared with control values (Table 7.3). 

FIGURE 7.8 Changes in lung compliance after exposure to phosgene. * p � 0.05.
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FIGURE 7.10 Changes in pulmonary vascular resistance (indexed) after exposure to phosgene. 
* p � 0.05.

FIGURE 7.9 Changes in mean pulmonary artery pressure after exposure to phosgene. * p � 0.05.

 7.6.2.8 Histopathology 

 In the decedents and the animals surviving 24 h the pattern of histopathological changes in the lungs 
were broadly similar to those reported in other animal species (Diller and Zante, 1982; Diller, 1985). 
There was moderate to severe interstitial, perivascular edema and congestion of the alveolar capillary 
network. Widespread alveolar fl ooding also occurred, in particular, in the dependent regions of the lung 
(Figures 7.11 and 7.12). The lower trachea and major bronchi showed severe focal epithelial necrosis 
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FIGURE 7.11 Lung micrograph from an animal exposed to phosgene (mean Ct 2500 mg·min·m�3) and 
treated with a conventional ventilation strategy. There are extensive intra-alveolar edema and infl amma-
tory cell infi ltration (original magnifi cation, �250).

and widespread accumulation of proteinaceous fl uid within the lumen. All other solid peripheral organs 
showed evidence of moderate to severe passive venous congestion. 

 Histopathology of the lungs from control animals showed mild atelectasis and minimal passive 
venous congestion, which was present mainly in the dorsal aspects of the caudal lobes. All other 
organs showed no signifi cant abnormalities. 

 7.7 DISCUSSION 

 It is clear from the results of studies in large animals that a great deal of information can be gathered 
from individual animals if a large animal model is used. The ability to collect multiple physiological, 
biochemical, and pathological data from the same animal allows the construction of a very complete 
picture of the effects of an insult on the respiratory system. The results in pigs used as an illustration 
above have shown the effects of phosgene on the physiology of the lung in the form of compliance 
and resistance changes, on the vascular system as vascular resistance changes, and on lung pathol-
ogy as measured by increased wet weight/body weight ratios and histological changes. This is made 
possible because the size of the airways and blood vessels allow easy intubation and multiple can-
nulations, and the body size permits multiple samples of blood and urine to be collected for analysis. 
Using large animals for inhalation research has some clear disadvantages compared with the use of 
small rodent species. The experiments are equipment and manpower intensive and they are diffi cult to 
carry out with as many replicates as are possible with smaller animals. These disadvantages are more 
than compensated for, however, by the ability to use equipment identical with that used clinically in 
humans and to obtain a large amount of information from each individual. 

4049_C007_r03.indd   1334049_C007_r03.indd   133 11/15/2005   3:08:38 PM11/15/2005   3:08:38 PM



134 Inhalation Toxicology

TA
B

LE
 7

.3
 C

ha
ng

es
 in

 O
xy

ge
n 

Tr
an

sp
or

t V
ar

ia
bl

es
 O

bs
er

ve
d 

in
 A

ne
st

he
ti

ze
d 

La
rg

e 
W

hi
te

 P
ig

s 
Ex

po
se

d 
to

 P
ho

sg
en

e 
(C

t 
25

00
 m

g·
m

in
·m

 �
3 )

 
an

d 
Ve

nt
ila

te
d 

w
it

h 
IP

PV
 V

en
ti

la
ti

on

H
ou

rs

1 
(C

G
 n

 =
 5

)
3 

6 
9 

12
 

15
 

18
 

21
 (

C
G

 n
 =

 3
)

24
 (

C
G

 n
 =

 1
)

O
xy

ge
n 

co
ns

um
pt

io
n 

(m
l�

m
in

�
1 �

m
�

2 )
84

5 
�

 4
05

54
5 

�
 2

82
49

2 
�

 2
40

50
2 

�
 1

95
59

9 
�

 2
68

45
6 

�
 2

42
52

3 
�

 2
22

43
9 

�
 1

69
45

2 

48
4 

�
 1

55
51

9 
�

 1
38

42
5 

�
 5

1
42

0 
�

 5
6

38
8 

�
 6

5
34

0 
�

 8
6

27
5 

�
 1

1
13

8 
�

 4
2*

16
8.

74

O
xy

ge
n 

de
liv

er
y 

(m
l�

m
in

�
1 �

m
�

2 )
89

7 
�

 3
45

56
7 

�
 9

8
56

6 
�

 7
5

56
5 

�
 3

5
64

5 
�

 1
23

53
6 

�
 8

0
58

6 
�

 1
18

51
2 

�
 1

26
53

5 

64
2 

�
 1

59
62

9 
�

 1
25

53
6 

�
 7

1
50

8 
�

 1
8

58
1 

�
 1

10
52

3 
�

 2
8

55
3 

�
 1

72
32

8 
�

 4
4*

40
6

A
rt

er
ia

l o
xy

ge
n 

co
nt

en
t (

m
l�

dl
�

1 )
13

.6
 �

 1
.4

13
 �

 0
.9

12
.4

 �
 0

.9
12

.4
 �

 0
.8

12
 �

 1
11

.7
 �

 0
.6

11
.8

 �
 0

.7
11

.2
 �

 0
.3

11
.2

 

13
.9

 �
 1

.7
13

.3
 �

 1
.7

13
.2

 �
 1

.2
12

.9
 �

 1
12

.5
 �

 1
.4

11
.8

 �
 1

.7
11

.3
 �

 1
.6

8.
3 

�
 1

.3
**

10
.8

M
ix

ed
 v

en
ou

s 
ox

yg
en

 c
on

te
nt

 (m
l�

dl
�

1 )
 

0.
8 

�
 0

.1
3

0.
79

 �
 0

.1
1

0.
67

 �
 0

.1
2

0.
7 

�
 0

.0
9

0.
72

 �
 0

.0
3

0.
69

 �
 0

.1
4

0.
72

 �
 0

.0
8

0.
67

 �
 0

.0
4

0.
65

 

0.
75

 �
 0

.1
6

0.
83

 �
 0

.0
9

0.
81

 �
 0

.1
5

0.
83

 �
 0

.1
0.

68
 �

 0
.0

7
0.

66
 �

 0
.1

6
0.

51
 �

 0
.2

**
0.

4 
�

 0
.1

**
0.

4

Sh
un

t f
ra

ct
io

n 
(%

)
11

.1
 �

 4
.0

9
6.

48
 �

 1
.3

5
6.

48
 �

 1
.3

4
5.

87
 �

 0
.4

9
5.

8 
�

 0
.2

9
5.

92
 �

 0
.2

7
6.

03
 �

 0
.2

6
6.

26
 �

 0
.0

8
6.

25
 

7.
51

 �
 2

.2
9.

04
 �

 3
.4

8.
3 

�
 3

.3
9.

4 
�

 4
.5

14
 �

 1
.4

1*
19

 �
 1

5.
8 

22
.5

 �
 1

6*
*

37
.1

 �
 2

6.
7*

*
27

.8

a
 
M

ea
n 

(�
 S

D
).

 F
or

 e
ac

h 
va

ri
ab

le
 th

e 
to

p 
lin

e 
is

 th
e 

C
on

tr
ol

 D
at

a.
*

 p
  �

 0
.0

5;
 *

*
 p  

�
 0

.0
1.

C
G

 �
 p

ho
sg

en
e

4049_C007_r03.indd   1344049_C007_r03.indd   134 11/15/2005   3:08:38 PM11/15/2005   3:08:38 PM



The Use of Large Animals in Inhalation Toxicology 135

 REFERENCES 

 Alpard, S.K., Zwischenberger, J.B., Tao, W., Deyo, D.J., Traber, D.L., and Bidani, A., New clinically relevant 
sheep model of severe respiratory failure secondary to combined smoke inhalation/cutaneous fl ame 
burn injury , Crit. Care Med. , 28, 1469–1476, 2000. 

 Boyland, E., McDonald, F.F., and Rumens, M.J., The variation in the toxicity of phosgene for small animals 
with the duration of exposure , Br. J. Pharmacol ., 1, 81–89, 1946. 

 Brizio-Molteni, L., Loick, H.M., Traber, L.D., Traber, D.L., and Molteni, A., Plasma copper and iron changes 
in sheep after left lung inhalation injury: effect of the thromboxane antagonist BM 13.177 (Solutro-
ban) , J. Burn Care Rehabil., 16, 16–22, (1995). 

 Demling, R., Picard, L., Campbell, C., and Lalonde, C., Relationship of burn-induced lung lipid peroxidation on 
the degree of injury after smoke inhalation and a body burn,  Crit. Care Med.,  21, 1935–1943, 1993. 

 Diller, W.F., Pathogenesis of phosgene poisoning , Toxicol, Ind. Health , 1, 7–15, 1985. 
 Diller, W.F. and Zante, R., Dose effect relationships for phosgene applications to humans and animals , Zentralbl. 

Arbmed. Arbshutz. Prophyl. Ergon ., 32, 360–368, 1982. 
 Greeson, C.E. and Walker, W.J.G., Report on experiments carried out with goats at rest to determine the con-

centration of phosgene which with (1) two minutes exposure (2) a ten minutes exposure will produce 
a 50% death rate within a period of 72 hours ,  Porton Report 976, U.K., 1932.   

 Gunnarsson, M., Walther, S.M., Seidal, T., and Lennquist, S., Effects of inhalation of corticosteroids immedi-
ately after experimental chlorine gas lung injury,  J. Trauma,  48, 101–107, 2000. 

 Janssens, S.P., Musto, S.W., Hutchison, W.G., Spence, C., Witten, M., Jung, W., and Hales, C.A., Cyclooxy-
genase and lipoxygenase inhibition by BW-755C reduces acrolein smoke-induced acute lung injury , 
J.Appl. Physiol.,  77, 888–895, 1994. 

FIGURE 7.12 Lung micrograph from an animal exposed to phosgene (mean Ct 2500 mg·min·m�3) and 
treated with a conventional ventilation strategy. There are extensive intra-alveolar hemorrhage, edema, 
and infl ammatory cell infi ltration (original magnifi cation, �250).

4049_C007_r03.indd   1354049_C007_r03.indd   135 11/15/2005   3:08:38 PM11/15/2005   3:08:38 PM



136 Inhalation Toxicology

 Karel, L. and Weston, R.E., A biological assay of inhaled substances by the dosimetric method. The retained 
median lethal dose and the respiratory response in unanesthetised normal goats exposed to different 
concentrations of phosgene , J. Ind. Hyg. Toxicol ., 29, 23–28, 1947. 

 Keeler, J.R., Hurt., H.H., Nold, J.B., and Lennox, W.J., Estimation of the LCTSO of phosgene in sheep, Drug 
Chem. Toxicol., 13, 229–239, 1990.

Keller, J.R., Hurt, H.H., Nold, J.B., Corcoran, K.D., and Tezak-Reid, T.M., Phosgene-induced injury in sheep , 
Inhalation Toxicol ., 2, 391–406, 1990. 

 Lange, N.R., Kozlowski, J.K., Gust, R., Shapiro, S.D., and Schuster, D.P., Effect of partial liquid ventilation on 
pulmonary vascular permeability and edema after experimental acute lung injury,  Am. J Respir. Crit. 
Care Med ., 162, 271–277, 2000. 

 Parker, S.J., Hill, P.F., Brown, D., Kenward, C.E., and Watkins, P.E., A porcine model of sepsis resulting from 
the combined insults of hemorrhage and peritonitis,  Shock , 13, 291–296, 2000. 

 Sakurai, H., Schmalstieg, F.C., Traber, L.D., Hawkins, H.K., and Traber, D.L., Role of L-selectin in physiological 
manifestations after burn and smoke inhalation injury in sheep,  J. Appl. Physiol. , 86, 1151–1159, 1999. 

 Sison, C., Bry, K., Sephus, J., and Hallman, M., Effects of inhaled nitric oxide and surfactant treatment on lung 
function and pulmonary hemodynamics in bronchoalveolar-lavage-induced respiratory failure,  Pediatr. 
Pulmonol ., 29, 202–209, 2000. 

 Soejima, K., McGuire, R., Snyder, N., Uchida, T., Szabo, C., Salzman, A., Traber, L.D., and Traber, D.L., The 
effect of inducible nitric oxide synthase (iNOS) inhibition on smoke inhalation injury in sheep , Shock , 
13, 261–266, 2000. 

 Staub, N.C., Bland, R.D., Brigham, K.L., Demling, R., Erdmann, A.J., III, and Woolverton, W.C., Preparation 
of chronic lung lymph fi stulas in sheep , J. Surg Res.,  19, 315–320, 1975. 

 Tasaki, O., Dubick, M.A., Goodwin, C.W., and Pruitt, B.A., Effects of burns on inhalation injury in sheep: a 
5-day study ,  J. Trauma Inj. Infect. Crit. Care, 52, 351–357, 2002. 

 Tasaki, O., Goodwin, C.W., Saitoh, D., Mozingo, D.W., Ishihara, S., Brinkley, W.W., Cioffi , W.G., Jr., and 
Pruitt, B.A., Jr., Effects of burns on inhalation injury,  J. Trauma , 43, 603–607, 1997. 

 Traber, D.L., Linares, H.A., Herndon, D.N., and Prien, T., The pathophysiology of inhalation injury—a review, 
 Burns Including Thermal Inj ., 14, 357–364, 1988.   

 Weston, R.E. and Karel, L., An adaption of the dosimetric method for use in smaller animals. The retained 
median lethal dose and the respiratory response in normal, unanesthetized rhesus monkeys (Maccaca 
mulatta),  J. Ind. Hyg. Toxicol ., 29, 29–33, 1947. 

4049_C007_r03.indd   1364049_C007_r03.indd   136 11/15/2005   3:08:39 PM11/15/2005   3:08:39 PM



137

  Toxic Load Modeling 
 Douglas R. Sommerville, Kyong H. Park, 
Michael O. Kierzewski, Michael D. Dunkel, 
Matthew I. Hutton, and Nirmala A. Pinto 

CONTENTS

8.1 Introduction ..........................................................................................................................137
8.2 Dose–Response Statistics and the Toxic Load .....................................................................138
8.3 Toxic Load Models ..............................................................................................................141

8.3.1 Haber Model .............................................................................................................141
8.3.2 ten Berge Model .......................................................................................................142
8.3.3 Griffi ths and Megson Model ....................................................................................143
8.3.4 Ride Model ...............................................................................................................144
8.3.5 Yee Model ................................................................................................................145
8.3.6 Other Toxic Load Models .........................................................................................146

8.4 Typical Toxic Load Parameter Values ..................................................................................146
8.4.1 ten Berge Toxic Load Exponent, N ..........................................................................147
8.4.2 Integration Time Step, � ...........................................................................................147
8.4.3 Fluctuation Intensity .................................................................................................148

8.5 Sensitivity Analysis ..............................................................................................................149
8.5.1 Test Data ...................................................................................................................149
8.5.2 Sensitivity Analysis Measures ..................................................................................149
8.5.3 Analysis Results .......................................................................................................150

8.5.3.1 ten Berge Toxic Load Exponent, N ...........................................................150
8.5.3.2 Integration Time Step, � ............................................................................151
8.5.3.3 Fluctuation Intensity .................................................................................151
8.5.3.4 Other Parameters .......................................................................................151

8.6 Discussion ............................................................................................................................152
8.7 Conclusions ..........................................................................................................................153
8.8 Summary ..............................................................................................................................153
Acknowledgment ...........................................................................................................................153
References ......................................................................................................................................153

 8.1 INTRODUCTION 

 For each individual, there is a dose or dosage 1  that is just suffi cient to produce a specifi ed biological 
response. These just-suffi cient dosages are called effective dosages to distinguish them from admin-
istered dosages. The statistical properties of this response distribution have been reviewed exten-
sively (Finney, 1971, 1978; Neumann and Kimmel, 1998) and summarized (Salem, 1987; Crosier 
and Sommerville, 2002). One of the more important aspects of the effective dosages is that the dis-
tribution of effective dosages for a homogeneous population is usually lognormal. The severity and 
 probability of effects experienced depend on several factors but primarily on the amount of toxic 

 8

1 The terms dose and dosage are often used interchangeably, but they do have different defi nitions. Dose is the total 
amount of a substance that is administered, while dosage is an amount administered relative to some other quantity (e.g., body 
mass, body surface, and/or time). For IH and PC vapor exposures, dosage is the term used (from Salem, 1987).
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material received. For inhalation (IH) and percutaneous (PC) vapor toxicology, when the just-suffi cient 
dosage for an effect is relatively insensitive to exposure duration, the calculation of the probability 
of effect is straightforward (as explained in greater detail later in this chapter). However, when the 
effective vapor/aerosol IH or PC dosages are a function of exposure duration, a different approach is 
required. Instead of quantifying the amount of toxic material in terms of dosage, a new term, toxic load 
(TL), has been developed and extensively used to predict the probability and severity of the response 
(Fairhurst and Turner, 1993; Ride, 1995; Yee, 1996a, 1996b; Yee and Ye, 1996; Mannan, 2005). TL is 
normally expressed as some function of vapor concentration ( C ) and exposure duration ( T ), with TL 
equaling  C n T  being a typical form. Unfortunately, the introduction of the toxic load to solve the prob-
lem of duration-dependent effective dosages has led to other complications and issues. 

 In this chapter, the application of the toxic load in hazard assessment modeling and the complica-
tions associated with its use are reviewed and discussed for acute IH and PC vapor exposures. Some 
of the key issues that are discussed include: (1) the disconnect between the exposure scenarios used in 
IH and PC vapor toxicology chamber studies and real-life exposure scenarios; (2) the best way to cal-
culate the toxic load; (3) the determination and quantifi cation of the infl uence of vapor concentration 
fl uctuations on the toxicological effect of a particular TL; and (4) the sensitivity of hazard area predic-
tions to how the TL is modeled and to changes in parameter values found in the TL model being used. 
For the latter, a sensitivity analysis was conducted for this chapter with TL values calculated based on 
actual data from outdoor fi eld trials with tracer gas (Biltoft, 1997; Yee et al., 1998). 

 8.2 DOSE–RESPONSE STATISTICS AND THE TOXIC LOAD 

 The same statistical theory used for measures of dose and dosages (Finney, 1971) has also been adopted 
for use with toxic load (Withers and Lees, 1985; Griffi ths, 1991; Fairhurst and Turner, 1993; Schubach, 
1995, 1997; Yee, 1996a, 1996b; Ferguson and Hendershot, 2000). The following discussion has been 
largely extracted from a brief review by Crosier and Sommerville (2002) of the statistical theory behind 
dose–response. Where the substitution of TL for dosage is not straightforward it is specifi cally noted. 

 A plot of the density function, �, for the normal distribution of log(effective dosage), produces 
the well-known bell-shaped curve (Box et al., 1978; Hattis et al., 1999). The two parameters most 
often used to characterize a normal distribution are its mean µ and variance � 2  (or standard devia-
tion �) (Hines and Montgomery,1990). By using these two parameters, every normally distributed 
random variable  X  can be standardized to a standard normal random variable  Z:  

  
Z

X
�

��

�

( )

  
(8.1)

 In toxicology,  X  is usually the logarithm of the dosage. 
 Although statisticians typically describe the lognormal distribution of effective dosages by 

the mean and variance of log(effective dosage), toxicologists usually describe the distribution by the 
median effective dosage, ED

 50 
, and the probit (or Bliss) slope,  m:  

  
ED antilog( )50 � �

  
(8.2)

  m � �1/   (8.3)

 where � is the median of log(effective dosage). The median effective dosage, ED
 50, 

 is the dosage 
at which 50% of the exposed individuals will exhibit a specifi ed biological response. For vapor 
exposures, the equivalent dosage term is the 50% effective concentration (EC

 50 
) or the product of 

the exposure concentration and exposure time (ECT
 50 

) (Salem, 1987). Median effective dosages are 
in the original units, not in logarithms of the original units, and hence are easier to interpret than µ. 
Although the mean µ and median � of a normal distribution are the same (µ � �), this property does 
not hold for a lognormal distribution. 
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 Effective dosages for response levels other than 50% can be calculated from µ and � by solving 
for  X  in Equation (8.1) and using the  Z  value corresponding to the cumulative probability of inter-
est. The 50% response level corresponds to a  Z  value of zero. Tables of cumulative probabilities and 
their corresponding  Z  values are found in standard statistical textbooks (Box et al., 1978; Hines and 
Montgomery, 1990) or obtained by using statistical software (MINITAB ® , 2001). 

 Toxicologists traditionally use base 10 logarithms to calculate the probit slope (Bliss, 1934; 
Finney, 1971, 1978), and engineers often use natural logarithms (Griffi ths, 1991; Schubach, 1995; 
Yee, 1996a, 1996b). Probit slopes based on both natural and base 10 logarithms are found in the 
literature. Care must be exercised when comparing probit slopes from different sources. 

 The probit slope equals the number of standard deviations (� Z  ) corresponding to a factor of either 
10 or  e  (= 2.718 . . ) change in effective dosage (ED) (Bakshi et al., 1997). Thus, a probit slope (base 10) 
of six means that a factor of 10 change in ED corresponds to six standard deviations (� Z  � 6). For the 
normal distribution, a range of  Z  from negative four (very sensitive individuals) to four (highly tolerant 
individuals) (or �  Z  � 8) encompasses more than 99.99% of the total population. If the toxicant has a 
probit slope of eight, a factor of 10 separates the effective dosages for these two  Z  values. The higher 
the probit slope the closer the two tails of the distribution are in terms of ED (in other words, there is 
less variance in the effective dosages of the population). 

 Though the normal distribution is continuous, quantal data (response versus no response) are 
used to estimate the parameters (median and probit slope) of the distribution of effective dosages 
(Finney, 1971, 1978). Probit analysis and maximum likelihood estimation (MLE) are used to esti-
mate these parameters from experimental data (Finney, 1971; Fairhurst and Turner, 1993; Fox, 
1997). The following equation is fi tted via probit analysis/MLE for vapor toxicity studies (Finney, 
1971; Fairhurst and Turner, 1993; Yee, 1996a, 1996b): 

  
Y Y k k C k TN P� � � 	 	5 0 1 2( ) log log

  
(8.4)

 where  Y
 N 
  is a normit,  Y

 P 
  is a probit, and the  k  values are fi tted coeffi cients,  C  is vapor concentration, 

and  T  is exposure time. The constants  k 
 1 
 and  k 

 2 
 are the probit slopes for concentration and time, respec-

tively. Experiments are often conducted with exposure time held constant, which reduces Equation 
(8.4) to the traditional probit equation (Finney, 1971). Thus, the probit slope for a vapor exposure 
usually refers to the slope on vapor concentration ( m  �  k 

 1 
) instead of the slope on exposure duration. 

Some studies report a probit slope for the toxic load (ten Berge and van Heemst, 1983; Poblete and 
Lees, 1984; Withers and Lee, 1985; Marshall, 1989; Fairhurst and Turner, 1993; Franks et al., 1996). 
Thus, when comparing probit slope values from various studies, a common basis has to be used. 

 When fi tting Equation (8.4), all variability in the data will contribute to the estimate for  m,  be it 
from variance due to individual susceptibilities, batch effects, experimental error, etc. Probit analy-
sis performed on a compilation of data from many sources will not produce an accurate measure of 
variance among individuals because of the heterogeneity introduced by differences among the stud-
ies (e.g., experiment procedures, type of animals used, etc.) (Franks et al., 1996). The effect of such 
heterogeneity will be to lower the probit slope. Also, using a compilation of data from many sources 
can complicate the accurate estimation of the toxic load exponent (Fairhurst and Turner, 1993). 

 When TL is being used as the measure of toxicant amount received by an individual, Equation 
(8.4) is usually written in the following form: 

  Y a b TLN � 	 log   (8.5)

 with  b  being the probit slope on a TL basis. 
 It should be recognized that the TL relationship (in Equation [8.5]) is based more on empirical 

observations than on basic biological theories (Griffi ths, 1991; Fairhurst and Turner, 1993; Yee, 
1996a, 1996b). As a result, Equation (8.5) needs to be derived empirically on an individual toxicant 
basis from acute toxicity experiments where both vapor concentration and exposure duration are 
varied (ten Berge et al., 1986). However, the value for the TL exponent can offer some insight into 
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the infl uence of underlying toxicological mechanisms (i.e., metabolic detoxifi cation) involved in a 
particular toxicant exposure (Griffi ths, 1991). For instance, it can be argued that if  n  
 1 for a par-
ticular chemical exposure, then signifi cant detoxifi cation may be occurring, because in this situation 
the required effective dosage is increasing as the dosage is spread over a longer exposure duration. 
Slowing the rate of dosage administration gives any existing detoxifi cation mechanism a chance to 
function, thereby causing an increase in the ECT

 50 
 as a function of time. 

 The substitution of TL for dosage into the dose–response equation produces a paradox. If TL is 
defi ned as  C n T  (more on this in the next section), then Equation (8.5) can be written in the following 
algebraically equivalent forms (which are also equivalent to Equation [8.4]): 

 Y k k C T k k TLN
k k� ��

0 2 0 2 1
1 2+ +log( ) log( )  (8.6)

  Y k k CT k k TLN
k k� ��

0 1 0 1 2
2 1+ +log( ) log( )   (8.7)

FIGURE 8.1a Example of real-world vapor concentration–time profi le.

FIGURE 8.1b Example of idealized vapor concentration–time profi le in animal exposure chamber.
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 where  TL 
 1 
   and  TL 

 2 
 are TL parameters 1 and 2. Equations (8.4), (8.6), and (8.7) will only produce iden-

tical probability estimates for a given exposure scenario when there are no concentration fl uctuations 
involved or if the toxic load is calculated in such a manner as to ignore the presence or toxic impact 
of any such fl uctuations (see Section 8.5 for additional discussion on this issue) (Yee, 1999, 2001). At 
present, which of these three equations should be used for fl uctuating concentrations profi les cannot 
be answered via probit analysis because of the absence of dose–population response curve data taken 
under such conditions. Virtually all the existing acute IH toxicity testing has involved constant vapor 
concentration exposures over fi xed periods (Silver, 1946; MacFarland, 1987; Yee and Ye, 1996). The 
same situation also exists for PC vapor toxicity testing as well. 2  

 For actual exposures, the concentration–time profi les are almost always variable over time. The 
profi les will involve fl uctuations and may include both concentration peaks much higher than the 
average concentration and periods of zero concentration. The TL may depend on the profi le, in addi-
tion to the total exposure (defi ned as the average exposure concentration multiplied by the exposure 
time). This is illustrated in Figure 8.1a and b.   The total area under the curve in both fi gures is equal, 
but the differing concentration–time histories will give two different TL values (assuming a non-
Haber Law chemical; see Section 8.3 for further discussion). 

 Saltzman and Fox (1986) did examine the infl uence of fl uctuating concentration–time profi les 
on acute IH toxicity (conducted on a dose–response severity curve basis). However, only a small 
number of animals were used (not enough necessary for fi tting Equation [8.4]), because the goal 
was to investigate the pharmacokinetics of toxicant absorption rather than to fi t a probit-type equa-
tion. Yet, kinetic-type studies may still be useful in providing guidance on the proper probit form 
(Equations [8.4], [8.6], or [8.7]) for correlating the TL. 

 For the IH toxicokinetics of chemical warfare (CW) organophosphorus (OP) nerve agents (Benschop 
and DeJong, 2001; Jakubowski et al., 2003), the evidence suggests that for sarin and soman the rate of 
respiratory agent absorption depends on the agent vapor concentration in the air rather than on the expo-
sure duration. Thus, at least for OP agents, the appropriate approach appears to be the use of Equation 
(8.6), although this should be confi rmed via collection of dose–population response curve data. 

 8.3 TOXIC LOAD MODELS 

 A general expression for the TL received during exposure to an airborne chemical agent, as a func-
tion of time, is: 

  
TL C t dt

N
T

� ( )⎡⎣ ⎤⎦∫
0   

(8.8)

 where: 

  C ( t ) � the instantaneous agent concentration as a function of time (mg/m 3 ). 
  T  � the exposure duration (minutes). 
  N  � the TL exponent (dimensionless). 

 8.3.1 Haber Model 

 If  C  is assumed constant with respect to exposure time and  N  is set equal to 1.0, Equation (8.8) 
reduces to: 

  TL �  CT   (8.9)  

2 Inhalation studies often involve whole-body exposures. Simply providing respiratory protection for the test subjects 
in a whole-body exposure eliminates inhalation as a route of exposure, thereby producing a PC vapor toxicity experiment. 
Head-only inhalation exposures (described by MacFarland, 1987) are easily converted to body-only or body-part (i.e., arm) 
PC vapor exposures. Essentially all the PC vapor studies reviewed by Bakshi et al. (1997) were conducted in this manner.
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142 Inhalation Toxicology

 Equation (8.9) indicates that if the concentration is doubled for one-half the exposure time, the toxic load 
is unchanged. Following this formulation, toxic hazard models (until recently) have assumed that IH 
hazard toxicity levels were constant with respect to the product of  C  and  T . This may be represented as: 

  ECT
 50 

 �  K   (8.10)  

 where: 

 ECT
 
 
XX

 
 
 � the product of  C  and  T  that will produce an effect to  XX  percent of those exposed 

(mg–min/m 3 ). 
  K  � a constant (mg–min/m 3 ). 

 Equation (8.10) is also known as Haber’s Law (Haber, 1924). When the total exposure is numer-
ically integrated by using an incremental time interval, Haber’s Law becomes: 

  
TL C

j

p

� ��
�1
∑

  
(8.11)

 where: 

 TL � the toxic load (mg–min/m 3 ). 
  C 

 � 
 � the mean concentration over interval � (mg/m 3 ). 

 � � the integration interval (minutes). 
  p  � the number of integration intervals (dimensionless). 

 By using the Haber model, the probability of a given percent response, such as 50% lethality, 
is independent of time and depends solely on the person’s total dosage (or TL). For chemicals like 
phosgene, Haber’s Law has been found to be an appropriate approach (Sellers, 1993). However, other 
toxicity testing of some animal species has clearly shown that the probability of a given response 
depends on the exposure time and the total dosage (see also Section 8.4) (Cresthull  et al. , 1957; ten 
Berge and van Heemst, 1983; ten Berge et al., 1986; Yee, 1996a, 1996b; Mioduszewski et al., 2002a, 
2002b; Anthony et al., 2004). 

 From a computational viewpoint, using Haber’s Law to model the time dependence of toxicity is 
far easier to implement in atmospheric transport and dispersion models than a TL model (Yee, 2001). 
However, overdependence on Haber’s Law for the sake of ease of use can lead to problems involving 
both over- and underestimating of toxicity, as shown in Figure 8.2   (adapted from Sommerville, 2003) 
for a chemical with  N  
 1. For short exposure durations, Haber’s Law (red line) will underestimate the 
toxicity compared with the TL model (black line), and for longer exposure durations, the toxicity will 
be overestimated. The opposite will be true for chemicals with  N  � 1. 

 8.3.2 ten Berge Model 

 In recognition of the possible time dependence of toxicity, ten Berge and van Heemst (1983) pro-
posed an alternate as given in Equation (8.8). In the numerical integration format used above for 
Haber’s Law, the ten Berge equation becomes: 

  
TL C N

j

p

� ��
�1
∑

  
(8.12)

 Here,  N  � the dimensionless toxic load exponent and all other variables are as defi ned in Section 8.3.1. 
 When  N  � 1, the model reduces to the Haber Model. Use of the ten Berge TL model has been 

shown to give better fi ts to animal test data that have a time dependence of the probability of response 
(ten Berge et al., 1986). However, some recent studies (Mioduszewski et al., 2002a, 2002b; Whalley 
et al., 2004; and Anthony et al.; 2004) have found that the increase in TL for a given probability of 
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response is nonlinear (on a log–log scale), as opposed to the linear response predicted by the ten 
Berge model. 

 8.3.3 Griffi ths and Megson Model 

 Griffi ths and Megson (1984) proposed a TL model based on concerns with concentration fl uctua-
tions and with periods of zero concentrations (also discussed in Griffi ths, 1991; Griffi ths and Harper, 
1985). They proposed a modifi cation to the ten Berge model as follows: 

  

TL
T t

T

C T
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�
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(8.13)

 where: 

 TL � the toxic load (mg–min/m 3 ). 
  C

 T 
  � the mean concentration over interval  T  (mg/m 3 ). 

  T  � the total exposure time (minutes). 
  N  � the TL exponent (dimensionless). 
  t  � the total exposure time with nonzero concentrations (minutes). 

 Because no known toxicity tests using nonconstant concentration challenges have been per-
formed, no validation of this method is possible at the present time. 

FIGURE 8.2. Sample comparison of Haber’s Law (N � 1) with TL model (for chemi-
cals with N 
 1) for extrapolation of time dependence of chemical toxicity (adapted from 
Sommerville, 2003).
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 8.3.4 Ride Model 

 Ride (1984, 1995), also concerned with the impact of concentration fl uctuations, proposed a dif-
ferent approach for addressing fl uctuations, using a factor he called “fl uctuation intensity” ( I ).  I  is 
based on the statistical standard deviation of the concentrations within a numerical integration time 
step. Ride fi rst fi nds the overall mean concentration of the fl uctuating concentration time history and 
presents a general equation for toxic load: 

  
C

C t

nT

i
i

n

� �

( )∑
1

  
(8.14)

  
TL C t dt

N

t o

t T

�
�

�

( )⎡⎣ ⎤⎦∫
  

(8.15)

 where: 

  C
 T 
  � the average concentration for the entire exposure (mg/m 3 ). 

  C
 i 
 ( t ) � the individual concentration measurements (mg/m 3 ). 

  n  � the number of measurements (dimensionless). 
 TL � the toxic load (mg/m 3 )  N  -min. 
  T  � the total exposure time (minutes). 
  t �  time (minutes). 
  C ( t ) � the instantaneous concentration as a function of time (mg/m 3 ). 
  N  � the TL exponent (dimensionless). 

 Ride next suggested a normalization factor to eliminate dimensional problems that occur 
when  N  � 1. He proposed that TL be divided by  C

 T 
 N T , to arrive at the toxic load ratio (TLR). 

Utilizing Equation (8.16) as a general expression for TLR and defi ning the fl uctuation intensity 
as per Equation (8.17), Ride develops the alternate TLR expression for one time interval (�), as 
given in Equation (8.18): 

  
TLR

C t dt

C T

N

t o

t T

T
N

� �

�
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(8.16)
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(8.17) 

   
TLR kI

N
� 	�

 �

1
1

⎡⎣ ⎤⎦
 

(8.18)

 where: 

 TLR � toxic load ratio (dimensionless). 
  I 

 � 
 � the fluctuation intensity over the time step � (dimensionless). 

 �
�  
 � the standard deviation of the concentration over the time step � (mg/m 3 ). 

 � � an integration interval (minutes). 
  k  � constant (dimensionless). 
  � constant (dimensionless). 
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 Equation (8.18) presents several practical problems in implementation, and Ride (1995) shows 
that the expressions in Equation (8.10) are simpler to manipulate and produce equally good results. 
All variables used in Equation (8.19) are as defi ned above.   

   

TLR N I

TL N I C T

N

N
T
N
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� � 	

1 1

1 1
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(8.19)

 Ride has performed calculations to show the potential impact of his model by comparing results 
of his model with the results of the Haber model for several agents (in Ride, 1984). He concluded 
that if his model is correct, current estimates using the Haber Model seriously underestimate toxic 
effects and the size of the hazard area. Validation of this model again suffers from the lack of available 
nonconstant challenge toxicity testing. A fi nal note is that Ride mentions  C 

 max,  
the maximum average 

interval concentration from among all the integration intervals, as a possible replacement for �
 � 
 in 

the fl uctuation intensity factor. 

 8.3.5 Yee Model 

 Yee and his associates had extensively investigated the statistical properties of dispersing clouds/
plumes by using data from numerous full-scale fi eld experiments (taken as part of a cooperative 
Concentration Fluctuation Experiments [CONFLUX] project) (Yee et al., 1993a, 1993b, 1994a, 
1994b, 1995a, 1996; Yee and Chan, 1995). In particular, one goal was to determine how to best model 
the probability density function (PDF) of the plume (random) concentration profi le. Knowledge of 
the plume concentration PDF gained from the CONFLUX trials was used subsequently (Yee, 1996a, 
1996b, 1999; Yee and Ye, 1996) to explicitly model the statistical characteristics of the TL and the 
resulting probability of effect (as represented by  Y

 N 
 ; see Equations [8.4] and [8.5]) on the exposed 

individual. PDFs were calculated from 1107 individual CONFLUX concentration-time series involv-
ing the continuous and controlled release of a tracer gas into the atmosphere (Yee, 1996a, 1999). 
These time-series were selected from a larger data set to refl ect a wide range of atmospheric condi-
tions and release conditions. The CONFLUX plume concentration PDFs are far more realistic than 
those used by earlier investigators (Griffi ths and Megson, 1984; Ride, 1984) in their work on the 
effects of concentration fl uctuations on the TL (Yee, 1996a, 2001). 

 Thus, the Yee Model explicitly recognizes that for realistic exposure scenarios  Y
 N 
  will depend on 

the combination of two separate random variables: (1) the probability of experiencing a particular toxic 
response to the received TL and (2) the probability of an individual receiving some TL amount from a 
toxicant exposure. Some form of the probit relation can be used for describing the former (see Section 
8.2), and the latter can be characterized with the appropriate PDF. A detailed discussion of concentra-
tion fl uctuation PDFs and related statistical properties is beyond the scope of this chapter. However, the 
reader is referred to Wilson (1995), who has written an introductory book on the subject. 

 In the initial development of the Yee Model (Yee, 1996a), the TL was defi ned per Equation 
(8.15), and a TLR similar to Ride’s (see Equation [8.16]) was also defi ned: 
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(8.20)

 All variables used in Equation (8.20) are as defi ned previously. The Yee Model views the TLR as 
a measurement of the impact on toxicity due to the presence of concentration fl uctuations. TLR values 
greater than one suggest that the toxic effect is being enhanced by the presence of concentration fl uc-
tuations. The toxic impact may be seriously underestimated as a result of not properly accounting for 
this possible enhancement effect. 
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 Furthermore, Yee (1996a) and Yee and Ye (1996) took the additional step of defi ning the TL and 
TLR in Equation (8.20) in terms of the ensemble-mean concentration, a commonly used parameter 
in transport and dispersion modeling (Wilson, 1995;DoD, 2002; NRC, 2003): 
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(8.21)

 where < > denote ensemble-mean properties. 
 Yee (1996a) proposed that for hazard assessment purposes that <TL> or <TLR> be used for 

determination of the degree of injury. Validation of this model again suffers from the lack of avail-
able nonconstant challenge toxicity testing. 

 8.3.6 Other Toxic Load Models 

 A model using a totally different approach was proposed by Rozman and Doull (2000). An 
attempt is made to formulate a toxic load model based on pseudobiophysical relationships. 

  Toxicity �  f (exposure, toxic-kinetics, toxic-dynamics)  (8.22)  

 where: 

 Toxic-kinetics �  f  (absorption, elimination) 
 Elimination �  f  (excretion, distribution, biotransformation) 
 Absorption �  f  (site, mechanism) 
 Toxic-dynamics �  f  (injury, recovery) 
 Recovery �  f  (repair, reversibility, adaptation) 
 Injury �  f  (site, mechanism) 

 This discussion is interesting but it does not propose any specifi c forms or parameters for the 
functional relationships. 

 Hilderman et al. (1999) propose a three-parameter numerical integration function for calculating 
the toxic load where the three parameters have some similarity to the functional relationships pro-
posed by Rozman and Doull (2000). The three parameters are: 

  • Uptake time constant   — The parameter for a fi rst order relationship between the exposure 
concentration and effective concentration. 

  • Recovery time constant   — The parameter for a fi rst order relationship for the reduction in 
effective concentration due to recovery mechanisms. 

  • Saturation concentration   — Maximum concentration that can be absorbed based on 
Michaelis–Menten enzyme reaction kinetics relationship. 

 A fairly good mapping can be made of the TL relationship between the Hilderman et al. (1999) func-
tions and the Rozman and Doull (2000) functional relationships. Although no values or any basis 
for values is proposed in the report, fi rst estimates for such a model could probably be made based 
on toxicity-testing results. 

 8.4 TYPICAL TOXIC LOAD PARAMETER VALUES 

 The parameter values used for any toxic load model will depend on the route of entry (e.g., IH, PC, 
ingestion), species (e.g., rat, mouse, human), and possibly other factors. Other factors that have been 

4049_C008_r03.indd   1464049_C008_r03.indd   146 11/15/2005   3:09:34 PM11/15/2005   3:09:34 PM



Toxic Load Modeling 147

investigated or discussed are sex, age, and health. All or most of these factors are controlled, or at 
least recorded, in toxicity tests. Toxicity data have most often been collected in non-human species, 
even though the species of interest is usually human. 

 As part of the sensitivity study of TL predictions to parameter values (see Section 8,5), it was 
decided that the ten Berge methodology (Section 8.3.2), normalized as per Ride (Section 8.3.4), 
would be pursued for the initial sensitivity-modeling efforts. This effort required information into 
the practical ranges of values for the TL exponent,  N , and the integration time step, �. Also, practical 
measures for fl uctuation intensity,  I , proposed by Ride (1984, 1995), were investigated. 

 8.4.1 ten Berge Toxic Load Exponent,  N  

 In addition to ten Berge, others have experimentally derived values for  N  for various combinations 
of chemicals, species, and toxicological end points (Cresthull et al., 1957; Eisenberg et al., 1975; Perry 
and Articola, 1980; ten Berge and van Heemst, 1983 Yee, 1996b; Arts et al., 2000; Mioduszewski 
et al., 2002a, 2002b; Anthony et al., 2004; Whalley et al., 2004 Benton et al., 2005; Hulet et al., 
2005a, 2005b, 2005c). Values for  N  are documented in several sources (Harris and Moses, 1983; 
Ride, 1984; Schubach, 1997; Duijm et al., 2000; Ferguson and Hendershot, 2000; Mannan, 2005), with 
most of the reported values falling in the range of 0.7 to 3.7, though a value of 8.3 was reported 
for hydrogen sulfi de (H

 2 
S) (Arts et al., 2000, Duijm et al., 2000). Mannan (2005) reported that, for 

acute inhalation of irritant gases,  N  tends to be greater than unity and is often of the order of two 
in value. 

 8.4.2 Integration Time Step, � 

 Concentration time history data have been collected in many past fi eld trial tests and in some recent 
tests with very fi ne time steps (fractions of a second) (Biltoft, 1997). In making TL calculations from 
such histories, it has been noted that the choice of an integration time step can greatly impact the 
calculated TL value (Saltzman and Fox, 1986; Ride, 1995; Saltzman, 1996; Yee and Ye, 1996; Yee, 
1996a, 1996b, 1999; Hilderman  et al.,  1999; Duijm et al., 2000). If a very short time step (e.g., 0.02 
sec) is used as the integration time step, very high transient peaks will produce a high toxic load value 
(for chemicals with  N  
 1). If a longer time step is chosen (e.g., on the order of tens of seconds), these 
transient high concentration values will be averaged out over the time step and the resulting TL value 
will be much lower than would result from use of a shorter time step. For chemicals with  N  � 1, the 
reverse of the above is true. In general, the calculated TL value very much depends on the choice of 
the integration time step. 

 For IH exposures, it has been pointed out that there are at least two natural physiologically based 
concentration-averaging processes to be considered in choosing �. First, Ride (1995) discusses the 
respiratory process as a natural averaging process. A fi nite time of respiration averages out the 
inhaled vapor concentrations. This time step depends on the respiration rate. If one is at rest, breaths 
are longer and less frequent than when one is working hard. Complicating the process even further, 
an exhalation follows each inhalation in a breathing cycle. Ride suggests that � should be, at best, a 
few seconds. Yee (1996a), using the same logic as Ride, reached about the same conclusion. Duijm 
et al. (2000) conclude that the relevant timescale for respiratory absorption is from 5 to 10 sec. 

 Second, Saltzman (1996) suggests another physiological factor, the biological half-life of a toxi-
cant, which is the time required for half the quantity of the toxicant to be metabolized or eliminated 
by normal biological processes. He concludes that any time step less than one quarter of the biologi-
cal half-life is adequate. He cites biological half-lives over a number of pollutants that range from 
about 10 min to 4 months. The longer times are associated with poisoning from metals, such as 
lead, and the shortest times are associated with systemic poisons and with highly toxic commercial 
chemicals. The highly potent, fast acting CW nerve agents have biological half-lives via the IH route 
on the order of 10 to 60 min (Benschop and DeJong, 2001). Thus, the Saltzman approach would set 
a maximum � of less than 2.5 to 15 min for CW nerve agents. 
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 A drawback to the Saltzman approach is the limited amount of experimental data (only one 
study, Saltzman and Fox, 1986) associated with its development. Saltzman and Fox (1986) investi-
gated just one chemical–species combination, carbon monoxide exposure in rabbits. Their measured 
values for both the biological and absorption half-lives of carbon monoxide in rabbits are roughly 
equal, which does not address the issue of how differing reaction rates between the absorption and 
elimination processes will possibly affect the Saltzman model. For the CW nerve agents, the respi-
ratory absorption process is so rapid that their absorption half-lives are practically zero in value 
(Benshop and DeJong, 2001). As a result, the absorption process will be very sensitive to concen-
tration fl uctuations. Hilderman et al. (1999) argue that the relative contributions of three processes 
(uptake, recovery, and saturation) instead of just one process (recovery) need to be considered. 

 The main research emphasis with respect to TL modeling has been on IH exposures. Other routes 
of vapor exposures (PC and ocular) have been neglected in comparison. This is probably, in part, 
because toxicants will elicit a greater effect and more rapid response when introduced via inhalation 
in contrast to the slower and less effective PC (dermal) route of exposure (Andrews and Snyder, 1991; 
Klaassen and Eaton, 1991). For instance, Riihimaki and Pfaffl i (1978) have reported that for the simul-
taneous IH and PC vapor absorption of several individual volatile organic chemicals (VOCs) only 1 to 
2% of the total amount absorbed came via the PC route (or, in other words, the inhalation rate is about 
50 to 100 times more rapid than the PC rate). This suggests that the integration time step (�) should 
be larger for PC exposures (perhaps on the order of minutes, instead of seconds, as previously recom-
mended for inhalation). The exact time-step value will probably be toxicant and exposure scenario 
specifi c, with the more rapidly absorbed toxicants (via the PC route) requiring a smaller value. 

 8.4.3 Fluctuation Intensity 

 Concentrations will fl uctuate over the total exposure time in actual chemical exposures. The modeling 
of the complex atmospheric physics of concentration fl uctuations have been extensively reviewed 
and discussed. Yee (1999) summarizes the state-of-the art succinctly as “. . . the most advanced atmo-
spheric pollutant dispersion models have diffi culty in predicting even the two lowest order concentration 
moments with suffi cient accuracy. In fact, in air-pollution studies, it is seldom that characteristics 
other than the mean concentration are considered.” 

 The model calculations of Griffi ths and Megson (1984)   and Ride (1995) include factors to 
compensate for concentration fl uctuation. Transport and diffusion models can generate a history of 
mean concentrations, calculated over fi xed integration intervals, at some point. The Griffi th model 
uses the total time of nonzero concentrations as the basic measure in its fl uctuations correction 
factor. This is easily calculated from the concentration history prediction. The Ride model uses 
�

�  
 in its correction factor development. However, Ride also suggests  C 

 max 
 as an alternate measure 

that can be used. �
�
 is not generally available from transport and diffusion models, and it cannot be 

calculated from the concentration history predictions of the models. On the other hand,  C 
 max 

 can be 
calculated from concentration histories. Therefore,  C 

 max 
/ C

 T 
 
   
was chosen as the measure for concen-

tration fl uctuation in the sensitivity study conducted for this chapter (see Section 8.5). Hanna  et al.  
(1982) states that  C 

 max 
/ C

 T 
  values can range from 1 to 50 with real data and that  C 

 max 
/ C

 T 
  decreases 

with distance. 
 Yee and Ye (1996) and Yee (1999) have investigated the use of simple mathematical forms of 

the plume concentration PDF for use in Equation (8.21) in response to the current limitations of the 
advanced transport and dispersion models presently available. Only the two lowest-order concentra-
tion moments (fi rst moment, mean concentration; second moment, mean-square concentration [or 
the concentration variance]) can be predicted with suffi cient accuracy by these models (Yee and 
Ye, 1996). Note that because <TL> is a random variable, it cannot be adequately described by the 
fi rst two moments unless the form of the PDF is specifi ed (Yee and Ye, 1996). Using the data from 
CONFLUX trials, a clipped normal distribution was found to work best for an integration interval 
(�) greater than 5 sec, and for the range (1 sec � � � 5 sec), an exponential distribution provides the 
best match (Yee, 1999). 
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 8.5 SENSITIVITY ANALYSIS 

 The following is an overview of a sensitivity analysis recently conducted by the authors. The purpose of 
the study was to evaluate the sensitivity of TL predictions to variations in the parameters included in the 
TL equations using actual concentration–time profi les taken from fi eld experiments. Both Yee (1996a) 
and Duijm et al. (2000) (on a more limited scale) had previously conducted a similar type of study. 
Some of the details of Yee (1996a) and related papers were discussed previously in this chapter. 

 8.5.1 Test Data 

 The nonuniform concentration versus time data set used in the sensitivity analysis was collected 
during an extensive set of outdoor fi eld trials at the U.S. Army Dugway Proving Ground (DPG), 
Dugway, UT, in September 1996 (Biltoft, 1997). Yee et al. (1998) had previously reported on the 
statistical characteristics of the concentration fl uctuations from the data of Biltoft (1997). In Biltoft 
(1997), the dispersal of instantaneous clouds was being studied, in contrast to the mainly continu-
ous emitting sources of the CONFLUX trials with which Yee and his associates were previously 
involved. Also, the source of the one concentration–time profi le investigated by Duijm et al. (2000) 
is not stated explicitly but appears to be a continuous source. 

 During the 1996 trials, a line of 48 photoionization detectors was positioned downwind of puff 
release points. The detectors collected data at a 50-Hz rate. Downwind distances from the release 
point to the midpoint of the detector line varied from approximately 200 to 1200 m. The lateral spac-
ing of the detectors varied from 6 to 10 m, with it increasing as a function of downwind distance. 

 The puffs generated during the trials consisted of gaseous propylene. Puff releases were created 
by using air cannons, which were capable of fi ring up to 0.36 kg of material in a single shot. A total 
of nine air cannons could be fi red simultaneously, creating puff masses up to 3.2 kg. 

 In addition to the photoionization detector data, a full range of meteorological data was collected 
during the trials, including wind speed and direction, temperature, humidity, and incoming and out-
going radiation. Tethersonde and Pibal balloons were used to record data at various elevations, in 
addition to ground and near-ground level sensors. Wind speed data were collected at different loca-
tions and elevations, using both two-axis and three-axis devices. All collected meteorological data 
were recorded in self-extracting binary fi les. 

 In total, 25 individual trials were conducted during the course of the fi eld test, with 22 of the 
trials yielding useable data. The fi eld trials are documented in Biltoft (1997), which includes a com-
plete description of the trials, test site layout, and instrumentation, as well as a summary of the initial 
data-reduction efforts conducted on the data. All the summary facts presented above are extracted 
from this report. In total, data for 4606 puff/sensor interactions (an interaction is defi ned as one puff 
passing over one sensor during the fi eld trial) were generated during the fi eld trials. 

 8.5.2 Sensitivity Analysis Measures   

 Two measures were calculated for each of the 4606 concentration histories. The fi rst was the ten 
Berge toxic load, modifi ed to a TLR: 
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(8.23)

 The values of  N  and � used to calculate TLR are presented in Table 8.1. By using a full (3 × 5) factorial 
experimental design, 15 different values of TLR were calculated for each concentration history, one 
for each combination of  N  and �. Note that when  N  � 1.0, the results are for the Haber model. Neither 
Yee (1996a) nor Duijm et al. (2000) used a factorial design approach in varying  N , instead they used  N  
values for actual chemicals. Of the two, only Duijm et al. investigated an  N  value less than one. 
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  I
 t 
  is the time increment at which the concentration data used in the sensitivity study was col-

lected, namely, 0.02 sec (50 Hz).  T  is the duration of an exposure at each given sample point, the 
time a single trial puff was over an individual sensor. Different  T  values were extracted from the trial 
data for each sensor as each puff passed over it. 

 The second measure calculated was  C 
 max 

/ C
 T   
. Note that  C 

 max 
 is the maximum concentration mea-

surement during a single integration interval. With nonuniform concentrations time histories,  C 
 max 

 
varies for each integration interval, �. The notation used in the study to distinguish these different 
values was  C 

 �-max 
/ C

 T 
 
 . 
 

 8.5.3 Analysis Results 

 8.5.3.1 ten Berge Toxic Load Exponent,  N  

 Tables 8.2 and 8.3 present the percentile distribution (along with minimum, maximum, and mean) of 
TLR values calculated for  N  � 2 and  N   �  0.5, respectively, subdivided by the different values of �. 
Note that � �  T  values are not presented, because for these cases the numerator and denominator of 
Equation (8.15) are equivalent and the TLR is always equal to 1. The � � 0.02 values represent the 
most precise possible use of the data, because they are calculated at the rate of data acquisition. The 
data show that signifi cant differences exist in TL results for different values of  N .   

 The values of TLR for  N  � 2 are almost always greater than 1.0 and range from 0.36 to 45.49. 
For  N  � 0.5, the values are almost always less than 1.0 and range from 0.17 to 1.67. Values of TLR 
less than 1.0 for  N  � 2 and greater than 1.0 for  N  � 0.5 should really be 1.0. The discrepancies are 
due to an artifact of the calculation procedure. 3  

TABLE 8.1 Values of  N  and � 
Used in Sensitivity Study

N �

0.5 �t

1.0 1.0

2.0 2.0

4.0

 T

3 It was rare to have the exact number of individual C
0.02

 values (C
�
 at 50-Hz sampling rate) to perfectly fi ll out all the 

averaging periods in a concentration history. As a result, the last averaging period (when � � 1.0, 2.0, and 4.0 sec) will not 
normally be perfectly fi lled with C

0.02
 values (e.g., 50 C

0.02
 values are needed to calculate C

�
 for � � 1.0 sec). Zero C

0.02
 values 

were added as padding (as needed) onto the end of the data stream in the last averaging period of a concentration history (e.g., 
if only 15 C

0.02
 values are available for use in the last � � 1.0 sec, averaging period, then 35 zero C

0.02
 values would be added 

to the end of this set before C
�
 is calculated).

TABLE 8.2 Summary Distributions of TLR Values for  N  � 2, Subdivided by � 

� Minimum 0.05 P 0.25 P Median Mean 0.75 P 0.95 P Maximum
0.02 0.17 0.59 0.78 0.85 0.82 0.89 0.94 1.00

1 0.28 0.64 0.81 0.86 0.84 0.90 0.95 1.10

2 0.38 0.66 0.82 0.87 0.85 0.91 0.96 1.18

4 0.47 0.69 0.83 0.89 0.87 0.93 0.98 1.67

P � percentile
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 8.5.3.2 Integration Time Step, � 

 Tables 8.2 and 8.3 may also be used to analyze the distribution results for � values of 1.0, 2.0, and 
4.0 sec. As the value of � increases, the range of TLR values decreases. This results from the averaging 
of concentrations over increasingly longer intervals. As discussed in Section 8.3.2, this numerical 
smoothing process can be related to the actual smoothing process of breathing. So, the variation in 
results over the different values of � is probably representative of the variation that is experienced 
for different breathing rates. 

 8.5.3.3 Fluctuation Intensity 

 Table 8.4 shows the percentile distribution (along with minimum, maximum, and mean) of  C 
 �-max 

/ C
 T 
  

values for � values of 0.02, 1, 2, and 4. As would be expected, an increase in � causes a decrease in 
the average model value. The sensitivity of the results to � shows that the choice of a value for this 
parameter is very important in the calculation of TL. Given also that physiological factors such as 
breathing rate dictate to a great degree appropriate values for �, care must be taken in the selection 
of this parameter value for risk assessment-type applications of TL models. 

 8.5.3.4 Other Parameters 

 The wide distributions of TLR and  C 
 �-max 

/ C
 T 
  values discussed in the preceding sections obviously 

result from differences in the concentration profi les collected by Biltoft (1997). Concentration data 
were recorded for several test conditions. The following test parameters directly relate to quantifi ca-
tion of the differences in the puff profi les: 

  • The duration of the puff over the sampler,  T  �  T
 p 
.  

  • The two-dimensional distance from the puff source to each of samplers. This can be rep-
resented as a combination of: 
 — The perpendicular distance from the source point to the line of sensors, which did not 

intersect the line of sensors at its midpoint. 
 — The sensor number, which indicated the lateral distance along the line of sensors from 

some reference point to the sensor. 
  • The wind speed, which was measured at both 2- and 8-m elevations. 

TABLE 8.3 Summary Distributions of TLR Values for  N  � 0.5, Subdivided by �

� Minimum 0.05 P 0.25 P Median Mean 0.75 P 0.95 P Maximum
0.02 1 1.43 1.78 2.20 2.92 2.96 7.12 45.99

1 0.88 1.37 1.69 2.03 2.41 2.57 4.92 24.97

2 0.72 1.32 1.64 1.95 2.23 2.42 4.27 12.49

4 0.36 1.25 1.54 1.82 2.01 2.23 3.51 8.25

P � percentile

TABLE 8.4 Distribution of  C  �-max / C T   Values

� Minimum 0.05 P 0.25 P Median Mean 0.75 P 0.95 P Maximum
0.02 1.00 2.73 3.81 5.25 7.72 8.25 20.11 634

1 0.92 2.19 2.88 3.61 4.20 4.72 8.49 28.19

2 0.72 1.96 2.60 3.19 3.56 4.03 6.49 14.69

4 0.36 1.66 2.25 2.75 2.95 3.41 4.94 9.25

P � percentile
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  • The mass of agent in the puffs. 
  • The trial number, which is a gross indicator of meteorological conditions. 
  • The time after the start of a trial at which a puff was released, which can be used to correlate 

puff data with measured meteorological data. 

 Analysis of variance (ANOVA) was used to investigate the relative contributions of the random 
factors above (as well as the two fi xed parameters,  N  and �) on the TLR. The two most important 
factors on the TLR were  T

 p  
 and �, with the puff duration being the more important. This was true 

for  N  values of both 0.5 and 2. In the case of an ANOVA on the fl uctuation intensity ( C
�
 
 -max 

/ C
 T 
 ) 

(with � [ 4 sec), the same results were obtained, except that � was more important than  T
 p 
.  

 8.6 DISCUSSION 

 The TLR is proportional to  N  and inversely proportional to �. The effect with � is more pronounced 
when  N  
 1. If Equation (8.6) is assumed to be the proper form for the probit relation, then the toxic 
effect of an exposure will increase in severity as � is decreased in value if  N  
 1. If  N  � 1, then the 
severity of the toxic effect will increase as � increases. Duijm et al. (2000) also identifi ed these same 
trends. Further, for H

 2 
S (with  N  � 8.3), Duijm et al. found that the effect of the integration interval 

is so great that just minor adjustments of the interval will drastically change the predicted percent 
effected. Yee (1996a) found that for small (10 –4  to 10 –1  sec) and large (greater than 100 sec) values 
of � that the TLR is relatively insensitive to changes in � (for  N  values of 2.7 and 3.5). 

 Three major differences exist between the present analysis and those of Yee (1996a) and Duijm 
et al. (2000). First, these two studies used  N  values previously reported for specifi c chemicals. 
Duijm et al. used  N  values estimated from rat IH data on several industrial chemicals (Arts et al., 
2000), whereas Yee used the  N  values that had been reported for chlorine (3.5), hydrogen cyanide 
(2.7), and perfl uoroisobutylene (1.2). The  N  values in the present analysis were varied in a system-
atic fashion by using design of experiment principles (Box et al., 1978). The latter approach permits 
a more thorough analysis of how toxicity varies as a function of  N , as well as a function of any 
interactions between  N  and other parameters. Second, Yee and Duijm et al. only examined a single 
concentration–time profi le versus the 4606 profi les reviewed by the present study. Also, Duijm et al. 
did not use a TLR-type parameter (see Equation [8.16]) in their analysis of their results. Last, Yee 
and Duijm et al. examined the concentration time history from a continuous release, whereas an 
instantaneous cloud release was examined in the present analysis. 

 The sensitivity of the TLR-to-puff duration,  T
 p 
,  is intuitively sensible. In general, Puff concen-

trations may be represented by a trivariate Gaussian distribution, with the highest concentration at 
the center of the distribution and concentrations falling as the distance from the center increases. 
Higher TLs will result for sensor points passed over by the high-concentration center of the puff than 
for points passed over by the low-concentration edge of the puff. The trial puffs were larger than the 
distance between sensors, and any given puff created differing concentration profi les over a number 
of sensors. Those sensors near the path of the puff center saw both longer times for the puff to pass 
the sensor ( T

 p  
) and the higher concentration readings inherent to the puff center. Those sensors 

passed by the edge of the puff saw short durations, sometimes less than the integration intervals used 
in this analysis, and very low concentration readings. Thus, the signifi cance of  T

 p 
  indicated by the 

ANOVA is not unexpected, and  T
 p  
 may well be a useful parameter in defi ning fl uctuation intensity 

for the dispersal of instantaneous clouds. 
 In any event, no fi nal conclusions can be reached on the toxicological signifi cance of these 

fi ndings until toxicology data become available to identify the proper form of the probit relation 
to use for chemical exposures involving fl uctuating concentrations (either Equations [8.4], [8.6], 
or [8.7]). The need is greatest for chemicals having TL exponent values greater than about 1.4 to 
1.5. Duijm et al. (2000) found that chemicals with  N  in this range could have a typical response � Z  
shift (see Equation [8.1]) of 4.5 (which is roughly the distance between 1% and 99% individuals 
responding) for a change of � from 1000 sec down to 1 sec. 
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 8.7 CONCLUSIONS 

 The large set of fl uctuating concentration–time histories included in the Biltoft (1997) data set has 
proven suitable for evaluating the sensitivity of TL calculations to parameters included in the TL 
equation. Conclusions include: 

  1. The TL results for the TL model measures investigated vary signifi cantly for the different 
concentration–time histories. 

  2. The size of the time step, �, has a signifi cant effect on the model results, with the magni-
tude of calculated TLR   and  C

�
 
 -max 

/ C
 T 
  converging toward a value of 1 as � increases toward 

 T
 p  
 in value. Changes in the TLR as a function of � are more pronounced when  N  
 1. 

  3. Of all the random factors and fi xed parameters of the Biltoft data, the two more important 
factors on the TLR (found via ANOVA) were  T

 p  
 and �, with the puff duration being the 

more important. This was true for  N  values of both 0.5 and 2. For the fl uctuation inten-
sity ( C 

 �-max 
/ C

 T 
 ) (with � � 4 sec), the same results were obtained, except that � was more 

 important than  T
 p 
.  

 8.8 SUMMARY 

 Hazard assessment modeling is a multidiscipline fi eld, requiring the cooperative efforts from many 
different fi elds of study: statistics, toxicology, transport/dispersion modeling, etc. An example of 
this is the modeling of the time dependence of chemical vapor toxicity via the TL model. 

 First, toxicological research has shown experimentally that many chemical vapor exposures 
are best described (empirically) by using the TL model (Equation [8.8]). Statistics (probit analysis) 
originally adapted for Haber’s Law assumptions were adapted for use with the new model. However, 
IH and PC vapor toxicity research has been limited to constant concentration exposure chambers. 

 In turn, the implications of the TL relationship on hazard assessment predictions have been inves-
tigated by the atmospheric transport/dispersion modeling community. The impact of the TL equation 
on the mathematics and statistics of atmospheric concentration–time histories has been studied by 
several researchers. In particular, the TL has been expressed and calculated in terms of ensemble 
mean concentrations, a commonly used parameter in transport and dispersion modeling. Estimates of 
the appropriate integration timescale (�) have been made for IH exposures, with human respiratory 
tract characteristics suggesting that � (at a minimum) should be in the range of 1 to 4 sec. 

 However, with the transport/dispersion modeling foundation now laid, further investigation of 
these models using toxicological data taken under more realistic hazardous event conditions should be 
pursued. The current paucity of appropriate toxicological data for this purpose needs to be remedied. 
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 9.1 INTRODUCTION 

 In 1971 the “War on Cancer” drive provided funds for the National Cancer Institute (NCI) to  initiate 
long-term testing of a series of halogenated aliphatics. Although these compounds were widely 
used as solvents, fumigants, gasoline additives, and intermediates, most had had little or no testing 
for possible carcinogenicity. Within three years, there was a publication describing the potential for 
1,2-dibromoethane (DBE) and 1,2-dibromo-3-chloropropane (DBCP) to induce stomach and other 
cancers in rodents after gavage in corn oil (Olson et al., 1974). 

 The NCI staff considered that although traces of DBE remained in grain that had been fumigated, 
the greater exposure to DBE and DBCP was through inhalation. DBCP was employed as a soil fumi-
gant whereas DBE was a gasoline additive and a fumigant for fruits and vegetables, especially those 
from tropical areas. Therefore, an inhalation toxicity study with these two compounds was initiated 
at Hazelton Laboratories (now Covance). The NCI testing program was transferred to the National 
Toxicology Program (NTP) in 1978, and the study was completed under NTP direction. Final results 
were quite defi nite; both DBE and DBCP were carcinogens by the inhalation route and induced tumors 
of the nasal passages. DBCP was more dangerous for the tumors it induced tended to invade the brain 
(Reznik et al., 1980). This example reinforced the need for inhalation studies with certain compounds. 

 There are several advantages to testing by inhalation. Often, inhalation is the route by which 
humans are exposed to workplace or environmental chemicals; thus inhalation is a more relevant 
method of testing. Furthermore, the vapor/aerosol affects the respiratory tract directly, without the 
intervention or complication of prior metabolism by the liver. Another advantage is that there is no 
need for a solvent, as used in gavage studies; thus complications from food oils or other solvents are 
eliminated. An NTP trial of corn and saffl ower oils demonstrated the confounding effects of these 
oils in carcinogenesis experiments (National Toxicology Program, l994a). 

 Since 1978 the NTP has tested 40 or more compounds by inhalation. Most are volatile liquids 
but some are gases and a good proportion are solids. Results of these tests are presented here. 
However, for more information on these compounds with respect to human health effects, toxicity, 
environmental fate, exposure, and regulations, refer to the National Library of Medicine Hazardous 
Substances Data Bank (HSDB) (http://toxnet.nlm.nih.gov). Some of the compounds have also been 
evaluated by the American Conference of Governmental Industrial Hygienists (ACGIH) and by the 
International Agency for Research on Cancer (IARC). However, HSDB probably has the most com-
prehensive treatment of each compound. This is especially true for compounds that fall outside the 
special interests of ACGIH or IARC, and thus they are not considered by these groups. 
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 9.2 GENERAL PROCEDURE 

 The general procedures used by the NTP are based on the NCI “Guidelines for Carcinogen Bioassay 
in Small Rodents” (National Cancer Institute, 1976), the fi rst number of the NCI/NTP Technical 
Reports. Slight modifi cations have evolved with the program, and details are given in various review 
chapters (Hamm, 1994; Jameson and Goehl, 1994; Prejean, 1994). 

 The animal species and strains originally used by the NCI are the mainstay of the NTP operation, 
namely the Fischer or F344/N rat and the B6C3F1 mouse (Goodman et al., 1994). As for animal diets, 
during the fi rst few inhalation bioassays, the animals were fed Wayne Lab-Blox ad libitum when not 
in the exposure chambers, but in later experiments, the NIH-07 diet was fed. However, since 1995, the 
NTP-2000 diet has been used (Table 9.1) This diet was designed to increase longevity and decrease 
the incidence and severity of spontaneous neoplastic and nonneoplastic lesions. It contains more fi ber 
and fat than the NIH-07 diet and less protein. Drinking water was available to animals at all times. 

   Animals were caged singly in stainless steel wire bottom cages to avoid problems. The expo-
sure chambers varied somewhat, but most were stainless steel, made by Harford Systems of Lab 
Products, Aberdeen, MD. 

 Each chemical to be tested was obtained from a reputable supplier and tested for identity, purity, 
and stability, against a reference standard (Jameson and Goehl, 1994). 

  TABLE 9.1 Constituents of NIH-07 and NTP-2000 Rat and Mouse Ration  

NIH-07,% NTP-2000,%
Ground hard winter wheat 23.0 22.26

Ground #2 yellow shelled corn 24.5 22.18

Wheat middlings 10.0 15.0

Oat hulls — 8.5

Alfalfa meal 4.0 7.5

Corn gluten meal (60% protein) 3.0 —

Dried skim milk 5.0 —

Soy oil 2.5 3.0

Dried brewer’s yeast 2.0 1.0

Soybean meal 12.0 5.0

Purifi ed cellulose — 5.5

Corn oil — 3.0

Fish meal 10.0 4.0

Dry molasses 1.5 —

Calcium carbonate — 0.9

Ground limestone 0.5 —

Dicalcium phosphate 1.25 0.4

Sodium chloride 0.5 0.3

Choline chloride — 0.26

Methionine — 0.2

Premixes 0.25 —

Vitamin premix — 0.5

Mineral premix — 0.5

The ration was checked for nutrient composition, levels of vitamins and minerals, and the possible 
presence of contaminants (heavy metals, bacteria, mycotoxins, and pesticides).
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 If no data on the toxicity of the test chemical were available, fi ve animals of each species and 
sex were exposed at each of several levels for single-dose studies. The data thus obtained served 
to set tentative levels for 14- to 16-day repeated-dose studies, and in sequence, levels for 14-week 
or 90-day tests, with 10 animals in each exposure group. These tests were conducted for 6 h/d, 
5 d/week. An allowance of approximately 12–25 min for the exposure chamber concentration to 
reach the desired level was factored into the exposure times. 

  TABLE 9.2 Tissues Sampled for NTP Studies 

1972–1978 1978–present
Adrenal Adrenal

Brain Bone with marrow

Diaphragm Brain

Duodenum Clitoral gland

Femur Gall bladder (mice)

Heart Esophagus

Jejunum/ileum Heart

Kidney Kidney

Large intestine Large intestine (cecum, colon, rectum)

Liver Larynx

Lung Liver

Lymph nodes Lung

Ovary/testis Lymph nodes (mandibular, mediastinal, 
mesenteric, bronchial)

Pancreas Mammary gland

Pituitary Nose

Prostate/uterus Ovary

Salivary gland Pancreas

Skin Parathyroid

Spleen Pituitary

Stomach Preputial gland

Thyroid and parathyroid Prostate

Trachea Salivary gland

Urinary bladder Skin

Any gross lesions/tissue masses Spleen

Stomach

Testis with epididymis and 
seminal vesicle

Thymus

Thyroid gland

Trachea

Urinary bladder

Uterus

Any other gross lesions/tissue masses
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 Sperm mobility and vaginal cytology were investigated in animals from the 14-week studies. 
Results from the 13/14 week tests enabled the NTP to select two or three dose levels for the defi nitive 
2-year study, the aim being to have levels that would allow survival over the 2-year period with-
out causing more than a 10% weight difference from the controls. In the 2-year study, 50 male and 
50 female rats and mice were started for each group: controls plus two or three exposure levels. In 
a few cases more animals were placed on test in order that a sample could be necropsied and exam-
ined at interim periods. Animals from each phase of a study were subjected to a careful necropsy and 
subsequent histopathological examination to explore specifi c indications of toxicity. Tissues from ani-
mals in the 2-year study were examined microscopically by the study pathologist (Table 9.2), followed 
by a review by the NTP Pathology Working Group. Thus the fi nal diagnosis represented a consensus 
opinion. Quality assurance measures were followed throughout each study (Boorman et al., 1994). 

Various statistical analyses were employed (Cox, 1972; Tarone, 1975; Williams, 1972), with the 
Fisher exact test serving as the indicator of statistical signifi cance, although other tests such as the 
trend test were also used. More recently, the Poly-3 test served to assess prevalence of neoplastic and 
nonneoplastic lesions (Portier and Bailer, 1989).

 Results of the animal tests were classifi ed according to the following criteria: 

  • Clear evidence of carcinogenicity is demonstrated by studies that are interpreted as 
showing a dose-related increase of malignant neoplasms, or an increase of a combina-
tion of malignant and benign neoplasms, or marked increase of benign neoplasms if 
there is an indication from this or other studies of the ability of such tumors to progress 
to malignancy. 

  •     Some evidence of carcinogenic activity is demonstrated by studies that are interpreted 
as showing a chemically related increased incidence of neoplasms (malignant, benign, 
or combined) in which the strength of the response is less than that required for clear 
evidence. 

  •     Equivocal evidence of carcinogenic activity is demonstrated by studies that are inter-
preted as showing a marginal increase of neoplasms that may be chemically related. 

  •     No evidence of carcinogenic activity is demonstrated by studies that are interpreted as 
showing no chemically related increases in malignant or benign neoplasms. 

  •     Inadequate study of carcinogenic activity is demonstrated by studies that because of major 
qualitative or quantitative limitations cannot be interpreted as valid for showing either the 
presence or absence of carcinogenic activity. 

 The written report included the results of the animal tests, with their classifi cations, the histopatho-
logical summaries and the statistical evaluations. The report was reviewed by a panel of experts 
before release to the public. 

 9.3 INDIVIDUAL COMPOUNDS 

 Because of the diverse nature of the compounds tested and the results, each compound is presented 
separately. Gases tested by the NTP are presented fi rst, in order of their report numbers, then liquids, 
and fi nally solids. 

   9.3.1 Gases 

 9.3.1.1 Propylene NTP #272 

 Propylene (CAS No. 115–07–1 formula C
 3 
H

 6 
; molecular weight, 42.08; boiling point, �48�C;  melting 

point, �185�C) is a colorless fl ammable gas with an olefi n-like odor. It is used as a feedstock for 
octane improvement in gasoline, as an intermediate in making plastics and compounds such as 
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 propanol, cumene, and acrylonitrile. Propylene was tested at Battelle Pacifi c Northwest Laboratories 
(Battelle) under a contract with the NTP (National Toxicology Program, 1985a). 

 9.3.1.1.1 Vapor Generation 
 Propylene was purchased as such in a gas cylinder; the pressure was reduced by piping the propyl-
ene through a regulator into metering valves and thence to the exposure chambers. Concentrations 
in the chambers were monitored automatically 10 times each exposure day with a Hewlett-Packard 
5840 gas chromatograph equipped with a fl ame ionization detector. 

 9.3.1.1.2 Procedure 
 In the preliminary studies, fi ve male and fi ve female rats and mice were exposed to concentrations 
of 0, 625, 1250, 5000, or 10,000 ppm for 6 h/d,  5  d/week for 14 days. Since no toxic effects were 
observed, 9 or 10 animals of each species and sex were exposed to the same levels, under the same 
conditions, for 14 weeks. In the fi nal 2-year test, groups of 49–50 rats and mice of each sex were 
exposed to propylene at concentrations of 0, 5000, or 10,000 ppm for 6 h/d, 5 d/week for a total of 
103 weeks. 

 9.3.1.1.3 Results 
 No toxic effects were noted in the preliminary tests, explaining why the 5000 and 10,000 ppm levels 
were chosen for the 2-year study. In that part of the study, survival of the test animals and the con-
trols was similar, but body weights of exposed rats were slightly lower (within  5%)  than those of 
controls. Nonneoplastic lesions noted were squamous metaplasia, hyperplasia, and infl ammation of 
the nasal cavity in rats, especially in females. In male mice, there was a decrease in the spontaneous 
type alveolar/bronchiolar tumors. The NTP concluded that there was no evidence for carcinogenicity 
in either rats or mice. The American Conference of Governmental Industrial Hygienists (ACGIH) 
has not recommended a threshold limit value (TLV) for propylene but considers it a simple asphyxi-
ant if oxygen levels fall below 18%. The major danger from propylene is the possibility of fi re and 
explosion (ACGIH, 2001). 

 9.3.1.2 Butadiene NTP #288 and #434 

 1,3-Butadiene (CAS No. 106–99–0; formula C
 4 
H

 6 
; molecular weight, 54.09; boiling point, �4.44�C; 

melting point, �108.9�C; vapor pressure, 1900 mmHg at 20�C) is a colorless, highly fl ammable gas 
that is the most important monomer in the synthetic rubber industry. Because of its widespread 
production, it was tested by Battelle under contracts with the NTP (National Toxicology Program, 
1984, 1993a). 

 9.3.1.2.1 Vapor Generation 
 The liquifi ed gas was piped through stainless steel tubing to a distribution manifold and fl ow control 
system, with metering valves and fl ow meters. Concentrations in the exposure chambers were mea-
sured by a gas chromatograph and photoionization detector. 

 9.3.1.2.2 Procedure 
 Because there were data on inhalation exposures with rats, the NTP experiments were done only 
in mice. In the fi rst series of experiments, the 15-day and 14-week trials were done by Industrial 
Biotest, and the long-term tests were done by Battelle. In the 15-day trial, fi ve male and fi ve female 
mice were exposed by inhalation for 6 h/d, 5 d/week to levels of 0, 625, 1250, 2500, 5000, and 8000 
ppm. The 14-week study used 10 mice of each sex at 0, 625, 1250, 2500, 5000, and 8000 ppm at 
the usual schedule for 14 weeks. In the long-term study, 50 mice of each sex were exposed at 0, 
625, or 1250 ppm at the usual schedule. Originally this was to be for 105 weeks, but the study was 
terminated at 60 or 61 weeks. In the second study, groups of 70 male and female mice were exposed 
at 0, 6.25, 20, 62.5, 200, or 625 ppm for 6 h/d, 5 d/week for up to 103 weeks. In addition a group of 
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50 male mice was exposed at 200 ppm for 40 weeks; another group at 312 ppm for 52 weeks; a third 
group at 625 ppm for 13 or 26 weeks. After the exposures all were kept under control  conditions 
until 103 weeks. 

 9.3.1.2.2 Results 
 In the initial 15-day trial, all the mice survived, but body weights were lower in all exposed groups. 
The 14-week test showed that levels over 1250 ppm were toxic; body weights were also lower. The 
60- to 61-week study showed that body weights were not affected, but survival was poor. Many 
tumors occurred in both sexes: malignant lymphomas, hemangiosarcomas of the heart, alveolar/
bronchiolar neoplasms, squamous cell neoplasms of the forestomach, and, in females, mammary 
carcinomas, granulosa cell neoplasms of the ovary, and hepatocellular neoplasms. 

 In the second long-term trial, animals at 625 ppm died early of malignant lymphomas. There were 
signifi cant increases in many types of tumors: neoplasms of the heart, lung, forestomach, Harderian 
gland, mammary gland, ovary, and liver. Even the lowest level, 6.25 ppm, led to increased lung 
tumors in female mice. Thus, there clearly was evidence for the carcinogenicity of 1,3-butadiene in 
both male and female mice. 

 In contrast, the 2-year study with rats (Owen and Glaister, 1990) was performed with exposures 
of 1000 and 8000 ppm. There were increases in tumors but mainly of the endocrine system. 

 The enhanced susceptibility of mice to 1,3-butadiene has been linked to their effi cient conver-
sion of butadiene to activated metabolites rather than to detoxifi cation products (ACGIH, 2001). 

 The ACGIH has set a TLV of 2 ppm for butadiene and has given it the A2 designation, suspected 
human carcinogen (ACGIH, 2001). 

 9.3.1.3 Ethylene Oxide NTP #326 

 Ethylene oxide (CAS No. 75–21–8: formula C
 2 
H

 4 
O; molecular weight, 44.05; boiling point, 10.73�C; 

melting point, �111�C; vapor pressure, 146 mmHg at 20�C) is a colorless gas used primarily as an 
intermediate in the production of antifreeze, surface-active agents; glycol ethers; ethanol amine, and 
choline. Lesser uses are as a sterilant and fumigant. Because of its widespread use it was tested at 
Battelle under a contract with the NTP (National Toxicology Program, 1987a). 

 9.3.1.3.1 Vapor Generation 
 Ethylene oxide was obtained as a liquid in a cylinder; from the cylinder the liquid was dispensed 
through an eductor tube to a boiler located in a 55�C water bath by pressurizing with nitrogen. 
From the boiler the vapor was routed through a manifold to gas-metering valves that controlled gas 
fl ow to each exposure chamber. Monitoring the levels of ethylene oxide was accomplished with 
a photoionization detector and then a Hewlett-Packard Model 5840 gas chromatograph equipped 
with a fl ame ionization detector. 

 9.3.1.3.2 Procedure 
 Because there already were tests of the long-term effects of ethylene oxide in rats, the NTP study 
was performed using only mice. In the single-dose exposure, groups of fi ve male and fi ve female 
mice were exposed to 100, 300, 400, 800, or 1600 ppm of ethylene oxide for 4 h. In the 14-day study, 
similar groups of mice were exposed by inhalation at 0, 50, 100, 200, 400, or  800  ppm for 6 h/d, 
5 d/week for 10 exposures over a 14 day period. The 14-week step involved 10 mice of each sex at 
0, 50, 100, 200, 400, or 600 ppm of ethylene oxide for 6 h/d, 5 d/week for 14 weeks. In the 2-year 
study, groups of 50 male and 50 female mice were exposed by inhalation for 6 h/d, 5 d/week for 102 
weeks at 0, 50, or 100 ppm. 

 9.3.1.3.3 Results 
 In the single-dose study, levels of 800 ppm and above were toxic; the same held for the 14-day sec-
tion of the test. Doses of 400 ppm or more led to deaths in the 14-week study. However, no clinical 
signs of toxicity were apparent. 
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 In the 2-year part of the test, mean body weights and survival of exposed mice were similar to 
that of controls. Histopathological examination at the end showed that both male and female mice 
had signifi cant increases in alveolar and bronchiolar carcinomas and adenomas and papillary cystad-
enomas of the Harderian gland. Females also had signifi cant increases in malignant lymphomas and 
uterine adenocarcinomas. The NTP decided the results showed clear evidence of carcinogenicity in 
both male and female mice. 

 Confi rming the result with the mice was an inhalation test of ethylene oxide in female A/J mice. 
A signifi cant increase in pulmonary adenomas in this susceptible strain was observed (Adkins et al., 
1986). 

 The comparable studies with rats showed that ethylene oxide caused signifi cant increases in 
various types of tumors, namely subcutaneous fi bromas, peritoneal mesotheliomas, pancreatic and 
pituitary adenomas, brain tumors, and mononuclear cell leukemia (Garman et al., 1986; Lynch et al., 
1984; Snellings et al., 1984). It thus appeared that rats were affected more by ethylene oxide than 
were mice. 

 The epidemiological studies of humans exposed to ethylene oxide afford limited evidence for the 
carcinogenicity of the substance for the studies are confl icting and often confounded by exposure 
to other chemicals. These studies have been summarized by IARC (IARC, 1994). IARC concluded 
that although there is limited evidence in humans for the carcinogenicity of ethylene oxide, the com-
pound is a human carcinogen, based on the mechanism of action and the similarity of other effects 
in both humans and animals. 

 On the other hand, the same data led ACGIH to designate ethylene oxide as a suspected human 
carcinogen, with the A2 designation. ACGIH set a TLV of 1 ppm for ethylene oxide to avoid poten-
tial oncogenic risks and nonneoplastic effects on many organs and the central nervous system 
(ACGIH, 2001). 

 9.3.1.4 Chloroethane (Ethyl Chloride) NTP #346 

 Chloroethane (CAS No. 75–00–3; formula C
 2 
H

 5 
Cl; molecular weight, 64.52; boiling point, 12.3�C; 

melting point, �138.7�C; vapor pressure 1000 mmHg at 20�C) is a colorless gas which has been 
used as an intermediate, as a solvent, propellant, an anesthetic, in refrigeration, and in formulation 
of pesticides. It was tested at Battelle under a contract with the NTP (National Toxicology Program, 
1989a). 

 9.3.1.4.1 Vapor Generation 
 The chloroethane was led from the shipping container into a stainless steel boiler maintained at 
about 60�C by a water bath. The vapor was routed through a gas-metering valve and a purge/expose 
valve into a pipe at the chamber inlets and was mixed with air entering the exposure chamber. 
Monitoring of chamber concentrations was done with a Hewlett-Packard Model 5840 gas chromato-
graph equipped with a fl ame ionization detector. 

 9.3.1.4.2 Procedure 
 In the preliminary phase, fi ve male and fi ve female rats and mice were exposed to 19,000 ppm for 
4 h. All survived; therefore, in the 14-day study fi ve male rats and fi ve female rats and mice were at 
19,000 ppm for 6 h/d, 5 d/week for 10 exposure days. All animals survived without effect on body 
weights. Thus, in the 13-week phase, 10 male and 10 female animals of each species were exposed 
to 0, 2500, 5000, 10,000, or 19,000 ppm for 6 h/d, 5 d/week for 13 weeks. In the 2-year study, 50 rats 
and 50 mice of each sex were exposed at 0 or 15,000 ppm for 6 h/d, 5 d/week for 100 weeks (mice) 
or 102 weeks (rats). 

 9.3.1.4.3 Results 
 In the three preliminary parts of the test, there seemed to be no effect of chloroethane on body 
weights and survival. However, in the 2-year study body weights were lower than controls in the 
exposed animals and survival was low in the male rats on test. Histopathological examinations 
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revealed that male rats had an increase in benign and malignant epithelial neoplasms, whereas in 
female rats there was an increase in malignant astrocytomas of the brain. For male mice, the study 
was considered inadequate, but there was an increase in lung neoplasms. Female mice had very poor 
survival, but there was a highly signifi cant incidence of endometrial uterine carcinomas, along with 
some increases in liver tumors. 

 These results caused the NTP to decide that there was equivocal evidence for carcinogenicity in 
male and female rats; that the male mouse study was inadequate, but that there was clear evidence 
of carcinogenicity in female mice. 

 In humans exposure to chloroethane at levels over 13,000 ppm leads to anesthesia, but lower 
levels can cause incoordination, cyanosis, and nausea. Human exposure has been without untoward 
results, even though chloroethane has been widely used to relieve the pain of acute injury and in 
sports medicine. The ACGIH has recommended a TLV of 100 ppm for this compound, with the A3 
designation, a confi rmed animal carcinogen with unknown relevance to humans (ACGIH, 2001). 

 9.3.1.5 Methyl Bromide NTP #385 

 Methyl bromide (CAS No. 74–83–9; formula CH
 3 
Br; molecular weight, 94.95; boiling point, 

3.56�C; melting point, �93.66�C; vapor pressure, 1420 mmHg at 20�C) is a colorless nonfl ammable 
gas used as a fumigant in pest control and as a methylating agent in the chemical industry. Methyl 
bromide was tested at Brookhaven National Laboratory under a contract with the NTP (National 
Toxicology Program, 1992a). Because of previous negative inhalation and feeding studies with rats, 
methyl bromide was tested in mice only. 

 9.3.1.5.1 Vapor Generation 
 The methyl bromide, obtained as a compressed gas, was delivered from the cylinder through a 
shrouded delivery tube to a distribution plenum; rotameters controlled the gas fl ow to each exposure 
chamber. The concentration in each chamber was determined by a MIRAN 80 infrared spectrom-
eter; additional monitoring by gas chromatography was done biweekly. 

 9.3.1.5.2 Procedure 
 In the preliminary studies, fi ve male and fi ve female mice in each group were exposed to 0, 12, 25, 
50, 100, or 200 ppm methyl bromide for 6 h/d, 5 d/week for 10 exposures over a 14-day period. 
In the 13-week phase, groups of 10 male and 10 female mice were exposed by inhalation at 0,  
 10, 20, 40, 80, or 120 ppm for 6 h/d, 5 d/week. In the 2-year study 86 male and female mice were 
exposed at 0, 10, 33, or 100 ppm for 6 h/d, 5 d/week for up to 2 years. At four or six and 15 months 
10 mice from each group were taken for interim examination, while 16 mice were used for neurobe-
havorial studies. 

 9.3.1.5.3 Results 
 In the 14-day phase, most of the mice exposed to 200 ppm died and hematuria was noted. Little 
organ toxicity was observed in the 13-week test, but there were decreases in body weight, relative 
to the controls. In the 2-year study, animals at the high-dose level were discontinued after 20 weeks 
because of high mortality, especially in the males. After two years no carcinogenic effects were 
noted, but there was irritation of the respiratory tract. 

 Rats exposed to methyl bromide for up to 29 months also showed degenerative and hyperplastic 
changes of the olfactory epithelium but no neoplastic changes (Reuzel et al., 1991). 

 In humans exposure to methyl bromide has led to pulmonary edema, loss of coordination, 
 convulsions, lung irritation, paralysis, and coma and death at high levels of exposure. The ACGIH 
has recommended a TLV of 1 ppm to minimize the potential for skin and respiratory tract irrita-
tion. There is no evidence of carcinogenicity in humans, despite the acute toxic effects. In view of 
the negative carcinogenicity studies, the ACGIH has given methyl bromide the A4 designation, not 
 classifi able as a human carcinogen (ACGIH, 2001). 
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 9.3.1.6 Ozone NTP #440 

 Ozone (CAS No. 10028–15–6; formula O
 3 
; molecular weight, 47.99; boiling point, �111.9�C; 

melting point, �193�C ) is a bluish liquid or gas; at high concentrations the odor is pungent and 
irritating. Ozone is used as a disinfectant for air and water, for bleaching oils and waxes and textiles, 
and in organic syntheses. Because of its harmful effects on pulmonary function, it was tested by 
inhalation at Battelle under a contract with the NTP (National Toxicology Program, 1994b). 

 9.3.1.6.1 Vapor Generation 
 The ozone was generated by a silent corona discharge ozonator and delivered to the exposure 
 chambers. Chamber concentrations were monitored with an ultraviolet spectrophotometric analyzer; 
a Hewlett-Packard computer controlled the stream and the operation of each monitor. 

 9.3.1.6.2 Procedure 
 The bioassay began with a 4-week test in which groups of fi ve male and fi ve female rats and mice 
were exposed to ozone at levels of 0, 0.5, or 1 ppm 6 h/d, 5 d/week for 20 exposures over the period. 
In the 2-year study, groups of 50 male and 50 female rats and mice were exposed at 0, 0.12, 0.5, or 
1 ppm for 6 h/d, 5 d/week for 105 weeks. In the lifetime phase, groups of 50 male and 50 female rats 
and mice received exposures of 0, 0.5, or 1 ppm for 125 weeks at the 6 h/d, 5 d/week schedule. 

 To determine whether ozone had a promoting action on a known lung carcinogen, groups of 
48 male rats received injections of NNK (4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone) and the 
same ozone exposure as in the 2-year trial. Thus, groups of male rats received ozone at 0 or 0.5 ppm 
for 6 h/d, 5 d/week for 105 weeks. During the fi rst 20 weeks, they were injected subcutaneously 
three times weekly with 0, 0.1, or 1 mg NNK in trioctanoin. 

 9.3.1.6.3 Results 
 In the 4-week phase, all the rats and mice survived, although body weights were lower at the 1 ppm 
level. The 2-year study demonstrated that male rats were more susceptible to the effects of ozone for 
they had the lowest survival rate. The lifetime trial of 125 weeks led to very poor survival in both 
controls and test animals, since it was at the limit of their life span. The male rats on the NNK-ozone 
trial had survival and body weights similar to those of controls, except for the 1 mg NNK group. 
These rats had lower body weights. 

 As for carcinogenicity and promoting effects, there was no evidence for this in any of the rat 
studies. Animals developed hyperplasia and metaplasia of the nose, larynx, and lung, but there was 
no increase in neoplastic effects. Furthermore, the rats treated with NNK plus ozone showed no 
promoting action by ozone on the lung tumors induced by NNK. 

 Mice were apparently more susceptible to any effects of ozone, for their body weights were 
somewhat lower than those of controls, although survival rates were similar. Mice also had hyperpla-
sia and metaplasia similar to the case with the rats. However, both male and female mice had uncer-
tain or nonstatistically signifi cant increases in lung tumors, slightly more in the females. The NTP 
interpreted these results as equivocal evidence in male mice and some evidence in female mice. 

 Humans exposed to ozone have shown effects ranging from discomfort to pulmonary conges-
tion. The ACGIH has recommended different TLVs for ozone, depending on whether the exposed 
individuals are doing light to heavy work. Thus, for heavy work a TLV of 0.05 ppm has been set; for 
moderate work 0.08 ppm, and for light work 0.1 ppm. ACGIH has also given ozone the A4 designa-
tion, not classifi able as a human carcinogen (ACGIH, 2001). 

 9.3.1.7 Tetrafl uoroethylene NTP #450 

 Tetrafl uoroethylene (CAS No. 116–14–3; formula C
 2 
F

 4 
; molecular weight, 100.02; boiling point, 

76.3�C; melting point, �142.5�C; vapor pressure, 438.4 mmHg) is a colorless, odorless, highly fl amma-
ble gas used to make Tefl on in closed systems. Because of lack of information on its long-term effects, 
it was tested at Battelle under a contract with the NTP   (National Toxicology Program, 1997a). 
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 9.3.1.7.1 Vapor Generation 
 Tetrafl uoroethylene was metered through regulators directly from the shipping cylinder to the 
 exposure chambers. Concentrations were monitored by an on-line gas chromatograph. 

 9.3.1.7.2 Procedure 
 Because acute toxicity data were available, 16-day exposure studies were the initial tests. Groups of 
fi ve male and fi ve female rats and mice were exposed for 6 h/d, 5 d/week for 12 exposure days in a 
16-day period to levels of 0,   312, 625, 1250, 2500, and 5000 ppm. For the 13-week study, 10 male 
and 10 female rats and mice were exposed for 6 h/d, 5 d/week for 13 weeks to levels of 0,   312, 625, 
1250, 2500, or 5,000 ppm. In the 2-year test, groups of 60 male rats were exposed to 0,   156, 312, 
and 625 ppm tetrafl uoroethylene for 6 h/d, 5 d/week for 104 weeks. Groups of 60 female rats and 
58 male and female mice were exposed at 0,   312, 625 and 1250 ppm for 95–96 weeks (mice) or 
104 weeks (female rats). At 15 months, 10 animals from each group were evaluated for hematology, 
clinical chemistry, organ weight, and urinalysis parameters (rats). 

 9.3.1.7.3 Results 
 In the 16-day study, all rats survived but body weights were appreciably lower at the top exposure 
levels in both sexes. Likewise, all mice survived without an effect on body weight. In the 13-week 
study all rats survived but body weights were lower at the top level. All mice survived the 13-week 
test, but with somewhat lower body weights and karyomegaly of the renal tubule epithelial cells in 
mice exposed at higher than 1250 ppm. 

 For the 2-year study, it was noted that survival in male rats at the top level and in females at all 
exposure levels was less than in controls. Body weights of both male and female rats at the highest 
level were lower than those of controls. Histopathological examination showed increases in renal 
tubule hyperplasia in both males and females and signifi cant increases in renal adenomas or carci-
nomas in both sexes. In addition, the incidences of liver tumors, namely hepatocellular adenoma or 
carcinoma, were higher in both males and females, and mononuclear cell leukemia was higher. On 
the other hand, the incidence of mammary gland fi broadenomas decreased in female rats. 

 As for the mice, all survived the 16-day study, and body weights were similar in controls and 
exposed mice. In the 13-week test, all mice survived without effect on body weights, but karyomeg-
aly of the kidney occurred in both sexes at the three highest dose groups. In the 2-year study survival 
rates of both males and females at all dose levels were lower than for controls; thus the study was 
ended at 96 weeks. The liver was a target organ in the mice with hemangiomas and/or hemangio-
sarcomas, hepatocellular adenomas or carcinomas, and histiocytic sarcomas of many organs being 
observed. 

 The results of the study led NTP to decide there was clear evidence of carcinogenicity in all four 
test groups—male rats, female rats, male mice, and female mice. 

 The ACGIH has set a TLV   of 2 ppm for tetrafl uoroethylene to avoid liver and kidney damage 
(ACGIH, 2001)

 , 
 with the A3 designation, confi rmed animal carcinogen with unknown relevance to 

humans. 

 9.3.2 Liquids 

 9.3.2.1 1,2-Dibromo-3-Chloropropane NTP #206 

 1,2-Dibromo-3-chloropropane (DBCP) (CAS No. 96–12–8; formula C
 3 
H

 5 
Br

 2 
Cl: molecular weight, 

236.4; boiling point, 196�C; vapor pressure, 8 mmHg at 21�C) is a brown liquid formerly used as 
a nematocide. It was tested under a contract from the NTP (National Toxicology Program, 1982a) 
with Hazelton Laboratories (now Covance). 

 9.3.2.1.1 Vapor Generation 
 Filtered dry air was bubbled through liquid DBCP and the vapor was pumped into the inhala-
tion chambers through Tefl on tubing. The level of DBCP was determined with a Varian 600-D 
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gas  chromatograph. The inhalation chambers were monitored continuously by an HNU Systems 
 analyzer. 

 9.3.2.1.2 Procedure 
 Groups of fi ve male and fi ve female rats or groups of 8–10 male mice and 10–12 female mice were 
exposed by inhalation to 0, 1, 5,   or 25 ppm DBCP for 6 h/d, 5   d/week for 13 weeks, as the prelimi-
nary study. In the 2-year study, groups of 50 male and 50 female rats and mice were exposed to 
0,    0.6, or 3 ppm DBCP for 6 h/d, 5 d/week for 76 to 103 weeks. 

 9.3.2.1.3 Results 
 In the 13-week portion of the test, there were some deaths at the higher dose level. Infl ammatory 
necrotizing lesions of the nasal cavity were observed in both rats and mice. In the 2-year study, 
survival decreased sharply at 76 weeks for animals on the higher dose. Histopathology showed that 
DBCP induced signifi cant increases in squamous cell papillomas and carcinomas of the nasal cavity 
in both sexes of rats and mice. In rats, these tumors tended to invade the brain (Reznik et al., 1980). 
In rats there were signifi cant incidences of squamous cell papillomas of the tongue and pharynx, 
whereas in mice lung tumors were increased signifi cantly. Mammary gland fi broadenomas in female 
rats and mesotheliomas of the tunica vaginalis in male rats also appeared related to DBCP exposure. 
Thus,   inhalation exposure to DBCP was clearly related to carcinogenicity in both male and female 
rats and male and female mice. 

 The ACGIH has not   set   any TLV for DBCP. However, IARC has concluded that DBCP belongs 
in their Group 2B, namely that it is possibly carcinogenic to humans (IARC, 1999). 

 9.3.2.2 1,2-Dibromoethane (Ethylene Dibromide) NTP #210 

 1,2-Dibromoethane (CAS No. 106–93–4; formula C
 2 
H

 4 
Br

 2 
; molecular weight, 187.66; boiling point, 

131–2�C; melting point, �9�C; vapor pressure, 11 mmHg at 25�C) is a clear liquid formerly used 
as a gasoline additive to sequester lead and as a fumigant for grains, fruits, and vegetables. It was 
tested by inhalation at Hazelton Laboratories (Covance) under a contract with the NTP (National 
Toxicology Program, 1982b). 

 9.3.2.2.1 Vapor Generation 
 The dibromoethane was held in a large fl ask and vaporized by a stream of dry air. The concentration 
in the exposure chambers was monitored by a Varian 600-D gas chromatograph. 

 9.3.2.2.2 Procedure 
 A 13-week test was performed with groups of fi ve male and fi ve female rats and 8–10 male mice 
and 10–12 female mice exposed at 0, 3, 15 or 75 ppm for 6 hrs/day, 5 days/week. The fi nal 2-year 
study began with 50 male and 50 female rats and mice exposed at 0, 10, or 40 ppm for 6 hrs/day, 
5   days/week for 78–90 and 103 weeks. 

 9.3.2.2.3 Results 
 Although the toxicity of dibromoethane was somewhat lower than that of DBCP, the types of tumors 
induced were similar. In male and female rats, there were signifi cant incidences of adenomas, carci-
nomas, and adenocarcinomas of the nasal cavity and hemangiosarcomas of the circulatory system. 
Males also had a signifi cant incidence of mesotheliomas of the tunica vaginalis while females 
showed an increase in fi broadenomas of the mammary gland. In the mice, males appeared somewhat 
less susceptible, but they had signifi cant incidences of adenomas and carcinomas of the lung and 
total respiratory tumors. Female mice reacted more like the rats with notable increases in tumors of 
the nasal cavity and hemangiosarcomas or hemangiomas of the circulatory system plus increases in 
respiratory tumors and adenocarcinoma of the mammary gland. 

 Thus, there was defi nite evidence for the carcinogenicity of 1,2-dibromoethane in the four 
animal models tested, male and female rats and male and female mice. 
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 When the U.S. EPA   banned the use of lead compounds as antiknock agents in gasoline, the 
major use and means of exposure of 1,2-dibromoethane ended. Shortly thereafter EPA   also can-
celled the application as a fumigant for grains and tropical fruits and vegetables. 

 The ACGIH has not set any TLV for this compound, but has given it the A3 designation, con-
fi rmed animal carcinogen with unknown relevance to humans (ACGIH, 2001). 

 9.3.2.3 Propylene Oxide NTP #267 

 Propylene oxide (CAS No. 75–56–9; formula C
 3 
H

 6 
O; molecular, 58.08; boiling point, 34.2�C; melting 

point, �112�C; vapor pressure, 445 mmHg at 20�C) is a colorless, highly volatile and fl ammable 
liquid which is an important material for production of polyols and propylene glycols for polyester 
resins. The long-term study of propylene oxide was performed by Battelle under a contract with the 
NTP (National Toxicology Program, 1985b). 

 9.3.2.3.1 Vapor Generation 
 Propylene oxide, contained in a stainless steel reservoir housed in a vapor hood, was pumped to a 
vaporizer and delivered to the exposure chambers using micrometering pumps and a manifold distri-
bution system. Concentrations in the Chambers were monitored with a gas chromatograph. 

 9.3.2.3.2 Procedure 
 Single and repeated exposure trials were done at Industrial Biotest. In the single exposure, groups of 
fi ve males and fi ve females of each species were exposed to propylene oxide by inhalation for 4 h; 
rats at 1277, 2970, 3794, or 3900 ppm; mice at 387, 859, 1102, 1277, or 2970 ppm. In the repeat-
exposure group of fi ve males and fi ve females of each species were exposed for 6 h/d, 5 d/week 
for 10 exposures; rats at 0, 47.2, 98.5, 196, 487, or 1433 ppm; mice at 0, 20.1, 47.2, 98.5, 196, or 
487 ppm under the same schedule. In the 13-week trial, groups of 10 males and 10 females of each 
species were exposed at 0, 31, 63, 125, 250, or 500 ppm for 6 h/d, 5   d/week for 13 weeks. In the 
2-year study, groups of 50 males and 50   females of each species were exposed to propylene oxide 
by inhalation for 6 h/d, 5   d/week for 103 weeks, at levels of 0, 200, or 400 ppm. 

 9.3.2.3.3 Results 
 In the single exposure, rats died at levels of 1277 and above; 1102 and higher led to deaths in the 
mice. In the repeated exposure trial, rats died or showed signs of toxicity at the top level; although 
no mice died, they had dyspnea and hypoactivity at the highest level. The 13-week study led to 
 depression in weight gain or deaths at 500 ppm. The 2-year study showed survival in rats was simi-
lar to that of controls, but body weights were depressed slightly at the top dose. Both survival and 
body weights of exposed mice were lower than in the controls. In both species, there were exposure-
related increases in infl ammation, hyperplasia, and squamous metaplasia of the nasal turbinates. 
Furthermore, exposed male and female rats had a low incidence of papillary adenomas of the nasal 
turbinates, whereas exposed mice had adenocarcinomas, hemangiomas, and hemangiosarcomas of 
the nasal mucosa. Based on these results, the NTP concluded there was some evidence for the carci-
nogenicity of propylene oxide in male and female rats and clear evidence in male and female mice. 

 Other inhalation studies of propylene oxide in male F344 rats (Lynch et al., 1984) and male and 
female Wistar rats (Kuper et al., 1988) have confi rmed the carcinogenic action of propylene oxide. 

 However, epidemiological surveys of workers exposed to a variety of chemicals, including pro-
pylene oxide, have not shown increases in cancer mortality. Nevertheless, to protect against del-
eterious effects, the ACGIH has set a TLV of 2 ppm, with the A3 designation, confi rmed animal 
carcinogen with unknown relevance to humans (ACGIH, 2001). 

 9.3.2.4 Dichloromethane (Methylene Chloride) NTP #306 

 Dichloromethane (CAS No. 75–09–2; formula CH
 2 
Cl

 2 
; molecular weight, 84.93; boiling point, 

40�C at 76 mmHg; melting point, �95.1�C; vapor pressure, 349 mmHg at 20�C) is a colorless, 
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 volatile nonfl ammable liquid which has been widely used as a solvent in paint removers, in plastics, 
as a degreasing agent, a blowing agent in foams, and as a propellant in aerosol containers. It was 
tested by Battelle under a contract with the NTP (National Toxicology Program, 1986a). 

 9.3.2.4.1 Vapor Generation 
 Dichloromethane was vaporized at 38–42�C, diluted with air and introduced into the exposure 
 chambers. Concentrations were monitored with an on-line gas chromatograph. 

 9.3.2.4.2 Procedure 
 The preliminary studies, namely single dose and 19-day, were done by Industrial Biotest. For the 
single dose, fi ve rats and fi ve mice of each sex were exposed by inhalation to 15,500, 16,500, 
16,800, 17,250, 18,500, or 19,000 ppm for 4 h. In the 19-day part of the test, fi ve rats and fi ve mice 
of each sex were exposed to 0, 1625, 3250, 6500, 13,000, or 16,000 ppm for 6 h/d, 5 d/week for 
11 exposures over 19 days. In the next step, 10 rats and 10 mice of each sex were exposed at 0, 524, 
1050, 2100, 4200, or 8400 ppm 6 h/d, 5 week for 13 weeks. In the 2-year study, 50 rats of each sex 
were exposed to levels of 0, 1000, 2000, or 4000 ppm for 6 h/d, 5 d/week for 102 weeks. Similar 
groups of mice were exposed at levels of 0, 2000, or 4000   ppm for 102 weeks. 

 9.3.2.4.3 Results 
 In the single-exposure study, there were deaths in the various groups; likewise in the 19-day test, 
there were deaths at the higher levels. Dyspnea, ataxia, and hyperactivity were noted. The higher 
levels in the 13-week study also led to deaths, and body weights were lower. During the 2-year study, 
exposures of rats to 1000 ppm or higher led to liver disorders. In male rats, there were increases 
in neoplastic nodules and carcinomas of the liver, and the same types of tumors were increased 
in female rats. However, both sexes showed an increase in benign, but not malignant, mammary 
tumors. Mice of both sexes had lower survival and body weights at the higher exposure levels. There 
were signifi cant increases in lung adenomas and carcinomas and liver tumors. Thus, rats were more 
sensitive to the hepatotoxicity of dichloromethane; mice to the carcinogenicity. 

 The NTP decided there was some evidence for carcinogenicity in male rats, clear evidence in 
female rats, and clear evidence in both male and female mice. 

 The carcinogenicity of dichloromethane apparently is dependent on strain in rats. Comparable 
inhalation studies, with even higher exposures, led to no tumors in Sprague–Dawley rats, although 
there was evidence of hepatotoxicity (Burek et al.,1984; Nitschke et al., 1988). 

 Epidemiological studies on various groups of workers exposed to dichloromethane were insuf-
fi cient to confi rm or refute an increased risk of cancer in humans (ACGIH, 2001). The ACGIH has 
decided on a TLV of 50 ppm for dichloromethane to prevent central nervous system effects and 
anoxia. In view of the NTP carcinogenicity results, the compound has been given the A3 designa-
tion, confi rmed animal carcinogen of unknown relevance to humans (ACGIH, 2001). 

 9.3.2.5 Tetrachloroethylene NTP #311 

 Tetrachloroethylene (perchloroethylene) (CAS No. 127–18–4; formula C
 2 
Cl

 4 
; molecular weight, 

165.8; boiling point, 121�C; melting point, �22.4�C; vapor pressure, 20 mmHg at 26.3�C) is a clear 
colorless liquid which has been extensively used in dry cleaning, metal degreasing, and in manufac-
ture of fl uorocarbons. It was tested by Battelle under a contract with the NTP (National Toxicology 
Program, 1986b). 

 9.3.2.5.1 Vapor Generation 
 Liquid tetrachloroethylene was pumped to a cylinder with a glass fi ber wick, maintained at 110�C, 
from which the material vaporized and then was led into the exposure chambers. A Hewlett–Packard 
gas chromatograph and an automatic sampling valve were on line to monitor levels in the exposure 
chambers. 
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 9.3.2.5.2 Procedure 
 The single and 14-day studies were performed at Industrial Biotest. Five rats of each sex were 
exposed to 2445, 3786, 4092, 4513, or 5163 ppm for 4 h. Likewise fi ve mice of each sex were 
exposed to 2328, 2445, 2613, 2971, or 3786 ppm for 4 h. In the 14-day test, fi ve male and fi ve 
female rats and mice were exposed at 0, 100, 200, 425, 875, or 1750 ppm for 6 h/d, 5 d/week for 
10 exposures over the 14-day period. In the 13-week part of the test, 10 rats and mice of each sex 
were exposed by inhalation at 0,   100, 200, 400, 800, or 1600 ppm at the usual schedule for 13 weeks. 
In the 2-year study, groups of 50 male and female rats were exposed to 0, 200, or 400 ppm at the 
usual schedule for 103 weeks, whereas similar groups of mice were exposed to 0, 100, or 200 ppm 
for the same period. 

 9.3.2.5.3 Results 
 The preliminary test led to deaths in most animals, indicating that the doses were too high. In similar 
fashion, the highest doses in the 14-day and 13-week tests led to deaths in the animals. The 2-year 
exposure led to increases in mononuclear cell leukemia in both male and female rats, plus nonsig-
nifi cant increases in renal tubule adenomas and carcinomas in the males. However, interpretation of 
the fi nding on leukemia has been questioned (ACGIH, 2001). Mice from the 2-year study showed 
hepatic degeneration and necrosis, with signifi cant increases in hepatocellular adenomas or carcino-
mas in males and females. 

 The results led the NTP to state there was clear evidence of carcinogenicity in male rats, some 
evidence in female rats, and clear evidence in both male and female mice. 

 Epidemiological studies of laundry and dry-cleaning workers have been compromised by 
 exposure to other solvents besides tetrachloroethylene (ACGIH, 2001). The ACGIH has set a 
TLV of 25 ppm for tetrachloroethylene to minimize headaches, dizziness, incoordination, and 
sleepiness from exposure. Because of the carcinogenic effects in rats and mice, the A3 designa-
tion, confi rmed animal carcinogen with unknown relevance to humans, has been assigned to this 
solvent (ACGIH, 2001). 

 9.3.2.6 Methyl Methacrylate NTP #314 

 Methyl methacrylate (CAS No. 80–62–6; formula C
 5 
H

 8 
O

 2 
; molecular weight, 100.13; boiling point, 

101�C; melting point, �48�C; vapor pressure 40   mmHg at 25.5�C) is a colorless liquid with an acrid 
fruity odor. The compound is an intermediate for various polymers, binders, paints, adhesives, and 
in dental or orthopedic surgery. It was tested by inhalation by Battelle under a contract with the NTP 
(National Toxicology Program, 1986c). 

 9.3.2.6.1 Vapor Generation 
 Liquid methyl methacrylate was pumped from a cylinder to a glass fi ber wick maintained at 50�C; 
the vaporizers were located in the ducts leading directly to the exposure chambers. A gas chromato-
graph and a photoionization device were used to monitor concentrations in the exposure chambers. 

 9.3.2.6.2 Procedure 
 Several of the preliminary tests were done at Industrial Biotest. For the single exposure, fi ve 
male and fi ve female rats and mice were exposed by inhalation to 1191, 2159, 2220, 4055, 4446, 
4632, or 16,000 ppm for 4 h. In 10- or 11-day protocols, fi ve male and fi ve female rats and mice 
were exposed at 0, 75, 125, 250, 500, or 1000 ppm for 6 h/d, 5 d/week for 9 exposures, or at 
0, 500, 1000, 2000, 3000, or 5000 ppm at the same schedule for 10 exposures over 11 days. In 
the 14-week study, 10 animals of each sex and species were exposed to 0, 500, 1000, 2000, 3000, 
and 5000 ppm at the usual schedule over the 14-week period. The 2-year study entailed groups of 
50   male rats exposed to 0, 500, and 1000 ppm; groups of 50 female rats exposed at 0, 250, and 
500 ppm; groups of 50 male and female mice at 0, 500, or 1000 ppm at the 6 h/d, 5 d/week schedule 
for 102 weeks. 
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 9.3.2.6.3 Results 
 The preliminary tests showed that a single exposure to 16,000 ppm was toxic; the 10- or 11-day tests 
showed 5000 ppm as toxic in both species. Likewise, in the 14-week study, 1000 ppm appeared to 
be an upper limit for exposure to methyl methacrylate. In the 2-year study, there was no evidence 
of a carcinogenic effect in either species or sex; there were negative trends for the commonly seen 
tumors. Infl ammation of the nasal cavity and atrophy of the olfactory epithelium were observed in 
exposed animals. 

 In humans, exposure to methyl methacrylate has led to allergic dermatitis, sensitization, and 
irritation. The ACGIH has set a TLV of 50   ppm to avoid these undesirable effects, with the A4 
designation, not classifi able as a human carcinogen (ACGIH, 2001). IARC has concluded there is 
evidence suggesting lack of carcinogenicity in experimental animals and that methyl methacrylate 
is in Group 3, not classifi able as to its carcinogenicity in humans (IARC, 1994). 

 9.3.2.7 1,2-Epoxybutane NTP #329 

 1,2-Epoxybutane (CAS No. 106–88–7; C
 4 
H

 8 
O; molecular weight, 72.1; boiling point, 63�C) is a 

clear colorless liquid used as a stabilizer in chlorinated hydrocarbon solvents. It was tested by inha-
lation by Battelle under a contract with the NTP (National Toxicology Program, 1988a). 

 9.3.2.7.1 Vapor Generation 
 Liquid epoxybutane, held in a reservoir in a vapor hood, was pumped to a cylinder covered with a 
glass fi ber wick, from which the liquid was vaporized and sent to the exposure chambers. To monitor 
the vapor concentration, a photoionization device and a gas chromatograph were used. 

 9.3.2.7.2 Procedure 
 Groups of fi ve rats and fi ve mice of each sex were exposed to levels of 398, 721, 1420, and 2050 
ppm and an additional group of rats at 6550 ppm for 4 h. In the 14-day trial, groups of fi ve male and 
fi ve female rats and mice were exposed at 0, 400,   800, 1600, 3200, or 6400 ppm for 6 h/d, 5 d/week 
for 10 exposures over 14 days. In the 13-week test, group size was 10 animals and exposure levels 
were 0, 50, 100, 200, 400,   and 800 ppm at the usual schedule. In the 2-year portion of the test, there 
were 50 animals in each group exposed at 0, 200, and 400 ppm for 102 weeks (rats) and 0, 100, and 
200 ppm (mice), also for 102 weeks. 

 9.3.2.7.3 Results 
 The single-exposure trial showed that 6550 ppm was toxic to all rats; there was eye irritation at 
142 ppm. With mice there were deaths at 398 ppm and above, as well as eye irritation at 1420 ppm. 
In the 14-day trial, 1600 ppm and above was toxic; mice showed toxicity at 800   ppm and above. The 
13-week study led to survival, but with lower body weights at 800 ppm for rats. At 800 ppm all mice 
died; there was respiratory tract irritation. Survival of all animals in the 2-year study was fairly good, 
and body weights were only slightly less-than those of controls. However, papillary adenomas of 
the nasal cavity, as well as lung neoplasms, were signifi cantly higher in the high-dose male rats. The 
increase in nasal cavity tumors was not statistically signifi cant in female rats. Although both male 
and female mice had nonneoplastic lesions of the nasal cavity, there was no increase in tumors. 

 The NTP decided that there was clear evidence for the carcinogenicity of 1,2-epoxybutane in 
male rats, equivocal evidence in female rats, and no evidence in both male and female mice. 

 The ACGIH has not set any TLV for 1,2-epoxybutane. 

 9.3.2.8 Bromoethane (Ethyl Bromide) NTP #363 

 Bromoethane or ethyl bromide (CAS No. 74–96–4; formula C
 2 
H

 5 
Br; molecular weight, 108.98; 

boiling point, 38.4�C; melting point, �119�C; vapor pressure, 400 mmHg at 21�C) is a colorless 
volatile liquid used as an alkylating agent and solvent. It was tested by inhalation at Battelle under a 
contract with the NTP (National Toxicology Program, 1989b). 
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 9.3.2.8.1 Vapor Generation 
 Liquid bromoethane was pumped from a reservoir to a vaporizer without need for warming; the 
vapor was diluted with air before entering the exposure chambers. The concentration in the cham-
bers was determined with a gas chromatograph. 

 9.3.2.8.2 Procedure 
 In the preliminary trial, fi ve rats and fi ve mice of each sex were exposed to the vapor at 625, 1250, 
2500, 5000, or 10,000 ppm for 4 h. The 14-day study began with groups of fi ve rats and fi ve mice 
of each sex exposed to 0, 250, 500, 1000, 2000, or 4000 ppm for 6 h/d, 5 d/week for 10 exposures 
over 14 days. In the 14-week trial, 10 male and 10 female rats and mice received exposures of 0, 
100, 200, 400, 800, or 1600 ppm 6 h/d, 5 d/week for 65 exposures over 14 weeks. The 2-year study 
began with 49 or 50 rats and mice of each sex at 0, 100, 200, or 400 ppm at the usual schedule for 
103 or 104 weeks. 

 9.3.2.8.3 Results 
 In the single exposure, levels of 5000 or more were toxic to rats, whereas at 1250 ppm or higher, the 
mice died. The 14-day trial showed that both rats and mice died at levels of 2000 ppm and above. In 
the 14-week test, 1600 ppm was toxic for rats; for mice 800 ppm and above led to deaths. 

 Histopathological examination of the animals from the 2-year study showed that male rats had 
an increased incidence of pheochromocytomas of the adrenal medulla, gliomas of the brain, and 
pulmonary tumors. Female rats also had brain and lung tumors. Male mice had an increase in lung 
tumors, whereas female mice showed a signifi cant incidence of adenomas, carcinomas, adenocar-
cinomas, and squamous cell carcinomas of the uterus. The results led NTP to conclude there was 
some evidence of carcinogenicity in male rats, equivocal evidence in female rats and male mice, and 
clear evidence in female mice. 

 On the basis of the animal tests and reports on exposed humans, ACGIH has recommended a 
TLV of 5 ppm for bromoethane to avoid liver, kidney, and central nervous system effects. In view 
of the NTP study, an A3 designation, confi rmed animal carcinogen with unknown relevance to 
humans, was assigned (ACGIH, 2001). 

 9.3.2.9 Toluene NTP #371 

 Toluene (CAS No. 108–88–3; formula C
 7 
H

 8 
; molecular weight, 92.13; boiling point, 110.63�C; 

melting point, �94.97�C; vapor pressure, 59.3 mmHg at 40�C) is a colorless fl ammable liquid with a 
characteristic aromatic odor. It is used to increase fuel and gasoline octane ratings, as a solvent, and 
in the synthesis of explosives, polymer intermediates, and other products. It was tested by inhalation 
by International Research and Development Corporation under a contract with the NTP (National 
Toxicology Program, 1990a). 

 9.3.2.9.1 Vapor Generation 
 Liquid toluene was pumped to an atomizer, heated to 80�C; the toluene vapor was diluted with air to 
the desired concentration. Levels of toluene in the chambers were measured by a MIRAN gas-phase 
spectrometer coupled to a computer. 

 9.3.2.9.2 Procedure 
 Because of the extensive database on the toxicity of toluene, the studies began with 14- and 15-week 
trials. Groups of 10 male and 10 female rats and mice were exposed at 0, 100, 625, 1250, 2500, or  
 3000 ppm for 6.5 h/d, 5 d/week. Sperm morphology and vaginal cytology were examined in the 
survivors at the 0, 100, 625, or 1250 ppm levels. The next phase was a combination 15-month and 
2-year trial. Thus, groups of 60 male and female rats were exposed at levels of 0, 600, or 1200 ppm 
for 6.5 h/d, 5 d/week for 15 months or 103 weeks. Similar groups of male and female mice were 
exposed at 0, 120, 600, or 1200 ppm under the same conditions as the rats. At 15 months 10 animals 
from each group were examined for blood parameters. 
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 9.3.2.9.3 Results 
 The 14- to 15-week study showed that 3000 ppm was toxic to rats; whereas 1250 ppm was a top 
limit for mice. In the long-term study, various nonneoplastic lesions were noted in both rats and 
mice such as nephropathy in rats, infl ammation and degeneration of the olfactory and respiratory 
epithelium. However, there was no increase in neoplastic lesions in either the rats or the mice. 

 The ACGIH has set a TLV of 50 ppm for toluene to avoid central nervous system effects such as 
headache, dizziness, memory lapse, and other effects. In view of the negative carcinogenicity results 
in both male and female rats and mice, an A4 designation has been given, namely, not classifi able as 
a human carcinogen (ACGIH, 2001). 

 9.3.2.10 Vinyl Toluene NTP #375 

 Vinyl toluene (CAS No. 25013–15–4; formula C
 9 
H

 10 
; molecular weight, 118.18; boiling point, 

172�C; freezing point, �77�C; vapor pressure, 1.1 mmHg at 20�C) is a colorless combustible liquid 
with a disagreeable odor. Commercial material is a mixture of meta and para isomers and is used as 
a monomer in the plastics and surface coating industries. Vinyl toluene was tested for the NTP under 
a contract with Midwest Research Institute (National Toxicology Program, 1990b). 

 9.3.2.10.1 Vapor Generation 
 Liquid vinyl toluene, contained in a reservoir, was metered into a tube through which warmed air 
passed and carried the vapor to the ducts leading to the exposure chambers. The concentration in the 
chambers was monitored by an automatic sampling system coupled to a gas chromatograph. 

 9.3.2.10.2 Procedure 
 The test began with 15-day studies in which groups of fi ve male and fi ve female rats and mice were 
exposed to 0, 200, 400, 800, or 1300 ppm for 6 h/d, 5 d/week for 10 exposures. In the 13-week 
trial, groups of 10 male and female rats were exposed to 0, 25, 60, 160, 400, or 1000 ppm for the 
6 h/d, 5 d/week schedule. Similar groups of mice received 0, 10, 25, 60, or 160 ppm exposures. The 
2-year study involved groups of 49 or 50 rats of each sex exposed at the usual schedule to 0, 100, or 
300 ppm for 103 weeks, while similar groups of mice had exposures to 0, 10, or 25 ppm. 

 9.3.2.10.3 Results 
 In the 15-day study, mice were more susceptible to the toxicity of vinyl toluene for deaths occurred 
at 200 ppm and above. However, rats survived but body weights were affected at 400 ppm. In the 
13-week trial, all rats survived but body weights were lower than in controls at 160 ppm. Increased 
liver weights and nephropathy occurred in male rats at the higher dose levels. Body weights of 
mice at 25 ppm and higher were affected, and pulmonary infl ammation occurred at the highest 
dose level. 

 In the 2-year study, survival was not reduced by vinyl toluene exposure; rats showed relatively 
little effect on body weights. Mice at the 25 ppm level had weights 10 to 23% lower than did the 
controls. In both rats and mice, there were degenerative lesions of the nasal mucosa and other non-
neoplastic lesions. However, no increase in neoplastic lesions was noted in either sex of the rats or 
the mice. The incidence of the spontaneous lung and liver tumors of the mice was lower. 

 The NTP concluded that there was no evidence for the carcinogenicity of vinyl toluene in either 
male and female rats and male and female mice. 

 The ACGIH has set a TLV of 50 ppm for vinyl toluene to minimize ocular and mucous mem-
brane irritation. In view of the negative carcinogenicity results, the compound was given the 
A4 designation, not classifi able as a human carcinogen (ACGIH, 2001). 

 9.3.2.11 Allyl Glycidyl Ether NTP #376 

 Allyl glycidyl ether (CAS No. 106–92–3; formula C
 6 
H

 10 
O

 2 
; molecular weight, 114.14; boiling point, 

153.9�C; freezing point, �100�C; vapor pressure, 4.7 mmHg at 25�C) is a colorless fl ammable liquid 
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used as a reactive diluent, as a resin intermediate, and as a stabilizer of chlorinated compounds, 
vinyl resins and rubber. It was tested at Battelle under a contract with the NTP (National Toxicology 
Program, 1990c). 

 9.3.2.11.1 Vapor Generation 
 For generation of allyl glycidyl ether vapor, the liquid was pumped from a reservoir to a vaporizer 
maintained at approximately 105�C; the vapor was directed into the ducts leading to the exposure 
chambers. A gas chromatograph with a fl ame ionization detector monitored the concentrations of 
the test material. 

 9.3.2.11.2 Procedure 
 In this study, Osborne–Mendel rats and B6C3F

 1 
 mice, were used. For the 14-day study, fi ve male 

and fi ve female rats were exposed to 0, 25, 50, 100, 200, or 500 ppm of the allyl compound for 6 h/d, 
5 d/week for a total of 10 exposures. Groups of fi ve mice of each sex were exposed under the same 
schedule to 0, 25, 40, or 100 ppm. In the 13-week test, 10 male and 10 female rats were exposed 
by inhalation to 0, 4, 10, 30, 100, or 200 ppm 6 h/d, 5 d/week for the 13-week period. The mice, 
in groups of 10 of each sex, were exposed to 0, 1, 4, 10, or 30 ppm for the same period. For the 
2-year test, groups of 50 male and female rats and mice were exposed to 0, 5 or 10 ppm at the 6 h/d, 
5 d/week schedule for 102 or 103 weeks. 

 9.3.2.11.3 Results 
 In the preliminary studies, survival and body weights of rats were adversely affected at levels 
above 25 ppm; for mice the situation was similar. In the 13-week study, all the animals survived, 
but body weights were lower than in controls. In the fi nal study, there was a high incidence of 
infl ammation, hyperplasia, and degeneration of the respiratory and olfactory epithelium. In male 
rats three separate tumors occurred in the respiratory epithelium, leading the NTP to decide there 
was equivocal evidence of carcinogenicity in male rats. For female rats, there was no evidence of 
carcinogenicity, despite the infl ammation of the respiratory tract. Male mice were considered to 
show some evidence for carcinogenicity, based on respiratory tract adenomas; for female mice 
there was equivocal evidence. 

 Workers exposed to allyl glycidyl ether have shown dermatitis, irritation, sensitization, and 
 allergic reactions. Therefore, the ACGIH has set a TLV of 1 ppm to prevent irritation. In view of 
the equivocal results from the carcinogenicity test, ACGIH has decided on the A4 designation, not 
classifi able as a human carcinogen (ACGIH, 2001). 

 9.3.2.12 Tetranitromethane NTP #386 

 Tetranitromethane (CAS No. 509–14–8; formula CN
4
O

8
; molecular weight, 196.04; boiling point, 

126�C; melting point, 13.8�C; vapor pressure, 8.4 mmHg at 20�C) is a colorless to yellow oily liquid 
which has been used as an explosive, as an additive in diesel fuel to increase octane rating, and in 
rocket propellants. It was tested under a contract from the NTP with Midwest Research Institute 
(National Toxicology Program, 1990d). 

 9.3.2.12.1 Vapor Generation 
 The vapor was generated by bubbling nitrogen through the liquid; the vapor then entered the air-
stream at the top of the exposure chambers and was diluted with air in the chamber plenum. The 
concentration in the chambers was monitored with a Wilks Miran Infrared Process Analyzer or a 
Miran Infrared Gas Analyzer. 

 9.3.2.12.2 Procedure 
 The tests began with the 14-day experiments. Groups of fi ve male and fi ve female rats and mice 
were exposed to the vapor at levels of 0, 2, 5, 10, or 25 ppm for 6 h/d, 5 d/week for 10 days over a 
14-day period for the rats; mice had the same treatment except that a 50 ppm group was also added. 
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In the 13-week trial, groups of 10 rats and 10 mice of each sex received 0, 0.2, 0.7, 2, 5, or 10 ppm 
exposures over the 13-week period. In the 2-year study, groups of 50 male and female rats received 
0, 2, or 5 ppm for 6 h/d, 5 d/week. Similar groups of mice had 0, 0.5, or 2 ppm exposures on the 
same schedule. 

 9.3.2.12.3 Results 
 In the 14-day trial, all rats on the highest level died, and body weights were lower than controls in 
the 10 ppm group. For mice, the same situation held. Animals at the top level had metaplasia or 
infl ammation of the respiratory epithelium. 

 Rats at the top level in the 2-year study did not survive well and had reduced body weights after 
about 70 weeks. Alveolar/bronchiolar adenomas and carcinomas increased signifi cantly in both 
male and female rats. Similar results were noted in mice where the lung tumors tended to metasta-
size. Hyperplasia and infl ammation occurred in exposed rats and mice. 

 These results caused the NTP to conclude that there was clear evidence for the carcinogenicity 
of tetranitromethane in male and female rats and male and female mice. 

 The ACGIH has set a TLV of 0.005 ppm for tetranitromethane to avoid irritation, with the 
A3 designation, confi rmed animal carcinogen with unknown relevance for humans (ACGIH, 2001). 

 9.3.2.13 Hexachlorocyclopentadiene NTP #437 

 Hexachlorocyclopentadiene (CAS No. 77–47–4; formula C
 5 
C

 16 
; molecular weight, 272.77; boiling 

point, 239�C at 753 mmHg; melting point, �9�C; vapor pressure, 0.08 mmHg at 25�C) is a pale 
yellow to amber nonfl ammable liquid with a pungent odor. It is primarily used as an intermediate in 
the production of some pesticides. It was tested by Battelle under a contract with the NTP (National 
Toxicology Program, 1994c). 

 9.3.2.13.1 Vapor Generation 
 Liquid hexachlorocyclopentadiene was pumped under nitrogen to a vaporizer which had a glass 
fi ber wick; the vaporizer was warmed to 81�C for the 2-year studies and 100�C for the 13-week tests. 
Filtered fresh air was drawn across the vaporizer, thus taking the vapor into the exposure chambers. 
A condensation nuclei detector was used to ensure that the vapor and not an aerosol was present. 
Concentrations were monitored by a gas chromatograph. 

 9.3.2.13.2 Procedure 
 The bioassay began with the 13-week studies. Groups of 10 male and 10 female rats and mice were 
exposed to 0, 0.04, 0.15, 0.4, 1, or 2 ppm for 6 h/d, 5 d/week for 13 weeks. In the 2-year trial, groups 
of 60 male and female rats and mice were exposed to 0, 0.01, 0.05, 5 d/week for 103 or 104 weeks. 
At 15 months 10 animals per group were taken for interim evaluation. 

 9.3.2.13.3 Results 
 In the 13-week trial, levels of 2 ppm were toxic to rats while 1 ppm was toxic to the mice. Body 
weights were lower in exposed animals. In the 2-year study, survival of exposed animals was good, 
although body weights were affected somewhat at the highest level. Exposed animals showed some 
pigmentation of the lungs and irritation of the mucous membranes. However, no neoplastic effects 
were noted. The NTP decided that there was negative evidence for the carcinogenicity of hexachlo-
rocyclopentadiene in male and female rats and mice. 

 The ACGIH has set a TLV of 0.01 ppm for this compound, with the A4 designation, not classifi -
able as a human carcinogen (ACGIH, 2001). 

 9.3.2.14 Acetonitrile NTP #447 

 Acetonitrile (CAS No. 75–05–8; formula CH
 3 
CN; molecular weight, 41.05; boiling point, 81.6�C; 

melting point, �45�C; vapor pressure, 74 mmHg at 20�C) is a volatile, clear, colorless liquid with 
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an ether-like odor. It is used to extract fatty acids, animal and vegetable oils, for crystallization of 
various pharmaceutical and agricultural products, as a solvent for spinning fi bers, for casting and 
molding plastics, and as a solvent in numerous laboratory operations. Because of widespread expo-
sure, it was tested by inhalation by Battelle under a contract with the NTP (National Toxicology 
Program, 1996a). 

 9.3.2.14.1 Vapor Generation 
 Liquid acetonitrile, held in a stainless steel reservoir under a nitrogen atmosphere, was pumped 
to a vaporizer, namely a heated stainless steel cylinder with a glass fi ber wick. The vapor was 
mixed with fi ltered air, drawn into a distribution manifold, diluted with air to the desired concentra-
tion, and delivered to the exposure chambers. Concentrations were monitored with an on-line gas 
 chromatograph. 

 9.3.2.14.2 Procedure 
 The bioassay began with 13-week studies since toxicity data on both single and short-term  exposures 
were available. Groups of 10 male and 10 female rats and mice were exposed by inhalation to levels 
of 0, 100, 200, 400, 800, or 1600 ppm for 6 h/d, 5 d/week for 13 weeks. The animals were used for 
clinical pathology studies at the end of the exposure. 

 In the 2-year study, groups of 56 male and 56 female rats were exposed at the usual schedule 
to 0, 100, 200, or 400 ppm for 103 weeks. At 15 months 8 male and 8 female rats from each group 
were evaluated for hematology and clinical chemistry. Groups of 60 male and 60 female mice were 
exposed similarly to 0, 50, 100, or 200 ppm for 103 weeks. At 15 months, 10 animals from each 
group were taken for evaluation. 

 9.3.2.14.3 Results 
 The 13-week trial in rats led to early deaths at exposures of 800 ppm and higher, but body weights 
were not affected. In the 2-year study, survival and body weights of exposed rats were similar to those 
of controls. At the 2-year period, there were increases in liver tumors in male rats, as well as increases 
in pheochromocytomas of the adrenal at the two lower doses. Female rats did not show any increases 
in tumors. The 13-week trial in mice led to deaths at 400 ppm and higher. Body weights were also 
affected. However, in the 2-year study survival and body weights were similar to those of controls. 
Male mice at the top dose showed some increase in lung adenomas, whereas male mice at the middle 
dose had an increase in liver tumors. Female mice showed no increases in these tumors, but both male 
and female mice had a marginal increase in squamous hyperplasia of the forestomach. 

 The NTP concluded there was equivocal evidence for carcinogenicity in male rats, but no evi-
dence in female rats and male and female mice. 

 The ACGIH has recommended a TLV of 40 ppm for acetonitrile to minimize the potential for 
headaches, nausea, and respiratory distress in exposed workers. Based on the results of the NTP 
bioassay, ACGIH has given acetonitrile the A4 designation, not classifi able as a human carcinogen 
(ACGIH, 2001). 

 9.3.2.15 Isobutyl Nitrite NTP #448 

 Isobutyl nitrite (CAS No. 542–56–3; formula C
 4 
H

 9 
NO

 2 
; molecular weight, 103.12; boiling point, 

67�C) is a colorless volatile liquid that has been used to a limited extent as an intermediate in syn-
thesis of aliphatic nitriles, as a jet propellant, and as an incense or room odorizer. It was tested by 
the IIT Research Institute (Illinois Institute of Technology) under a contract with the NTP (National 
Toxicology Program, 1996b). 

 9.3.2.15.1 Vapor Generation 
 Isobutyl nitrite vapor was generated by pumping the liquid from reservoir bottles to glass vapor 
transpiration bubblers. Nitrogen gas passed through and carried the vapor to the exposure chambers. 
Chamber concentrations were measured by gas chromatography. 
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 9.3.2.15.2 Procedure 
 Acute toxicity values for isobutyl nitrite were known from the literature. Thus 16-day studies were 
initiated at levels of 0, 100, 200, 400, 600, or 800 ppm for groups of fi ve male and fi ve female 
rats and mice. Exposure was by inhalation for 6 h/d, 5 d/week for 12 exposures during a 16-day 
period. 

 The 13-week studies were conducted at levels of 0, 10, 25, 75, 150, or 300 ppm isobutyl nitrite 
in groups of 10 male and 10 female rats and mice, also at the 6 h/d, 5 d/week schedule. In the 
2-year test, groups of 56 male and 56 female rats were exposed to 0, 37.5, 75, or 150 ppm for 6 h/d, 
5 d/week for 103 weeks. After 15 months 10 animals from each group were evaluated for clinical 
pathology. Likewise, groups of 60 male and 60 female mice were exposed to the same concentra-
tions at the same schedule as the rats. At 15 months 10 animals from each group were evaluated for 
both clinical pathology and histopathology. 

 9.3.2.15.3 Results 
 In the 16 day study, levels of 600 or 800 ppm were fatal to all rats, whereas lower body weights 
and lethargy were noted at 400 ppm. Mice died at 800 ppm; lung weights of mice at 600 ppm were 
higher than in controls; body weights were lower. In the 13-week segment, all rats survived, but 
body weights at the top level were lowered. A similar situation held for the mice. At levels over 
75 ppm, both rats and mice had higher methemoglobin, anemia, and epithelial cell hyperplasia of 
the respiratory tract. In the 2-year study, exposed rats and mice generally had better survival than 
did the controls. At the 15-month interim period, minimal methemoglobinemia was noted in rats at 
37.5 ppm or higher; this condition appeared in mice at 75 ppm or higher. By two years, there were 
signifi cant increases in alveolar/bronchiolar adenomas or carcinomas in both male and female rats 
and alveolar epithelial hyperplasia was higher. Mice also showed increases in the same conditions. 
The results led the NTP to conclude that isobutyl nitrite was clearly carcinogenic in rats, but that for 
mice the verdict was that there was some evidence of carcinogenicity. 

 The ACGIH has not proposed a TLV for isobutyl nitrite, but methemoglobin inducers are covered 
under the Biological Exposure Indices (BEI). 

 9.3.2.16 Nitromethane NTP #461 

 Nitromethane (CAS No. 75–52–5; formula CH
 3 
NO

 2 
; molecular weight, 61.02; boiling point, 

101.2�C; melting point, �29�C;   vapor pressure, 27.8 mmHg at 20�C) is a colorless oily liquid used 
as a chemical stabilizer, as a fuel additive for rockets, racing cars, boats, model engines, as an inter-
mediate in synthesis, and in explosive mixtures for mining, oil well drilling, and in seismic explo-
ration. It was tested by inhalation at Battelle under a contract with the NTP (National Toxicology 
Program, 1997b). 

 9.3.2.16.1 Vapor Generation 
 Nitromethane was pumped under a nitrogen blanket from a reservoir to a liquid distribution mani-
fold leading to heated wick vaporizers; the vapor was diluted with air and delivered to the inhalation 
chambers. Concentrations were monitored with an on-line gas chromatograph. 

 9.3.2.16.2 Procedure 
 Since there were data on the toxicity of nitromethane, 16-day studies were initiated directly. Groups 
of fi ve male and fi ve female rats and mice were exposed to 0, 94, 188, 375, 750, or 1500 ppm by 
inhalation for 6 h/d, 5 d/week for 16 days. In the 13-week part of the test, groups of 10 male and 
10 female rats and mice were exposed to 0, 94, 188, 750, or 1500 ppm 6 h/d, 5 d/week for 13 weeks. 
Groups of 10 additional male and female rats were exposed under the same conditions for clinical 
pathology workup at 3 and 23 days. In the 2-year test, groups of 50 male and 50 female rats were 
exposed at 0, 94, 188, or 375 ppm for 6 h/d, 5 d/week for 103 weeks. Similar groups of 50 male and 
50 female mice were exposed at 0, 188, 375, or 750 ppm for 103 weeks. 
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 9.3.2.16.3 Results 
 All rats survived in the 16-day test, but body weights were lower at the top dose. Degeneration of the 
olfactory epithelium and sciatic nerve degeneration were observed at the three highest dose levels. 
All mice in the 16-day study survived with no effect on body weights and minimal effect on the 
respiratory epithelium. All rats survived the 13-week exposure, but body weights were reduced at 
the two top levels. Hindlimb paralysis occurred as well as a microcytic anemia. Mice survived the 
13-week exposure, but there were lower sperm motility, longer estrus cycle times, increased kidney 
weights, and degeneration and hyaline droplets of the olfactory and respiratory epithelium. 

 Body weights and survival rates for both male and female rats in the 2-year study were similar 
to those of the controls. In females mammary gland tumors were signifi cantly increased at the two 
higher dose levels. Renal tubule hyperplasia and adenomas in males increased but not signifi cantly; 
even after step sectioning of the kidneys. Mice in this part of the study had survival and body weights 
similar to those in controls. However, there were signifi cant increases in Harderian gland tumors for 
both males and females. Hepatocellular adenomas and carcinomas were signifi cantly increased in 
females, while both sexes showed increases in lung tumors. Nonneoplastic lesions of the nose were 
noted in mice in all exposure levels. 

 The results of these tests led the NTP to declare there was no evidence of carcinogenicity in 
male rats, but clear evidence for the carcinogenicity of nitromethane in female rats and male and 
female mice. 

 The ACGIH has set a TLV of 20 ppm for nitromethane, with the A3 designation, confi rmed 
animal carcinogen with unknown relevance to humans (ACGIH, 2001). 

 9.3.2.17 Ethylbenzene NTP #466 

 Ethylbenzene (CAS No. 100–41–4; formula C
 8 
H

 10 
 molecular weight, 106.16; boiling point, 

136.2�C; melting point,  � 95.0�C; vapor pressure, 10 mmHg at 25.7�C) is a colorless fl ammable 
aromatic liquid used mainly in production of styrene. Other uses include manufacture of diethyl-
benzene, acetophenone, and ethylanthraquinone, as well as a solvent in insecticide sprays, degreas-
ing cleaners, paints, adhesives, rust preventives and as an antiknock agent in fuels. The potential 
for widespread exposure led NTP to test it under a contract with IIT Research Institute (National 
Toxicology Program, 1999a). 

 9.3.2.17.1 Vapor Generation 
 From a heated reservoir of the liquid ethylbenzene, the vapor was carried by nitrogen gas into heated 
stainless steel transfer lines that led to exposure chambers. Chamber concentrations were monitored 
by an on-line gas chromatograph equipped with a fl ame ionization detector. 

 9.3.2.17.2 Procedure 
 Because there were relatively extensive data on ethylbenzene toxicity, no preliminary studies were 
done. Groups of 50 male and 50 female rats and mice were exposed by inhalation at 0, 75, 250, or 
750 ppm for 6 h/d, 5 d/week for 103 weeks (mice) or 104 weeks (rats). 

 9.3.2.17.3 Results 
 Male rats at the 750 ppm level survived less well than did controls. Exposed female rats gener-
ally had lower body weights than did controls. The exposed rats had relatively high incidences of 
renal tubular adenomas and carcinomas, especially when step sections of the kidneys were made. 
Interstitial cell adenomas of the testis were increased in male rats, but mononuclear cell leukemia 
decreased in males at the top dose. 

 In the mice mean body weights of 75 ppm females were greater than those of controls; 
survival of test animals was similar to that of controls. Alveolar/bronchiolar adenomas or carcinomas 
were increased somewhat in female mice and signifi cantly in male mice. Although male mice had 
signifi cant increases in hepatocyte hypertrophy, necrosis, and other alterations in the liver after the 
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2-year exposure, there were no liver tumors. However, female mice had signifi cant increases in 
hepatocellular adenomas or carcinomas. 

 The NTP concluded that under these conditions, there was clear evidence of carcinogenicity in 
male rats, some evidence in female rats, and likewise, some evidence in both male and female mice. 

 The ACGIH has set a TLV of 100 ppm for ethylbenzene to avoid irritation and central ner-
vous system effects. The compound also has the A3 designation, confi rmed animal carcinogen with 
unknown relevance to humans (ACGIH, 2003). 

 9.3.2.18 Chloroprene NTP #467 

 Chloroprene (CAS No. 126–99–8; formula C
 4 
H

 5 
Cl; molecular weight, 88.54; boiling point, 59.4�C; 

vapor pressure, 188 mmHg at 20�C) is a colorless fl ammable liquid used as an intermediate in the 
production of neoprene. It was tested at Battelle under a contract with the NTP (National Toxicology 
Program, 1998a). 

 9.3.2.18.1 Vapor Generation 
 Chloroprene was pumped at a steady rate from a chilled reservoir into a rotating fl ask kept in a hot-
water bath with a temperature-controlled condenser which returned material boiling higher than 
chloroprene to the rotating fl ask. The vapor was led to a distribution manifold, diluted with air or 
nitrogen, and pumped through metering valves to the exposure chambers. Levels of chloroprene 
were monitored by an on-line gas chromatograph. 

 9.3.2.18.2 Procedure 
 In view of data on the acute toxicity of chloroprene, the testing process began with 16-day studies. 
Groups of 10 male and 10 female rats and mice were exposed at levels of 0, 32, 80, 200, or 500 ppm 
(rats) or 0, 12, 32, 80, or 200 ppm (mice) for 6 h/d, 5 d/week for 16 days. Additional groups of 
10 male and 10 female mice were included for hematology and clinical chemistry analyses. For the 
13-week test, groups of 10 male and 10 female rats were exposed to levels of 0, 5, 12, 32, 80, or 
200 ppm whereas groups of 10 male and 10 female mice were exposed to 0, 5, 12, 32, or 80 ppm 
for 6 h/d, 5 d/week for 13 weeks. Additional groups of both rats and mice were exposed and then 
evaluated for clinical pathology, tissue glutathione, coagulation, and hematology. In all 120 male 
rats, 120 female rats, 40 male mice, and 40 female mice were used for these auxiliary studies. For 
the 2-year study, groups of 50 male and 50 female rats and mice were exposed by inhalation at levels 
of 0, 12.8, 32, or 80 ppm for 6 h/d, 5 d/week for 105 weeks. 

 9.3.2.18.3 Results 
 In the 16-day test, rats at the two higher dose levels died, while 200 ppm was toxic to the mice. In 
the 13-week study, rats had survival and body weights comparable to those of controls, but although 
all mice survived, their body weights were affected. In the 2-year study, male rats had lower sur-
vival than did controls; female rats had body weights and survival equivalent to that of controls. 
Squamous cell papillomas and carcinomas of the oral cavity were increased signifi cantly in both 
sexes; males had follicular cell adenomas or carcinomas of the thyroid. Lung tumors increased in 
both sexes; whereas females had more fi broadenomas of the mammary gland, males showed a ten-
dency to develop kidney tumors. 

 In the mice, survival and body weights were lower than controls. Both males and females had 
signifi cant increases in adenomas and carcinomas of the lung. Hemangiomas or hemangiosarcomas 
of many organs increased in both sexes; carcinomas of the Harderian gland, mammary tumors, and 
liver tumors increased. These results led the NTP to conclude that there was clear evidence for the 
carcinogenicity of chloroprene in both male and female rats and mice. 

 The ACGIH has set a TLV of 10 ppm for chloroprene to prevent irritation and effects on the 
liver and reproductive systems (ACGIH, 2001). IARC has decided that although there is inadequate 
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evidence in humans for the carcinogenicity of chloroprene, the compound belongs in Group 2B, 
namely possibly carcinogenic to humans (IARC, 1994). 

 9.3.2.19 Isobutyraldehyde NTP #472 

 Isobutyraldehyde (CAS No, 78–84–2; formula C
 4 
H

 8 
O; molecular weight, 72.1; boiling point, 64�C; 

melting point, �65.9�C; vapor pressure, 173 mmHg at 25�C) is a colorless liquid with a pungent 
odor and fruity taste. It is used as an intermediate in synthesis of various products, such as plasticiz-
ers, resins, rubber antioxidants, accelerators. It is a natural constituent of many foods and fl avoring 
agents. Isobutyraldehyde was tested by Battelle under a contract with the NTP (National Toxicology 
Program, 1999b). 

 9.3.2.19.1 Vapor Generation 
 The vapor was generated by bubbling nitrogen through a column of liquid isobutyraldehyde at 
constant temperature in a water bath; the vapor was then conducted to a manifold for delivery to the 
exposure chambers. Concentrations were monitored by an infrared spectrometer for the 13-week 
studies and by an on-line gas chromatograph for the 2-year exposure. 

 9.3.2.19.2 Procedure 
 Groups of 10 male and 10 female rats and mice were exposed to isobutyraldehyde at levels of 0, 
500, 1000, 2000, 4000, or 8000 ppm for 6 h�d, 5 d�week for 13 weeks. In the 2-year study, groups of 
50 male and 50 female rats and mice were exposed by inhalation to 0, 500, 1000, or 2000 ppm for 
6 h/d, 5 d�week for 105 weeks. Animals were then observed for 3–7 days prior to necropsy. 

 9.3.2.19.3 Results 
 In the 13-week study, survival and body weights were adversely affected at levels over 2000 ppm. 
Infl ammation, necrosis, and hyperplasia of the nasal cavity occurred. In the 2-year study, survival and 
mean body weights of exposed male and female rats were similar to those of controls. Male mice at 
the top dose level had lower survival rates than controls, but female survival was like that of controls. 
During the second year, body weights of exposed female mice were lower than those of controls. 

 In the 2-year study, rats showed squamous metaplasia of the respiratory epithelium, degenera-
tion of the olfactory epithelium, and infl ammation. There was no signifi cant incidence of neoplastic 
lesions. Mice also demonstrated degeneration of the olfactory epithelium. Liver tumor incidence 
was lower in exposed mice. 

 The NTP concluded there was no evidence of carcinogenic activity in male and female rats and 
mice exposed to isobutyraldehyde. 

 9.3.2.20 Tetrahydrofuran NTP #475 

 Tetrahydrofuran (CAS No. 109–99–9; formula C
 4 
H

 8 
O; molecular weight, 72.10; boiling point, 66�C; 

melting point, �108.5�C; vapor pressure, 114 mmHg at 15�C; and 204 mmHg at 30�C) is a colorless 
volatile liquid with an ethereal odor and a pungent taste. It has many uses as a reaction medium, as 
an intermediate, in fabrication of articles for packaging, transporting, and storing of foods, and as an 
intermediate in polymerization solvents for various materials. It was tested by inhalation by Battelle 
under a contract with the NTP (National Toxicology Program, 1998b). 

 9.3.2.20.1 Vapor Generation 
 Tetrahydrofuran vapor was generated with a rotary evaporation system; vapor from the condensing 
column of the evaporator entered a distribution manifold with individual delivery lines for each 
exposure chamber. The vapor was injected into the chamber inlet and diluted with fi ltered air to 
achieve the desired exposure concentration. A small particle detector was in place to ensure that the 
vapor and not an aerosol was produced. Chamber concentrations were monitored by an on-line gas 
chromatograph with a fl ame ionization detector. 
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 9.3.2.20.2 Procedure 
 For the 14-week part of the test, groups of 10 male and 10 female rats and mice were exposed to 
tetrahydrofuran vapor at concentrations of 0, 66, 200, 600, 1800, and 5000 ppm for 6 h/d, 5 d/week 
for 14 weeks. Hematology and clinical chemistry studies were performed on the rats at the end of 
the exposure period. For the 2-year study, groups of 50 rats and mice of each sex were exposed at 0, 
200, 600, and 1800 ppm by inhalation for 6 h/d, 5 d/week for 105 weeks. 

 9.3.2.20.3 Results 
 In the 14-week study, all rats survived and body weights were similar to those of controls. However, 
all rats at 5000 ppm exhibited ataxia. In the 2-year trial, body weights of exposed rats were similar 
to those of controls, while survival was comparable until approximately the last two months of the 
study. Renal tubule adenomas were marginally but not statistically increased in male rats at the 600 
and 1800 ppm levels and testicular adenomas were elevated somewhat. In female rats, the slight 
increase in mammary fi broadenomas was not considered related to exposure. The 14-week study 
in mice showed that 5000 ppm was too toxic for male mice. Body weights in exposed mice were 
comparable to those of controls, but 1800 and 5000 ppm led to narcosis in the mice. In the 2-year 
trial, survival of male mice at 1800 ppm was less than that of controls; all other test mice had sur-
vival similar to that of controls. Male mice at 1800 ppm also exhibited narcosis. Although liver 
neoplasms were signifi cantly greater in exposed female mice, male mice showed a lower incidence 
of these tumors. 

 The data led NTP to conclude there was some evidence for carcinogenicity in male rats, none in 
female rats and male mice and clear evidence in female mice. 

 The ACGIH has set a TLV of 200 ppm for tetrahydrofuran to avoid respiratory tract irritation 
and damage (ACGIH, 2001). 

 9.3.2.21 Furfuryl Alcohol NTP #482 

 Furfuryl alcohol (CAS No. 98–00–0; formula C
 5 
H

 6 
O

 2 
; molecular weight, 98.1; boiling point, 170�C; 

vapor pressure, 0.4 mmHg at 20�C) is a clear liquid used as starting material for various polymers 
and resins, especially binders in foundry sands. The inhalation studies were done at Battelle under 
contact to the NTP (National Toxicology Program, 1999c). 

 9.3.2.21.1 Vapor Generation 
 Furfuryl alcohol was pumped into a glass evaporation column from which a heated nitrogen stream 
vaporized the alcohol which then passed to a mixing chamber. It was then pumped into the distribu-
tion line for the exposure chambers. Vapor concentrations were monitored by a gas chromatograph. 

 9.3.2.21.2 Procedure 
 Because there were data on the acute effects of furfuryl alcohol, the protocol began with the 16-day 
studies. Groups of fi ve male and fi ve female rats and mice were exposed to 0, 16, 31, 63, 125, 
or 250 ppm 6 h/d, 5 d/week for 12 exposures over 16 days. The 14-week portion of the test used 
groups of 10 male and 10 female rats and mice exposed at 0, 2, 4, 8, 16, or 32 ppm for 6 h/d, 
5 d/week for the 14 weeks. In the 2-year study, groups of 50 male and 50 female rats and mice were 
exposed to 0, 2, 8, or 32 ppm for 6 h/d, 5 d/week for 105 weeks. 

 9.3.2.21.3 Results 
 In the 16-day study, levels of 125 and 250 led to obvious toxicity in both rats and mice. All animals 
survived in the 14-week study, but body weights were lower at the top levels. 

 In the 2-year study, male rats at the 32 ppm level had poor survival, but there was little effect in 
females. Mice in this part of the study had body weights and survival similar to that of the controls. 
In both rats and mice there was infl ammation and hyperplasia of the nose, atrophy of the olfactory 
epithelium, and hyaline degeneration of the respiratory epithelium. Male rats showed a signifi cant 
increase in tumors of the nose at the top-dose level, while females had a small increase in renal 
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tubule neoplasms. Although female mice had no evidence of carcinogenicity, male mice at the top 
dose had an increase in renal tubule neoplasms, after step sections were made. The results led the 
NTP to conclude there was some evidence for the carcinogenicity of furfuryl alcohol in male rats 
and male mice, equivocal evidence in female rats, and no evidence in female mice. 

 The ACGIH has decided on a TLV of 10 ppm for furfuryl alcohol to avoid irritation 
(ACGIH, 2001). 

 9.3.2.22 2-Butoxyethanol NTP #484 

 2-Butoxyethanol (CAS No. 111–76–2; formula C
 6 
K

 l4 
O

 2 
; molecular weight, 118.17; boiling point, 

171�C; melting point, �70�C; vapor pressure 0.88 mmHg at 25�C) is a colorless liquid used as a sol-
vent in lacquers, enamels, varnish, latex paint, in various paint thinners or strippers, in inks, degreas-
ers, and in industrial and household cleaners, in addition to being an intermediate for  production of 
acetate esters and plasticizers. Because of its extensive use, it was tested at Battelle under a contract 
with the NTP (National Toxicology Program, 2000a). 

 9.3.2.22.1 Vapor Generation 
 2-Butoxyethanol was pumped into a glass column warmed by electric heat tape and distributed 
from there to a vapor distribution manifold; from there the vapor went to the exposure chambers. 
Chamber concentrations were monitored by an on-line gas chromatograph; samples were drawn 
every 16 min for the 14-week study and every 30 min for the 2-year test. 

 9.3.2.22.2 Procedure 
 Because of previous tests with 2-butoxyethanol, the single- and repeated-dose tests were not 
 considered as needed, and a 14-week study was the initial test. Groups of 10 male and 10 female 
rats and mice were exposed to 0, 31, 62.5, 125, 250, and 500 ppm by inhalation for 6 h/d, 5 d/week 
for 14 weeks. In the 2-year segment, groups of 50 male and 50 female rats were exposed to 0, 31.2, 
62.5, or 125 ppm for 6 h/d, 5 d/week for 104 weeks. Mice, in groups of 50 of each sex, were exposed 
to 0, 31.2, 62.5, or 125 ppm on the same schedule as the rats for 104 weeks. In addition, for histo-
logical analysis and bone marrow studies, groups of 9 to 30 rats or mice were exposed at the various 
levels for 3 to 12 months. 

 9.3.2.22.3 Results 
 In the 14-week study, female rats at the higher exposure levels had decreased body weights and 
various clinical signs such as anemia and tail lesions. Mice at the top level for 14 weeks showed 
reduced body weight, anemia, lethargy, and deaths. In the 2-year study with rats, survival and body 
weights were equivalent to that of controls, but regenerative anemia was observed in males and was 
more prevalent in females. No neoplastic lesions occurred in the male rats, but females showed an 
increase in pheochromocytomas of the adrenal medulla. In male mice at the top level in the 2-year 
test, hemangiosarcomas of the liver were increased. Female mice showed an increase in forestomach 
squamous cell papillomas or carcinomas (combined) at the top dose only. Splenic hematopoietic cell 
proliferation and hemosiderin pigmentation were increased in males and females. Hyaline degenera-
tion of the nasal epithelium was higher in exposed female mice. 

 The NTP concluded that there was no evidence of carcinogenicity in male rats, equivocal 
 evidence in female rats, and some evidence of carcinogenicity in male and female mice. 

 The ACGIH has set a TLV of 20 ppm for 2-butoxyethanol to avoid irritation and central nervous 
system effects, with the A3 designation, confi rmed animal carcinogen with unknown relevance to 
humans (ACGIH, 2003). 

 9.3.2.23 Isoprene NTP  # 486 

 Isoprene (CAS No. 78–79–5; formula C
 5 
H

 8 
; molecular weight, 68.1; boiling point, 34�C; melting 

point, �146�C; vapor pressure, 493 mmHg at 20�C) is a colorless, volatile, fl ammable liquid obtained 
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as a by-product when naphtha is cracked for production of ethylene. It is used to prepare elastomers 
and butyl rubber. It occurs as the monomer unit of natural rubber, is emitted from plants and trees, 
and has been identifi ed as the major endogenous hydrocarbon in human breath. Isoprene was tested at 
Battelle under a contract with the NTP (National Toxicology Program, 1999d). 

 9.3.2.23.1 Vapor Generation 
 Isoprene was pumped from a bulk reservoir by a liquid micrometering pump into a rotating fl ask 
partially immersed in a hot water bath. The vapor passed into a condenser and was carried by a 
stream of nitrogen to a distribution manifold. Individual delivery lines carried metered amounts of 
vapor to each exposure chamber. Concentrations were monitored by an on-line gas chromatograph. 

 9.3.2.23.2 Procedure 
 Due to extensive previous tests in mice, preliminary studies were not done and the 2-year study was 
done only in rats. Groups of 50 male and 50 female rats were exposed by inhalation to isoprene at 
levels of 0, 220, 700, or 7000 ppm for 6 h/d, 5 d/week for 105 weeks. Additional groups of 10 male 
and 10 female rats were exposed to the same levels for a period of four weeks for a lung fi broblast 
assay. 

 9.3.2.23.3 Results 
 Survival and mean body weights of all exposed groups of males and females were similar to those 
of the controls. Histopathological examination at the end showed increases in mammary fi broad-
enomas in male rats, especially at the highest dose level, and in all exposed groups of female rats. 
Male rats also had increases in renal tubule adenomas or carcinomas, especially when step sections 
of the kidney were made. Interstitial cell adenomas of the testis were higher in males at the 700 and 
7000 ppm levels. 

 NTP concluded that the results showed clear evidence of carcinogenicity in male rats and some 
evidence in female rats. A previous test of isoprene in mice also led to carcinogenicity (Melnick 
et al., 1996). 

 ACGIH has not evaluated isoprene. However, IARC has examined the isoprene data and con-
cluded that although there is insuffi cient evidence for the carcinogenicity of isoprene in humans, the 
compound is possibly carcinogenic to humans (IARC, 1994). 

 9.3.2.24 Isobutene NTP #487 

 Isobutene (CAS No. 115–11–7; formula C
 4 
H

 8 
; molecular weight, 56.1; boiling point, �6.9�C; melting 

point, �139�C; vapor pressure 400 mm Hg at 21.6�C) is a colorless volatile liquid from refi nery gases, 
and it is used for polymers and in production of isooctane and high octane aviation gasoline. It was 
tested by inhalation by Battelle under a contract with the NTP (National Toxicology Program, 1998c). 

 9.3.2.24.1 Vapor Generation 
 Liquid isobutene was vaporized by a warm water system; the gas was passed through a manifold 
to metering valves with fl ow meters which allowed the vapor to enter the exposure chambers. 
Concentrations were monitored with an on-line gas chromatograph. Samples were drawn approxi-
mately every 20 min. 

 9.3.2.24.2 Procedure 
 The bioassay began with the 14-week study. Groups of 10 male and 10 female rats and mice were 
exposed to isobutene at 0, 500, 1000, 2000, 4000, or 8000 ppm for 6 h/d, 5 d/week for 14 weeks. In 
the 2-year study, groups of 50 male and 50 female rats and mice were exposed to 0, 500, 2000, or 
8000 ppm for 6 h/d, 5 d/week for 105 weeks. 

 9.3.2.24.3 Results 
 In the 14-week study, all the rats and mice survived and body weights of test animals were similar to 
those of controls. Likewise, in the 2-year part of the test, survival and mean body weights of exposed 

4049_C009_r03.indd   1864049_C009_r03.indd   186 11/15/2005   3:10:21 PM11/15/2005   3:10:21 PM



Inhalation Toxicology and Carcinogenicity Studies 187

animals were similar to those of controls. Hyaline degeneration of the olfactory epithelium occurred 
in exposed animals, especially mice at the higher dose levels. Male rats at the 8000 ppm dose level 
had an increase in follicular cell carcinoma of the thyroid, but not to a statistically signifi cant degree. 
In the female rats and the male and female mice, there was no evidence of carcinogenicity. 

 These results led the NTP to conclude that there was some evidence for carcinogenicity in male 
rats but no evidence in female rats and mice and no evidence in male mice. The ACGIH had not set 
any TLV for isobutene. 

 9.3.2.25 Glutaraldehyde NTP: #490 

 Glutaraldehyde (CAS No. 111–30–8; formula C
 5 
H

 8 
O

 2 
; molecular weight, 100.13; boiling point, 

60–61�C; freezing point, �14�C; vapor pressure, 0.116 mmHg at 25�C) is a colorless liquid with 
an odor of rotten apples. It is used as a cold disinfectant in the health care industry, as a hardener 
in x-ray fi lm processing, as a cross-linking agent, preservative, biocide, tissue fi xative, and in many 
other products. It was tested by inhalation by Battelle under a contract with the NTP (National 
Toxicology Program, 1999e). 

 9.3.2.25.1 Vapor Generation 
 Glutaraldehyde vapor was generated from the liquid by a rotary evaporation system with a hot-water 
bath; nitrogen gas carried the vapor through a generator to the distribution manifold and through a 
valve system into the exposure chambers. A small-particle detector was used to ensure that the vapor 
and not aerosol was produced. An on-line gas chromatograph monitored chamber concentrations. 

 9.3.2.25.2 Procedure 
 Since previous toxicity studies indicated that 750 ppb was an approximate upper limit, the 2-year 
study began with groups of 50 male and 50 female rats exposed at levels of 0, 250, 500, or 750 ppb 
for 6 h/d, 5 d/week for 104 weeks. Similarly, groups of 50 male and 50 female mice were exposed 
by inhalation at 0, 62.5, 124, or 250 ppb for 6 h/d, 5 d/week for 104 weeks. 

 9.3.2.25.3 Results 
 Survival and body weights of female rats at 500 and 750 ppb were lower than those of controls; male 
rats of all exposed groups had survival rates like that of controls, but body weights were lower in the 
500 and 750 ppb groups. Hyperplasia and infl ammation of the respiratory epithelium and degeneration 
of the olfactory epithelium were increased in both exposed males and females. Nevertheless, there was 
no evidence of any increase in neoplastic lesions, and mammary gland tumors decreased in exposed 
female rats. Survival of test mice was similar to that of controls, but body weights of females at the 
top dose were lower than those of the control females. As in the rats, infl ammation, metaplasia, and 
degeneration of the respiratory epithelium occurred, but there was no increase in tumor incidence. 
Hepatocellular adenomas in both males and females decreased signifi cantly compared with controls. 

 The results led the NTP to conclude there was no evidence for the carcinogenicity of glutaral-
dehyde in either male and female rats or in male and female mice. The ACGIH has set a TLV of 
0.05 ppm to avoid sensitization and irritation, with the A4 designation, not classifi able as a human 
carcinogen (ACGIH, 2001). 

 9.3.3 Solids 

 Testing of solids by inhalation required attention to many details, including size of the aerosol 
 particles, the need to prevent particles from becoming electrically charged, and other problems. 

 9.3.3.1  o -Chlorobenzalmalononitrile NTP #377 

  o -Chlorobenzalmalononitrile (CAS No. 2698–41–1; formula C
 10 

H
 8 
ClN

 2 
; molecular weight, 188.52; 

boiling point, 310–315�C; melting point, 95–96�C; vapor pressure, 0.000034 mmHg at 20�C) is also 
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known as CS2 and is used primarily by law enforcement and military personnel for riot control. It was 
tested by inhalation by Battelle under a contract with the NTP (National Toxicology Program, 1990e). 

 9.3.3.1.1 Aerosol Generation 
 The CS2 was prepared as an aerosol of 94% CS2, 5% Cab-o-Sil colloidal silica and 1% hexamethyl 
disilane. The aerosol was generated within a glove box from the original powder with a brush dust 
feed mechanism and passed through a deionizer into the distribution box. The aerosol concentration 
was controlled by adjusting the rotational speed of the feed brush or by altering the total airfl ow in 
the duct to the exposure chambers. A light scattering monitor determined aerosol concentrations, 
while a gas chromatograph measured CS2 levels (vapor plus aerosol). 

 9.3.3.1.2 Procedure 
 In the initial 14-day test, fi ve rats and fi ve mice of each sex were exposed to 0, 1, 10, or 100 mg/m 3  
for 6 h/d. Since most of the animals died, a second test was begun with 0, 3, or 30 mg/m for 
6 hrs/day for 14 days. In the 13-week portion, 10 male and 10 female were exposed to 0.4, 0.75, 
1.5, 3 or 6 mg/m 3  for the 6 h/day, 5 d/week schedule. In the 2-year study, groups of 50 male and 
female rats were exposed to 0, 0.075, 0.25, or 0.75 mg/m 3  for the 6 h/d 5 days/week schedule for 
105 weeks. Similar groups of mice were exposed at the 0,0.75 or 1.5 mg levels. 

 9.3.3.1.3 Results 
 As mentioned, the animals in the fi rst 14-day test died; in the second trial, levels of 3 mg and above 
were fatal. The 13-week trial showed that even the 3-mg level was toxic. 

 In the 2-year study, survival was fairly good compared with controls, but body weights were 
somewhat lower. Histopathological examination at the end of the test period showed no neoplastic 
lesions in any of the test groups, although degeneration of the olfactory epithelium, infl ammation, 
and hyperplasia of the respiratory tract were noted. The NTP concluded that there was no evidence 
for the carcinogenicity of CS2 in any of the test groups. 

 Human volunteers exposed to CS2 developed headaches, skin, eye and nasal irritation, and 
lacrimation with dizziness and nausea if exposure continued for more than a few minutes. On 
the basis of these results, the ACGIH has set a TLV ceiling of 0.05 ppm (0.39 mg/m 3 ) for CS2 
to minimize these effects. In view of the negative animal studies, ACGIH has given CS2 the 
A4 designation, not classifi able as a human carcinogen (ACGIH, 2001). 

 9.3.3.2 2-Chloroacetophenone NTP #379 

 2-Chloroacetophenone (CAS No. 532–27–4; formula C
 8 
H

 7 
C

 
lO

 
; molecular weight, 154.6; boiling 

point, 244–245�C; melting point, 58–59�C; vapor pressure, 0.0059 mmHg at 20�C) is a colorless 
to gray crystalline solid with a pungent odor, used in riot control and personal protective devices 
because of its lacrimating action. It was tested by Battelle under contract with the NTP (National 
Toxicology Program, 1990f). 

 9.3.3.2.1 Aerosol Generation 
 A stream of preheated nitrogen was bubbled through a reservoir of melted 2-chloroacetophenone 
and carried the material to the exposure chambers. Concentrations were monitored with a gas 
 chromatograph. 

 9.3.3.2.2 Procedure 
 For the 14-day trial, groups of fi ve rats and fi ve mice of each sex were exposed by inhalation to 
0, 4.8, 10, 19, 43, or 64 mg/m 3  for 6 h/d, 5 d/week for 10 exposure periods over 14 days. In the 13-week 
study, groups of 10 rats and 10 mice of each sex were exposed to 0, 0.25, 0.5, 1, 2, or 4 mg/m 3  for 
6 h/d, 5 d/week. In the 2-year phase, 60 rats of each sex were exposed to 0, 1, or 2 mg/m 3  for 103 weeks. 
Similar groups of mice were exposed to 0, 2, or 4 mg/m 3  at the same schedule for 103 weeks. At 
15 months 10 animals of each group were taken for blood samples and other tests. 
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 9.3.3.2.3 Results 
 The 14-day test indicated that levels of 10 mg/m 3  and above were harmful for rats; in mice 4.8 mg/m 3  
was the highest dose that could be tolerated. In the 13-week study, all the animals lived, but body 
weights were lowered and some eye irritation was noted in the mice. Animals in the 2-year study 
 survived well although body weights were a little lower than in controls. Infl ammation, hyperplasia, 
and squamous metaplasia of the respiratory epithelium appeared in rats and mice, but mice were 
affected somewhat less. In male rats there was no increase in tumors; female rats had a marginal 
increase in mammary fi broadenomas; in both male and female mice there was no increase in tumors. 
The NTP concluded there was no evidence for the carcinogenicity of 2-chloroacetophenone in male 
rats and male and female mice and equivocal evidence in female rats. The ACGIH has set a TLV 
of 0.05 ppm or 0.32 mg/m 3  for 2-chloroacetophenone and has given it the A4 designation, not clas-
sifi able as a human carcinogen (ACGIH, 2001). 

 9.3.3.3  1 -Epinephrine Hydrochloride NTP #380 

  1 -Epinephrine hydrochloride (CAS No. 55–31–2; formula C
 3 
H

 13 
NO

 3 
.HCl; molecular weight, 219.7; 

melting point, 157�C) is a crystalline solid used to treat allergic reactions and bronchospasm associ-
ated with asthma. It was tested by inhalation by Battelle under a contract with the NTP (National 
Toxicology Program, 1990g). 

 9.3.3.3.1 Aerosol Generation 
 An   aqueous solution of epinephrine hydrochloride was supplied from a reservoir to a nebulizer. 
Output from the nebulizer went to an aerosol collection manifold and then to the inlet tube for 
the exposure chamber. On-line measurement of chamber concentrations was accomplished with 
a forward light-scattering photometer. The aerosol produced was within the respirable size range 
(1.8–2.8 �m). 

 9.3.3.3.2 Procedure 
 In the 14-day trial, fi ve rats and fi ve mice of each sex were exposed at levels of 0, 12.5, 25, 50, 100, 
or 200 mg/m 3  for 6 h/d, 5 d/week for 10 exposures over a 14-day period. In the 13-week test, 10 
rats and 10 mice of each sex were exposed at 0, 2.5, 5, 10, 20, or 40   mg/m 3  for 6 h/d, 5 d/week for 
a total of 65 exposures. In the 2-year part of the study, groups of 60 male and 60 female rats were 
exposed at 0, 1.5, and 5 mg/m 3  for 6 h/d, 5 d/week while similar groups of mice were exposed at 0, 
1.5, and 3 mg/m 3  .  

 9.3.3.3.3 Results 
 In the 14-day trial, levels of 50 mg/m 3  were toxic to male rats and the mice; female rats were affected 
at 100 mg/m 3 . The 13-week study showed that many rats died at 40 mg/m 3  and mice at levels as 
low as 5 mg/m 3  died. In the 2-year study, survival and body weights were comparable to those of 
controls. However, the 10 animals of each group sampled at 15 months had infl ammation of the 
nasal passages, some hyaline degeneration of the respiratory and olfactory epithelium. But at the 
end of the 2-year period, there was no increase in neoplastic lesions in any of the exposed animals. 
Thus, there was negative evidence for the carcinogenicity of epinephrine hydrochloride in male 
and female rats and in male and female mice. The NTP review panel considered that this study was 
“inadequate” since a maximum tolerated dose had not been given. In view of the pronounced physi-
ological actions of epinephrine, it is not clear that the animals might survive for two years if exposed 
to a high level. Although epinephrine does not appear to be an animal carcinogen, epidemiological 
studies of humans who used the drug are not available. 

 9.3.3.4 Naphthalene NTP #410 and #500 

 Naphthalene (CAS No. 91–20–3; formula C
 10 

H
 8 
; molecular weight, 128.18; boiling point, 218�C; 

melting point, 80.2�C; vapor pressure, 0.01 mmHg) is a white crystalline solid which is used as an 

4049_C009_r03.indd   1894049_C009_r03.indd   189 11/15/2005   3:10:22 PM11/15/2005   3:10:22 PM



190 Inhalation Toxicology

intermediate in the synthesis of dyestuffs, insecticides, plasticizers, synthetic resins, and as a moth 
repellant. It is a combustion product of wood, occurs in coal tar, tobacco smoke and in crude oil. 
Because of widespread exposure it was tested by inhalation under contracts from the NTP with 
Northrop Services (mice) and Battelle (rats) (National Toxicology Program 1992b, 2000b). 

 9.3.3.4.1 Vapor Generation 
 Naphthalene, contained in a heated fl ask, was vaporized by a stream of heated nitrogen and 
 transported through a heated Tefl on line to the distribution manifold. Naphthalene concentrations 
were monitored by a MIRAN Infrared analyzer or by a gas chromatograph. A small-particle detector 
was used to ensure that naphthalene vapor and not an aerosol was produced. 

 9.3.3.4.2 Procedure 
 In the mouse study, groups of 75 male and 75 female mice were exposed to 0, 10, and 30 ppm of 
naphthalene for 6 h/d, 5 d/week for 104 weeks. Additional groups of 75 mice of each sex were also 
exposed to 30 ppm at the same schedule. At 14   days, fi ve mice of each group were taken for hema-
tology studies; likewise similar numbers of mice from the 30   ppm groups were examined at 3- or 
6  -  month intervals, starting at 3 months. 

 In the rat study, groups of 50 male and female rats were exposed at levels of 0, 10, 30, or 60 ppm 
for 6 h/d, 5 d/week for 105 weeks. Additional groups of 9 rats of each sex were exposed at levels 
of 10, 30, or 60 ppm under the same schedule for toxicokinetic studies at 2 weeks, 3, 6, 12, and 
18 months. 

 9.3.3.4.3 Results 
 In exposed male mice, survival was better than in controls and body weights were only slightly 
lower. There was infl ammation of the nose and metaplasia of the olfactory epithelium, but there was 
no increase in neoplasms. Exposed female mice showed the same nonneoplastic lesions, but in addi-
tion, there was a signifi cant increase in alveolar/bronchiolar adenomas or carcinomas in the lung. 

 Exposed rats had survival rates comparable to that of controls, and body weights were somewhat 
lower only in males. In both sexes, there were the usual nonneoplastic lesions of the nose. However, 
male rats had signifi cant increases in adenomas of the nose and an increase in neuroblastomas of the 
nose. Female rats also showed signifi cant increases in nasal tumors, especially at the 60 ppm level. 

 The results led the NTP to conclude there was no evidence for the carcinogenicity of naphtha-
lene in male mice, some evidence in female mice, and clear evidence in both male and female rats. 

 The ACGIH has set a TLV of 10 ppm for naphthalene to avoid irritation and effects on the eyes 
and blood (ACGIH, 2001). 

 9.3.3.5 Talc NTP  # 421 

 Talc (CAS No. 14807–96–6; formula Mg
 3 
Si

 4 
O

 10 
 (OH)

 2 
; molecular weight, 379.26; melting point, 

900–1000�C) is a mineral product composed largely of a hydrated silicate of magnesium. The 
 relatively pure form is used in cosmetics, but many other products contain talc. It was tested by 
inhalation at the Lovelace Biomedical and Environmental Research Institute under a contract with 
the NTP (National Toxicology Program, 1993b). 

 9.3.3.5.1 Aerosol Generation 
 The aerosol was generated with a fl uid bed generator; talc was mixed with the stainless steel bed mate-
rial and compressed air released the small talc particles and carried them to the exposure  chambers. 
A Kr-85 discharger was placed above the bed to reduce the charges on the particles. A continuous 
aerosol monitor was used to check the stability of the aerosol (2.7–3.6 �m diameter). 

 9.3.3.5.2 Procedure 
 The bioassay began with a 4-week study. Groups of 10 male and 10 female rats and mice were 
exposed at levels of 0, 2, 6, and 18 mg/m 3  for 6 h/d, 5 d/week for the 4-week period. In the 2-year 
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phase, groups of 50 male and 50 female rats and mice were exposed at 0, 6, or 18 mg/m 3  for 6 h/d, 
5 d/week for 113 weeks (male rats), 122 weeks (female rats), and 104 weeks (mice). Additional 
groups of 22 male rats, 22 female rats, 40 male mice, and 40 female mice were exposed for interim 
evaluations at 6, 11, 12, and 18 months. 

 9.3.3.5.3 Results 
 In the 4-week phase, all the rats survived; with the mice some of the males at the lower levels died 
within a week. However, in the 2-year study, body weights were slightly lower, but survival was 
comparable to that of the controls. Male rats showed infl ammation of the lung, along with metapla-
sia and hyperplasia. There was some increase in pheochromocytomas of the adrenal. Female rats 
had statistically signifi cant increases in adenomas and carcinomas of the lung, as well as pheochro-
mocytomas of the adrenal. In both male and female mice, there was infl ammation of the lungs, but 
there were no neoplastic effects. On the basis of these results, the NTP concluded there was some 
evidence for the carcinogenicity of talc in male rats, clear evidence in female rats, and no evidence 
in male or female mice. 

 The ACGIH has set a TLV of 2 mg/m 3  for the respirable particulate fraction of talc that contains 
no asbestos fi bers. The A4 designation, not classifi able as a human carcinogen, was assigned to the 
asbestos-free talc (ACGIH, 2001). 

 9.3.3.6 Nickel Oxide NTP #451 

 Nickel oxide (CAS No. 1313–99–1; formula NiO; molecular weight, 74.71; melting point, 2,090�C) 
is an olive gray powder used in production of stainless steel, various chemicals, and in petroleum 
refi ning. It was tested by inhalation by the Lovelace Inhalation Toxicology Research Institute under 
contract with the NTP (National Toxicology Program, 1996c). 

 9.3.3.6.1 Aerosol Generation 
 Nickel oxide aerosol was generated from fl uid bed generators; a Kr-85 discharger was placed in the 
generator to reduce the electrical charge on the aerosol. The aerosol was mixed with air to achieve 
the desired concentration and delivered to the exposure chambers. An aerosol monitor was used to 
check the aerosol concentrations. Particle sizes ranged from 1.896 to 3.29 �m. 

 9.3.3.6.2 Procedure 
 In the 16-day test, groups of fi ve male and fi ve female rats and mice were exposed at levels of 0, 1.2, 
2.5, 5, 10, or 30 mg/m 3  for 6 h/d, 5 d/week for 12 exposure periods within 16 days. Extra groups of 
fi ve animals were exposed at the 1.2, 5 or 10 mg/m 3  levels for tissue burden studies. In the 13-week 
study, 10 male and 10 female rats and mice per group were exposed to 0, 0.6, 1.2, 2.5, 5 or 10 mg/m 3  
at the 6 h/d, 5 d/week schedule for 13 weeks. Additional groups of 18 male and 18 female rats and six 
male and six female mice were exposed at the 0, 0.6, 2.5, or 10 mg levels for tissue burden studies. 

 For the 2-year study, groups of 65 male and female rats were exposed at levels of 0, 0.62, 1.25, 
or 2.5 mg/m 3  for 6 h/d, 5 d/week for 104 weeks. Likewise, groups of 79 male and 76 female mice 
were exposed to 0, 1.25, or 5 mg/m 3  under the same schedule. After seven months as many as seven 
male rats and fi ve female rats as well as fi ve mice from each group were evaluated for histopathol-
ogy and tissue burden. At 15 months fi ve animals of each group were studied for histopathology, 
hematology, and tissue burden. 

 9.3.3.6.3 Results 
 In the 16-day study all rats and mice survived and body weights were similar to those of controls. At 
the higher levels infl ammation and hyperplasia of the lungs were noted. In the 13-week test, there 
were no consistent fi ndings related to nickel oxide exposure, apart from infl ammation and hyperpla-
sia. There was a considerable burden of nickel in the lungs. 

 For the 2-year study, survival of exposed rats and mice was similar to that of controls; body 
weights were only slightly affected. Exposed rats showed infl ammation and hyperplasia but both 
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males and females had increases in alveolar/bronchiolar tumors and pheochromocytomas of the 
adrenal. However, in the male mice there was no increase in tumors, whereas in female mice there 
was a marginal increase in lung tumors. 

 These results led the NTP to conclude there was some evidence of carcinogenicity for male and 
female rats; no evidence in male mice; and equivocal evidence in female mice. 

 The ACGIH has set a TLV of 0.2 mg/m 3  for insoluble inorganic nickel compounds to protect 
against cancer, irritation and dermatitis, with the A1 designation, confi rmed human carcinogen 
(ACGIH, 2001). 

 9.3.3.7 Nickel Subsulfi de NTP #453 

 Nickel subsulfi de (CAS No. 12035–72–2; formula Ni
 3 
S

 2 
; molecular weight, 240.25; melting point, 

790�C) is a black powder used in manufacture of lithium batteries. It is an intermediate in refi ning of 
certain nickel ores. It was tested by inhalation at the Lovelace Inhalation Toxicology Institute under 
a contract with the NTP (National Toxicology Program, 1996d). 

 9.3.3.7.1 Aerosol Generation 
 Nickel subsulfi de aerosol was generated from 2-inch fl uid bed generators, with a Kr-85 discharger in 
the generator to reduce the electrical charge on the aerosol. The aerosol was mixed with air to obtain 
the proper concentration and was delivered to the exposure chambers. A continuous aerosol monitor 
was used to check the stability of the aerosols. Particle size ranged from 1.65 to 2.99 �m. 

 9.3.3.7.2 Procedure 
 The initial part of the process was the 16-day study. Groups of fi ve male and fi ve female rats and 
mice were exposed to nickel subsulfi de at concentrations of 0, 0.6, 1.2, 2.5, 5, or 10 mg/m 3  for 6 h/d, 
5 d/week for 12 exposure days during a 16-day period. Tissue burdens in kidney and lung were done 
on three male and three female rats and mice exposed at the 0, 0.6, 2.5, and 10 mg levels. In the 
13-week study, groups of 10 male and female rats and mice were exposed by inhalation at concen-
trations of 0, 0.15, 0.3, 0.6, 1.2, or 2.5 mg/m 3  for 6 h/d, 5 d/week for 13 weeks. Lungs of six male 
rats in each group were examined for nickel after 4 ,  9, or 13 weeks of exposure; kidneys and testes 
of six male rats from each group were checked for nickel burden after 13 weeks. Female rats and 
male and female mice were tested for nickel burden in the lungs after 13 weeks. 

 For the 2-year study, groups of 63 male and female rats and 80 male and female mice were 
exposed by inhalation at levels of 0, 0.6, or 1 mg/m 3  for 6 h/d, 5 d/week for 104 week (rats), or at 0, 
0.6, or 1.2 mg/m 3  for 105 weeks (mice). After seven months, fi ve male and fi ve female rats and mice 
from each group were taken for histopathology, while seven male and seven female rats and fi ve 
male and fi ve female mice from each group were evaluated for nickel tissue burden. After 15 months 
fi ve animals from each group were examined for hematology, histopathology, and tissue burden. 

 9.3.3.7.3 Results 
 In the 16-day test, levels above 2.5 or 5 mg/m 3  led to deaths or weight loss. In the 13-week test, the 
animals survived with infl ammation of the respiratory tract and nonneoplastic lesions, as atrophy of 
the olfactory epithelium. In the 2-year study, survival of all animals was similar to that of controls, 
but body weights were lower. Both male and female rats, especially at the top dose, had signifi cant 
increases in alveolar/bronchiolar adenomas or carcinomas of the lung and pheochromocytomas of 
the adrenal medulla. Nonneoplastic lesions were also observed. Although mice in the 2-year test 
bore the usual nonneoplastic lesions, there was no increase in tumors. 

 These results led the NTP to conclude that there was clear evidence for the carcinogenicity 
of nickel subsulfi de in male and female rats, based on the increases in lung and adrenal tumors. 
It was concluded that there was no evidence for the carcinogenicity of nickel subsulfi de in male and 
female mice. 

 The ACGIH has set a TLV of 0.1 mg/m 3  for nickel subsulfi de and has given it the A1 designation, 
confi rmed human carcinogen. 
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 9.3.3.8 Nickel Sulfate Hexahydrate NTP #454 

 Nickel sulfate hexahydrate (CAS No. 10101–97–0; formula NiSO
 4 
·6H

 2 
O; molecular weight, 262.86; 

melting point, 53.3�C) is a blue–green water-soluble nickel compound used in nickel plating, as 
a mordant in textile processing, and in the manufacture of other nickel compounds. It was tested 
by inhalation at Lovelace Inhalation Toxicology Research Institute under a contract with the NTP 
(National Toxicology Program, 1996e). 

 9.3.3.8.1 Aerosol Generation 
 Nickel sulfate hexahydrate aerosol was generated from an aqueous solution (62.1 g/l) which was 
 atomized with a Retec nebulizer; the aerosol was then mixed with air to obtain the proper concentration 
and airfl ow rate. Water then evaporated from the aerosol droplets, leaving the nickel sulfate hexahydrate 
aerosol. Particle size of the aerosol ranged from 1.8 to 3.1 �m but was generally 2.2–2.5 �m. A continu-
ous aerosol monitor was used to follow stability of the aerosol concentration and the need to adjust the 
generation system during exposures. 

 9.3.3.8.2 Procedure 
 Since there was information on the acute toxicity of nickel compounds, the test began with the 16-day 
studies. Groups of fi ve male and fi ve female rats and mice were exposed at levels of 0, 3.5, 7, 15, 30, or 
60 mg/m 3  for 6 h/d for 12 exposure periods during 16 days. An additional four or fi ve male and female 
rats and mice were exposed at 0, 3.5, 15, or 30 mg/m 3  to determine the tissue burden of nickel in lung 
(rats and mice) and kidney (rats). For the 13-week test, groups of 10 male and female rats and mice were 
exposed by inhalation at levels of 0, 0.12, 0.25, 0.5, 1, or 2 mg/m 3  for 6   h/d, 5 d/week for 13   weeks. 
Additional groups of fi ve or six male and female rats and mice were exposed at the 0, 0.12, 0.5, or 
2 mg/m 3  levels for tissue burden studies. Samples were also collected from rats and mice at the 0, 0.5, 
1, and 2 mg/m 3  levels for sperm morphology and vaginal cytology. For the 2-year portion of the test, 
groups of 63   to 65 male and 63 or 64 female rats were exposed at levels of 0, 0.12, 0.25, or 0.5 mg/m 3  
for 6 h/d, 5 d/week for 104 weeks. At seven months, fi ve animals from each group were evaluated for 
histopathology and an additional seven were examined for nickel tissue burden. At 15 months, fi ve 
animals from each group were examined for hematology, nickel tissue burden in the lungs and histopa-
thology. Similarly groups of 50 male and female mice were exposed at concentrations of 0, 0.25, or 
1 mg/m 3  for 6 h/d, 5 d/week for 104 weeks. At seven months, fi ve males and fi ve females from each 
group were evaluated for histopathology, and an equal number were evaluated for nickel tissue burden 
in lung and kidney. At 15 months fi ve males and fi ve females from each group were also examined for 
nickel burden in lung and kidney. 

 9.3.3.8.3 Results 
 In the 16-day study, the higher exposure levels led to deaths in both rats and mice, with infl amma-
tion, atrophy and hyperplasia noted in the respiratory tract. For the 13-week test, body weights and 
survival in both rats and mice were hardly affected. In the 2-year study, survival of all groups of rats 
and mice was similar to that of controls. Lung weights of animals on the higher concentrations were 
increased, due to the nickel burden. Infl ammatory lesions of the lung, and hyperplasia, as well as 
atrophy of the olfactory epithelium were noted. However, no neoplasms attributable to exposure to 
nickel sulfate were noted in either rats or mice. 

 The results led the NTP to conclude that there was no evidence of carcinogenic activity of nickel 
sulfate hexahydrate in either male or female rats and mice. 

 The ACGIH has set a TLV of 0.1 mg/m 3  for soluble nickel compounds with the A4 designation, 
not classifi able as a human carcinogen (ACGIH, 2001). 

 9.3.3.9 Molybdenum Trioxide NTP #462 

 Molybdenum trioxide (CAS No. 1313–27–5; formula Mo O 
 3 
; molecular weight, 143.95; boiling 

point, 1155�C; melting point, 795�C) is a white to blue powder used as an additive in steel, as a 
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chemical intermediate, catalyst, pigment, fl ame retardant, and component of ceramics, glass and 
enamels. Molybdenum is an essential element for both plants and animals because it is a cofactor for 
several enzyme systems. Molybdenum trioxide was tested by inhalation at Battelle, under a contract 
with the NTP (National Toxicology Program, 1997c). 

 9.3.3.9.1 Aerosol Generation 
 In the 14-day and 13-week studies, the molybdenum trioxide dust was generated by Wright dust-
feed mechanisms on top of elutriators which opened into the top of the exposure chambers. The 
dust was swept into the chambers by compressed air. For the 2-year studies, the aerosol generation 
system was composed of a fl exible dust feed mechanism, a Trost air impact mill, an aerosol charge 
neutralizer, and an aerosol distribution system. A pump drew material from the distribution system 
into the chamber inlet. A real-time aerosol monitor was used to follow chamber concentrations. 
Particle size varied from 1.3 to 1.8 �m. 

 9.3.3.9.2 Procedure 
 Groups of fi ve male and fi ve female rats and mice were exposed to molybdenum trioxide at levels of 
0, 3, 10, 30, 100 or 300 mg/m 3  for 6 h/d, 5 d/week over a period of 14 days. In the next phase, groups 
of 10 male and 10 female rats and mice received exposure at the 0, 1, 3, 10, 30, or 100 mg/m 3  levels 
according to the usual schedule for a period of 13 weeks. For the 2-year study, groups of 50 male and 
50 female rats and mice were exposed at 0, 10, 30, or 100 mg/m 3  for 6 h/d, 5 d/week for 105 (mice) 
or 106 weeks (rats). 

 9.3.3.9.3 Results 
 In the 14-day and 13-week tests, there were no special effects noted. Survival of test animals was 
comparable to that of controls. The same held for the 2-year study, except that female mice were 
affected more. Control female mice had lower weight gains over the 2-year span than did the test 
females. Rats exposed for the 2–year period had infl ammation of the respiratory tract; the severity 
was greater at the higher levels. There was a nonsignifi cant increase in lung tumors in male rats, but 
in females there was no evidence of carcinogenicity. Male and female mice also had increases in 
lung tumors. Nonneoplastic lesions in both species were infl ammation, hyaline degeneration, and 
squamous metaplasia of the epiglottis. 

 The NTP concluded there was equivocal evidence for the carcinogenicity of molybdenum triox-
ide in male rats, no evidence in female rats, and some evidence in male and female mice. 

 The ACGIH has recommended a TLV of 0.5 mg/m 3  for soluble molybdenum compounds, with 
the A3 designation, animal carcinogen of unknown relevance to humans (ACGIH, 2003). 

 9.3.3.10 Cobalt Sulfate Heptahydrate NTP #471 

 Cobalt sulfate heptahydrate (CAS No. 10026–24–1; formula CoSO
 4 
·7H

 2 
O; molecular weight 

281.13) is a reddish, crystalline, water-soluble powder used in the electroplating and electrochemi-
cal industries, as a coloring agent for ceramics, as a drying agent in inks, paints, and varnishes, 
and as a mineral supplement in animal feeds. Cobalt is an essential trace element since it is part of 
vitamin B

 12 
. This salt was tested by inhalation at Battelle under a contract with the NTP (National 

Toxicology Program, 1998d). 

 9.3.3.10.1 Aerosol Generation 
 A solution of the heptahydrate in deionized water was passed into a nebulizer reservoir, then 
aspirated into the nebulizer chamber and expelled as a stream. Shear forces broke the stream 
into droplets that were evaporated to leave dry particles of the heptahydrate. Aerosols thus gen-
erated were passed through the aerosol charge neutralizer to reduce static charges. A distribu-
tion line carried the aerosol to the exposure chambers. Chamber concentrations of the aerosol 
were monitored by computer-controlled real line aerosol monitors. Particle sizes ranged from 
1.4 to 1.6 �m. 
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 9.3.3.10.2 Procedure 
 Groups of 50 male and 50 female rats and mice were exposed to aerosols containing 0, 0.3, 1.0, or 
3.0 mg/m 3  of cobalt sulfate heptahydrate for 6 h/d, 5 d/week for 105 weeks. 

 9.3.3.10.3 Results 
 Body weights and survival of exposed male and female rats were similar to those of unexposed 
controls. Females at the 3 mg/m 3  level showed episodes of irregular breathing. Infl ammation, hyper-
plasia, and metaplasia of the respiratory tract were noted in both sexes. Likewise, in both sexes the 
incidences of alveolar/bronchiolar neoplasms were greater than in unexposed controls, especially in 
females at the two higher exposure levels. Furthermore, pheochromocytomas of the adrenal medulla 
were signifi cantly higher in females at the top dose. 

 In mice, although survival was similar to that of controls, body weights of exposed animals were 
lower. The incidence of alveolar/bronchiolar neoplasms in both males and females was signifi cantly 
greater than that of controls. Hemangiosarcomas of the liver were increased in test males and in 
females at the 1 mg/m 3  level. Atrophy, hyperplasia, and infl ammation of the nose also occurred in 
the test animals. 

 Under these conditions, the NTP concluded that there was  some evidence  for carcinogenicity in 
male rats, clear evidence in female rats, and clear evidence in both male and female mice. 

 The ACGIH has set a TLV of 0.02 mg/m 3  as cobalt for elemental and inorganic forms. The 
A3 designation, confi rmed animal carcinogen with unknown relevance to humans, has been given 
for cobalt compounds (ACGIH, 2001). 

 9.3.3.11 Gallium Arsenide NTP #492 

 Gallium arsenide (CAS No. 1303–00–0; formula GaAs; molecular weight, 144.64; melting point, 
1238�C) is a dark-gray crystal with a metallic sheen and a   garlic odor when moistened. It is used 
extensively in the microelectronics industries to make light-emitting diodes, lasers, laser windows, 
photodetectors, infrared emitters and detectors, solar cells, semiconductors, and microwave devices. 
It was tested by inhalation by Battelle under a contract with the NTP (National Toxicology Program, 
2000c). 

 9.3.3.11.1 Aerosol Generation 
 Gallium arsenide aerosol was generated through a fl exible brush dust feed mechanism, an air impact 
mill, cyclone separator, an aerosol charge neutralizer, and an aerosol distribution system. Before 
the aerosol entered the exposure chambers, it was diluted with fi ltered air to the appropriate con-
centration. The chamber aerosol concentrations were followed with real-time aerosol monitors that 
used a pulsed-light-emitting diode in combination with a silicon detector to sense light scattered by 
 particles traversing the sensing volume. Particle sizes ranged from 0.8 to 1.9 �m. 

 9.3.3.11.2 Procedure 
 The test began with 16-day studies in which groups of fi ve male and fi ve female rats and mice 
were exposed by inhalation to gallium arsenide at levels of 0, 1, 10, 37, 75, or 150 mg/m for 6 h/d, 
5 d/week for 16 days. In the 14-week portion of the test, groups of 10 male and 10 female rats 
and mice were exposed at 0, 0.1, 1, 10, 37, or 75 mg/m 3  levels for 6 h/d, 5 d/week for 14 weeks. 
Groups of 10 male and 10 female rats were exposed to the same levels for up to 23 days for clinical 
pathology evaluation, while four additional male rats were exposed for 14 weeks to do lung burden 
analyses. 

 In the 2-year study, groups of 50 male and 50 female rats were exposed at 0, 0.01, 0.1, or 1 mg/m 3  
at the usual schedule for 105 weeks. Similar groups of 50 male and 50 female mice were exposed at 
0, 0.1, 0.5, or 1 mg/m 3  for 105 (males) or 106 weeks (females). Groups of up to 30 male rats were 
exposed at the same levels as the main group, but they were evaluated at 1,2, 4, 6, 12, and 18 months 
for gallium arsenide distribution (fi ve rats from the 0, 0.1, and 1 mg/m 3  groups at each time period). 

4049_C009_r03.indd   1954049_C009_r03.indd   195 11/15/2005   3:10:23 PM11/15/2005   3:10:23 PM



196 Inhalation Toxicology

Likewise, four or fi ve male rats from the 0.01 mg/m 3  group were evaluated at 2, 12, and 18 month 
time periods. 

 9.3.3.11.3 Results 
 In the 16-day test, all the rats and mice survived with body weights similar to those of controls. 
However, mice at the two top levels showed abnormal posture and hypoactivity. The 14-week study 
demonstrated that body weights were adversely affected at the 37 and 75 mg/m 3  levels, especially in 
male rats and mice. At the end of the 2-year study, survival rates of rats were comparable to those of 
controls although rats at the 1mg/m 3  level had lower body weights. 

 Although exposure to gallium arsenide led to increases in infl ammation and proliferative lesions 
of the lung, larynx, and nose in both sexes, there was no increase in neoplasms in the male rats. 
However, females had a signifi cantly greater incidence of lung neoplasms, as well as increases in 
tumors of the adrenal and mononuclear cell leukemia. 

 The 2-year trial in mice showed that survival and body weights were comparable to those of con-
trols. Nonneoplastic lesions of the lung and nose, including infl ammation, hyperplasia, and hyaline 
degeneration occurred in the mice, especially at the two higher dose levels. However, there was no 
increase in neoplasms in either male or female mice. 

 The NTP concluded the results showed no evidence of carcinogenicity in male rats and male and 
female mice, but clear evidence in female rats. 

 The ACGIH has not set any TLV for gallium arsenide, but there is a TLV of 0.01 mg/m 3  for 
arsenic and its inorganic compounds, as arsenic, with the A1 designation, or confi rmed human 
 carcinogen (ACGIH, 2001). 

 9.3.3.12 Indium Phosphide NTP #499 

 Indium phosphide (CAS No. 22398–80–7; formula InP; molecular weight, 145.80; melting point, 
1,070�C) is a dark-gray powder or brittle metallic solid. It is used extensively in the microelectronics 
industry to make semiconductors, injection lasers, solar cells, photodiodes, and similar devices. It was 
tested by inhalation by Battelle under a contract with the NTP (National Toxicology Program, 2002). 

 9.3.3.12.1 Aerosol Generation 
 In the preliminary study, the aerosol generation system consisted of a fl exible brush dust feed mech-
anism, an air-impact mill, an aerosol charge neutralizer, and a stainless steel aerosol distribution 
system. In the 2-year trial, indium phosphide, released from a rotating drum, fi lled metering ports 
and was dispersed when a nitrogen solenoid opened. The aerosol passed through a corona discharge 
air-ionizing neutralizer and into the distribution lines to the exposure chambers. Concentrations 
were monitored with real-time aerosol monitors. Particle sizes ranged from 1.2 to 1.5 �m. 

 9.3.3.12.2 Procedure 
 Suffi cient data on toxicity were available to allow starting with the 14-week trial. Groups of 10 male 
and 10 female rats and mice were exposed to the aerosol at levels of 0, 1, 3, 10, 30, or 100 mg/m 3  
for 6 h/d, 5 d/week for 9 of the 14 weeks and 7 d/week for 5 weeks. Additional groups of 10 rats of 
each sex were also started for clinical pathology and tissue burden studies; additional groups of male 
rats were exposed for various tissue burden studies. 

 In the 2-year study, groups of 60 male and 60 female rats and mice were exposed to the aerosol 
at levels of 0, 0.03, 0.1, or 0.3 mg/m 3  for 6 h/d, 5 d/week for 22 weeks (rats) and 21 week (mice) 
(0.1 and 0.3 mg/m 3 ) groups or for 105 weeks (0 and 0.03 groups). At three months 10 animals from 
each group were randomly selected and evaluated. Furthermore, additional groups of 20 male rats 
and 20 male mice were earmarked for tissue burden studies. 

 9.3.3.12.3 Results 
 The 14-week trial led to only one death in the rats, but body weights were depressed sharply. There 
were signifi cant increases in lung weights and erythrocyte counts. Mice were more  susceptible 
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to the toxic effects, and there were deaths at the 30-mg level. The same effects on lung weights 
were noted. 

 In the 2-year study, the rats survived well, but the incidences of alveolar/bronchiolar adenomas 
or carcinomas were signifi cantly higher in both sexes, even in those exposed for only 22 weeks. 
Adrenal pheochromocytomas increased in males at the 0.03-mg level and at the 0.3-mg stop expo-
sure level; this tumor was increased in females at the 0.3 mg stop exposure study. Mammary gland 
carcinomas were signifi cantly higher in females at 0.03 mg for 2 years, while mononuclear cell 
leukemia was higher in males at the 0.1 mg stop exposure level. Exposed mice in the 2-year trial had 
both lower survival and body weights than did the controls. Male and female mice demonstrated an 
increase in alveolar/bronchiolar carcinomas. All groups of exposed males had higher incidences of 
liver tumors; females had a signifi cant increase only at the 0.03 mg level. Both sexes of both species 
showed infl ammatory lesions in various organs and increased tissue burden of indium phosphide, 
especially in the lung. 

 These results led the NTP to conclude that there was clear evidence for the carcinogenicity of 
indium phosphide in both male and female rats and male and female mice. 

 The ACGIH has set a TLV of 0.1 mg/m 3  for indium and compounds to avoid pulmonary edema, 
bone and gastrointestinal effects (ACGIH, 2001). 

 9.4 DISCUSSION AND CONCLUSION 

 The NTP project to test selected compounds by inhalation had an impressive beginning with the 
decidedly positive responses from 1,2-dibromo-3-chloropropane and 1,2-dibromoethane. However, 
given the activity of these two compounds when administered by gavage (Olson et al., 1974), it is not 
surprising that they also were active by the inhalation route. Continuing on this theme, on the basis 
of activity, of the 44 chemicals NTP tested thus far by inhalation, seven were active in all four test 
systems: male rats, female rats, male mice, and female mice (Table 9.3). These active  compounds 
included: chloroprene, 1,2-dibromo-3-chloropropane, 1,2-dibromoethane, ethylene oxide, indium 
phosphide, tetrafl uoroethylene, and tetranitromethane. 1,3-Butadiene, tested in mice only, was a 
clear positive. An independent study in rats showed a moderate positive response at dose levels of 
butadiene manyfold that in the NTP mouse study (Owen and Glaister, 1990). The explanation may 
rest on differences in metabolic activation of butadiene. Half of these positive compounds were 
halogenated, indication that addition of halogens to a basic alkane structure can alter considerably 
the toxicological response.  

 The opposite situation, a negative animal response, occurred with eleven compounds which 
included: the riot control agent  o -chlorobenzalmalononitrile, l-epinephrine hydrochloride, glutaral-
dehyde, hexachlorocyclopentadiene, isobutyraldehyde, methyl bromide, methyl methacrylate, pro-
pylene, nickel sulfate hexahydrate, toluene, and vinyl toluene. The epinephrine test was designated 
as inadequate by an NTP Report Review group since the test levels were thought to be lower than a 
Maximum Tolerated Dose. However, a physiological but not a carcinogenic response was noted. In 
addition, exposure of the animals to high doses of an active physiologic agent for two years raises the 
question of whether the animals could survive. Halogenated compounds and aldehydes, both consid-
ered as a basis for suspicion, were present in the ‘negative’ group but showed no carcinogenic effect. 

 Another fi ve compounds were active in the majority of the test systems; these included cobalt 
sulfate heptahydrate, dichloromethane, nitromethane, propylene oxide, and tetrachloroethylene. 
Mice appeared more likely to show a positive response with these compounds. A group of four 
compounds showed no response in the majority of the test systems, and thus they can be considered 
negative on the basis of the weight of the evidence. These included the solvent acetonitrile, the riot 
control agent, 2-chloroacetophenone, gallium arsenide, and isobutene, an intermediate in polymer 
synthesis. 

 Twelve chemicals had equivocal fi ndings, almost equally balanced between positive and nega-
tive results. In this category were: allyl glycidyl ether, bromoethane, 2-butoxyethanol, chloroethane, 
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Table 9.3 Summary of NTP Inhalation Studies

NTP Report No. Compound Male Rat Female Rat Male Mouse Female Mouse

Gases
272 Propylene NE NE NE NE

288, 434 1,3-Butadiene — — CE CE

326 Ethylene oxide — — CE CE

346 Chloroethane EE EE IS CE

385 Methyl bromide — — NE NE

440 Ozone NE NE EE SE

450 Tetrafl uoroethylene CE CE CE CE

Liquids
206 1,2-Dibromo-3-

chloropropane
P P P P

210 1,2-Dibromoethane P P P P

267 Propylene oxide SE SE CE CE

306 Dichloromethane SE CE CE CE

311 Tetrachloroethylene CE SE CE CE

314 Methyl methacrylate NE NE NE NE

329 1,2-Epoxybutane CE EE NE NE

363 Bromoethane SE EE EE CE

371 Toluene NE NE NE NE

375 Vinyl toluene NE NE NE NE

376 Allyl glycidyl ether EE NE SE EE

386 Tetranitromethane CE CE CE CE

437 Hexachlorocyclopentadiene NE NE NE NE

447 Acetonitrile EE NE NE NE

448 Isobutyl nitrite CE CE SE SE

461 Nitromethane NE CE CE CE

466 Ethylbenzene CE SE SE SE

467 Chloroprene CE CE CE CE

472 Isobutyraldehyde NE NE NE NE

475 Tetrahydrofuran SE NE NE CE

482 Furfuryl alcohol SE EE SE NE

484 2-Butoxyethanol NE EE SE SE

486 Isoprene CE SE — —

487 Isobutene SE NE NE NE

490 Glutaraldehyde NE NE NE NE

Solids
377 o-Chlorobenzalmalononitrile NE NE NE NE

379 2-Chloroacetophenone NE EE NE NE

380 l-Epinephrine hydrochloride IS IS IS IS

410, 500 Naphthalene CE CE NE SE
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epoxybutane, furfuryl alcohol, molybdenum trioxide, naphthalene, nickel oxide, nickel subsulfi de, 
ozone, and tetrahydrofuran. Rats showed positive responses to naphthalene and nickel subsulfi de, 
but mice did not. Nickel subsulfi de was tested partly on the basis of the overwhelming positive 
response in mice injected with this compound at various sites (IARC, 1990). Thus, the lack of 
response in mice to inhalation exposure is surprising. In contrast, rats showed no evidence of carci-
nogenicity from ozone, but mice had some response. 

 Some weak points in the NTP inhalation toxicology effort became apparent after perusing the 
46 reports. There appeared to be no attention, in the reports at least, to technical developments in 
inhalation toxicology, to the recommendations of other agencies (EPA, 1988; 1998a, 1998b), or of 
literature concerning the specifi cs of inhalation toxicology (Salem, 1987). It seemed that aspect was 
left to the contractors. 

 Another factor, with both positive and negative aspects, was that the NTP has expanded the 
scope and size of the bioassay reports (Table 9.2). Comprehensive reviews on the toxicity, absorp-
tion, distribution, metabolism, and excretion of the test material are now included, as well as data 
on genotoxicity, reproductive, and teratogenic effects. The addition of such material increases the 
usefulness of any individual bioassay report. Furthermore, the scope of the histopathological exami-
nation has been expanded. The thoroughness of the histopathology, as documented in the NTP 
reports, can be considered both benefi cial and detrimental. It is in a sense, gratifying to learn that 
numerous tissues were routinely sectioned, stained, and examined by the pathologists. However, 
there is a question about the value (and cost) of such routine procedures when a thorough necropsy 
by an experienced technician would likely lead to discovery of most lesions or any unusual aspects 
of any tissues. Further, there was no apparent effort to reduce the number of animals used. Suffi cient 
animals are required to obtain statistically signifi cant results, but there were instances where fewer 
animals could have been used. This was noted especially, in the second butadiene trial and for some 
of the auxiliary studies conducted with the inorganic compounds. 

 On the other hand, the NTP has defi nitely provided a valuable service for the regulatory agen-
cies, public health professionals, industrial hygienists, safety offi cers, and the like. Their testing 
many compounds which had little long-term (two-year) toxicity studies, despite human exposure, 
such as butadiene, dichloromethane, or toluene, provided health professionals with reasonable 
data upon which to base decisions. For example, the TLVs promulgated by ACGIH are based on a 

Table 9.3 Summary of NTP Inhalation Studies (Continued)

NTP Report No. Compound Male Rat Female Rat Male Mouse Female Mouse
421 Talc SE CE NE NE

451 Nickel oxide SE SE NE EE

453 Nickel subsulfi de CE CE NE NE

454 Nickel sulfate 
hexahydrate

NE NE NE NE

462 Molybdenum trioxide EE NE SE SE

471 Cobalt sulfate 
heptahydrate

SE CE CE CE

492 Gallium arsenide NE CE NE NE

499 Indium phosphide CE CE CE CE

CE, Clear Evidence; SE, Some Evidence; EE, Equivocal Evidence; NE, Negative Evidence; IS, Inadequate Study; 
P, Positive.
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 combination of factors, including exposure, acute, short- and long-term effects in both animals and 
exposed humans. 

 In conclusion, the NTP inhalation toxicology experiments have been a worthwhile enterprise. 
The NTP effort on testing compounds, by now 500 or more, has provided useful data, obtained 
in a comparable manner, in defi ned protocols, either by dermal inhalation, or oral routes, in well 
 characterized animals (mice and rats). It is the largest known effort for long-term tests under com-
parable conditions. The data from these studies are useful for the research, regulatory, and safety 
communities. It is anticipated that the NTP programs will continue to be a valuable resource and will 
supply useful data in the coming years. 
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 10.1 INTRODUCTION 

 Toxicology of fi re and smoke is the study of the adverse health effects caused by exposure 
to combustion atmospheres. In this chapter, a combustion atmosphere is defi ned as all of the 
effl uents generated by the thermal decomposition of materials or products regardless of whether 
that effl uent is produced under smoldering, nonfl aming, or fl aming conditions. The objectives 
of combustion toxicity research are to identify potentially harmful products from the thermal 
degradation of materials, to distinguish those materials that produce unusual or more toxic 
quantities of toxic combustion products, to determine the best measurement methods for the 
identifi cation of the toxic products and the degree of toxicity, to determine the effect of dif-
ferent fi re exposures on the composition of the toxic combustion products, and to establish the 
physiological effects of such products on living organisms. The ultimate goals of this fi eld of 
research are to reduce human fi re fatalities due to smoke inhalation, to determine effective treat-
ments for survivors, and to prevent unnecessary suffering of fi re casualties who have inhaled 
toxic combustion products. 

 Seventy-six percent of the people who die in fi res die of the inhalation of toxic combustion 
products, not of burns (Hall and Harwood, 1995). This percentage has been rising by about 1% per 
year since 1979. Although total deaths in fi res are declining, the percentage attributed to smoke 
inhalation has increased. Levin (1996, 1998), Purser (1988, 1995), Nelson (1995), and the National 
Research Council (1995) have reviewed various aspects of this subject. 

 10 

1 This chapter is a contribution of the National Institutes of Standards and Technology and is not subject to copyright. 
Certain commercial equipment, instruments, materials, or companies are identifi ed in this chapter to specify the experimental 
procedure. Such identifi cation does not imply recommendation or endorsement by NIST, nor does it imply that the materials 
or equipment identifi ed are the best available for this purpose.
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 10.2 FIRE DEATH STATISTICS IN THE UNITED STATES 

 The latest statistics from the National Fire Protection Association (NFPA) indicate that the fi re 
death rate in the United States was 6.1 times higher (10.1 times more if the deaths from September 
11, 2001 are included) than in the United Kingdom, 1.16 times more than in Sweden, 1.3 times 
less than Japan (or 1.3 times more if the deaths from September 11, 2001, are included), and about 
the same as that in Canada (Hall, 2003). Although the reasons are still being debated, the number 
of fi re deaths per capita since 1977 has been higher in the United States and Canada than in most 
of the other industrialized countries outside the former Soviet Union (Hall, 2003). Fire statistics 
collected by NFPA reported that approximately 1,687,500 fi res occurred in the United States in 
2002, the latest year for which complete statistics are available (Karter, 2003). Calculated another 
way, these statistics translate into a fi re occurring in the United States every 19 sec, in a property 
located outside every 38 sec, in a structure every 61 sec, in a residence every 67 sec, and in a 
motor vehicle every 96 sec. These fi res caused approximately 3380 civilian deaths and 18,425 
reported injuries in 2002. Excluding the World Trade Center disaster of September 11, 2001, in 
which 2326 civilian deaths occurred, the number of deaths in 2002 decreased by almost 10% from 
the preceding year. However, there still was one civilian fi re death every 156 min and one fi re 
injury every 28 min. The number for injuries is believed to be less than the actual number, because 
many injuries are not reported. The property loss due to fi res in 2002 is estimated at 10.3 billion 
dollars and indicates a decrease of 2.2% from the preceding year (again excluding the World 
Trade Center disaster). 

 In 2002, residential fi res accounted for only 24% of the total fi res but were responsible for 79% 
of all fi re deaths and 76% of the reported injuries. Although in the years 1977 through 2002, the 
number of civilian fi re fatalities in homes dropped from 5865 to 2670, fi res in homes still cause the 
greatest concern to the fi re community. Statistics show that children under 5 and adults over 65 years 
of age are the most frequent casualties of residential fi res. This is attributed to their inherent diffi cul-
ties in trying to escape. Statistics also show that males are more likely to die in fi res than females. 
More fi res and higher fi re death rates occur in the South than any of the other geographical areas of 
the United States; the geographical region with the next highest fi re death rate and number of fi res 
is the Northeast. 

 One must distinguish between the causes of fi res and the causes of fi re deaths. The  primary 
causes of residential fi res have been shown to be heating and cooking (Federal Emergency 
Management Agency [FEMA], 1982; Runyan et al.,1992). Lack of central heat and the  incorrect 
use of portable space heaters are two of the reasons given for the high fi re and death rates in 
the South. Heating fi res result in the highest property losses, primarily because cooking fi res 
are  usually noticed and extinguished before getting out of control. Fire deaths, however, usu-
ally result from fi res ignited by cigarettes (Hall, 2003; Runyan et al., 1992). The most common 
fi re scenario leading to fi re deaths is one in which a person (usually intoxicated) falls asleep 
in an upholstered chair while smoking (FEMA, 1982). The cigarette falls into a crevice and 
starts the upholstered chair smoldering. The individual awakes and goes to bed unaware of 
the danger. The chair can smolder for an extended period (an hour was not unusual in labo-
ratory tests conducted at the National Institute of Standards and Technology [NIST]) before 
bursting into fl ames. Once the fl aming starts, the smoke will fi ll the room and escape to the 
other rooms. It is common to fi nd people who have died of smoke inhalation (not burns) in or 
near their beds, indicating that their making little or no effort to escape was probably due to 
absence of warning and  incapacitation from the asphyxiants in the smoke. Smoke detectors in 
this scenario would save many lives. Statistics have shown that working smoke detectors double 
one’s  probability of escaping alive (Hall, 2003). A recent problem is that many homes have 
nonfunctioning smoke detectors because the batteries were removed after a false alarm (usually 
from smoke produced by a kitchen or wood stove) or because old batteries were never replaced 
(Hall, 2003). 
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 10.3 GENERATION OF TOXIC GASES IN FIRES: ADVERSE EFFECTS 
OF PARTICULATES 

 The adverse effects from smoke inhalation are believed to result mainly from toxic gas expo-
sures, although the role of the particulates alone and in combination with fi re gases needs further 
investigation. The importance, therefore, of determining the identities and concentrations of toxic 
gases produced from materials thermally decomposed under various fi re conditions is evident. 
In addition, the increased variety of plastics in buildings and homes has raised the issue of whether 
synthetic materials may produce extremely or unusually toxic 2  combustion products. In 1975, 
the journal  Science  documented a case in which an experimental rigid polyurethane foam con-
taining a fi re retardant produced a very unusual toxic combustion product identifi ed as 4-ethyl-1-
phospha-2,6,7-trioxabicyclo[2.2.2]octane-1-oxide (commonly referred to as a bicyclic phosphate 
ester) (Petajan et al., 1975). Bicyclic phosphate compounds have been shown to cause seizures 
at very low concentrations. Based on these test results, this fi re-retarded rigid polyurethane foam 
never became commercially available. To a large extent, however, it was this case that generated 
the burgeoning interest in the fi eld of combustion toxicology and the widespread concern about 
the potential formation of “supertoxicants.” Although research since the 1970s has shown that this 
concern is largely unfounded, the bicyclophosphate ester case and at least one other product that 
generated extremely toxic combustion products have indicated the need to test new formulations or 
materials containing new combinations of compounds to ensure that extremely or unusually toxic 
products are not generated. In November 2000, John Hall, Jr., indicated that the fi eld of combustion 
toxicology is not producing much new data (Hall, 2000). He concluded that most of the current 
international debate in this area is over the interpretation and application of past research. 

 The gas composition of smoke depends on the chemical composition, the molecular structure 
and polymer formulation of the burning material, which may include a variety of additives, plasti-
cizers, stabilizers, fl ame-retardants, cross-linking agents, fi llers, and blowing agents. In addition, the 
conditions of thermal degradation, e.g., temperature, oxygen availability, and ventilation, will affect 
the nature of the combustion atmosphere. In a series of literature reviews by National Institutes of 
Standards and Technology (NIST) on the generation of combustion products and the combustion prod-
uct toxicity from seven plastics (acrylonitrile-butadiene-styrenes [ABS], nylons, polyesters, polyeth-
ylenes, polystyrenes, poly(vinyl chlorides) [PVC], and rigid polyurethane foams) commonly found in 
materials and products, and decomposed under various thermal and atmospheric conditions, over 400 
different decomposition products were noted (Rutkowski and Levin, 1986; Braun and Levin, 1986, 
1987; Gurman et al.,   1987; Huggett and Levin, 1987; Levin, 1987; Paabo and Levin, 1987a, 1987b). 
At about the same time, the Consumer Product Safety Commission reviewed the combustion prod-
ucts and the toxicity of the combustion products generated from acrylics, phenolics, polypropylene, 
and fl exible polyurethane foam (Johnston et al., 1988a, 1988b; Purohit and Orzel, 1988; Orzel et al., 
1989) and the National Academy of Sciences did the same type of literature review on an additional 
ten plastics, namely, acetal, aramid, cellulose acetate butyrate, epoxy resins, melamine-formaldehyde, 
polybutylene, polycarbonate, polyphenylene oxide, polytetrafl uoroethylene, and urea-formaldehyde 
(National Research Council, 1987). Many of the combustion products were common to more than 
one plastic. In addition, many other combustion products probably exist that were not detected. At 
this time, the toxicity of most of these individual compounds is not known and little has been done to 
tackle the enormous problem of determining the toxicity of combinations of these compounds. The 
lack of detection of a specifi c combustion product from a material may only mean that the particu-
lar analytical techniques used were not suitable to detect that compound or that the investigator did 

2 In this chapter, the phrase “extremely toxic” is a relative term indicating that the effl uent from the thermal decom-
position of very small quantities of a material has been noted to cause death of experimental animals (usually rats or mice) 
under controlled laboratory conditions. “Unusually toxic” indicates that the toxic effect can not be totally attributable to the 
combustion gases (either singly or in combination) that are normally considered the main toxicants.
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not specifi cally analyze the material for that combustion product. A limited amount of rodent testing 
becomes  important to ensure that an unsuspected and therefore undetected toxic by-product has not 
formed or that synergism or antagonism of the generated products has not occurred. 

 Because the number of compounds one can reasonably analyze in any one test is limited, knowl-
edge of the chemical composition, molecular structure, and formulation of the polymer can be used 
to provide some indication of the main gaseous products that may or may not be generated under 
specifi ed experimental conditions. However, one needs to be cautious when predicting the combustion 
products from generic materials of unknown formulations. For example, one would expect nitrogen-
containing materials (e.g., ABS, nylons, rigid and fl exible polyurethanes) to produce hydrogen cyanide 
(HCN) and not expect HCN from a material like PVC. However, PVC containing zinc ferrocyanide 3  
(an additive that was tested as a smoke suppressant) or a vinyl chloride-vinylidene chloride copolymer 
was found to generate HCN. In a similar fashion, based on the chemical composition, PVC is the only 
one of the seven plastics reviewed by NIST that would be expected to generate chlorinated combus-
tion products. However, widespread usage of halogenated fi re retardants in plastic formulations makes 
predicting the materials that will produce halogenated products extremely diffi cult. In addition, many 
of the fi re-extinguishing agents contain halogens and can interact with the other combustion products 
in unpredictable ways when they are used to extinguish fi res. 

 Temperature also plays an important role in infl uencing the production of decomposition prod-
ucts. In general, as the temperature and thus the rate of decomposition increase, the quantity of the 
more complex compounds and heavier hydrocarbons decreases and the concentrations of carbon 
monoxide (CO), carbon dioxide (CO

 2 
), and nitrogen dioxide (NO

 2 
) increase. The generation of 

HCN has also been shown to increase as a function of temperature. Another example is hydro-
gen chloride (HCl), the detection of which begins when stabilized PVC is heated to approximately 
200°C; rapid dehydrochlorination then occurs at about 300°C (Huggett and Levin, 1987). On the 
other hand, more acrolein was generated from polyethylene under lower temperature, nonfl aming 
conditions than under higher temperature fl aming conditions (Paabo and Levin, 1987a). 

 As mentioned earlier, more work is needed to examine the adverse effects of the particulate matter 
that is also produced when materials are thermally decomposed. Examination of the smoke particu-
late and condensable matter is important for several reasons. First, many of the thermal degradation 
products may condense or be adsorbed by the soot particles and be transported along with the smoke 
into the body. Hydrogen chloride is one example of a compound that may be transported in such a 
fashion or can form a corrosive acid mist in moist air, such as air found in a person’s lungs. One study 
of the particulate matter, which formed during the smoldering decomposition of rigid polyurethane 
foam, showed that many of the compounds detected in the soot fraction were not found in the volatile 
fraction (Joseph and Browner, 1980; Paabo and Levin, 1987b). Free radicals, which form in fi res and 
are of toxicological concern due to their high reactivity (Westerberg et al.,   1982; Lowry et al.,   1985a, 
1985b), are usually considered to have very short life spans; however, if adsorbed onto soot particles, 
their lifetimes can be considerably longer, and if the soot particle is the correct size, they can be inhaled 
deep into an individual’s respiratory system. In addition, the particulate matter may interfere with the 
escape and rescue of individuals by causing the obscuration of vision, eye irritation (the eyes clamp 
shut and the victim is unable to see), and upper respiratory tract distress. An extreme case indicating 
the adverse effect of particulates was noted in experiments conducted at NIST. Rats exposed for 
30 min to the smoke from fl aming polystyrene died during the exposures and the concentration of CO 
in the blood, even in combination with CO

 2 
, was too low to account for the deaths (Levin et al., 1987a). 

Pathological examination of these rats showed that their respiratory passages were completely blocked 
by soot and that suffocation was the likely cause of death (NIST, unpublished data). 

 Particulates have also been implicated in the toxicity of polytetrafl uoroethylene (PTFE). Using 
the National Bureau of Standards (NBS) Cup Furnace Test Method (Figures 10.1 and 10.2; see 
Section 10.7), the combustion products of PTFE were found to be 300 times more toxic than other 

3 This material was never made commercially available after toxicity testing indicated that its combustion products 
produced very rapid deaths of experimental animals (rats).
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materials decomposed in a similar fashion (Levin et al., 1982, 1983). Further studies showed that 
inhalation of the combustion products of PTFE decomposed in the NBS cup furnace caused focal 
hemorrhages, edema, and fi brin deposition in the lungs of rats (Zook et al.,   1983). These same 
studies showed that, with time, focal interstitial thickenings developed because of hypertrophy and 
hyperplasia of alveolar cells and that macrophages accumulated in the alveoli. Thrombosis of pul-
monary capillaries and disseminated intravascular coagulation also occurred. Renal infarcts were 
common. The exact reason for the unusual toxicity of PTFE’s combustion products is unknown and 
has generated a great deal of interest (Alarie and Stock, 1984a; Birky, 1984; Williams and Clarke, 
1983, 1984). The specifi c heating conditions of the NBS Cup Furnace Test Method 4  (Williams and 
Clarke, 1983; Williams et al., 1987) and the particulate fraction from PTFE have been cited (Clarke 
et al.,   1990; Baker and Kaiser, 1991; Lee and Seidel, 1991). However, thermal decomposition in the 
University of Pittsburgh I (U. Pitt I) Test Method also produced their highest toxicity classifi cation 
of “much more toxic than wood” (Alarie and Anderson, 1981; Alarie and Stock, 1984a). The other 
classifi cations of the U. Pitt I method are “less toxic than wood”, “as toxic as wood,” and “more 
toxic than wood.” Decomposition in the German Din System produced a toxicity at least 10 times 
more toxic than wood (Purser, 1992). Full-scale fi re tests seem to implicate hydrogen fl uoride or 
carbonyl fl uoride as the toxic agents (Clarke et al.,   1992). Another compound that was suspected 
is perfl uoroisobutylene (PFIB), which is toxic at extremely low levels and can be generated during 
the combustion of polymerized fl uorocarbon compounds (e.g., PTFE) (Wang et al., 2001). The 
Occupational Safety and Health Administration (OSHA) reports that the American Conference of 
Governmental Industrial Hygienists (ACGIH) threshold limit value (TLV) is 0.01 ppm (0.082 mg/m 3 ) 
(www.osha.gov/dts/chemicalsampling/data/CH_260750.html ,  accessed April 15, 2004). However, 
analysis of the combustion atmospheres from PTFE at NIST did not detect any PFIB. An extensive 
review on the toxicology of soot was published in 1983 (Barfknecht, 1983). This review discusses the 
effect of soot on the induction of respiratory diseases and carcinogenicity. 

 10.4 TOXIC POTENCY VERSUS FIRE HAZARD VERSUS FIRE RISK 

 Death in a fi re may be caused by: 

  1. Carbon monoxide (CO) 
  2. Toxic gases in addition to CO 
  3. Oxygen (O

 2 
) at levels too low to sustain life 

  4. Incapacitation—either physical (inability to escape) or mental (incorrect decision making) 
  5. Bodily burns from fl ame contact 
  6. Very high air temperatures 
  7. Smoke density or irritants in smoke that affect vision and interfere with ability to escape 
  8. Psychological effects (e.g., fear, shock, and panic) 
  9. Physical insults (e.g., building or ceiling collapses, broken bones from jumping from upper 

fl oors) 

 Research in the fi eld of combustion toxicology is primarily concerned with items 1 through 4, all of 
which are related to the toxic potency of the fi re gas effl uent. Toxic potency as applied to inhalation of 
smoke or its component gases is defi ned by American Society for Testing and Materials (ASTM) as 
“A quantitative expression relating concentration (of smoke or combustion gases) and exposure time 
to a particular degree of adverse physiological response, for example, death on exposure of humans or 
animals”(ASTM, 2004). This defi nition is followed by a discussion, which states, “The toxic potency 
of smoke from any material, product, or assembly is related to the composition of that smoke which, 
in turn, is dependent upon the conditions under which the smoke is generated.” One should add that 

4 Further explanation of the combustion toxicity test methods are in Section 10.7.
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the LC
 50 

 5  is a common end point used in laboratories to assess toxic potency. In the comparison of the 
toxic potencies of different compounds or materials, the lower the LC

 50 
 (i.e., the smaller the amount 

of material necessary to reach the toxic endpoint), the more toxic the material is. 
 A toxicity assessment based on lethality due to toxic gases is only part of the total fi re hazard 

that needs to be evaluated, especially when one is making choices as to the best material for a spe-
cifi c end use. ASTM defi nes “fi re hazard” as the potential for harm associated with fi re (ASTM, 
2004). The discussion that follows this defi nition states, “A fi re may pose one or more types of 
hazard to people, animals, or property. These hazards are associated with the environment and with 
a number of fi re-test-response characteristics of materials, products, or assemblies including but not 
limited to ease of ignition, fl ame spread, rate of heat release, smoke generation and obscuration, tox-
icity of combustion products, and ease of extinguishment.” Other factors that need to be evaluated 
when considering a material for use in a given situation include the quantity of material needed, its 
confi guration, the proximity of other combustibles, the volume of the compartments to which the 
combustion products may spread, the ventilation conditions, the ignition and combustion properties 
of the material and other materials present, the presence of ignition sources, the presence of fi re 
protection systems, the number and type of occupants, and the time necessary to escape. 

 “Fire risk” is defi ned as “An estimation of expected fi re loss that combines the potential for 
harm in various fi re scenarios that can occur with the probabilities of occurrence of those scenarios” 
(ASTM, 2004). The discussion following the defi nition of fi re risk states, “Risk may be defi ned as the 
probability of having a certain type of fi re, where the type of fi re may be defi ned in whole or in part 
by the degree of potential harm associated with it, or as potential for harm weighted by associated 
probabilities. However it is defi ned, no risk scale implies a single value of acceptable risk. Different 
individuals presented with the same risk situation may have different opinions on its acceptability.” 
A simple way to explain the difference between fi re hazard and fi re risk is to compare the fi re with sky 
diving, a very hazardous sport; however, if one never goes sky diving, no risk is incurred. 

 10.5 TOXICITY ASSESSMENT: ANIMAL EXPOSURES 

 In most combustion toxicology experiments, the biological end point has been lethality or inca-
pacitation of experimental animals, usually rats or mice. Incapacitation (sublethal effects) in a fi re 
can be as perilous as lethality if an individual becomes incapable of correct decision making or 
physically unable to move. Under these circumstances, the ability to escape will be lost and death 
will occur unless the individual is rescued. Therefore, many fi re scientists are concerned with the 
levels of combustion products or amounts of materials that, when combusted, will cause incapaci-
tation. However, an incapacitation model for use in laboratory testing has been especially diffi cult to 
develop. Most of the tests for incapacitation that have been designed are based on the physical-motor 
capability of an experimental animal to perform some task (e.g., running in a motorized wheel, 
jumping onto a pole or lifting a paw to escape a shock, running in a maze, or pushing the correct 
lever to open a door to escape an irritating atmosphere) (Purser and Berrill, 1983; Kaplan and 
Hartzell, 1984; Kaplan et al., 1985). The concentration of toxic combustion products that cause the 
loss of these types of physical-motor capabilities is usually close to the concentration that is lethal 
and does not usually add much additional information. Other attempts to measure incapacitation 
have included the examination of neurological end points (e.g., measuring the increased number of 
errors by humans doing mathematical problems while exposed to low levels of CO [Arthur Callahan, 
private communication] or exposing rats and pigeons to a complete neurobehavioral battery of 
25 tests) (Richie et al.,   1995). 

 Whether one needs to examine incapacitation or lethality depends on the problem one is trying to 
solve. To determine the best material for a particular end use application, the lethality end point has 

5 The LC
50

 value is the result of a statistical calculation based on multiple experiments, each with multiple animals, and 
indicates the concentration at which 50% of the experimental animals exposed for a specifi c length of time would be expected 
to die either during the exposure time or the postexposure observation period.
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proven to be more defi nitive and will fl ag the materials that produce extremely toxic combustion prod-
ucts better than an incapacitation end point. There are at least two reasons for this. (1) Incapacitation 
is only measured during the exposure that is usually 30 min or less, but lethality can also occur during 
the postexposure observation period, which can be two weeks or longer. A material that only causes 
delayed effects during the postexposure period (e.g., a material that generates HCl) can thus have an 
LC

 50 
 value that is lower (more toxic) than the incapacitation EC

 50 
 6  value (i.e., the amount of thermally 

decomposed material necessary to cause postexposure deaths is less than the amount needed to cause 
incapacitation during the exposure). (2) In many cases in which the combustion products contain high 
concentrations of irritant gases, the animals would only appear to be incapacitated (i.e., they would stop 
responding to the incapacitation test indicator because of the high irritant quality of the smoke), but 
when removed from the  combustion atmosphere, they would immediately start responding normally. 

 10.6 TOXICITY ASSESSMENT: PREDICTIVE MODELS 

 In the 1970s, there were essentially two experimental strategies to examine the issues raised by the 
fi eld of combustion toxicology: (1) the analytical chemical method and (2) the animal exposure 
approach. In the analytical chemical method, investigators thermally decomposed materials under 
different experimental conditions and tried to determine every combustion product that was gener-
ated (Levin, 1987; ASTM, 2001). This approach generated long lists of compounds. The toxicity 
of most of these individual compounds was unknown and the concept of examining the toxicity of 
all the various combinations of compounds was and still is considered an impossible task. An addi-
tional problem with the analytical method was that, as mentioned earlier, one could not be certain 
that every toxic product was detected and identifi ed. This approach enabled one to identify many of 
the multiple products that were generated but not know the toxic potency of all the identifi ed com-
pounds, especially when combined. 

 In the animal exposure approach, the animals (usually rats or mice) serve as indicators of the degree 
of toxicity of the combustion atmospheres (Kaplan et al.,   1983; Levin et al.,   1982, 1991b, 1992a). The 
materials of concern are thermally decomposed under different combustion conditions and the animals 
are exposed to the combined particulate and gaseous effl uent. Multiple animal experiments (each with 
multiple animals) with different concentrations of material are conducted to determine an EC

 50 
 (incapac-

itation) or an LC
 50 

 (lethality) for a specifi c set of combustion conditions. Each material would then have 
a particular EC

 50 
 or an LC

 50 
 value that can be used to compare the toxicities of different materials decom-

posed under the same conditions. The lower the EC
 50 

 or LC
 50 

, the more toxic the combustion products 
from that material. In this approach, one knows the relative toxicity of a material as compared with 
another material but does not know which of the toxic gases are responsible for the adverse effects. 

 In the 1980s, investigators began examining the possibility of combining the analytical chemical 
method with the animal exposure approach to develop empirical mathematical models to predict the 
toxicity (Levin, 1996; Levin et al., 1985a, 1987a, 1987b). These predictions were based on actual 
experiments with animals and their response to each of the main toxic combustion gases, CO, CO

 2 
, 

low O
 2 
, HCN, NO

 2 
, HCl, and hydrogen bromide (HBr) and various combinations of these gases. The 

advantages of these predictive approaches are (1) the number of test animals is minimized by predict-
ing the toxic potency from a limited chemical analysis of the smoke; (2) smoke may be produced under 
conditions that simulate any fi re scenario of concern; (3) fewer tests are needed, thereby reducing the 
overall cost of the testing; and (4) information is obtained on both the toxic potency of the smoke 
(based on the mass of material burned) and the responsible gases (based on the primary toxic gases 
in the mixture). The prediction is checked with one or two animal tests to ensure that an unexpected 
gas or toxic combination has not formed. The results of using these empirical mathematical models 
indicated that, in most cases, one could predict the toxic potency of a combustion atmosphere with the 
main toxic gases and did not need to worry about the effects of minor or more obscure gases. 

6 The defi nition of the EC
50

 is essentially the same as that of the LC
50

 except incapacitation rather than lethality is the 
end point and incapacitation is monitored only during the exposure and not during the postexposure period.
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 10.6.1 Primary Toxic Combustion Gases 

 Complete combustion of a polymer containing carbon, hydrogen, and oxygen in an atmosphere with 
suffi cient O

 2 
 yields CO

 2 
 and H

 2 
O. It is during incomplete combustion under various atmospheric 

conditions in either fl aming or nonfl aming modes that compounds of greater toxicological con-
cern are generated. When O

 2 
 is limited, the primary gases formed during the combustion of most 

materials are CO, CO
 2 
, and H

 2 
O. If the materials contain nitrogen, HCN and NO

 2 
, two principal 

thermo-oxidative products of toxicological concern, are also likely to be generated. Halogenated or 
fl ame-retarded materials generally produce HCl or HBr. Other commonly found fi re gases include 
nitrogen oxides (NO

 x 
), ammonia (NH

 3 
), hydrogen sulfi de (H

 2 
S), sulfur dioxide (SO

 2 
), and fl uorine 

compounds. One also needs to consider that in fi re situations, O
 2 
 levels drop and exposure to low 

O
 2 
 atmospheres will have additional adverse physiological effects. Some of these toxic combustion 

gases (e.g., CO, HCN, low O
 2 
) produce immediate asphyxiant symptoms, whereas others (e.g., HCl, 

HBr, NO
 2 
) fall into an irritant category and produce symptoms following the exposures. 

 10.6.2 The N-Gas Models 

 The N-Gas Models for predicting smoke toxicity were founded on the hypothesis that a small 
number (“N”) of gases in the smoke account for a large percentage of the observed toxic potency. 
These predictive models were based on an extensive series of experiments conducted at NIST on 
the toxicological interactions of the primary gases found in fi res (Levin, 1996; Levin et al., 1985a, 
1987a, 1987b, 1989c, 1990a, 1991a, 1995). Both the individual gases and complex mixtures of 
these gases were examined. To use these models, materials are thermally decomposed by using a 
bench-scale method that simulates realistic fi re conditions, the concentrations of the primary fi re 
gases—CO, CO

 2 
, low O

 2 
, HCN, HCl, HBr, and NO

 2 
—are measured, and the toxicity of the smoke 

is predicted by using the appropriate N-Gas Model. The predicted toxic potency is checked with a 
small number of animal (Fischer 344 male rats) tests to ensure that an unanticipated toxic gas was 
not generated or an unexpected toxicological effect (e.g., synergism or antagonism) did not occur. 
The results indicate whether the smoke from a material or product is extremely toxic (based on mass 
consumed at the predicted toxic level) or unusually toxic (the toxicity can not be explained by the 
combined measured gases). These models have been shown to correctly predict the toxicity in both 
bench-scale laboratory tests and full-scale room burns of a variety of materials of widely differing 
characteristics chosen to challenge the system (Levin et al., 1987a; Babrauskas et al.,   1991). The 
six-gas model (without NO

 2 
) is now included in two national toxicity test method standards—ASTM 

E1678-02 approved by the American Society for Testing and Materials (ASTM, 2002) and NFPA 
269 approved by the National Fire Protection Association (2003). It is also included in an interna-
tional standard (ISO 13344:1996) that was approved by 16 member countries of the International 
Organization for Standardization (ISO), Technical Committee 92 (TC92). All three of these stan-
dards were fi rst published in 1996. 

 The objectives of developing the N-Gas Models were: 

  • To establish the extent to which the toxicity of a material’s combustion products could be 
explained and predicted by the interaction of the major toxic gases generated from that 
material in the laboratory or whether minor and more obscure combustion gases needed 
to be considered. 

  • To develop a bioanalytical screening test and a mathematical model that would pre-
dict whether a material would produce extremely toxic or unusually toxic combustion 
products. 

  • To predict the occupant response from the concentrations of primary toxic gases present 
in the environment and the time of exposure. 

  • To provide data for use in computer models designed to predict the hazard that people will 
experience under various fire scenarios. 
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 10.6.2.1 The Six-Gas N-Gas Model 

 The six-gas model (see Equation [10.1]) was based on studies at NIST on the toxicological interac-
tions of six gases, CO, CO

 2 
, HCN, low O

 2 
 concentrations, HCl, and HBr. First, individual gases in 

air were tested to determine the concentrations necessary to cause 50% of the laboratory test animals 
(Fischer 344 male rats) to die either during the exposure (within exposure LC

 50 
) or during the expo-

sure plus a 14-day postexposure observation period (within plus postexposure LC
 50 

). The studies 
on HCl and HBr were conducted at Southwest Research Institute (SwRI) under a grant from NIST 
(Hartzell et al.,   1990). Similar measurements for various combinations of these gases indicated 
whether the toxicity of the mixtures of gases was additive, synergistic, or antagonistic. 

 Based on these empirical results, the following six-gas N-Gas model was developed: 

 

m

b

CO

CO

HCN

LC HCN

21 O

21 LC O

HCl

LC HCl

[H

2 50

2

50 2 50

[ ]
[ ]

[ ] [ ] [ ]
�

� �
�

�
� �

BBr]

LC HBr
N-Gas Value

50

�  (10.1)

 where the numbers in brackets indicate the time-integrated average atmospheric concentrations 
during a 30-min exposure period [(ppm � min)�min or for O

 2 
 (% � min)�min] (Levin, 1996, 1998; 

Levin et al., 1991b, 1995; International Organization for Standardization, 1996; ASTM, 2002; 
NFPA, 2003). The other terms are defi ned in the following paragraphs. 

 Under the experimental conditions used at NIST and with Fischer 344 male rats, the 30-min 
LC

 50 
 value of CO

 2 
 is 47% (470,000 ppm or 846 g/m 3 ) with 95% confi dence limits of 43 to 51% 

(Levin et al., 1987b,1989c, 1991a) 7 . No deaths occurred in rats exposed to 26% CO
 2 
 for 30 min. In 

a real fi re, the highest theoretically possible concentration of CO
 2 
 is 21%, a concentration that could 

only occur if all the atmospheric O
 2 
 were converted to CO

 2 
, a highly improbable event. Therefore, 

CO
 2 
 concentrations generated in fi res are not lethal. However, CO

 2 
 is a respiratory stimulant caus-

ing an increase in both respiratory rate and tidal volume. It also increases the acidosis of the blood. 
When combined with any of the other tested gases, CO

 2 
 has a synergistic toxicological effect, i.e., 

the toxicity of the other gases is increased in the presence of CO
 2 
 (Table 10.1). Empirically, however, 

we found that the effect of the CO
 2 
 can only be added into the N-Gas equations once. Therefore, we 

included the CO
 2 
 effect with the CO factor because we had more data on the combined effect of CO 

and CO
 2
,
 
 and CO is the toxicant most likely to be present in all fi res. The results on the synergistic 

effect of CO
 2 
 on CO indicated that, as the concentration of CO

 2 
 increases (up to 5%), the toxicity 

of CO increases. Above 5% CO
 2 
, the toxicity of CO starts to revert back toward the toxicity of the 

CO by itself. The terms  m  and  b  in Equation (10.1) defi ne this synergistic interaction and equal �18 
and 122,000, respectively, if the CO

 2 
 concentrations are 5% or less. For studies in which the CO

 2 
 

concentrations are above 5%,  m  and  b  equal 23 and –38,600, respectively.   
 In rats, the 30-min LC

 50 
 for CO is 6600 ppm (7560 mg/m 3 ) and with 5% CO

 2 
, this value drops 

to 3900 ppm (4470 mg/m 3 ). Exposure to CO in air only produced deaths during the actual expo-
sures and not in the postexposure observation period; however, exposures to CO plus CO

 2 
 also 

caused deaths in the postexposure period. Carbon monoxide is a colorless, odorless, tasteless, and 
nonirritating poisonous gas. The toxicity of CO comes from its binding to the hemoglobin in red 
blood cells and the formation of carboxyhemoglobin (COHb). The presence of CO on the hemo-
globin molecule prevents the binding of O

 2 
 to hemoglobin (O

 2 
Hb) and results in hypoxia in the 

exposed individual. Because the binding affi nity of hemoglobin for CO is 210 times greater than 
its affi nity for O

 2 
, only 0.1% CO (1000 ppm) (1150 mg/m 3 ) is needed to compete equally with O

 2 
, 

which is normally present at 20.9% in air (20.9% � 210 � 0.1%). Thus, only 1000 ppm of CO in 
the  atmosphere is enough to generate 50% COHb, a value commonly quoted (but not necessarily 

7 Caution: The values given for use in Equations (10.1) and (10.3) depend on the test protocol, on the source of test 
animals, and on the rat strain. It is important to verify these values whenever different conditions prevail and, if necessary, to 
determine the values that would be applicable under the new conditions.
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proven) as the concentration that is lethal to humans. The time to get to 50% COHb at 1000 ppm 
CO would be longer than 30 min. 

 The LC
 50 

 value of HCN is 200 ppm (221 mg/m 3 ) for 30-min exposures or 150 ppm (166 mg/m 3 ) 
for 30-min exposures plus the postexposure observation period. HCN caused deaths both during and 
after the exposures. 

 The 30-min LC
 50 

 of O
 2 
 is 5.4%, which is included in the model by subtracting the combustion 

atmospheric O
 2 
 concentration from the normal concentration of O

 2 
 in air, i.e., 21%. 

 The LC
 50 

 values of HCl or HBr for 30-min exposures plus postexposure times are 3700 ppm 
(5450 mg/m 3 ) and 3000 ppm (9940 mg/m 3 ), respectively. HCl and HBr at levels found in fi res only 
cause postexposure effects. 

 The pure and mixed gas studies showed that if the value of Equation (10.1) is 1.1 � 0.2, then 
some fraction of the test animals would die. Below 0.9, no deaths would be expected and above 1.3, 
all the animals would be expected to die. Because the concentration–response curves for animal 
lethalities from smoke are very steep, it is assumed that if some percentage (not 0 or 100%) of the 
animals die, the experimental loading is close to the predicted LC

 50 
 value. Results using this method 

show good agreement (deaths of some of the animals when the N-gas values were above 0.9) and 
the good predictability of this approach. 

 This model can be used to predict deaths that will occur only during the fi re exposure or deaths 
during and after the fi re. To predict the deaths that would occur both during and after the exposures, 
Equation (10.1) is used as presented. To predict deaths only during the exposures, HCl and HBr, 
which only have postexposure effects, should not be included in Equation (10.1). In small-scale 
laboratory tests and full-scale room burns, Equation (10.1) was used successfully to predict the 
deaths during and after exposures to numerous materials (Braun et al.,   1990; Babrauskas et al.,   1991). 
In the case of PVC, the model correctly predicted the results as long as the HCl was greater than 
1000 ppm (1470 mg/m 3 ); therefore, it is possible that HCl concentrations smaller than 1000 ppm 
may not have any observable effect on the model even in the postexposure period. More experiments 
are necessary to show whether a true toxic threshold for HCl does exist. 

 Although most of the work at NIST concentrated on deaths during or after 30-min exposures, 
the LC

 50 
s of many of these gases both singly and mixed were determined at times ranging from 1 to 

60 min and in all the cases examined, the predictive capability of Equation (10.1) holds if the LC
 50 

s 
for the other times are substituted into the equation. 

 10.6.2.2 The Seven-Gas Model: Addition of NO 2  to the N-Gas Model 

 Nitrogen dioxide is an irritant gas that will cause lachrimation, coughing, respiratory distress, 
increases in methemoglobin levels, and lung edema (Lee, 1980). Single brief exposures to less than 
lethal concentrations can cause lung damage, emphysema, or interstitial fi brosis. Low levels have 

TABLE 10.1 Synergistic Effects of CO 2 

Gasa LC50 Valuesb 

Single Gas With 5% CO2

CO
2

470,000 ppm (846 g/m3) —

CO 6600 ppm (7560 mg/m3) 3900 ppm (4470 mg/m3)

NO
2

200 ppm (376 mg/m3) 90 ppm (169 mg/m3)

O
2

5.4% 6.4%

  a  All gases were mixed in air. 
 b  Thirty-minute exposures of Fischer 344 rats. Deaths occurred during and 
after the exposure.

214 Inhalation Toxicology
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been alleged to increase one’s susceptibility to respiratory infections and aggravate one’s reactions 
to allergens. Impairment of dark adaptation has also been noted. Delayed serious effects can be 
observed as late as two to three weeks following exposures. In the lungs, NO

 2 
 forms both nitric 

(HNO
 3 
) and nitrous (HNO

 2 
) acids, which are probably responsible for the damage to the lung cells 

and connective tissue. 
 In fi res, NO

 2 
 may arise from atmospheric nitrogen fi xation, a reaction that is material independent, 

or from the oxidation of nitrogen from nitrogen-containing materials. To examine the generation of 
NO

 2 
 from nitrogen fi xation, a small study was undertaken at NIST. In two full-scale fi res of rooms in 

which the main source of fuel was polystyrene-covered walls, only low levels of NO
 x 
 (10 and 25 ppm, 

respectively) were found, indicating little nitrogen fi xation under these conditions (Levin et al., 1989c). 
A real example of burning nitrogen-containing materials was the 1929 Cleveland Clinic fi re in which 
50,000 nitrocellulose x-ray fi lms were consumed (Gregory et al.,   1969). The deaths of 97 people in this 
fi re were attributed mainly to NO

 x 
. An additional 26 people died between 2 h and one month after the 

fi re, and 92 people were treated for nonfatal injuries. In laboratory tests of nitrogen-containing materi-
als under controlled conditions, 1 to 1000 ppm of NO

 x 
 were measured (Lieu et al.,   1981; M. Paabo, 

NIST, unpublished data; Tsuchiya, 1984; Babrauskas et al.,   1991). In military tests of armored vehicles 
penetrated by high-temperature ammunition, NO

 2 
 levels above 2000 ppm (3760 mg/m 3 ) were found 

(Mayorga et al.,   1995). 

 10.6.2.2.1 Individual and Binary Mixtures 
 In small-scale laboratory tests of NO

 2 
 in air, deaths of Fischer 344 male rats occur only in the post-

exposure period, and the LC
 50 

 value following a 30-min exposure is 200 ppm (376 mg/m 3 ) (Levin 
et al., 1989c). Carbon dioxide plus NO

 2 
 show synergistic toxicological effects (Levin et al.,   1989c). 

The LC
 50 

 for NO
 2 
 following a 30-min exposure to NO

 2 
 plus 5% CO

 2 
 is 90 ppm (169 mg/m 3 ) (postex-

posure deaths) (i.e., the toxicity of NO
 2 
 doubled). 

 The details of the following research are provided in Levin et al., 1995. As mentioned above, CO 
produces only within-exposure deaths and its 30-min LC

 50 
 is 6600 ppm (7560 mg/m 3 ). In the pres-

ence of 200 ppm (376 mg/m 3 ) of NO
 2 
, the within-exposure toxicity of CO doubled (i.e., its 30-min 

LC
 50 

 became 3300 ppm [3780 mg/m 3 ]). An exposure of approximately 3400 ppm (3890 mg/m 3 ) CO 
plus various concentrations of NO

 2 
 showed that the presence of CO would also increase the postex-

posure toxicity of NO
 2 
. The 30-min LC

 50 
 value of NO

 2 
 went from 200 ppm (376 mg/m 3 ) to 150 ppm 

(282 mg/m 3 ) in the presence of 3400 ppm (3890 mg/m 3 ) of CO. A concentration of 3400 ppm of CO 
was used because that concentration is not lethal during the exposure, thus permitting any postexpo-
sure effects of CO on NO

 2 
 to become evident; the LC

 50  
of CO (6600 ppm) (7560 mg/m 3 ) would have 

caused deaths of the animals during the 30-min exposure. 
 The 30-min LC

 50 
 of O

 2 
 is 5.4% and the deaths occurred primarily during the exposures. In the 

presence of 200 ppm (376 mg/m 3 ) of NO
 2 
, the within-exposure LC

 50 
 of O

 2 
 and its toxicity increased to 

6.7%. In the case of O
 2 
, increased toxicity is indicated by an increase in the value of the LC

 50 
 because 

it is more toxic to be adversely affected by a concentration of O
 2 
 ordinarily capable of sustaining life. 

Exposure of the animals to 6.7% O
 2  
plus various concentrations of NO

 2 
 showed that the NO

 2 
 toxicity 

doubled (i.e., its LC
 50 

 value decreased from 200 ppm to 90 ppm [376 mg/m 3  to 169 mg/m 3 ]). 
 One of the most interesting fi ndings was the antagonistic toxicological effect noted during the 

experiments on combinations of HCN and NO
 2 
. As mentioned above, the 30-min LC

 50 
 for NO

 2 
 alone 

is 200 ppm (376 mg/m 3 ) (postexposure) and the 30-min within-exposure LC
 50 

 for HCN alone is also 
200 ppm (221 mg/m 3 ). These concentrations of either gas alone are suffi cient to cause the death of the 
animals (i.e., 200 ppm HCN or 200 ppm NO

 2 
 would cause 50% of the animals to die either during the 

30-min exposure or after the 30-min exposure, respectively). However, in the presence of 200 ppm 
of NO

 2 
, the within-exposure HCN LC

 50 
 concentration increases to 480 ppm (530 mg/m 3 ) or, in other 

words, the toxicity of HCN decreases by 2.4 times. 
 The mechanism for this antagonistic effect is believed to be as follows. In the presence of H

 2 
O, 

NO
 2 
 forms nitric acid (HNO

 3 
) and nitrous acid (HNO

 2 
) (Goldstein et al.,   1980). These two acids are 
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216 Inhalation Toxicology

the suspects most likely responsible for the lung damage leading to the massive pulmonary edema 
and subsequent deaths noted following exposure to high concentrations of NO

 2 
. Nitrite ion (NO

 2 
 � ) 

formation occurs in the blood when the nitrous acid dissociates. The nitrite ion oxidizes the ferrous 
ion in oxyhemoglobin to ferric ion to produce methemoglobin (MetHb) (Equation [10.2]) (Rodkey 
et al.,   1976). MetHb is a well-known antidote for CN –  poisoning (Klaassen, 1996). MetHb binds 
cyanide-forming cyanmethemoglobin, which keeps the cyanide in the blood and prevents it from 
entering the cells. In the absence of MetHb, free cyanide will enter the cells, react with cytochrome 
oxidase, prevent the utilization of O

 2 
, and cause cytotoxic hypoxia. If, on the other hand, cyanide is 

bound to MetHb in the blood, it will not be exerting its cytotoxic effect. Therefore, the mechanism 
of the antagonistic effect of NO

 2 
 on the toxicity of cyanide is believed to be due to the conversion 

of oxyhemoglobin [O
 2 
Hb(Fe 2� )] to methemoglobin [MetHb(Fe 3+ )] in the presence of nitrite (see 

Equation [10.2]). 

 2H 3NO O Hb Fe 2MetHb Fe 3NO H O2
2 3

3 2
� � � � �� � � � �2 2 ( ) ( )  (10.2)

 10.6.2.2.2 Tertiary Mixtures of NO 2 , CO 2 , and HCN 
 Earlier work indicated that the presence of 5% CO

 2 
 with either HCN or NO

 2 
 produced a more toxic 

environment than would occur with either gas alone (Levin et al.,   1987a, 1989c). The antagonistic 
effects of NO

 2 
 on HCN indicate that the presence of one LC

 50 
 concentration of NO

 2 
 ( � 200 ppm) 

(376 mg/m 3 ) will protect the animals from the toxic effects of HCN during the 30-min exposures, but 
not from the postexposure effects of the combined HCN and NO

 2 
. Thus, it was of interest to examine 

combinations of NO
 2 
, CO

 2 
, and HCN (Levin et al.,   1995). In this series of experiments, the concen-

trations of HCN were varied from almost 2 to 2.7 times its LC
 50 

 value (200 ppm) (221 mg/m 3 ). The 
concentrations of NO

 2 
 were approximately equal to one LC

 50 
 value (200 ppm) (376 mg/m 3 ) if the 

animals were exposed to NO
 2 
 alone and approximately one-half the LC

 50 
 (90 ppm) (169 mg/m 3 ) if 

the animals were exposed to NO
 2 
 plus CO

 2 
; the concentrations of CO

 2 
 were maintained at approxi-

mately 5%; and the O
 2 
 levels were kept above 18.9%. The results indicated that CO

 2 
 does not make 

the situation worse but rather provides additional protection even during the postexposure period. 
In each of six experiments, some or all of the animals lived through the test even though they were 
exposed to greater than lethal levels of HCN plus lethal levels of NO

 2 
 and in four tests, some of the 

animals lived through the postexposure period even though the animals were exposed to combined 
levels of HCN, NO

 2 
, and CO

 2 
 that would be equivalent to 4.7 to 5.5 times the lethal concentrations 

of these gases. One possible reason that CO
 2 
 seems to provide an additional degree of protection 

is that NO
 2 
 in the presence of 5% CO

 2 
 produces four times more MetHb than does NO

 2 
 alone (Levin 

et al.,   1989c). 

 10.6.2.2.3 Mixtures of CO, CO 2 , NO 2 , O 2,  and HCN 
 The initial design of these experiments was to look for additivity of the CO/CO

 2 
, HCN, and NO

 2 
 

factors keeping each at about one-third of its toxic level, while keeping the O
 2 
 concentration 

above 19% (Levin et al., 1995). When these initial experiments produced no deaths, we started to 
increase the concentrations of CO up to one-third of the LC

 50 
 of CO alone (6600 ppm) (7560 mg/m 3 ), 

HCN was increased to 1.3 or 1.75 times its LC
 50 

 depending on whether the within-exposure LC
 50 

 
(200 ppm) (221 mg/m 3 ) or the within- and postexposure LC

 50 
 (150 ppm) (166 mg/m 3 ) was being 

considered, and NO
 2 
 was increased up to a full LC

 50 
 value (200 ppm) (376 mg/m 3 ). The results indi-

cated that just adding a NO
 2 
 factor (e.g., [NO

 2 
]/LC

 50 
 NO

 2 
) to Equation (10.1) would not predict the 

effect on the animals. A new mathematical model was developed and is shown as Equation (10.3). 
In this model, the differences between the within-exposure predictability and the within-exposure 
and postexposure predictability are the following: (1) the LC

 50 
 value used for HCN is 200 ppm 
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(221 mg/m 3 ) for within-exposure or 150 ppm (166 mg/m 3 ) for within-exposure and postexposure 
and (2) the HCl and HBr factors are not used to predict the within-exposure lethality, only the 
within-exposure and postexposure lethality. According to Equation (10.3), animal deaths will start 
to occur when the N-Gas Value is above 0.8, and 100% of the animals will die when the value is 
above 1.3. Results indicated that in those few cases where the values were above 0.8 and no deaths 
occurred, the animals were severely incapacitated (close to death) as demonstrated by the absence 
of the righting refl ex or the eye refl ex. 
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 (10.3)

 10.6.2.2.4 The N-Gas Model Including NO 2  
 For an explanation of these terms, see the paragraphs following Equation (10.1). Equation (10.3) 
should be used to predict the within-exposure plus postexposure lethal toxicity of mixtures of CO, 
CO

 2 
, HCN, reduced O

 2 
, NO

 2 
, HCl, and HBr. The LC

 50 
 values will be the same as those given for 

Equation (10.1) using 150 ppm (166 mg/m 3 ) for HCN and 200 ppm (376 mg/m 3 ) for NO
 2 
. If one 

wishes to predict the deaths that will occur only during the exposure, the LC
 50 

 value used for HCN 
should be 200 ppm (221 mg/m 3 ) and the HCl and HBr factors should not be included. To predict the 
lethal toxicity of atmospheres that do not include NO

 2 
, Equation (10.1) should be used. 

 10.7 COMBUSTION TOXICITY TEST METHODS 

 The toxicity of the combustion products from any new material formulation or product containing 
additives or new combinations of additives needs to be examined. Material and polymer chemists keep 
trying to develop new “fi re-safe” materials (Nelson, 1995). The terms “fi re safe” or “fi re resistant” 
are not the same as noncombustible. Unless these new materials are truly noncombustible, some 
thermal decomposition will occur when the materials are exposed to fi re conditions. Both the toxic 
gases and the irritants that are present in all smoke need to be considered potential dangers. The toxic 
products can cause both acute and delayed toxicological effects. It is the acute and extremely short-
term effects that prevent escape from burning buildings by causing faulty judgment, incapacitation, 
and death. The irritants in the smoke can also interfere with one’s ability to escape by causing severe 
coughing and choking and by preventing one from keeping one’s eyes open long enough to fi nd 
the exits. In addition, the delayed effects, such as tissue or organ injury, mutagenicity, carcinogenic-
ity, and teratogenicity need to be studied because they may ultimately lead to permanent disability 
and postexposure deaths. Some of the issues involved in delayed effects are addressed in an article 
by Lewtas (1994) and a review by Barfknecht (1983). The current advances in the fi eld of genet-
ics provide investigators with new opportunities to examine the effects of combustion products at 
the molecular level. One objective could be to determine whether these toxic products cause DNA 
damage and mutations. Specifi c problems of interest include: Does the damage occur in nuclear 
DNA, or mitochondrial DNA, or both? Are certain areas of the DNA more prone to these mutations 
(i.e., are there hot spots?)? Can we categorize the types of mutations (e.g., transitions, transversions, 
deletions, insertions)? And how effi cient are the repair mechanisms? Are these mutagens also known 
to be carcinogens? 

 Toxicity-screening tests for both the acute and delayed effects are needed, therefore, to evaluate 
the combustion products including any irritants that may be present in newly proposed materials and 
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products. It is imperative that the materials and products be tested under experimental conditions 
that simulate realistic fi re scenarios of concern (e.g., fl ash-over conditions emanating from smoldering 
and then fl aming of upholstered furniture in homes or smoldering fi res in concealed spaces in aircraft). 
The ideal tests should be simple, rapid, and inexpensive; these tests should use the least amount of 
sample possible (because, in many cases, only small amounts of a new experimental material may be 
available), use a minimum number of test animals, and have a defi nitive toxicological end point for 
comparison of the multiple candidates. 

 Although faulty judgment and incapacitation are signifi cant causes of worry because they can 
prevent escape and cause death, they are extremely diffi cult and complex end points to defi ne and 
measure in non-human test subjects. Death of experimental animals (e.g., rats), on the other hand, 
is a more defi nitive and easily determined end point and can be used to compare the relative toxici-
ties of alternate materials deemed suitable for the same purpose. The assumption made here is that, 
if the combustion products of material X are signifi cantly more lethal than those of material Y, the 
combustion products of X would probably cause more incapacitation and more impairment of judg-
ment than Y as well. The number of experimental animals can be signifi cantly reduced by utilizing 
one of the predictive mathematical models developed for combustion toxicology such as the N-Gas 
Models previously discussed in this chapter. 

 Many test methods for the determination of the acute toxicity of combustion products from 
materials and products have been developed (Kaplan et al.,   1983). In 1983, thirteen of the methods 
published up to that time were evaluated by Arthur D. Little, Inc. to assess the feasibility of incorpo-
rating combustion toxicity requirements for building materials and fi nishes into the building codes 
of New York State (Anderson et al.,   1983). On the basis of seven different criteria, only two methods 
were found acceptable. These two methods were the fl ow-through smoke toxicity method devel-
oped at the University of Pittsburgh (U. Pitt.I Method) (Alarie and Anderson, 1979, 1981; Levin 
et al.,   1992a) and the closed-system cup furnace smoke toxicity method (NBS Cup Furnace Method) 
(Figures 10.1 and 10.2) developed at NIST (known at that time as the National Bureau of Standards) 
(Levin et al.,   1982, 1991b). In 1991 and 1992, standard reference materials were developed at NIST 
and made available to the users of these two methods to provide assurance that they are performing 
the methods correctly ( Levin et al.,  1991b, 1992a). Based on the results of the Arthur D. Little report, 
the state of New York under Article 15, Part 1120 of the New York State Fire Prevention and Building 

FIGURE 10.1 Schematic illustration of the NBS Cup Furnace Smoke-Toxicity Method.
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FIGURE 10.2 Pyrolysis/combustion cup furnace used in the NBS Cup Furnace Smoke-Toxicity 
Method.

Toxicology of Fire and Smoke 219

Code, decided to require that building materials and fi nishes be examined by the method developed at 
the University of Pittsburgh and that the results be fi led with the state (New York State Fire Prevention 
and Building Code, 1986). Note, however, that although the results are fi led, the state of New York 
does not regulate any materials or products based on the results of this or any other toxicity test. 

   Since 1983, several new approaches to assess acute combustion toxicity have been examined. 
These approaches include a radiant furnace smoke toxicity protocol developed by NIST and SwRI 
(Babrauskas et al.,   1991, 1998; Levin,1992a, 1992b), the University of Pittsburgh II radiant furnace 
method (Caldwell and Alarie, 1990a, 1990b, 1991), and the National Institute of Building Sciences 
(NIBS) toxic hazard test method (Norris, 1988; Roux, 1988). All three use radiant heat to decom-
pose materials. 

 The NIST radiant test and the NIBS toxic hazard test use the same apparatus consisting of 
three components: a radiant furnace, a chemical analysis system, and an animal exposure chamber 
(Figure 10.3).   The chemical analysis system (Figure 10.4) and animal exposure system are identical 
with that developed for the NBS cup furnace smoke-toxicity method. Although the apparatuses of 
both methods are essentially the same, they have different toxicological end points. In the NIST 
method, an approximate LC

 50 
, based on the  mass  of material needed to cause lethality in 50% of the 

test animals during a 30-min exposure or a 14-day postexposure period, is the determinant of toxic-
ity. The number of animals needed to run the test is substantially reduced by fi rst estimating the LC

 50 
 

by the N-Gas model and analytical tests without animals. This estimate is then verifi ed with one or 
two animal tests to ensure that no unforeseen gas was generated. The toxicological end point of the 
NIBS toxic hazard test is the IT

 50 
, the irradiation  time  (the time that the material is exposed to the 

radiant heat) that is required to kill 50% of the animals during a 30-min exposure or 14-day postex-
posure time. The actual results of the NIBS test with 20 materials indicated that the test animals died 
in very short periods (personal communication) and the test was unable to discriminate very well 
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FIGURE 10.3 Schematic illustration of the NBS/NIST smoke-toxicity chemical analytical equipment 
in relation to the animal exposure chamber.
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between materials. These results substantiate the thesis that mass (the smaller the mass necessary for 
an LC

 50 
, the more toxic the material) is a better indicator of acute toxicity than time. 

 Both the NIST and NIBS test procedures are designed to simulate a postfl ashover scenario. 
The premise for simulating a postfl ashover fi re is that most people that die of inhalation of toxic 
gases in  residential  fi res in the United States are affected in areas away from the room of fi re origin. 
Smoke and toxic gases are more likely to reach these distant areas following fl ashover. This sce-
nario may not be relevant in certain circumstances (e.g., aircraft interior fi res, where a smoldering 
fi re in a concealed space may cause signifi cant problems if the plane is over a large body of water 
and unable to land for a considerable period). In the United Kingdom, more fi re fatalities are found 
in the room of fi re origin (Hall, 2003). The reason for this difference between the two countries is 
not clear. 

 The NIST radiant test has been accepted by the ASTM as a national standard designated ASTM 
E1678–02 and entitled “Standard Test Method for Measuring Smoke Toxicity for Use in Fire Hazard 
Analysis”(ASTM, 2002). The NFPA has also adopted the NIST Radiant Test Method as a national 
standard called “Standard Test Method for Developing Toxic Potency Data for Use in Fire Hazard 
Modeling,” NFPA 269 (NFPA, 2003). In 1995, the International Organization for Standardization, 
Technical Committee 92, Subcommittee 3 (ISO/TC92/SC3) on Toxic Hazards in Fire published an 
international standard for combustion toxicity after approval by 16 countries (ISO, 1996). This stan-
dard, ISO/IS 13344 entitled “Determination of the Lethal Toxic Potency of Fire Effl uents,” describes 
the mathematical models (including the N-Gas Model) available for predicting the toxic potency of 
fi re atmospheres based on the toxicological interactions of the main combustion gases present. In 
the international standard, investigators have the fl exibility of designing or choosing a system that 
will simulate conditions relevant to their fi re scenario, rather than having to accept a designated 
combustion system. 
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 10.8  TOXICANT SUPPRESSANTS 

 Fire scientists are very familiar with fi re-retardant chemicals, which are defi ned by ASTM as 
“Chemicals, which when added to a combustible material, delay ignition and combustion of the 
resulting material when exposed to fi re” (ASTM, 2004). The discussion adds “A fi re-retardant chemi-
cal can be a part of the molecular structure, an admixture or an impregnant.” The term “toxicant 
suppressant,” however, is a new expression arising from research at NIST which demonstrated that 
the addition of copper compounds to fl exible polyurethane foam (FPU) signifi cantly reduced the gen-
eration of hydrogen cyanide (HCN) as well as the toxicity of the combustion products when the foam 
was thermally decomposed (Levin et al.,   1988, 1989a, 1989b, 1990b, 1992b). These experiments 
were designed to simulate the nonfl aming and then fl aming stages of a chair ignited by a cigarette 
(a two-phase heating system that simulates the fi re scenario that results in the most fi re deaths in the 
United States) (Levin et al.,   1985b). The term “toxicant suppressant” may be defi ned as a chemical 
that, when added to a combustible material, signifi cantly reduces or prevents one or more toxic gases 
from being generated when that material undergoes thermal decomposition. The resultant gas effl uent 
should be less toxic than that from the untreated material, i.e., the toxic gas, whose concentration is 
being reduced, should not be converted to an equally or more toxic product. 

 The results of these studies at NIST indicated that: 

  1. HCN concentrations in the thermal decomposition products from a fl exible polyurethane 
foam were reduced approximately 85% when the foam was treated with 0.1% or 1.0% 
Cu

 2 
O and thermally decomposed via a two-phase heating system in the NBS cup furnace 

smoke-toxicity apparatus. 

FIGURE 10.4 Schematic illustration of the NIST Radiant Smoke-Toxicity Method and the combustion 
cell assembly.
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  2. The copper or copper compounds could be added to the foams during or after formulation 
and still be operative in reducing the toxicity and HCN yield. (The BASF Corporation 
prepared the foams that had the Cu powder and Cu

 2 
O added during formulation.) The 

addition of the copper or copper compounds during formulation did not affect the foam-
ing process or the physical appearance of the foams except for a slight change of color. 

  3. Low levels of the copper compounds were effective. In particular, when cupric oxide 
(CuO) was used, the concentration of copper needed was only 0.08% by weight and when 
cuprous oxide (Cu

 2 
O) was used, only 0.07% by weight was needed to signifi cantly reduce 

the generation of HCN. 
  4. Full-scale room burns indicated that the presence of Cu

 2 
O in the FPU reduced the HCN 

generation by approximately 50 to 70% when the experimental plan was designed to 
simulate a realistic scenario (the foams contained 1.0% Cu

 2 
O, were covered with a cotton 

upholstery fabric, and arranged to simulate a chair; smoldering was initiated with ciga-
rettes and fl aming occurred spontaneously). 

  5. Under small-scale conditions, less than 3 ppm of NO
 x 
 was generated from the untreated 

foams, whereas a range of 3 to 33 ppm of NO
 x 
 was measured from the 0.1 to 1.0% Cu

 2 
O-

treated foams. About 6% of the HCN appeared to be converted to NO
 x 
. In the full-scale 

room tests, approximately 23% of the HCN appeared to be converted to NO
 x 
. Because we 

have shown in our laboratory that NO
 2 
 acts as an antagonist to HCN, this amount of NO

 x 
 

may also act to counteract the immediate toxic effects of any residual HCN. 
  6. Because the atmospheric oxygen (O

 2 
) concentrations can reach very low levels in real 

fi res, it was important to know if the reduction of HCN by copper would occur under low 
O

 2 
 conditions. Small-scale tests with the ambient O

 2 
 concentrations as low as 6% indi-

cated that the HCN levels were reduced by as much as 82% when the FPU was treated 
with 0.1% Cu

 2 
O. 

  7. The toxicity of the gas effl uent was also reduced (an indication that the HCN was not being 
converted into some compound that was even more toxic). Fewer animal (Fischer 344 
rats) deaths occurred during the 30-min exposures to the FPU treated with the copper and 
copper compounds than the untreated FPU. Toxicity based on LC

 50 
 values was reduced 40 

to 70% in the small-scale tests with 0.1% Cu
 2 
O-treated foams. The blood cyanide levels 

in the animals exposed to combustion products from the CuO-treated foams for 30 min 
were one-half to one-fourth those measured in the animals exposed to the smoke from the 
same amount of untreated foam. 

  8. Postexposure deaths were also reduced in the animals exposed to the combustion prod-
ucts from the Cu- and Cu

 2 
O-treated FPU foams in the small-scale tests. These delayed 

postexposure deaths have  not  been observed in animals exposed to combustion products 
from fl exible polyurethane foams decomposed in large-scale room fi re tests. The specifi c 
cause of these postexposure deaths is not known. 

  9. No differences in fl ammability characteristics between the 0.1% Cu
 2 
O-treated and 

untreated FPU foam were observed. These characteristics were examined to ensure that 
the positive effect on toxicity was not contradicted by negative effects on the fl amma-
bility properties. The fl ammability characteristics examined were (1) ignitability in three 
systems (the cup furnace smoke-toxicity method, the Cone Calorimeter, and the Lateral 
Ignition and Flame Spread Test [LIFT]); (2) heat release rates under small-scale (Cone 
Calorimeter) and medium-scale (furniture calorimeter) conditions; (3) heats of combustion 
under small-scale (Cone Calorimeter) and medium-scale (furniture calorimeter) conditions; 
(4) CO/CO

 2 
 ratios under small-scale (Cone Calorimeter) and medium-scale (furniture 

calorimeter) conditions; (5) smoke obscuration (Cone Calorimeter); and (6) rate of fl ame 
spread (LIFT). 

  10. Research conducted at the BASF Corporation indicated that the physical properties of the 
1.0% Cu

 2 
O-treated FPU were not signifi cantly different from the comparable untreated 
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FPU. The physical properties examined were tensile strength, elongation, tear strength, 
resilience, indentation force defl ection, support factor, compression sets, and airfl ow. 

  11. The use of melamine-treated FPU is becoming more common (Weil and Choudhary, 
1995; Weil and Zhu, 1995); it is one of two FPU foams currently allowed in Great Britain. 
Small-scale tests indicated that a melamine-treated FPU generated six times more HCN 
than an equal amount of a non-melamine-treated foam. The presence of Cu

 2 
O reduced the 

HCN from the melamine foam by 90%. 

 Jellinek and coworkers in the late 1970s also showed that the concentrations of HCN generated from 
the thermal decomposition of a polyurethane at 300 and 400°C decreased when fl owed through 
copper compounds (Jellinek and Takada, 1977; Jellinek et al., 1978). In their studies, the poly-
urethane fi lms were very thin (15 µm thick and 50 mg in weight). In some experiments, the metal 
powder was mixed with the polymer and, in others, copper metal fi lms of 400 to 1000A were 
deposited on top of the polymer fi lms. In most cases, the percent of copper was 10% or greater. The 
lowest concentration that they tested was a 2.6% copper fi lm that inhibited the evolution of HCN 
by 66%. Their experiments indicated that the copper is probably acting as an oxidative catalyst that 
would decompose gaseous HCN into N

 2 
, CO

 2 
, H

 2 
O, and small amounts of nitrogen oxides. Further 

research is needed to determine whether this is the actual molecular mechanism that allows copper 
to act as a HCN toxicant suppressant. 

 The research of Levin and her coworkers differed from that of Jellinek in that much larger 
samples of FPU (including full-scale room burns of cushions and simulated chairs), much smaller 
concentrations of copper were used, and the toxicity of the combustion products from the copper-
treated FPU was also examined. 

 Unpublished data of Levin also indicated that the combustion products from a wool fabric treated 
with copper would generate 50% less HCN than the untreated fabric. These results demonstrate a 
potentially more universal effect, namely that treating nitrogen-containing materials with copper 
compounds will reduce the HCN generated when that material is exposed to fi re conditions. Taking 
these results one step further, one could develop other toxicant suppressants that, when added to 
materials and products, would now prevent or signifi cantly reduce the toxic effl uents that are gener-
ated when they are thermally decomposed. 

 10.9 CONCLUSIONS 

 The fi eld of toxicology of combustion products has come a long way since the early 1970s when 
the National Commission on Fire Prevention and Control submitted their report entitled “America 
Burning” to President Nixon (National Commission on Fire Prevention and Control, 1973). That 
report, which included the statement that “Appallingly, the richest and most technologically advanced 
nation in the world leads all the major industrialized countries in per capita deaths and property loss 
from fi re,” provided the impetus to determine the cause of and to try to solve this major problem in 
the United States. It was shortly thereafter that Petajan   et al. (1975) published their paper in  Science  
entitled “Extreme Toxicity from Combustion Products of a Fire-Retarded Polyurethane Foam” and 
raised the specter of “supertoxicants” emanating from combustion atmospheres. In the following 
years, the fi eld of combustion toxicology expanded greatly and many materials and products were 
tested by various methods. With the exception of the material described in the Petajan et al.   article 
and one other product described in section 10.3, the concern about supertoxicants has proven to be 
largely unfounded. However, the potential that the combustion products from new formulations or 
combinations of compounds may prove to be extremely or unusually toxic has encouraged manu-
facturers to continue to test their new products. The state requirements of New York have also been 
a motivating force for manufacturers to test the building products they wish to sell in New York 
(New York State Uniform Fire Prevention and Building Code, 1986). This testing may have pre-
vented dangerous products from reaching the marketplace. 
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 After reaching a peak in the 1980s, the amount of research in the area of combustion toxicology 
has declined signifi cantly. With the exception of some military laboratories, very few laboratories are 
still doing this type of research. The Building and Fire Research Laboratory at NIST, where much 
of the research quoted in this chapter was conducted, abolished its combustion toxicology research 
program in 1992. This does not mean, however, that additional research is not needed. Some of 
the areas that should be examined include: the effects of the addition of more gases and heat to the 
N-Gas Model; the effects of particulates alone and in combination with the N-gases; the effects of 
chronic exposures to fi re atmospheres (e.g., those experienced by fi re fi ghters); sublethal effects on 
the neurological and other organ systems; mutagenic, teratogenic, and carcinogenic effects of acute 
and chronic exposures; the development of improved therapeutic methods for the treatment of vic-
tims of smoke (including particulates) inhalation; and additional research on toxicant suppressants 
with the ultimate aim of developing fi re-safe materials (i.e., materials that do not produce toxic gases 
even when they are thermally decomposed). Because approximately 80% of fi re deaths are the result 
of smoke inhalation, a less toxic smoke could signifi cantly increase the time available for escape and 
reduce the number of injuries and deaths from fi re. 
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 11.1 INTRODUCTION 

 To date, a great paucity of information exists regarding the molecular level effects of inhaled toxicants 
of military interest. Historically, research on inhaled military agents has focused on the overt physi-
ological and biochemical responses. A great proportion of the research carried out on inhalation 
exposure to chemical warfare agents (CWAs) has been directed toward military operational require-
ments and has been focused toward questions of survivability and immediate treatment, not longer-
term effects of low-level exposures. 

 Gene expression, the process whereby genes are transcribed from the DNA template into messen-
ger RNA (mRNA) and protein expression, the translation of that mRNA into the fi nish polypeptide 
product, are highly regulated and sensitive cellular events. The internal signals that trigger induction 
(or repression) of gene transcription and subsequent translation can respond within seconds to a 
toxic insult. Furthermore, this process is sensitive to the degree that alteration of gene expression can 
occur at toxicant exposure levels far below those that produce physiological symptoms. Most impor-
tantly, changes in gene expression have been demonstrated to precede toxicant-associated injury or 
disease by weeks, months, and even years. The advent of high-quality DNA microarray technology 
has made it possible to simultaneously measure the expression level of thousands of genes. The use 
of microarrays to study the response of genes to toxic insults has created a new subfi eld of toxicol-
ogy called toxicogenomics. Toxicogenomic and proteomic techniques hold great promise to reveal 
new mechanisms of action and open new avenues of investigation toward understanding the molecu-
lar underpinnings of inhalation exposures to CWAs and other compounds of military interest. 

 11 
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 11.1.1 Background on Organophosphate Nerve Agent Toxicology 

 Over the past more than 50 years, much has been learned about the acute effects of organophosphate 
(OP) nerve agents. The most common OP agents are the “G” series agents and VX. The G agents 
were synthesized and developed by the Germans just prior to World War II. Initially synthesized 
as pesticides, they were found to be acute inhibitors of the enzyme acetylcholinesterase (AchE) in 
humans, causing death within minutes from accumulation of synaptic acetylcholine. Soon after the 
war ended, the United States and its allies discovered the stockpiles and began synthesizing and 
testing the nerve agents. Although the only known battlefi eld use of nerve agents has been in the 
Iran–Iraq War, many countries and non-state-sponsored political groups have possession of and 
knowledge to manufacture organophosphate nerve agents and nerve agent munitions. 

 Since the Gulf War, interest has been increasing in understanding the possible longer lasting effects 
of low-level nerve agent exposure. In the United States this new research focus, led primarily by the 
U.S. Veterans Administration, has engendered much of the recent work in the area of low-level agent 
toxicology. The terrorist attacks in Japan in the mid-1990s raised much awareness about the lack of 
information regarding the possibility of mass exposure to low-level chemical agent plumes. The Aum 
Shinrikyo cult of Japan used sarin in the two terrorist attacks. The fi rst attack was in an apartment com-
plex in Matsumoto, Japan (in 1994) and the second (1995) was in the Tokyo subway.   In these attacks, 
5500 people were treated and 13 people died. Many of those treated were exposed to low levels of sarin 
vapor (Sidell et al., 2002). From these tragic events, however, at least one positive outcome has been 
(and continues to be) gleaned. The experience of the patients and the physicians who treated them are 
able to give science and medicine new, invaluable insights into the human response to low-level sarin 
exposure. The operational insight and the overall greater awareness of the problem hopefully will soon 
lead to the development of better detection, protection, and treatment measures. 

 Currently, we are attempting to understand, using cell culture and model animal systems, what 
molecular events occur during and after low-level exposure to OP nerve agents, particularly GB 
(sarin) and GF (cyclosarin). By correlating the molecular level alterations with changes in organ-
level biochemistry, we hope to answer questions that will spur the development of the best detection, 
decontamination, and protective measures possible. In doing so, we hope to prevent the suffering of 
both military personnel and civilians. 

 11.1.2 Properties and Mechanisms of Action of Sarin and Cyclosarin 

 Sarin   (GB; isopropyl methylphosphonofl uoridate, CH
 3 
PO(F)OCH(CH

 3 
)

 2 
) is an acutely toxic, odor-

less (when in the pure state) OP nerve agent. It has a relatively high volatility (approximately that 
of water), making it relatively nonpersistent in materials that have absorbed the liquid and vapors. 
It also undergoes relatively rapid hydrolysis outside the pH range 4 to 7, resulting in the produc-
tion of two less toxic compounds, hydrogen fl uoride and methyl phosphonic acid .  Cyclosarin (GF; 
cyclohexyl methylphosphonofl uoridate; CH

 3 
PO(F)OC

 6 
H

 12 
) is just as acutely toxic as sarin but is 

approximately 38 times less volatile than sarin at 25 ° C (GF � 581 mg/m 3 ; GB � 22,000 mg/m 3 ). 
It also is reported to have a slightly sweet odor resembling peach, musk, or shellac. 

 The primary toxic mechanism of action for both compounds is the inhibition of butyrylcholines-
terase in serum and acetylcholinesterase in red blood cells and at cholinergic receptors in tissue. After 
either cholinesterase enzyme is bound by the agent, it is unable to hydrolyze the neurotransmitter 
acetylcholine, resulting in accumulation of acetylcholine at the receptors. This causes hyperstimu-
lation of both muscarinic and nicotinic acetylcholine receptors. Symptoms of hyperstimulation at 
muscarinic receptors include miosis (pinpointed pupils), eye pain, respiratory distress (tightness of 
chest and dyspnea), exocrine gland stimulation (tearing, sweating, salivation), gastrointestinal distur-
bances (nausea, vomiting, cramping, diarrhea), and bradycardia. Stimulation of the nicotinic recep-
tors causes a range of effects including twitching, convulsions, peripheral and respiratory muscle 
weakness, fl accid or rigid muscle tone, and ultimately paralysis. Sarin and cyclosarin have also been 
reported to demonstrate noncholinergic effects, such as disturbing other enzymatic activities, altering 
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other neurotransmitter systems, and binding directly to other receptors. Certain aspects of the central 
nervous system (CNS) are directly affected by sarin and cyclosarin exposure. CNS effects include 
headache, drowsiness, giddiness, excessive dreaming, fatigue, forgetfulness, anxiety, dyspnea, cya-
nosis, and death. For all of the above, the type and severity of the symptoms depend on the level and 
duration of exposure and the route of exposure. Despite more than 50 years’ worth of research, large 
data gaps exist in the body of OP agent literature. Particularly lacking is consensus regarding the 
near- and long-term clinical signifi cance of the noncholinergic effects and the overall effects of acute 
and chronic low-level exposure. 

 11.1.3 Known Effects of Chronic Low-Level and Cyclosarin Exposure 

 The largest hindrance in reaching consensus in understanding the effects of low-level exposure is 
the lack of human data from well-designed, controlled studies. Researchers have been able to draw 
certain conclusions, however, from several studies that used very short-term exposures of OP agents 
on humans, from several accidental high-dose human exposures, and from studies using animal 
models.   There is also a considerable body of literature regarding the effects of OP insecticides. 
Although many of the data are relevant, it is dangerous to draw too close a parallel to OP nerve 
agents. The behavior and toxicology of the various OP compounds vary widely between the par-
ticular compounds. Overall, the studies that have been carried out to examine the effects of chronic 
exposure to OP compounds have revealed many general insights toward understanding the effects of 
OP nerve agents on the various physiological systems of the body. 

 11.1.4 Organophosphate-Induced Delayed Polyneuropathy (OPIDN) 

 The best-known notable area of research in assessing whether chronic low-level sarin exposure 
can cause lasting neuronal damage is the syndrome known as organophosphate-induced delayed 
neuropathy (OPIDN). For more than 100 years, acute OP compound exposure has been linked to 
the development of OPIDN. In general, the neuropathy presents as muscle weakness and ataxia, 
especially in the lower limbs. This weakness typically occurs between 8 and 14 days after an acute 
exposure, depending on the type of compound and route and extent of exposure. Occasionally, 
the neuropathy progresses in severity toward true paralysis. The neuropathy is associated with 
demyelination of peripheral nerve axons and certain parts of the CNS (Lotti, 1992). It is com-
monly believed that the demyelination relies on the OP compound’s ability to phosphorylate and 
irreversibly inhibit the enzyme neuropathy target esterase (NTE) (Johnson, 1993). The role NTE 
plays in the initiation of OPIDN remains unclear. Most of the OPIDN studies have been carried 
out using the hen, rat, or mouse as a model. In two studies using humans exposed to symptomatic 
doses of GB (Munro et al., 1994), no fi ndings of OPIDN were reported. Thus, given the human 
data available, it does not appear that humans develop OPIDN from GB exposure, even at acute 
doses. 

 11.1.5 Other Neurological Changes 

 Many other symptoms of chronic OP exposure are even less well defi ned than OPIDN. These include 
behavioral and psychological changes, defi cits in memory and cognition. Reports of changes in 
behavior and psychological state after exposure to OPs have been circulating for more than 50 
years (Buccofusco, 1998). Some of the manifestations reported included altered electrocephalo-
gram (EEG) measures, reduced concentration and memory, reduced information processing and 
psychomotor speed, linguistic defi cits, depression, anxiety, sleep disturbance, and easy fatigability  
 (Burchfi el and Duffy, 1983; Ecobichon and Joy, 1994; Sidell et al., 2002). The existing body of data 
deals primarily exclusively with levels of exposure that cause symptoms. As such, it is likely that 
most of these reported changes are due primarily to inhibition of ChE and the neurochemical imbal-
ances that result from it. However, because of the extreme amount of individual variability in the 
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type, degree, and duration of the physiological response to an OP exposure, it is possible that these 
symptoms could occur in individuals exhibiting few or no other signs of OP exposure (Sidell et al., 
2002; Ecobichon and Joy, 1994). Overall, there is very little direct and convincing data suggesting 
that low levels of GB exposure lead to consistent EEG, psychological, or behavioral alterations. 
More research is needed in this area. 

 11.1.6 General Health Effects 

 Other pathological effects of low-level OP exposure have been investigated over the past 50 years, 
yet hardly any additional data have been revealed. Carcinogenicity and genotoxicity have been mea-
sured in many studies by using high doses of OP compounds, resulting in no fi ndings of either 
pathogenic mechanism. OP exposures have also been assessed for teratogenicity and other repro-
ductive effects, yet potential involvement of either has not been demonstrated. 

  11.2  TOXICOGENOMICS—MOVING BEYOND CLASSICAL 
ORGANOPHOSPHATE TOXICOLOGY   

 The body of OP toxicological research revealed over the past 50 or more years is predominantly 
classical toxicology. The primary goal of these toxicological investigations has been and continues 
to be to measure physical parameters (e.g., overt symptoms of exposure, physical activity, enzymatic 
activity), histological features of tissue samples (histopathology), and blood chemistry (e.g., ChE 
measures) as indicators to identify adverse effects of exposure. These data have been and continue 
to be very useful diagnostic indicators of acute levels of OP exposure, but they are less useful for 
understanding the molecular mechanisms of toxicity or to gain insight into the potential for longer-
term impacts of OP exposure. In addition, classical toxicological methods are often not suffi ciently 
sensitive to detect very-low-level toxicity. Tools and methods that evaluate toxicity and pathology 
at the mechanistic level are essential to establish meaningful estimates for molecular-level lowest 
observable adverse effect levels (LOAELs) for OP nerve agents. Of the tools available, one of the 
most exciting and useful ones is the DNA microarray. A microarray allows one to simultaneously 
measure the expression of tens to thousands of gene transcripts. Microarray-based investigations 
have already begun to make an impact on the fi eld of toxicology, engendering a new subfi eld termed 
toxicogenomics. A toxicogenomic approach to a question that includes DNA microarray-generated 
gene expression data that are verifi ed by using reverse transcriptase-polymerase chain reaction 
(RT-PCR) or another technique and is complemented with an investigation into protein expression 
(proteomics) begins to build a compelling foundation for the discovery of new molecular toxicologi-
cal mechanisms. 

 11.2.1 Background on Gene Expression Profiling 

 DNA microarray-initiated research has been used in the past several years to discover new molecu-
lar mechanisms and to establish gene expression profi les (or signatures) that can reliably refl ect the 
molecular status or phenotype of cell and tissues. By building databases of these signatures, it is 
possible to build test sets that can be used to identify, by their gene expression profi le, samples of 
unknown composition or disease state, or that have been exposed to unknown compounds. A ter-
rifi c example of this possibility has been demonstrated by the laboratory of Golub et al.   (1999). By 
clustering gene expression profi les from acute myeloid leukemia (AML) and acute lymphoblastic 
leukemia (ALL) cells, they were able to correctly classify 29 of 34 bone marrow or peripheral blood 
samples as being either AML or ALL. Similarly, a study carried out by Ross et al. (2000) demon-
strated the ability to accurately classify 60 diverse types of tumor cell lines based solely on gene 
expression profi les. 
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 11.2.2 Use of Gene Expression Profiling in Toxicology 

 Several recently published studies have also shown that gene expression profi les from cells treated 
with a toxicant or drug treatment are indicative of the mechanism of action of the xenobiotic. 
A study conducted by Scherf et al. (2000) demonstrated that gene expression profi ling could indeed 
correctly classify the mechanism of action of anticancer drugs. The cellular responses (measured 
by gene expression profi les) to the 118 anticancer therapeutic agents clustered accurately according 
to the mechanism of action of the therapeutic agent to which the cell type was exposed, regardless 
of the cell type. Another study, by Waring et al. (2001), addressed the question of whether gene 
expression profi ling could be used to predict a toxic response. Using rats exposed to a battery of 15 
known hepatotoxins, they successfully demonstrated a strong correlation between the rat liver gene 
expression profi les, histopathogical profi les, and clinical chemistry. Overall, these two studies make 
a compelling case for the utility of gene expression profi ling to predict the mechanism of toxicity of 
exogenous compounds. 

 11.2.3 Use of Gene Expression Profiling in Inhalation Toxicology 

 The past year alone has seen a tremendous increase in the use and publication of inhalation toxicol-
ogy studies employing transcriptomics and proteomics profi le gene expression changes in lung tis-
sues. Gene expression profi ling has proved to be a fruitful method to better understand the molecular 
mechanism of action in the lung tissue and cells exposed to particulates such as diesel exhaust and 
coal dusts. A study by Risom et al. (2003) contributed an important advance in the understand-
ing of the antioxidant mechanisms that combat the oxidative stress induced by diesel exhaust par-
ticles (DEP) in lung tissue. They found that the levels of 8-oxo-7, 8-dihydro-2-deoxyguanosine 
(8-oxodG), a DNA mutation induced by oxidative stress, were mirrored by an increase in the repair 
protein OGG1 gene expression in the lung tissue. This work suggests that repeated low-level expo-
sures to DEP might up-regulate the OGG1 defense mechanism, thereby preventing the accumulation 
of 8-oxodG mutations in exposed lung cells. In another particulate inhalation toxicology study, Hu 
et al. (2003) measured the gene expression changes (using the Affymetrix human array platform) 
from primary lung epithelial cells exposed to two types of coal dust. Through gene expression pro-
fi ling they discovered a unique mechanism of action that correlates both with the severity of coal 
dust–induced coal workers’ pneumoconiosis (CWP) and the amount of iron in the coal dust. Their 
study is one of the fi rst to use gene expression profi ling to reveal specifi c gene expression responses 
following exposure to dusts from various coal seams. Gene expression measurement has also been 
a useful technique to illuminate the molecular toxic mechanisms of inhaled drugs of abuse. Because 
inhalant nitrates have been shown to be associated with increased tumor incidence in mice and 
Karposi’s sarcoma in humans, Tran et al. (2003) asked whether the angiogenic factor, the vascular 
endothelial growth factor gene (VEGF), might be mediating some of the toxic effects. By measuring 
the transcript and protein levels of VEGF and VEGF receptors in mice exposed to isobutyl nitrate,  
they were led to the discovery that the VEGF and its receptors were up-regulated in the liver, but 
not the lungs, of these animals. Because signifi cant changes occurred in gene expression for VEGF 
and its receptors in the liver, these results suggest that the toxic effects of inhaled nitrate might be 
due in part to angiogenic mechanisms in the liver and potentially other exposed organs. Last, gene 
expression has recently been successfully used to reveal novel molecular mechanisms of action for 
the inhaled threat toxin, Ricin. The study authored by DaSilva et al. (2003) used cDNA arrays to 
examine to the transcript changes in lung tissue of mice exposed to aerosolized Ricin. By mining the 
gene expression array data, they uncovered the up-regulation of a list of important genes involved 
with tissue healing, infl ammatory response, cell growth, apoptosis, and DNA repair. This investiga-
tion opened many new avenues of investigation for potential biomarkers of exposure and targets for 
therapeutic intervention. 
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 11.3 DEVELOPMENT OF THE OP NERVE AGENT DNA MICROARRAY 

 11.3.1 Objective 

 The objective of this work is to develop a DNA microarray containing the genetic expression 
signatures of chemical warfare agents. The resulting  “ CWA Signature DNA Microarray ”  will 
enhance CWA detection and protect the soldier in  three important ways:  (1) it will provide a 
 “ before and after ”  genetic snapshot of soldiers who enter a potentially contaminated environment 
and give unambiguous verifi cation of exposed individuals, (2) identifi cation of genes altered by 
CWA exposure may aid in the improvement of preventive or therapeutic measures, and (3) it will 
provide a means to help identify individuals illegally manufacturing or working with CWA. The 
CWA Signature DNA Microarray will be used in the laboratory to screen CWAs, mixtures of 
CWAs and Toxic Industrial Chemicals (TICs), and other potential toxicants for their mechanism 
of action and similarity to other CWAs and toxicants. It is anticipated that data obtained through 
the development and use of this assay will fi ll many critical data gaps in support of developing CB 
defensive detection, protection, and decontamination material. Overall, this long-range project is 
expected to contribute tremendously to the missions of the Low-Level Operational Toxicology 
and the Deployment Toxicology Programs. 

 11.3.2 Approach 

 We obtain low-level CWA (i.e., GB and GF)-exposed rat blood, brain, and liver tissue through 
an ongoing collaboration with the Toxicology Team at the Edgewood Chemical Biological 
Center (ECBC) (Mioduszewski, Whalley, and Benton). The toxicology team at ECBC is world 
renowned for their whole-body (rat) inhalation model of chemical agent exposure. This exposure 
model utilizes the most widely accepted mammalian model in the fi eld of toxicology, provides 
the most relevant route of low-level chemical agent exposure, and provides extremely accurate 
dosing information. 

 With the advent of high-quality, commercially available gene expression arrays, array tech-
nology has become a widely accessible functional genomics tool for the molecular toxicologist. 
The transcript processing and hybridization is carried out using the method as described by the 
Vahey laboratory (Vahey et al., 2002). In brief,  mRNA is extracted from the tissue, is converted to 
cDNA, and then to fl uorescently labeled cRNA. The labeled cRNA is hybridized to the DNA array, 
stained, and then visualized by using a fl uorometer. The raw expression level data are translated by 
using bioinformatics software and databases into meaningful biological information such as rela-
tive induction/repression ratios, complex pattern analyses, association with biochemical pathways, 
and participation in disease processes. We have chosen to use the Rat Toxicology U34 and the 
Rat Whole Genome U34A GeneChip from Affymetrix in our investigations of GB and GF in the 
rat model. The Rat Neurobiology GeneChip, RN-U34, contains more than 1200 known genes and 
expressed sequence tags (ESTs), and the Rat Genome GeneChip, RG-U34A, contains more 6000 
known genes and ESTs. The genes included in the arrays encode polypeptides critical for cellular 
functions such as stress response, apoptosis, DNA replication/repair, recombination, transcription, 
and cell–cell communication and for such structures as ion channels and cell surface receptors, to 
name a few. Of the thousands of genes on either array, only a small subset are signifi cantly (greater 
than 2-fold) induced or repressed compared with the control animals. Once verifi ed by RT-PCR, 
the signifi cantly altered genes will be included in our database and considered for integration in the 
design of the CWA Signature DNA Microarray. 

 11.3.3 Preliminary Data 

 To date, we have analyzed and compiled signifi cant data from our gene expression studies on chlorpy-
rifos and GB. Our initial pilot study revealed that rats injected with an LD

 30 
 dose of the OP  pesticide, 
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chlorpyrifos, had signifi cantly altered gene expression patterns compared with the control animals 
(Figure 11.1). Furthermore, we observed that several of the genes remained altered at 24 h post-
exposure. The arrows in Figure 11.1 indicate that the expression level for the glutamate aspartate 
transporter (GLAST) increased to more than 4-fold above the level observed in the control condition. 
Overall, the pilot study demonstrated the utility of the microarray approach and demonstrated to our 
satisfaction that gene expression analysis could provide a valuable window through which we could 
reveal new avenues of research relating to genetic mechanisms of OP compound toxicity (Sekowski et al., 
2001, 2003). Our more recent studies, examining the toxicogenomic effects of GB (sarin) and GF 
(cyclosarin) whole-body inhalation exposure in rats, have resulted in a more signifi cant body of data. 
Not only do the more recent studies contain statistically meaningful numbers of animals, but the ani-
mals have also been exposed to actual OP nerve agents via an operationally relevant route of exposure. 
Thus, we were able to collect a tremendous amount of statistically signifi cant gene expression data and 
begin to reveal some potential toxic mechanisms of action that appear to occur even at these low levels 
of CWA exposure (Sekowski et al., in press).   

 Signifi cance of our gene expression data is based on several layers of metrics. First, the overall 
quality of the data is vetted. By using Affymetrix’s software tool, Microarray Suite, the raw image of 
the processed GeneChip is examined for fl aws, bubbles, etc. Next, the background noise, consistency 
in scaling factors, and the sets of positive (BioB, BioC, GAPDH, etc.) control genes are examined. 
If the data look consistent within the experiment and are of high quality, the data are transferred 
to other bioinformatics platforms. Currently, we are using Gene Spring from Silicon Genetics and 
Data Mining Tool from Affymetrix. With these programs, the data are run through statistical tests 
such as Mann–Whitney (Wilcoxin Sign Rank Test) and ANOVA to demonstrate the consistency 
within and difference between sets of data. The data are also easily visualized by using either one 
of these programs. Trends and outliers are easily picked out. Clustering analysis (e.g., K-means and 
functional) and principle components analysis (PCA) can be performed on the data. These software 
tools have allowed gene lists to be honed from thousands of genes to just a handful of genes that are 
signifi cantly altered. 

 By measuring gene expression in the brain, liver, and blood from both male and female animals 
exposed to different doses and durations of GB and GF vapor we have observed several important 
trends. The fi rst is that signifi cant differences in gene expression can be measured even after a one-
week “recovery period” following exposure. This is a highly signifi cant fi nding and has exciting 
implications for the persistence of gene expression signatures in the body. The second important 
trend observed was that there appears to be a dose–response relationship to the level of OP agent 
exposure and the range and average of gene expression changes (Figures 11.2 and 11.3). 

  FIGURE 11.1  Altered gene expression patterns of 
the chlorpyrifos (CPF)-treated animals compared with 
control animals  at 1-, 4-, and 24-hour postexposure.
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  FIGURE 11.3  Dose–response relationship of 
GB exposure and average fold change in gene 
expression. The average fold changes also increased 
slightly with dose. This trend is more pronounced 
in the male rats. 

  FIGURE 11.2  Dose–response relationship of GB exposure 
and range of gene expression changes. The ranges of fold 
changes in gene expression increased with dose, suggesting 
a general dose–response in gene expression. 

  FIGURE 11.4  Male-female differences in brain gene expression after 
low-level GF exposure. Principal Component Analysis data points caged to 
show the gene expression profi les for male and female rats shows a signifi -
cant  difference in gene expression trends. 
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 The third trend observed to date has been that apparently signifi cant differences exist in the 
gene expression patterns in the males versus the female rats following GB exposures (Figure 11.4). 
This fi nding, together with the fi nding from the Toxicology Team that the females are nearly twice 
as sensitive to the miotic effects of GB (Mioduszewski et al., 2002) and GF (Whaley et al., person 
communication, 2003) suggests that the response to certain CWAs may be different in men and 
women. As a result, it was concluded that all future studies should incorporate both male and 
female animals. 

 The most recent data in this study surround the identity of the genes whose expression was sig-
nifi cantly altered after exposure GB and GF. The gene expression investigation using the animals 
exposed to GB utilized the Rat Neurobiology GeneChip. This GeneChip is composed of a 1324 gene 
and EST subset of the whole rat genome. These are genes that Affymetrix has designated as related 
to neuronal processes. We were able to glean many promising leads from the GB-exposed rat brain 
RNA by using this array. Figure 11.5 represents a sampling of the highest up-regulated genes that 
were detected with the array. Lesser up- and down-regulated genes may also be important function-
ally (and may be investigated later), but for the sake of brevity only the data displayed in Figure 11.5 
will be discussed in this proposal. In Figure 11.5, for example, it is apparent that the largest change 
in gene expression was measured for the males at the 0.025 mg/m 3  level. The authors doubt that this 

  FIGURE 11.5    Gene expression up-regulation one week after low-level GB exposure.   A partial list of 
highly signifi cant ( p  � 0.001) gene expression alterations remaining after a one-week recovery period fol-
lowing exposure to GB vapor at concentrations near the levels that caused miosis in these animals. Key  
 to genes in Fig. 6: 1, rc_AI227660 EST224355; 2, M84488 Rat vascular cell adhesion molecule-1; 3, 
rc_AI230404 EST227099 R; 4, AF030087UTR#1 neurotransmitter-induced early gene 2 (ania-2); 5, 
U88324 RNU88324 G protein beta-1 subunit (rGb1); 6, AF020758 P2X2-5 receptor (P2X2); 7, AF044910 
survival motor neuron (smn); 8, U31554 limbic system-associated membrane protein; 9, rc_AI101255 
EST210544; 10, X62839 potassium channel protein (3120 bp); 11, D84450 Na � , K � -ATPase beta-3 subunit; 
12, M24852 neuron-specifi c protein PEP-19; 13, U69882 RRU69882 calcium-activated potassium chan-
nel rSK2 (SK); 14, AF078779  putative four-repeat ion channel; 15, J05510 inositol-1,4,5-triphosphate re-
ceptor; 16, M84725 neuronal protein (NP25); 17, X16623 neuraxin; 18, U03470 RFas antigen ligand; 19, 
rc_AI237836 EST234398; 20, AF014365 CD44; 21, AF056704 synapsin IIIa; 22, D32249 RATNDAP1 
 neurodegeneration-associated protein 1; 23, M38061 glutamate receptor (GluR-B). 
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greatly enhanced response occurring near the ECT
 50 

 (for miosis for a 4-h GB vapor whole-body inha-
lation exposure in male Sprague–Dawley rats) is coincidental. The ECT

 50  
(miosis) was reported to 

be approximately 0.012 mg/m 3  for females and 0.024 mg/m 3  for males (Mioduszewski et al., 2002). 
Thus, the large change in gene expression at 0.025 mg/m 3  in males likely refl ects some of the neu-
rochemical changes that comprise the environment in which miosis occurs. However, it is not clear 
why the females do not show this same trend in gene expression near the level of the measured female 
ECT

 50 
 (0.012 mg/m 3  for 240 min). 

 The graph in Figure 11.5 shows only the genes most signifi cantly altered in expression 
(greater than 2-fold) after the rats’ exposure to GB vapor. In this list are several ion and amino 
acid receptor proteins, including two potassium channel proteins (X62839, U69882), a sodium 
channel protein (M22253), the P2X2–5 receptor (ion-gated purinergic receptor) (AF020758), a 
glutamate receptor (M38061), and a putative ion channel protein (AF078779). Also up-regulated, 
synapsin III (AF056704) is a synaptic vesicle protein essential for normal Ca 2�  regulation of neu-
rotransmitter release. An up-regulation of the channel proteins and the synaptic vesicle protein at 
one week after exposure could signify that the brain is still restoring homeostasis after the injury 
caused by GB exposure. The induction of the neurotransmitter induced early gene 2 (part of the 
ania family of genes) (AF03008) is known to be stimulated within minutes of neurotransmitter 
receptor activation. This class of genes encodes transcription factors that regulate late-response 
genes. This class of gene has been implicated in response to hypoxic and other types of brain 
injury (Raghavendra et al., 2003).   Up-regulation may signify continuing recovery from neuronal 
injury. Similarly, a few cell-damage-repair and plasticity-associated proteins were also found to be 
up-regulated. These include the neurodegeneration-associated protein (involved in repair/plasticity) 
(D32249), neuroaxin (involved with neuron-microtubule associations) (C16623), neuron-specifi c 

  FIGURE 11.6  RT-PCR of the transcript for (U53927) brain astroglial high-affi nity cationic amino acid 
transporter (RCAT2) from male rat brain exposed to GB. The CT

 50 
 for the exposed male rats (0.01 mg/m 3  

for 4 h) was 22.5 and the controls were 24.5 cycles. A difference of two cycles translates to a 4-fold dif-
ference in transcript level. Although the Rat Neurobiology GeneChip measured the transcript level as a 
7-fold up-regulation, the fold level change is considered in the same range as that measured by RT-PCR. 
Rn is the number of reactions based on the fl uorescent signal above the threshold limit.  
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protein (PEP19) (highest in cerebellum) (M24852), and neuronal protein 25 (NP25) (highest in cer-
ebellum; related to calponin) (M84725). We found also two infl ammation/immune-related genes: 
CD44 (a lymphocyte-stimulating protein) (AFO14365) and vascular cell adhesion molecule-1 
(a member of the immunoglobulin superfamily and an important factor involved in the process of 
leukocyte recruitment in infl ammation) (M84488). 

 Last, the down selection of the signifi cant genes that appear to be the most interesting or most prom-
ising of revealing biochemical mechanism appear are currently being verifi ed using real time RT-PCR. 
RT-PCR is the most widely used method to verify gene expression array results. In Figure 11.6 is an 
example of the output from the real-time RT-PCR assay. 
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 12.1 BACKGROUND 

 Health effects resembling respiratory sensitization (allergy) have been recognized for well over 
2000 years but recently the condition, known as asthma, has become more prevalent, in particular, 
in affl uent countries, and has been identifi ed as the cause of debilitating and potentially fatal disease. 
Allergy may be defi ned as the adverse health effects resulting from a specifi c immune response. 
More specifi cally, chemical respiratory allergy can be defi ned as the adverse health effects that 
result from the stimulation by chemicals, drugs, or proteins of specifi c immune responses (Kimber 
and Dearman, 1997). Such responses tend to occur only in a minority of individuals after exposure 
to a substance to which they have become sensitized. Furthermore, the adverse effects occur at 
exposure levels well below those that would have induced effects previously in the same individu-
als or would be expected to occur as a result of nonimmunologically mediated mechanisms, such 
as irritation. 

 12
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 A number of varying and overlapping defi nitions are available for key terms, such as hypersensitivity, 
respiratory sensitization, allergy, and asthma. Medical, regulatory, industrial, and academic scien-
tists may each have their own understanding of these terms. Nevertheless, the terms “asthma” and 
“respiratory sensitization” may be regarded as synonymous for the purposes of this chapter. 

 Respiratory sensitization is widely reported following exposure to environmental proteins such 
as pollen and proteins present in the feces of the house dust mite. There is, perhaps, less public 
awareness of similar effects occurring because of exposure to chemicals in the workplace. In 1989 a 
scheme for the Surveillance of Work Related and Occupational Respiratory Disease (SWORD) was 
initiated in the United Kingdom, the results of which have been reported periodically. During the 
fi rst year of this project it was discovered that the incidence of acute occupational respiratory disease 
was some three times greater than had previously been appreciated. The most frequent new diag-
nosis was of asthma, which represented 26.4% of all cases (Meredith et al., 1991). Five years later 
asthma remained the most common form of occupational respiratory disease (Ross et al., 1995). In 
recent years asthma has become more prevalent and now affects 1 in 7 children in Britain. In the 
United States more than 14 million people are affected by asthma; one third of these are children. 
The incidence of asthma increased by 42% between 1982 and 1992, and mortality has increased by 
40%, accounting for 5400 deaths per year in the United States alone (U.S. Chemical Manufacturers 
Association, personal communication, 2000). The causes of these increases are not known and are 
likely to be multiple. Nevertheless, it is widely believed, in particular, by the public and the media, 
that air pollution and industrial chemicals are signifi cant contributing factors. 

 In asthma, mast cells in the bronchial lining become sensitized to inhaled material after exposure 
(normally prolonged exposure). A further episode of exposure then causes the mast cells to release 
infl ammatory mediators that initiate an immune response. This results in an immediate narrowing of the 
airways, tissue swelling, and increased mucous production. It also starts a local infl ammatory reaction 
with prominent eosinophil participation, which causes the release of additional mediators, damages the 
cells lining the airways, and helps to explain why the manifestations of asthma may be so prolonged. 

 A wide range of substances has been identifi ed as causing occupational asthma, based on epide-
miological data, by initiating respiratory allergy. Although only about 5% of adult asthma cases are 
considered to be of direct occupational origin, this is an important and potentially avoidable prob-
lem (U.S. Chemical Manufacturers Association, personal communication, 2000). Certain classes of 
chemicals are commonly associated with occupational respiratory allergy, but there is insuffi cient 
information to predict respiratory sensitization potential from analysis of structure alone. Reactivity 
with proteins is likely to be relevant but, as yet, no validated experimental methods are available 
for predicting which chemicals might be expected to induce respiratory sensitization. In view of the 
importance of chemical-induced asthma as an industrial disease and the possible implication of such 
chemicals affecting the general public, as pollutants, an urgent need exists for predictive tests. Such 
tests would enable the identifi cation of chemicals with potential to cause respiratory sensitization 
at an early stage in development. This could result either in abandonment of the chemical in favor 
of a safer alternative or implementation of effective safety precautions to control its use and prevent 
human exposure. In addition, predictive tests could be used to determine the respiratory sensitization 
potential of existing chemicals that give cause for concern. 

 12.2 REGULATORY FRAMEWORK 

 Most developed countries around the world have a regulatory system of control for new and existing 
chemical substances. In general, these systems require a prescribed set of safety studies to be per-
formed including toxicology and physicochemical properties. These studies are used to determine 
hazards associated with the chemical in question. This hazard information can then be used to assess 
the risks involved in the intended use of the chemical and, where appropriate, to exert controls to 
minimize that risk. The regulatory systems vary throughout the world in terms of the specifi c test-
ing that is required and the nature of the regulatory procedures involved, but the overall purpose of 
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the testing remains the same: to protect the public, workers, and the environment from the hazards 
associated with new or existing chemicals. 

 The European system of regulatory control will be used to illustrate a typical regulatory mecha-
nism but the general principles can be extrapolated to the rest of the world. 

 12.2.1 New Chemicals 

 In 1979 a European Community Directive (79/831/EEC; EEC, 1979) established a notifi cation scheme 
for new substances. New substances were defi ned as chemicals not on the European Community (EC) 
market between January 1971 and September 1981. The directive did not apply to chemical products 
already covered by other legislation, such as pharmaceuticals and agrochemicals. Before placing a new 
substance on the market, the manufacturer or importer must notify the appropriate member state. One 
of the requirements for notifi cation is the provision of a technical dossier, which includes a description 
of various toxicological and physicochemical tests together with a classifi cation proposal based on the 
results of those tests. In many cases the notifi er will also prepare a formal risk assessment for approval 
by the competent authority. 

 For a new substance that is to be supplied at greater than 1 tonne per annum a, so-called, “base 
set” of tests is required. For smaller supply amounts a reduced notifi cation can be made, which car-
ries a less onerous testing requirement. The base-set testing includes the following: 

 A range of physicochemical tests 
 Acute oral and dermal (or inhalation) toxicity tests 
 A repeated-dose oral toxicity test (other routes such as inhalation may sometimes be 

 appropriate) 
 Skin and eye irritation tests 
 A skin sensitization test 
  In vitro  genotoxicity tests (Ames and chromosome aberration—an  in vivo  test may be required 

immediately if either of these is positive) 
 A range of ecotoxicity tests. 

 At higher supply levels (greater than 10 tonnes per annum or 100 tonnes cumulative) further testing 
is required. The specifi c tests that are needed must be discussed and agreed upon in advance with the 
competent authority in the appropriate member state. They may include longer-term toxicity stud-
ies (including carcinogenicity testing), further genotoxicity and ecotoxicity tests, and reproductive 
toxicity studies. 

  Clearly, a comprehensive set of hazard tests is required for notifi cation of new chemicals in the 
European Union (EU). However, no requirement exists for a test of respiratory sensitization poten-
tial, which refl ects the absence of an internationally accepted or convenient experimental model. 
This clearly represents a signifi cant gap in the data needed by manufacturers and regulators to 
ensure safety. The issue is not ignored in the European notifi cation scheme, and classifi cation as 
a possible respiratory sensitizer may be required, if the substance is structurally similar to other 
known sensitizers. A contact (skin) sensitization study is required as part of the base-set package 
of tests and, although fewer chemicals are thought to be responsible for inducing respiratory sen-
sitization than is the case for contact sensitization, respiratory sensitization represents a signifi cant 
contribution to risk. Furthermore, it may be easier to protect workers and the public against contact 
sensitization, by the use of gloves and protective clothing, than it is to prevent exposure to respira-
tory allergens. Once an individual is sensitized, inhalation exposure to very low concentrations may 
result in a hypersensitivity response. This gap in the available testing package is well recognized by 
regulatory authorities who eagerly await the development of a suitable test for respiratory sensitiza-
tion (P. Evans, U.K. Health and Safety Executive, personal communication, 1999). 

 The hazardous properties of specifi c substances are identifi ed in the EU by a system of classifi ca-
tion and labeling, which is a statutory requirement in each member state. Criteria used to derive the 
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appropriate classifi cation and labeling are given in Annex VI to the Dangerous Substances Directive 
(67/548/EEC; EEC, 1967), an annex commonly referred to as “the labeling guide” (2001/59/EEC; 
EC, 2001). Hazards are identifi ed by a system of warning symbols and risk phrases. Manufacturers 
or importers are expected to assign appropriate classifi cation and labeling themselves, in the fi rst 
instance. Eventually, the competent authority in the member state in which the notifi cation was made 
will make a formal recommendation for classifi cation and labeling. This recommendation may be 
different from that proposed by the manufacturer or importer. The recommendation is then approved 
at European level and will eventually appear in Annex I to the Dangerous Substances Directive. 
This annex is a compilation of several thousand approved classifi cation and labeling entries and is 
published in member states. 

 The guidance given in the EU labeling guide regarding respiratory sensitization is rudimentary. 
It states that substances (and preparations) should be classifi ed in the category of “danger sensitis-
ing” and assigns the symbol Xn, with the indication of “danger harmful” and the risk phrase “R42” 
(may cause sensitization by inhalation), if at least one of the following criteria apply: if practical evi-
dence is available that shows the substances and preparations are capable of inducing a sensitization 
reaction in humans by inhalation, at a greater frequency than would be expected from the response 
of a general population, and if the substance or preparation is an isocyanate, unless there is evidence 
that the substance or preparation does not cause sensitization by inhalation. 

 As a result of the application of these criteria, a total of 23 individual substances assigned with 
the R42 risk phrase have been included in Annex I to the Dangerous Substances Directive (HSE, 
1997). These substances included isocyanates, anhydrides, cobalt, nickel sulfate, butadiene epox-
ide, glycidol, methenamine, and several complex dyes. In some of these cases, the toxicological 
evidence for assignment of R42 was not altogether convincing and diffi culties arose when classifi -
cation was required of chemicals with more complex data available, such as: glutaraldehyde, ethyl-
enediamine, and methylmethacrylate (Evans, 1997). A decision was made in 1993 to develop more 
detailed criteria and the revised criteria were formally adopted by EU member states in May 1996, 
with the intention that they came into effect in national law by 31 May 1998. The revised criteria 
were offi cially published in September 1996 as an annex to Commission Directive 96/54/EC (EC, 
1996) and are reproduced as follows. 

 12.2.2 Sensitization by Inhalation 

 Substances and preparations shall be classifi ed as sensitizing and assigned the symbol “Xn,” the indi-
cation of danger “Harmful” and the risk phrase R42 in accordance with the criteria given below. 

 12.2.2.1 R42 May Cause Sensitization by Inhalation 

 If evidence shows that the substance or preparation can induce specifi c respiratory hyper-
sensitivity 

 Where there are positive results from appropriate animal tests 
 If the substance is an isocyanate, unless evidence shows that the substance does not cause 

respiratory hypersensitivity 
 A series of comments follows the criteria to aid in their interpretation. 

 12.2.2.2 Comments Regarding the Use of R42 

 12.2.2.2.1 Human Evidence 
 Evidence that the substance can induce specifi c respiratory hypersensitivity will normally be based 
on human experience. In this context, hypersensitivity is normally seen as asthma, but other hyper-
sensitivity reactions such as rhinitis and alveolitis are also considered. The condition will have the 
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clinical character of an allergic reaction. However, immunological mechanisms do not have to be 
demonstrated. 

 When considering the evidence from human exposure, in addition to the evidence from the 
cases, a decision on classifi cation must necessarily take into account the size of the population 
exposed and the extent of the exposure. 

 The evidence referred to above could be 

  • clinical history and data from appropriate lung function tests related to exposure to the 
substance, confi rmed by other supportive evidence that may include: 

  • a chemical structure related to substances known to cause respiratory hypersensitivity 
  •  in vivo  immunological test (e.g., skin-prick test) 
  •  in vitro  immunological test (e.g., serological analysis) 
  • studies that may indicate other specifi c but nonimmunological mechanisms of action, 

e.g., repeated low-level irritation, pharmacologically mediated effects 
  • data from positive bronchial challenge tests with the substance conducted according to 

accepted guidelines for the determination of a specifi c hypersensitivity reaction. 

 Clinical history should include both medical and occupational history to determine a relationship 
between exposure to a specifi c substance and development of respiratory hypersensitivity. Relevant 
information includes aggravating factors both in the home and workplace, the onset and progress 
of the disease, family history, and medical history of the patient in question. The medical history 
should also note other allergic or airway disorders from childhood and smoking history. 

 The results of positive bronchial challenge tests are considered to provide suffi cient evidence 
for classifi cation on their own. It is recognized, however, that in practice many of the examinations 
listed above will already have been carried out. 

 Substances that elicit symptoms of asthma by irritation only in people with bronchial  hyperreactivity 
should not be assigned R42. 

 12.2.2.2.2 Animal Studies 
 Data from tests that may be indicative of the potential of a substance to cause sensitization by inhalation in 
humans may include IgE measurements (e.g., in mice) and specifi c pulmonary responses in guinea pigs. 

 Several important concepts are contained within this guidance that are worthy of mention. The 
fi rst paragraph states that, although the condition will have the clinical character of an allergic reac-
tion, immunological mechanisms do not have to be demonstrated. Later, however, it is made clear that 
substances that elicit symptoms of asthma by irritation only in people with bronchial hyperreactivity 
should not be assigned R42. Thus, asthmatic responses occurring in individuals with preexisting 
conditions such as congenital asthma or bronchitis should be disregarded. In paragraph two there is 
a statement designed to ensure that human exposure evidence is taken on a case-by-case basis with 
regard to the size of the exposed population. This is because a few cases of asthma related to exposure 
to a high production volume chemical, where large numbers of people have been exposed, would not 
necessarily trigger labeling with R42. Conversely, a small cluster of cases among a smaller workforce 
exposed to a specialty chemical might give rise to a legitimate concern. Data obtained from positive 
bronchial challenge tests are considered to be conclusive but it is clear that more than one positive test 
is needed and these must be conducted to a standardized, preferably published, protocol. 

 The guidance also refers to positive results from appropriate animal tests, and two examples are 
given. This part of the guidance has been deliberately left vague in recognition of the absence of any 
generally accepted or fully validated methods. It seems, perhaps, reasonable to assume that positive 
results from even an unvalidated animal test should be taken as indicative of potential to cause respira-
tory sensitization. Negative results, of course, could not be given the same credence. It is worth com-
menting here, however, that positive results obtained from studies that do not include an inhalation 
challenge phase, such as the IgE assay, could be misleading. In these studies, the ability of the chemical to 
reach the respiratory tract in an active form will not have been demonstrated (see later in this chapter.) 
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 The regulatory guidance discussed above forms part of the regulations directed primarily at new 
chemicals. It is obviously unlikely that new chemicals would have any signifi cant human data avail-
able, unless they have a use history in another part of the world. In this respect, much of the guidance 
is likely to be more useful in the context of existing chemicals. 

 12.2.3 Existing Chemicals 

 In the EU an existing substance is defi ned as one of the approximately 110,000 chemicals on the EC 
market at some time between January 1971 and September 1981. These substances, by defi nition, have 
not been subjected to the notifi cation procedure and the hazard data available are variable. This situa-
tion has been addressed by the Existing Substances Regulation (EEC, 1993), which allows for the pri-
oritization of high-tonnage chemicals, collection of data, and subsequent risk assessment. A technical 
guidance document for risk assessment has been produced (EEC, 1994), which again recognizes the 
diffi culties in assessing potential for respiratory sensitization. It refers to the mouse IgE test and guinea 
pig models as being potentially useful but, clearly, the most data here are likely to be derived from 
studies of human exposure. In these cases, the exposure conditions that resulted in sensitization may 
not be fully understood, but comparisons can be made of prevailing conditions in the historical cases 
and those that apply to the population under consideration. “Population” in this context may relate to 
workers, consumers, or members of the public indirectly exposed via the environment. 

 A possible outcome of the risk assessment procedure is that there is a need for further information 
and testing. The guidance states that, in the case of respiratory sensitization, it is not expected that 
further testing in animals would be required. Again, this represents a recognition of the absence of an 
internationally recognized test. It is noted, however, that  in vitro  testing (such as an investigation of 
protein binding) or further exposure information may be useful in refi ning the risk assessment. 

 The European Commission has recently proposed wide ranging changes to chemical control 
regulation within the European Union. These proposals were detailed in a White Paper: “Strategy 
for a Future Chemicals Policy” (European Commission, 2001) and, for the fi rst time, aim to bring 
together regulation of new and existing chemicals. Central to these proposals is an integrated system 
for the Registration, Evaluation and Authorisation of Chemicals (REACH). At the time of writing 
the legislation is in draft form but places a duty on companies that produce, import, and use chemi-
cals to assess the risks that may arise from their use. Where justifi ed, this may necessitate genera-
tion of new data for existing chemicals. A phased system is envisaged in which priority is given 
to chemicals of highest concern and those produced in the largest quantities. It is possible that the 
registration requirements under this new scheme will highlight concern over possible respiratory 
sensitizing chemicals and, hence, further demonstrate the need for a reliable predictive test. 

 12.2.4 Regulation in the United States 

 In the United States the system of chemical regulation is rather different and is defi ned under the 
Toxic Substances Control Act (TSCA). The government agency responsible for its implementation 
is the Environmental Protection Agency (EPA). Companies are required to submit a “premanufac-
ture notice” to the EPA 90 days before they manufacture or import any industrial chemical that is 
not on an EPA list of commercial chemicals. In contrast to the European system, companies are not 
expected to submit any hazard data at this stage. On receipt of the premanufacture notice, the EPA 
conducts its own screen of the new substance by comparing it with structurally similar substances. 
For this purpose the EPA maintains a database of “categories of concern” (EPA, subject to review) 
and, on the basis of this information, may impose subsequent testing requirements. Structural alerts 
for respiratory sensitization in the EPA categories of concern include isocyanates and anhydrides. 
In the experience of the author, a requirement for respiratory sensitization testing has sometimes 
been imposed by the EPA for such chemicals, the recommended test being a guinea pig respiratory 
parameter test (Karol, 1995) (see later in this chapter). The suitability of this test for the intended 
purpose, however, is questionable. 
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 12.2.5 Regulation in Japan 

 In Japan, new chemicals are controlled by the Japanese Chemical Substance Control Law (MITI/
MHW, 1986). In common with Europe, this system requires a formal notifi cation prior to manu-
facture or import with a requirement for certain test results. The impetus for development of the 
Japanese system was environmental rather than a concern over worker or consumer safety. Its prin-
ciples are, therefore, fundamentally different from the European or American systems. 

 The starting point for testing is a biodegradation study and substances that biodegrade com-
pletely do not require further testing. Nonbiodegradable substances, and any stable degradants that 
are produced by biodegradation, are subjected to a set of screening studies. The tests are limited to 
bioaccumulation (in fi sh), repeated-dose oral toxicity, and genotoxicity studies. Signifi cant bioac-
cumulation triggers a requirement for extensive further testing including long-term carcinogenicity 
testing in animals. In reality, few bioaccumulative chemicals progress any further in development. 
For those chemicals that do not bioaccumulate, unfavorable results in toxicity or genotoxicity stud-
ies result in designation of the chemical and imposition of controls on its manufacture and use. In 
these latter cases, there is no requirement for any further testing. 

 A separate regulatory control concerned with the safety of workers exposed to new chemicals 
exists in Japan. This system is the responsibility of the Japanese Ministry of Welfare and the only 
testing requirement is for a single genotoxicity test (the Ames test for mutagenicity). In Japan no 
regulations require testing industrial chemicals for their potential to cause skin or respiratory sen-
sitization. A revision to the Japanese testing requirements was announced on May 28, 2003, which 
retains the focus on nonbiodegradable, bioaccumulative, and chronically toxic substances; although 
tonnage levels at which testing is triggered have been altered. No mention is made of sensitization 
but additional data may be required for particular categories of chemical substance. 

 12.3 CHEMICAL SENSITIZERS 

 The ability of certain protein antigens encountered in the environment and workplace to cause 
allergic asthma is well established, and a wide range of different proteins has been implicated. 
Perhaps the most important are a group of proteins present in the feces of the house dust mite 
 Dermatophagoides pteronysimus  many of which are naturally occurring proteases. In addition to 
these, protein components of pollens from grasses, weeds, and trees, mold spores ( Aspergillus ), bird 
feathers, and animal danders and urine are known to induce respiratory sensitization. Apart from 
these environmental allergens, exposure to protein aerosols may also occur in the workplace. These 
include animal and plant proteins associated with farming, laboratory animals, brewing, and baking, 
as well as bacterial enzymes used in detergents. 

 High-molecular-weight proteins are not the only substances implicated in respiratory sensiti-
zation and many reports investigate occupational asthma due to low-molecular-weight chemicals. 
Clearly these are not, in themselves, large enough molecules to cause an immune response and they 
can only do this by haptenating with macromolecules (proteins). Most of the information about 
low-molecular-weight respiratory sensitizing chemicals is derived from index case reports, cross-
sectional surveys, or epidemiological studies in the workplace, such as the SWORD initiative in 
the United Kingdom. From data such as these, lists can be derived of chemicals that are impli-
cated in human respiratory allergy. Some examples of low-molecular-weight sensitizers are given in 
Table 12.1. In addition, the U.K. Health and Safety Executive have published a critical assessment 
of the evidence for agents implicated in occupational asthma (HSE, 1997). This includes three lists 
of low- and high-molecular-weight substances: 

  1. Substances considered to meet the EU criteria, revised in 1996, for classifi cation as a 
respiratory sensitizer (a cause of asthma) and labeling with R42. 

  2. Substances considered  not  to meet the EU criteria, revised in 1996, for classifi cation as a 
respiratory sensitizer (a cause of asthma) and labeling with R42. 
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  TABLE 12.1 Examples of Low-Molecular-Weight 
Respiratory Sensitizers 

Chemical Reference
Acid anhydrides

 Phthalic anhydride Maccia et al., 1976

 Tetrachlorophthalic anhydride Howe et al., 1983

 Trimellitic anhydride Bernstein et al., 1982

 Hexahydrophthalic anhydride Moller et al., 1985

 Maleic anhydride Topping et al., 1986

Diisocyanates

 Diphenylmethane diisocyanate Zeiss et al., 1980

 Hexamethylene diisocyanate Vandenplas et al., 1993

 Toluene diisocyanate O’Brien et al., 1979

Reactive dyes Docker et al., 1987

Plicatic acid Cartier et al., 1986

Carmine Quirce et al., 1994

Platinum salts Murdoch et al., 1986

TABLE 12.2 Summary of HSE List of Agents Implicated in Occupational Asthma

List 1
Respiratory 
Sensitisers

List 2
Not Respiratory 

Sensitisers

List 3
Chemicals of 

Concern
Azodicarbonamide Formaldehyde Acetic anhydride

Carmine Hydralazine Ethyl cyanoacrylate

Castor bean dust Methyl methacrylate Methyl cyanoacrylate

Chloramine-T Flour dust

Chloroplatinates and other 
haloplatinates

Proteolytic enzymes

Chromium (VI) compounds

Cobalt (metal and compounds)

Cow epithelium/urine

Crustacean proteins

Diazonium salts

Ethylenediamine

Glutaraldehyde

Some hardwood dusts

Isocyanates

Laboratory animal
excreta/secreta

Latex

Maleic anhydride

250 Inhalation Toxicology
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  3. Substances on the ACTS/WATCH program on account of concerns over respiratory 
 sensitization. 

 The content of these lists is summarized in Table 12.2 and the HSE publication provides data sum-
maries and full references to primary data sources. 

 A low-molecular-weight chemical (hapten) can only induce an immune response if complexed 
with a carrier molecule (a protein). Haptens usually only bear one antigenic determinant, or epit-
ope, which must be at least 1 kDa to elicit an antibody response. The response to hapten conjugates 
requires two populations of lymphocytes: T and B cells. The cells producing the antibodies, which 
are derived from B cells and T cells, act as helpers in this process. B-cell preparations, depleted of 
T cells, cannot respond to hapten conjugates. The T cells are responsive to the carrier portion of the 
conjugate, although in some cases they also recognize the hapten (Cruse and Lewis, 1995). 

   12.4 MECHANISMS OF SENSITIZATION 

 12.4.1 Hypersensitivity 

 Hypersensitivity has been classifi ed into four distinct types, each having a different immunologi-
cal mechanism (Coombs and Gell, 1975). Although numerous modifi cations to this classifi cation 
system have been proposed it remains a useful nomenclature: 

 12.4.1.1 Type I: Immediate Hypersensitivity 

 This represents the classical allergic reaction utilizing reaginic or allergic antibody, primarily 
Immunoglobulin E (IgE). The antibody binds to and thus sensitizes mast cells. After sensitization, 
inhalation of antigen results in cell-bound IgE antibody being cross-linked on tissue mast cells, 
resulting in membrane changes, degranulation, and subsequent release of soluble mediators to pro-
duce a rapid reaction. Respiratory hypersensitivity is usually considered as being dependent on IgE 
antibody and is regarded, primarily, as a type I, immediate, hypersensitivity reaction. Nevertheless, 
the subsequent infl ammatory response also produces delayed and prolonged effects. 

  TABLE 12.2 Summary of HSE List of Agents Implicated in Occupational 
Asthma (Continued)

List 1
Respiratory 
Sensitisers

List 2
Not Respiratory 

Sensitisers

List 3
Chemicals of 

Concern
Methyl-tetrahydrophthalic
anhydride

Papain

Penicillins

Persulfates

Phthalic anhydride

Piperazine

Some reactive dyes

Rosin-based solder fl ux fume

Some softwood dusts

Spiramycin

Tetrachlorophthalic anhydride

Trimellitic anhydride   

Source: HSE (1995)
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 12.4.1.2 Type II: Cytotoxic Antibody Hypersensitivity 

 An example of type II hypersensitivity is autoimmune hemolytic anemia. 

 12.4.1.3 Type III: Immune Complex Reactions 

 An example of type III hypersensitivity is serum sickness. 

 12.4.1.4 Type IV: Delayed Hypersensitivity 

 In this type of hypersensitivity immune recognition occurs due to T lymphocytes with cytokines as 
mediators. Contact allergy is a type IV response occurring because of clonal expansion of allergen-
reactive T lymphocytes, in the draining lymph node(s), after an encounter with a  skin-sensitizing 
chemical. These memory T lymphocytes act as effector cells following subsequent exposure to the 
inducing allergen. The local accumulation of T lymphocytes and their subsequent activation and 
release of cytokines and other mediators will result in the infl ammatory reaction characterized as 
allergic contact dermatitis (Kimber, 1996). 

 12.4.2 Immunobiology of Respiratory Sensitization 

 In respiratory hypersensitivity, synthesis of IgE is T cell dependent and the cytokine interleukin-4 
(IL-4) is of overriding importance in the production of IgE (Finkleman et al., 1988a). Kuhn et al. 
(1991) showed that mice lacking the gene for IL-4 also lack IgE and do not produce IgE antibody 
even in response to strong stimuli. On the other hand, transgenic mice carrying an IL-4 transgene, 
and therefore expressing high levels of this cytokine, show increased serum concentrations of IgE 
and stronger IgE antibody responses than wild-type controls (Tepper et al., 1990; Burstein et al., 
1991). Mature T lymphocytes are classifi ed on the basis of their surface-protein markers, such as 
CD4 and CD8. CD4+ T lymphocytes recognize antigens, presented by antigen-presenting cells, in 
the context of major histocompatibility complex (MHC) class II molecules. CD8 +  T lymphocytes 
recognize antigen in the context of class I MHC histocompatibility molecules and are involved 
in cytotoxicity responses against cells such as those infected by viruses, as well as various other 
immune reactions. The CD4 +  T cells participate in the afferent limb of the immune response to 
exogenous antigen, which stimulates the synthesis of IL-2. This, in turn, activates CD8 +  T cells, 
natural killer (NK) cells, and B cells, thereby orchestrating an immune response to the antigen. 
Thus, they are termed helper T lymphocytes. In mice, two types of CD4 +  T-helper cells (Th) have 
been identifi ed, designated as Th1 and Th2, which differ with respect to the spectra of cytokines 
they secrete following stimulation (Mossman et al., 1986). Both produce interleukin 3 (IL-3) and 
granulocyte macrophage-colony stimulating factor (GM-CSF), but only Th1 cells secrete inter-
leukin 2 (IL-2), interferon � (IFN-�) and tumor necrosis factor � (TNF-�), whereas only Th2 cells 
secrete IL-4, IL-5, IL-6, and IL-10 (Mossman and Coffman 1989; Mossman et al., 1991). Other 
types of Th cells also exist which may represent transient stages in development, with Th1 and 
Th2 cells being the most differentiated forms, which appear after prolonged exposure to an anti-
genic stimulus or to strong immunogens. Similar populations of CD4 +  cells can be recognized in 
humans (Romagnani, 1991, 1992) and this has important implications for the induction of chemical 
allergy. 

 Considerable evidence shows that different classes of chemical allergens provoke immune 
responses in mice characteristic of selective Th-cell activation. It has been shown in mice that 
chemicals known to cause occupational respiratory sensitization induce responses consistent with 
the preferential activation of Th2-type cells. Conversely, a number of chemicals that are contact 
sensitizers but are known or suspected not to cause respiratory hypersensitivity induce Th1-type 
responses (Dearman and Kimber, 1991, 1992; Dearman et al., 1992a). Furthermore, there is evi-
dence for differential Th responses in human allergic conditions (Kapsenburg et al., 1991). Apart 
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from increasing IgE production, stimulation of Th2 reactivity favors, in other ways, development 
and expression of immediate hypersensitivity. IL-3, IL-4, and IL-10 are all mast cell growth fac-
tors or cofactors (Smith and Rennick, 1986; Thompson-Snipes et al., 1991), whereas IL-5 is an 
important eosinophil growth and differentiation factor (Yokota et al., 1987). Cytokine products 
of Th2 cells, therefore, favor the induction of acute allergic responses and immediate-type hyper-
sensitivity, with IL-4 and IL-5 promoting, respectively, the production of IgE antibody and the 
development localization and function of eosinophils (Finkelman et al., 1988a; Coffman et al., 
1989; Iwami et al., 1993). In contrast, Th1 cells produce IFN-� and thereby inhibit the stimulation 
of IgE antibody responses and the elicitation of immediate-type allergic reactions, favoring instead 
the development of cell-mediated immunity and delayed hypersensitivity (Finkelman et al., 1988b; 
Cher and Mossman, 1987; Fong and Mossman, 1989; Iwamoto et al., 1993). However, such cyto-
kines do not necessarily derive exclusively from CD4 +  Th cells. In fact, a similar functional differ-
ence exists among CD8 +  T lymphocytes, and two populations, known as Tc1 and Tc2, have been 
described which show selective cytokine production comparable with Th1 and Th2 cells, respec-
tively (Croft et al., 1994; Kemeny et al., 1994; Sad et al., 1995; Mossman and Sad, 1996). CD4 +  T 
lymphocytes seem to be the source of the type 2 cytokines (IL-4 and IL-10) responses stimulated 
in mice by exposure to either contact or respiratory chemical allergens. A different situation exists 
with respect to production of IFN-�. Both CD4 +  and, to a lesser extent, CD8 +  T lymphocytes appear 
to contribute to the production of this cytokine by certain contact sensitizers, but in respiratory 
allergy CD8 +  cells are the major source of the low levels of IFN-� produced (Dearman et al., 1996). 
This implies that the selective stimulation of Th2-type cells by respiratory sensitizers may be more 
absolute than suspected previously, with the induction of only Th2- and Tc1-type responses. 

 The characteristics of contact and respiratory sensitization can be summarized as follows. 

 12.4.3 Contact Sensitization 

 Application of a contact-sensitizing chemical to the skin results in activation and clonal expansion 
of T lymphocytes in the draining lymph nodes. This activation is made possible by the network of 
Langerhans cells in the epidermis, which serves as a cellular trap for environmental antigens. In 
response to skin sensitization, local Langerhans cells are induced to migrate from the skin, via affer-
ent lymphatics, to the draining lymph nodes. A signifi cant proportion of these Langerhans cells bear 
high levels of antigen, and once in the lymph nodes these cells transform into dendritic cells that act 
as antigen-presenting cells. The memory T lymphocytes that result act as effector cells following 
subsequent exposure to the inducing antigen. These memory cells migrate to the dermis from the 
vasculature and then to the epidermis, probably directed by chemoattractants. The Th-cell clones are 
differentiated toward the Th1 type and produce a characteristic array of cytokines, including IL-3, 
GM-CSF, IL-2, IFN-�, and TNF-�, which result in the infl ammatory reaction. 

 12.4.4 Respiratory Sensitization 

 Specifi c antibodies usually effect respiratory sensitization, and two major classes of pulmonary 
allergic reactions can be distinguished. 

 Hypersensitivity pneumonitis results from infl ammatory reactions caused by short- or long-term 
intermittent exposure to certain protein antigens. Examples include farmer’s lung caused by inhala-
tion of  Saccharopolyspora recivirgula (Micropolyspora faeni)  antigens and cheese worker’s lung 
caused by  Penicillin roqueforti  antigens. The disease is associated characteristically with the pres-
ence of antigen-precipitating IgG antibody. Pathogenesis may, however, also involve the activation 
of complement- and cell-mediated immunity. 

 Allergic asthma and rhinitis are most commonly immediate-onset reactions (within 1 h and 
often within minutes of exposure) and result from the local release of infl ammatory mediators fol-
lowing degranulation of sensitized mast cells in the bronchial lining. These reactions are primarily 
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effected by IgE antibody. IgE-specifi c antibody has been demonstrated for all recognized chemical 
respiratory allergens and a clear association exists for some chemical allergens between the pres-
ence of specifi c IgE antibody and the development of respiratory symptoms. Nevertheless, a clear 
link between allergic responses and serum-IgE antibody has, in some instances (notably with some 
diisocyanates), failed to emerge (Kimber, 1996). The immediate reactions involve bronchoconstric-
tion, tissue swelling, and increased mucous production together with the onset of an infl ammatory 
response. Histopathologically, the changes include mucous plugging, epithelial damage, goblet cell 
hyperplasia, basement membrane thickening, and eosinophil infi ltration. The infl ammatory response 
results in prolonged effects in the airways such that asthmatic reaction may be persistent or have 
a late onset. It is possible here that other types of immune processes are involved (O’Byrne et al., 
1987; Corrigan and Kay, 1992). The airways even of mild asthmatics are chronically infl amed, 
with infi ltration of activated eosinophils and T lymphocytes, degranulation of mast cells, epithelial 
damage, deposition of collagen below the basement membrane, and goblet cell hyperplasia (Beasely 
et al., 1989; Jeffrey et al., 1989; Djukanovic et al., 1990). 

 The synthesis of IgE antibody is T cell dependent and a characteristic array of cytokines is pro-
duced, including GM-CSF, IL-3, IL-4, IL-5, IL-6, and IL-10. These cytokines both promote production 
of IgE and induce the infl ammatory response. IFN-� serves to antagonize this process and to inhibit 
IgE production (Finkelman et al., 1988b). Immunohistochemical analysis of bronchial mucosal biop-
sies has recently identifi ed the mast cell as a source of preformed characteristic cytokines (Bradding 
et al., 1992, 1994; Okayama et al., 1995). TNF-�, GM-CSF, IL-3, IL-4, IL-6, IL-8, IL-10, and IL-13 
are all stored in mast cell granules and may be rapidly released on IgE-dependent stimulation. 

 Mast cells are ideally placed to initiate a rapid and robust response to allergen exposure. They are 
numerous on and beneath the bronchial epithelium and adjacent to bronchial smooth muscle and blood 
vessels. Every mast cell is likely to have at least some allergen-specifi c IgE bound to its surface Fcε 
receptors. In contrast, very few T cells in the lung are specifi c for any one allergen, and cytokine release 
upon activation may require several hours to become signifi cant (Sampson and Holgate, 1997). 

 Although the immediate-hypersensitivity response must be triggered by mast cells, the T cells 
are crucial in ultimately defi ning the quality or specifi city of the immune response by fi ne tuning 
the production of specifi c IgE by B lymphocytes. Without this specifi c IgE mast cells would not 
be able to respond effectively and rapidly to allergen exposure. Allergen-specifi c T-cell clones are 
of the Th2 type in acute asthma, but in ongoing chronic asthma the T-cell cytokine repertoire is 
more diverse, suggesting that the majority of T cells have functions other than allergen recognition 
(Sampson and Holgate, 1997). The severity of T-cell activation is related to the severity of disease. 
Mild disease may be mast cell driven but in more severe, chronic cases the pathology in the asth-
matic lung is thought to be due to a T-cell-driven eosinophilic infl ammation. 

 12.5 THE ROLE OF EOSINOPHILS IN RESPIRATORY SENSITIZATION 

 Since the e a rly part of this century, it has been known that asthma is associated with eosinophilia of 
the blood and lung (Ellis, 1908). Horn et al. (1975) demonstrated that peripheral blood eosinophils 
are inversely correlated with the severity of asthma as measured by forced expiratory volume (FEV). 
Eosinophils are polymorphonuclear leukocytes, which can be identifi ed in Wright- or Giemsa-
stained preparations by staining of secondary granules in the leukocyte cytoplasm as brilliant red-
dish or orange refractile granules. Cationic peptides are released from these secondary granules 
when an eosinophil interacts with a target cell and may lead to death of the target. Eosinophils make 
up 2 to 5% of the total white blood cells in humans and the proportion is not substantially different 
in other species. After a brief residence in the circulation, eosinophils marginate, becoming adherent 
to the endothelium of blood vessel walls. They subsequently migrate into tissues by passing between 
the lining endothelial cells. It is believed that they do not return to the circulation. 

 The mechanism by which leukocytes negotiate the endothelial barrier is complex and involves 
cell adhesion molecules (CAMs). Carbohydrate ligands on leukocytes initially interact loosely with 
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lectin-binding regions of P, L, and E selectin, causing the leukocyte to roll along the endothelial 
wall. One of the effects of allergen challenge is to modulate endothelial selectin expression. Release 
of autocoids including histamine, leukotrienes B

 4 
 and C

 4 
, and platelet-activating factor (PAF) results 

in elevation of P-selectin on endothelial cells within an hour of exposure. The infl ammatory cytokines 
IL-1, TNF-�, and IFN-� produce a slower expression of E-selectin (Gundel et al., 1991; Vonderheide 
and Springer, 1992). Inhibition of leukocyte rolling occurs because of interaction of leukocyte inte-
grins (found on neutrophils, eosinophils, and lymphocytes) with intercellular adhesion molecule 1 
(ICAM-1) found on the endothelium (Montefort et al., 1994). The leukocyte becomes fl attened on 
the endothelial wall before migrating across the endothelium. Endothelial expression of ICAM-1 is 
up-regulated by the same cytokines that up-regulate E-selectin. Blockade of ICAM-1 and E-selectin 
by using neutralizing antibodies attenuates eosinophil and neutrophil infl ux in sensitized and subse-
quently challenged monkeys and reduces the late asthmatic response and the associated increase in 
responsiveness (Gundel et al., 1991). 

 The distribution of eosinophils corresponds mainly to areas exposed to the external environ-
ment, such as skin, mucosa of the bronchi, and gastrointestinal tract. Besides being involved in 
asthmatic responses, eosinophils also have elevated levels in individuals with parasitic infections. 
Presumably, this latter phenomenon represents their evolutionary purpose. 

 Occupational asthma shows the characteristic features of airway smooth muscle contraction, 
edema, and fl uid accumulation, resulting, presumably, from the local release by mast cells of infl am-
matory mediators such as histamine and leukotrienes. Chronic infl ammation plays an important role 
in asthma and is associated with infi ltration of the bronchial mucosa by infl ammatory cells, mucous 
production, the destruction and sloughing of airway epithelial cells, and subepithelial fi brosis sec-
ondary to collagen deposition (Roche et al., 1989; Beasely et al., 1989). Of particular importance in 
the development of bronchial mucosal infl ammation is the eosinophil acting together with infi ltrat-
ing T lymphocytes. Indeed, pulmonary eosinophilia is characteristic of allergic asthma and differ-
entiates it from other infl ammatory conditions (Briatico-Vangosa et al., 1994). Although the role of 
eosinophils in respiratory hypersensitivity is not fully understood, increased numbers of eosinophils 
have been shown in bronchoalveolar lavage (BAL) fl uid and in bronchial mucosal biopsies approxi-
mately 24 h after the initial asthmatic response (De Monchy et al., 1985; Frew et al., 1995). This 
eosinophil infl ux is thought to play a major role in the so-called late asthmatic response with eosino-
phils being selectively recruited into the lung from the vasculature and replenished by an increased 
proliferation or release from the bone marrow. There is no doubt that the eosinophilia associated 
with respiratory hypersensitivity is infl uenced markedly by cytokines, in particular, IL-5, which is a 
product of Th2 cells (Chand et al., 1992; Gulbenkian et al., 1992; Iwami et al., 1992, 1993). 

 The eosinophil is a terminally differentiated cell that produces an array of infl ammatory media-
tors, including toxic oxygen radicals and basic proteins. Of particular importance are the  cysteinyl-
leukotrienes that seem to have a bronchoconstrictor role in acute asthma and after allergen challenge. 
In fact cysteinyl-leukotriene antagonists are entering clinical practice as oral prophylatic agents 
to reduce signifi cantly the incidence and severity of acute exacerbations, preventing late-phase 
bronchoconstriction and bronchial hyperresponsiveness and reducing the infl ammatory response 
(Sampson and Holgate, 1997; Lin et al., 2002). The four principal cationic proteins in the eosinophil 
granule are the major basic protein (MBP), eosinophil peroxidase (EPO), eosinophil-derived neuro-
toxin (EDN), and eosinophil cationic protein (ECP). MBP, EPO plus H

 2 
O

 2 
 plus halide, EPO alone, 

and ECP are all toxic in varying degrees to guinea pig tracheal epithelium, producing exfoliation 
and ciliostasis (Gleich, 1990). MBP, in particular, is highly cytotoxic to bronchial epithelium and 
is elevated in asthmatic sputum (Frigas and Gleich, 1986). In addition, the eosinophil is the pre-
dominant cell implicated in bronchial epithelial damage in asthma. At its most severe this damage 
can include stripping of the pseudostratifi ed ciliated epithelium down to the basal cell layer. In 
mild to moderate asthma, the epithelial cleavage occurs along the line of desmosomes between the 
columnar and basal cells (Montefort et al., 1992a, 1992b). Proteins released by eosinophils may be 
responsible for damage to these desmosomes, including metalloendopeptidases, ECP, MBP, or EPO. 
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In patients with marked asthma, MBP concentrations are elevated in BAL fl uid and the elevations 
of both MBP and eosiniphils can be related to bronchial smooth muscle hyperreactivity to inhaled 
methacholine. Tests of the hypothesis that the eosinophil is responsible for bronchial hyperreactivity 
have demonstrated that application of MBP to tracheal rings causes smooth muscle hyperreactivity to 
histamine and acetylchloine. Direct injection into the epithelium  in vivo  also causes smooth muscle 
hyperreactivity (Gleich, 1990). 

 Cysteinyl-leukotrienes have been shown to act as potent and specifi c chemoattractants of eosin-
ophils (Hay et al., 1995), which may be associated with their effect in inducing bronchial hyper-
responsiveness. Leukotriene antagonists and synthesis inhibitors seem to reduce eosinophil and 
basophil infl ux after allergen challenge in humans and to show signifi cant steroid-sparing effects 
in severe asthma (Sampson and Holgate, 1997). Cysteinyl-leukotrienes may therefore have a proin-
fl ammatory function, possibly involving positive feedback, so that their production by eosinophils 
results in further eosinophil infl ux. Furthermore, the eosinophil is also a source of proinfl ammatory 
cytokines that may be chemoattractive for eosinophils and may enhance their survival. 

 Clearly, pulmonary infi ltration of eosinophils is characteristic of respiratory sensitization 
(asthma). It is a direct result of the IgE-mediated Th2-type response seen in asthma, occurring 
largely because of the chemoattractant properties of cytokines produced during this response, in 
particular, IL-5. Furthermore, eosinophils are crucially involved in the pathogenesis of the asthmatic 
response itself, in particular, the late phase and prolonged effects, but possibly also the immediate 
bronchoconstriction response. A summary of the eosinophil products implicated in the pathophysi-
ology of asthma and their effects is given in Table 12.3. 

   12.6 PREDICTIVE METHODS FOR IDENTIFYING 
RESPIRATORY SENSITIZERS 

 Currently no well-validated or widely applied methods exist for determining which chemicals may 
induce respiratory sensitization. The nature of the immune response is such that  in vitro  methods 
are unlikely to provide a complete picture, although techniques have been described to determine 
the potential of low-molecular-weight chemicals to interact with protein (Wass and Berlin, 1990).   
Interaction with protein is a necessary prerequisite for allergenicity because low-molecular-weight 
compounds are incomplete antigens (haptens). Such protein-binding studies may be useful as a 
prescreen for new chemicals or complex mixtures with unknown properties (Sarlo and Clark, 1992). 
They cannot, however, be regarded as models for the induction of an immune response and they do 
not address issues such as absorption and metabolism. Perhaps the best hope for  in vitro  alterna-
tives is the use of structure–activity relationships for which some powerful relational databases are 
now being developed. Indeed some progress has been reported in identifying structural alerts for 

  TABLE 12.3 Eosinophil Products Implicated in the Pathophysiology of Asthma 

 Eosinophil Products Effect
LTC4, 15-HETE Mucous hypersecretion

IL-5, IL-3, GM-CSF Eosinophil priming

LTD4, PAF, IL-5, 15-HETE Eosinophil recruitment

LTD4, PAF Bronchoconstriction, mucosal edema

LTE4, MBP Bronchial hyperresponsiveness

LTD4, TGF-� Epithelial proliferation, airway remodeling

MBP, EPO, ECP Epithelial damage

 LTC4, cysteinyl-leukotriene; 15-HETE, hydroxyeicosatetraenoic acid. 
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respiratory sensitization in a structure–activity model (Graham et al., 1997). Nevertheless, without a 
reliable  in vivo  predictive test, it is diffi cult to develop or validate the necessary “rule base” for such 
a system. Several  in vivo  models have been described of which the most promising are the guinea 
pig respiratory parameter tests, the mouse IgE assay, cytokine-profi ling studies, and the eosinophil 
peroxidase assay. 

 12.6.1 Respiratory Parameter Tests 

 Guinea pig respiratory parameter test s  have been developed by using whole-body plethysmography 
techniques to assess changes in respiratory function, tidal volume, and respiratory rate (Karol et al., 
1980, 1981). These techniques have been successfully used to demonstrate respiratory sensitization 
after inhalation of isocyanates. However, protein conjugation was required for the inhalation challenge 
exposure to induce a response and this process has been reported to be poorly reproducible (Botham 
et al., 1988). Nevertheless the model has been adapted to evaluate responses to other chemicals. 

 In this model, guinea pigs are housed in whole-body plethysmographs and exposed to chemical 
atmosphere for 3 h per day for 5 consecutive days. Animals are exposed to chemical or chemical-carrier 
conjugate aerosols 17 days after the last exposure to determine pulmonary reactivity. The model uti-
lizes changes in respiratory rate as the predominant indication of a hypersensitivity response, which 
is measured by use of pressure-sensitive transducers attached to whole-body plethysmographs. 
Respiratory frequency and plethysmograph pressure are monitored continuously from 2 h before 
allergen provocation challenge through to 24 h postchallenge. Body temperature is also measured 
because fever has been detected accompanying the late asthmatic response. The criteria used to 
identify a hypersensitivity response are: 

 Respiratory rate: 35% or greater increase from baseline 
 Fever: 0.6°C or greater increase from baseline. 

 Serum is collected at selected time intervals to measure antibodies to the chemical (Karol, 1995). 
 This model has been used to examine antibodies and pulmonary responses to chemicals such 

as toluene diisocyanate (TDI), diphenylmethane diisocyanate (MDI) (Karol and Thorne, 1988), tri-
meric hexamethylene diisocyanate (Des-N) (Pauluhn and Eben, 1991), trimellitic anhydride (TMA) 
(Pauluhn and Eben, 1991; Botham et al., 1988), phthalic anhydride (PA) (Sarlo and Clark, 1992), 
reactive black B dye (Sarlo and Clark, 1992), and procion yellow mx4r dye (Botham et al., 1988). 

 A review by Sarlo (1997) summarized the results of these studies as follows. Pulmonary reac-
tivity (immediate and/or delayed onset) was detected in animals exposed to the isocyanates and 
the anhydrides when challenged, by inhalation, with the appropriate chemical-carrier conjugate. 
Pulmonary reactivity, elicited by inhalation challenge with the chemical alone could be demon-
strated with TDI, MDI, and TMA. No pulmonary reactivity was detected in the animals exposed to 
the reactive dyes after inhalation challenge with dye or dye-carrier conjugate. 

 Allergic and nonallergic antibodies were found to all the chemicals (the major allergic antibody 
in guinea pigs is IgG1 whereas that in humans is IgE). The presence of antibodies and the amount 
of antibody produced were not predictive of pulmonary reactivity. Those animals with pulmonary 
responses had antibodies to the chemical but not all animals with antibodies experienced pulmonary 
reactions upon challenge. Also the development of antibodies occurred at exposure concentrations 
lower than those needed to establish pulmonary reactivity. 

 The Karol inhalation model has the advantages of allowing exposure via the respiratory tract 
and evaluation of dose–response relationships, but it is a time- and labor-intensive model, requiring 
specialized equipment and facilities. In addition, changes in respiratory pattern can occur as a result 
of respiratory tract irritation and, therefore, need careful interpretation. Exposure to nonirritant con-
centrations is desirable but in practice it is diffi cult to achieve. 

 Similar respiratory parameter tests have been developed incorporating intradermal injections 
of a high dose of chemical to induce an immune response (Pauluhn and Eben, 1991; Botham et al., 
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1989; Rattray et al., 1994). Either one or two intradermal injections were used followed by serology 
and inhalation challenge, with free chemical or chemical-carrier conjugate, 2 weeks after the 
injection. TMA, Des-N, and MDI were evaluated. Allergic antibodies to all three chemicals were 
detected but pulmonary reactivity could only be elicited by inhalation challenge with TMA or MDI. 
In a further injection model, guinea pigs were injected subcutaneously with several low doses of 
free chemicals over a period of 4 weeks followed by a boost injection at 6 weeks and evaluation for 
antibody and respiratory reactivity at week 8 (Sarlo and Karol, 1994; Sarlo and Clark, 1992). A total 
of six chemicals have been assessed using this model: TDI, TMA, PA, reactive black B dye, MDI, 
and hexachloroplatinic acid. Respiratory reactivity was assessed by a single intratracheal challenge 
with chemical-carrier conjugate. Results indicated dose–response relationships between the induc-
tion dose of chemical and antibody titers or respiratory reactivity. The dose–responses in respira-
tory reactivity, however, were not always clearly related to induction dose or to the titer levels of 
chemical-specifi c antibodies. The injection models are faster to conduct and less expensive than the 
inhalation model but still require specialized equipment and facilities. More recently a combined 
intradermal injection/repeated inhalation sensitization with subsequent inhalation challenge proto-
col has been developed (Pauluhn and Mohr, 1998). In this study TDI was used as the test chemical 
with challenge to the free chemical and TDI-protein conjugate. Respiratory responses, antibody 
analysis, and lung histopathology were evaluated. The outcome of the test was less dependent on the 
exposure concentration used for sensitization of the animals when the combined protocol was used, 
which improved the robustness of the test. 

 A major disadvantage of the injection and inhalation models is the need for a chemical-carrier 
 conjugate, which is necessary to measure chemical-specifi c allergic and nonallergic antibodies. 
There are no standard methods for preparing or analyzing chemical conjugates and the quality of 
the conjugate can affect the result of the serological assay (Botham et al., 1988). In addition, all the 
respiratory parameter tests suffer from the problem of confounding results caused by irritant effects 
of the test chemical. It is not possible, in these tests, to distinguish between respiratory changes 
caused by irritation and those induced by an immunologically mediated mechanism, unless antibody 
analysis is also conducted. This necessitates exposure to nonirritant concentrations, which may be 
too low to elicit a response. 

 12.6.2 The Mouse IgE Test 

 The mouse IgE test was developed to differentiate between contact and respiratory sensitizers and is 
based on the different induced immune responses characteristic of differential activation of T-helper 
cells. Dearman and Kimber (1991) and Dearman et al. (1991, 1992b) showed that a respiratory sen-
sitizer, trimellitic anhydride, induced a characteristic rise in serum IgE levels whereas a contact sen-
sitizer, 2,4-dinitrochlorobenzene (DNCB), did not. Subsequent studies have revealed similar results 
with other respiratory sensitizers, diphenylmethane diisocyanate and phthalic anhydride (Dearman 
and Kimber, 1992; Dearman et al., 1992c). The basis of the model rests on the theory that all chemi-
cal respiratory allergens are also contact allergens and that dermal exposure can lead to either a 
contact sensitization response or to a respiratory allergy. In addition, the skin may be a relevant 
route of exposure for sensitization to chemical respiratory allergens. Several studies have examined 
antibody and pulmonary responses of guinea pigs after dermal exposure to various isocyanates. 
One or two dermal applications of 25 or 100% TDI led to the generation of TDI-specifi c allergic 
antibody and one third of the animals experienced pulmonary reactions upon inhalation exposure 
to TDI or TDI-protein conjugate (Karol et al., 1981). Preferential stimulation of Th1 or Th2 cells 
will determine whether contact allergy or respiratory allergy ensues. A chemical with the potential 
to be a respiratory allergen will induce stimulation of Th2-dominated immune responses resulting 
in elevated IgE levels and development of chemical-specifi c IgE antibodies. A high-IgE-responding 
strain of mouse, the BALB/c strain, is used to maximize the effect. Dearman et al. (1992c) showed 
that dermal exposure of BALB/c strain mice to known chemical respiratory sensitizers, but not to 
chemicals considered only to be contact sensitizers, induced an increase in the serum concentration 
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of IgE. Groups of mice received 50 µl of a single concentration of the test chemical on each shaved 
fl ank followed, 7 days later, by 25 µl of a 1:1 dilution of the same chemical applied to the dorsum 
of both ears. At various periods following exposure mice were exsanguinated by cardiac puncture 
and serum prepared. The concentration of IgE in serum samples was measured by using a sandwich 
enzyme-linked immunosorbent assay (ELISA) calibrated with a monoclonal mouse IgE antibody. 
Results were compared with historical control values for serum IgE levels in untreated mice. In 
subsequent investigations the serum IgE concentration was measured 14 days after initiation of 
exposure to the test material and studies were conducted to examine dose–response relationships. 
It was found that each of four chemical respiratory allergens, TMA, TDI, MDI, and hexamethylene 
diisocyanate, induced a dose-dependent increase in serum IgE concentration compared with concur-
rent vehicle-treated control groups and historical control values. No similar increases were observed 
when mice were treated in the same way with the contact-sensitizing chemicals DNCB or oxazo-
lone (Hilton et al., 1995). With this method a chemical is considered to have potential to induce 
sensitization of the respiratory tract if it provokes, at one or more test concentrations, a statistically 
signifi cant elevation in the serum concentration of IgE, compared with values derived from control 
mice treated with the vehicle alone (Hilton et al., 1996). These authors proposed the use of DNCB 
and TMA as negative and positive controls, respectively. 

 The IgE test appears, therefore, to be capable of demonstrating a specifi c immune response but 
it does not demonstrate elicitation of that response as asthma. It is not suitable for measuring the 
respiratory sensitization potential of proteins because protein sensitizers do not appear to produce, 
in mice, an increase in serum IgE concentration comparable with that induced by chemical allergens 
(Hilton et al., 1994). It has also been shown recently that respiratory sensitization induced by certain 
acid anhydrides may occur by an IgE-independent mechanism (Dearman et al., 2002). Furthermore, 
this method cannot be used to examine dose–response relationships for the elicitation of respiratory 
allergic reactions in previously sensitized animals. 

 12.6.3 Cytokine Fingerprinting 

 The divergent immune responses seen with contact and respiratory sensitizing chemicals have also 
been utilized in another proposed method for screening chemicals known as cytokine fi ngerprinting. 
It appears that the phenotype of selective cytokine secretion develops as the response to a chemical 
allergen evolves. Cytokines isolated from draining lymph nodes early in the immune response, after 
initial exposure of mice, produce a similar profi le of cytokines irrespective of the chemical allergen 
used. After more chronic treatment, however, selective cytokine secretion becomes apparent. Several 
studies have been conducted to examine mitogen-inducible IL-4, IL-10, and IFN-� as cytokines 
indicative of the differential immune response. Chemicals were applied to mice as in the IgE assay by 
initial application to the shaved fl anks on two occasions, 5 days apart. A further 5 days later, chemi-
cals were applied to the dorsum of both ears daily for three consecutive days. The draining auricular 
lymph nodes were then excised and lymph node cell (LNC) preparations were prepared. These LNC 
preparations were maintained in culture and cytokine analysis was conducted on the culture super-
natants by using sandwich ELISA techniques (Dearman et al., 1994, 1995, 1996). In these studies, 
primary exposure of BALB/c mice to TMA or oxazolone produced similar amounts of mitogen-
inducible IL-4, but after more prolonged exposure the production of IL-4 was signifi cantly greater in 
mice treated with TMA (Dearman et al., 1994, 1995). Treatment with TMA was also found to favor 
the production of IL-10 whereas oxazolone or DNCB preferentially induced IFN-� (Dearman et al., 
1995). In a further study, exposure to TDI and DNFB (a respiratory and contact sensitizer, respec-
tively) also stimulated distinct cytokine patterns. LNCs from mice treated with TDI were found to 
secrete high levels IL-10 and mitogen-inducible IL-4, but only comparatively low concentrations of 
IFN-�. Exposure to DNFB resulted in the converse profi le of cytokine secretion. 

 In some respects this proposed method is particularly attractive. It would be possible to use this 
technique to identify chemicals with sensitization potential by measuring stimulation of cytokine 
production and to identify the quality of the immune response likely to develop by the profi le of 
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cytokines produced. Thus, a sensitizer could be identifi ed and defi ned as a respiratory or contact 
sensitizer in the same assay. Unfortunately this method suffers from some of the same disadvantages 
as the IgE method. It does not demonstrate elicitation of the immune response as asthma, providing 
only an indication that a particular type of immune response has been induced. It might be possible, 
for example, for a chemical to be shown as positive for respiratory sensitization by the IgE test or by 
cytokine fi ngerprinting but to lack the ability to gain access to, or to elicit hypersensitivity reactions 
in, the respiratory tract. It would not be possible to develop the cytokine-fi ngerprinting technique 
for use with inhalation exposure because of the absence of a single draining lymph node for the 
respiratory tract.   

 12.6.4 The Eosinophil Peroxidase Assay 

 As a result of the importance of pulmonary eosinophilia in the pathogenesis of asthma, several animal 
models of this condition have been investigated including sheep, primates, guinea pigs, and rats 
(Abraham et al., 1988; Ishida et al., 1989; Gundel et al., 1990; Elwood et al., 1991; Foster and Chan, 
1991; Pauluhn and Mohr 1998). All these studies rely on the histological detection of pulmonary 
eosinophils in BAL fl uid or tissue sections. Such methodology is particularly time consuming (its 
accuracy depending on the number of cells and fi elds counted), susceptible to artifacts of tissue pro-
cessing and fi xation, and unamenable to automation (Tagari et al., 1993). A biochemical method has 
been described that utilizes the preference of eosinophil peroxidase (EPO) for bromide ion (Br�) as a 
substrate to quantify numbers of eosinophils (Bozeman et al., 1990). This assay may provide the basis 
for a simple, quantitative, and reproducible method for identifying respiratory sensitizers. 

 The assay is based on the natural function of EPO, which is to use H
 2 
O

 2 
 to oxidize halide ions to 

produce an array of antimicrobial oxidizing and halogenating agents. EPO in conjunction with H
 2 
O

 2 
 

and halide kills a variety of microorganisms  in vitro  (Gleich and Adolphson, 1986). In general, the 
preferred halide is iodide (I�), but EPO is effective at, and preferentially uses, the concentrations of 
bromide that are present in physiological fl uids (Weiss et al., 1986). A similar function is shared by 
the myeloperoxidase (MPO) enzyme present in neutrophils and monocytes, but MPO primarily cata-
lyzes the oxidation of chloride by H

 2 
O

 2  
to yield the highly reactive oxidizing and chlorinating agent 

hypochlorous acid. The EPO found in cytoplasmic granules of human eosinophilic leukocytes is much 
less active in chloride oxidation but highly active with Br�, I�, and the pseudohalide ion thiocyanate 
(SCN�) (Bozeman et al., 1990). MPO and EPO also share the ability to catalyze the oxidation of phenols 
and aromatic amines. Many assays based on measuring the rate of H

 2 
O

 2 
-dependent oxidation of phe-

nols and aromatic amines have been developed to measure peroxidase activity. Bozeman et al. (1990) 
selected the spectrophotometric assay of tetramethylbenzidine (TMB) oxidation as having a number 
of advantages, including its high sensitivity (enzyme concentrations of 1 n M  are readily assayed) and 
the fact that TMB is less hazardous than many other peroxide substrates. 

 Bozeman et al. (1990) showed that EPO activity is preferentially stimulated by the presence of 
Br�. The presence of potassium bromide (KBr) or the bromide salt of a detergent (CETAB) caused 
a dramatic increase, up to 7-fold, in the activity of purifi ed EPO enzyme. In contrast, the same 
concentration (3 m M ) KBr caused a much smaller, only 1.5-fold, increase in the activity of purifi ed 
MPO enzyme. This factor was used to develop an assay that differentiates between EPO and MPO 
activity. The assay uses spectrophotometry to quantify the H

 2 
O

 2 
-dependent oxidation of TMB with 

Br� as a substrate. The reaction can be stopped by addition of H
 2 
SO

 4 
 and the yellow product absorbs 

at approximately 450 nm. 
 The assay was further developed by Tagari et al. (1993) for use with homogenized lung tissue 

and they showed that, by using appropriate dilutions of lung homogenate, protein quenching of the 
reaction was insignifi cant. The same workers showed that guinea pig eosinophils, purifi ed by centrif-
ugation over Ficoll 400 containing sodium diatrizoate, showed greater peroxidase activity than unpu-
rifi ed polymorphonuclear leukocytes (containing 3 to 5% eosinophils). These fi ndings indicate that 
guinea pig EPO is preferentially stimulated by Br� similarly to that derived from human eosinophils. 
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The work was conducted on peritoneal eosinophils derived from guinea pigs after three times weekly 
injections of polymixin sulfate. With these cells, both endogenous and Br�-stimulated peroxidase 
activities were found to be directly proportional to the number of eosinophils. EPO could be completely 
inhibited by 3 µ M  azide, which further confi rms the biochemical homology of the guinea pig and 
human enzymes (Bozeman et al., 1990). Preliminary studies indicated that high concentrations of 
lung homogenate inhibited the oxidation of TMB, presumably by protein binding of the TMB, but a 
1:500 fi nal dilution of tissue was found to have minimal effects on the EPO activity of added eosino-
phils. Furthermore, this dilution did not affect the stimulatory effect of 3 m M  KBr. This latter effect 
was quantifi ed in the presence of lung homogenate and showed a log-linear relationship. 

 Tagari et al. (1993) went on to demonstrate that pulmonary eosinophilia could be identifi ed in 
sensitized guinea-pigs by using this assay. The study used a protein sensitizer, ovalbumin, to which 
animals were sensitized by intraperitoneal injection followed by inhalation challenge with an oval-
bumin aerosol. The assay was conducted by using homogenized lung tissue obtained from these 
animals. Inhalation of 3% ovalbumin by unsensitized animals resulted in a modest (35%) increase 
in EPO activity similar to that observed after inhalation of saline or bovine serum albumin (BSA). 
Animals that had been presensitized by intraperitoneal injection of ovalbumin showed visible rhini-
tis, respiratory abnormalities, and a 2-fold increase in EPO activity. Double sensitization of guinea 
pigs with two injections of ovalbumin 2 weeks apart, and ovalbumin inhalation 1 week after the 
second injection, increased the EPO activity to more than 3-fold greater than controls. 

 More recent studies have confi rmed that the EPO assay can be used in guinea pigs to quan-
tify the pulmonary eosinophil infl ux that typifi es the respiratory sensitization response. The assay, 
originally described by Tagari et al. (1993), has been refi ned and developed as a potential predictive 
test for chemical respiratory sensitizers. An experimental protocol has been described involving 
induction of immune responses by intraperitoneal injection followed by inhalation challenge expo-
sures. Approximately 17 h after inhalation exposure, samples of blood-free lung parenchyma were 
homogenized and subjected to the EPO assay. Substantial elevations in pulmonary EPO activity 
were detected after induction and challenge with both a protein sensitizer (ovalbumin) and a low-
molecular-weight sensitizer (trimellitic anhydride). The immunological basis of these responses was 
confi rmed because similar increases were not observed when inhalation exposure was conducted 
without presensitization or in ovalbumin-presensitized animals subsequently exposed by inhalation 
to a different protein (BSA) (Blackwell, 1998). 

 A further study (Blackwell, 1999) involved six test groups treated with the three test chemicals 
(TDI, PA, and DNCB), with either single or repeated exposure inhalation challenge. Induction of an 
immune response was obtained by two intraperitoneal injections of the test chemicals, mixed with 
aluminum hydroxide as an adjuvant, 2 weeks apart. One week after the second injection animals were 
exposed, by nose-only inhalation, to aerosol atmospheres of the test chemicals either once only or 
once per day for three consecutive days. The test groups, which received intraperitoneal induction and 
a single inhalation challenge exposure to either TDI or PA, showed slightly higher group mean absor-
bance values in the EPO assay than controls. The increase, however, was not statistically signifi cant 
with only one or two animals in each group showing a response in the EPO assay that could be con-
sidered indicative of a hypersensitivity reaction. This muted response was not unexpected, in particu-
lar, for TDI, because demonstration of respiratory sensitization in guinea pigs with this chemical has 
proved problematic in other studies unless challenge exposures were conducted using a TDI protein 
conjugate (Karol et al., 1980; Botham et al., 1988). Previous studies had produced unequivocal sensiti-
zation reactions with trimellitic anhydride and ovalbumin (Blackwell, 1998) by using this protocol, so 
it was considered unlikely that the problem lay in failure to induce an antibody response. The previous 
studies, by others, on TDI had identifi ed the need for challenge exposure to a protein conjugate, so the 
evidence suggested the need for an enhanced inhalation challenge procedure. It was hoped that this 
could be accomplished without using protein conjugation. Accordingly, further groups were treated 
with each of the three test chemicals (TDI, PA, and DNCB) with the same protocol but modifi ed to 
include repeated inhalation challenge exposures (up to 1 h per day for 3 consecutive days). 
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 The impact of the repeated-challenge procedure on the outcome of the EPO assay was dramatic. 
The animals sensitized to, and repeatedly challenged with, PA showed an approximately 8-fold 
increase in EPO activity compared with negative controls. Those animals similarly treated with TDI 
showed a lesser but still statistically signifi cant ( p  < 0.01) increase in EPO activity compared with 
the negative controls. 

 The method using this refi ned protocol has clearly demonstrated respiratory sensitization, iden-
tifi ed as pulmonary eosinophil infi ltration, following exposure to PA and TDI without the need for 
challenge exposure to a protein conjugate. Furthermore, identical treatment of guinea pigs with the 
contact sensitizer DNCB produced no signifi cant increase in EPO activity. 

 Histopathological examination of lung samples was undertaken to compare the morphological 
appearance of the lung tissue and, specifi cally, the cellularity of any infl ammatory changes with 
the results of the EPO assay. One of the main perceived advantages of the EPO assay over histo-
pathology for the determination of respiratory sensitization is that quantitative values can easily be 
obtained. This cannot be done by histopathology unless elaborate special staining techniques com-
bined with image analysis or laborious cell-counting procedures are used. Thus, the histopathology 
results obtained are qualitative, or at best semiquantitative, in nature. 

 The PA- and TDI-repeated challenge animals that showed elevated EPO activities also showed 
statistically signifi cant increases in the incidence and severity of eosinophil infi ltration in the lung 
tissue as determined histopathologically. Histopathology also identifi ed increased incidence and 
severity of eosinophils in the single-challenge TDI group but to a lesser degree than in the repeated-
challenge group. 

 The histopathological determination of eosinophils correlated well with the results of the EPO 
assay, confi rming the predictive nature of the assay. In particular, the more substantial elevation in 
eosinophil numbers, suggested by the EPO assay, for the PA-treated animals compared with the TDI 
group was confi rmed by the histopathology results. An increased severity of eosinophil infi ltration was 
described in the PA repeated challenge group compared with the corresponding TDI animals. The only 
discrepancy was in the single-exposure TDI group, which showed a signifi cant eosinophilia by histo-
pathology but not in the EPO assay, although a small, but not statistically signifi cant, increase had been 
suggested by the EPO assay. This discrepancy, most likely results from the semiquantitative nature of 
the histopathology fi ndings and the fact that histopathology necessarily focuses in on a small section of 
lung tissue (5 µm in thickness); when the condition may not occur uniformly throughout the tissue. 

 The results of this study show that the EPO assay can be used to provide a rapid and quantita-
tive determination of pulmonary eosinophil infi ltration caused by chemical respiratory sensitiza-
tion. The protocol has potential for use as a screening test for chemical respiratory sensitizers and 
the quantitative nature of the assay suggests that it could be useful in identifying the potency of 
sensitizing chemicals. 

 12.7 INHALATION CONSIDERATIONS 

 As discussed previously, it is important for a predictive method for the determination of respira-
tory sensitization to include an inhalation phase. Clearly, it is inhalation of allergens that results in 
elicitation of asthmatic responses in sensitized individuals so a potential allergen must be capable of 
reaching the respiratory tract. The most useful methods are, therefore, likely to be those that at least 
allow challenge exposures to be undertaken by inhalation. It is not necessarily essential for initial 
sensitization (induction) to be conducted in this way. Respiratory sensitization in humans probably 
occurs in the majority of cases by solely inhalation exposure but considerable evidence indicates 
that it can occur through other routes of exposure as well. Studies in guinea pigs have demonstrated 
respiratory sensitization following dermal exposure and subsequent inhalation challenge (Karol 
et al., 1981). Furthermore, it is possible that other routes of exposure, in particular, the dermal route, 
could be of major importance in inducing sensitization, which subsequently results in occupational 
asthma. Workers are often exposed to chemicals by contact with the skin. Nevertheless, for respiratory 
hypersensitivity (asthma) to ensue, subsequent inhalation exposure is essential. 
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 13.1 NATURE OF THE PERIPHERAL SENSORY IRRITANT EFFECT 

 The word irritancy is used somewhat loosely in some toxicological texts, and it may not be specifi ed 
in acute situations whether the word is being applied to a pathological or pharmacological process. 
In a pathological process (primary irritation), irritancy should be used to describe infl ammatory 
effects and, in the pharmacological process, it is used to describe an interaction of the causative 
molecule with peripheral sensory nerve receptors (Ballantyne, 1983). 

 Peripheral sensory irritation (PSI) is a pharmacological effect in which xenobiotics interact with 
sensory nerve receptors in the skin or mucosae to produce a local sensation (discomfort, itching, 
burning sensation, or pain) together with related local and some systemic (autonomic) refl exes. The 
effects subside after removal of the stimulus and do not result in any long-term adverse sequelae. 
Hence, the major characteristics of a PSI event are that the materials act locally (in skin or mucosae) 
by stimulating sensory nerve receptors and producing local sensations with locally mediated and 
some systemic refl exes (Ballantyne, 1999). Many substances causing a pharmacological PSI effect 
will also produce, usually at a higher applied concentration, an infl ammatory response. Thus, a 
PSI effect may result in a protective biological warning of exposure to potentially harmful mate-
rials. Originally, PSI effects were attributed to a common chemical sense independent of touch, 
temperature, and pain (Parker, 1912). However, it was subsequently demonstrated that PSI effects 
are mediated by several types of receptors, most of which also respond to noxious, thermal, and/or 
mechanical stimuli (Green, 2000). Thus, the idea of common chemical sense was replaced by the 
concept that PSI effects are mediated principally by chemically sensitive neural elements of pain and 
temperature; i.e., a process of peripheral chemosensory irritation (PCI). The word “chemesthesis” 
was introduced to stress that chemosensory irritation is a multimodal sense (Green et al., 1990). 

 The principal sites at which PCI effects are experienced are the eye, respiratory tract (nasal mucosa, 
oronasal pharynx, larynx, trachea, and bronchi), and skin. On the eye there is (depending on the con-
centration) local itching, discomfort, or pain, with excess lacrimation and blepharospasm as local 
refl exes. These effects may produce variable degrees of visual incapacitation and may also be accom-
panied by transient increases in intraocular pressure (Ballantyne, 1999). In the respiratory tract, and 
discussed in more detail later, discomfort or pain occurs in the nasal mucosa, nasal and oral pharynx, 
throat, larynx, and chest, together with the local refl exes of coughing, sneezing, and increased respira-
tory tract secretions. An increase or decrease in breathing rate and decreased tidal volume accompany 
these symptoms. An itching or burning sensation with local erythema usually occurs on the skin. By 
all routes, systemic refl exes include transient increased systolic and diastolic blood pressure with bra-
dycardia. Incidental contamination of the oral cavity (from liquid splashes or from airborne material) 
may result in stinging sensation on the tongue and palate with increased salivation. 

 A characteristic feature produced by many PCI molecules is the development of a progressive 
decrease in the sensory irritant response with sequential applications of the material, a phenomenon 
usually referred to as tachyphylaxis (or tolerance). Also, cross-tachyphylaxis between different PCI 
molecules may occur with some, but by no means all, materials. When cross-tachyphylaxis devel-
ops it is possible that this may be by a similar mode of action of the responsible materials, with 
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stimulation of the same peripheral sensory receptor (Foster and Ramage, 1981). For example, Chang 
and Barrow (1986) used a depression-of-respiratory-rate model in the rat to study cross-tolerance 
between formaldehyde and chlorine. They showed that formaldehyde pretreatment induced a signifi -
cant cross-tolerance to the PCI effects of chlorine, which was demonstrated by a shift to the right of 
the concentration–response curves. Babuik et al. (1985) showed that preexposure of rats to formalde-
hyde vapor caused cross-tolerance with acetaldehyde, as evidenced by the RD

 50 
 being increased three 

to fi ve times, and similarly with acrolein, with which the RD
 50 

 increased fi ve times. However, PCI 
cross-tolerance was not seen with propionaldehyde, butyraldehyde, crotonaldehyde, cyclohexanecar-
boxaldehyde, cyclohex-3-ene-1-carboxaldehyde, and benzaldehyde, confi rming that cross-tolerance 
is not a generalized phenomenon. Tolerance and cross-tolerance are clearly of practical signifi cance, 
because repeated exposure to a specifi c PCI material or preexposure to another may cause a reduced 
sensory warning on subsequent exposures and, hence, a correspondingly lesser degree of protection. 
Although the mechanism of production of tolerance is not clearly understood, it has been suggested 
that in some cases chemically induced histopathological changes in the nasal epithelium may cause 
tolerance and cross-tolerance. A detailed review of tolerance has been written by Bos et al. (1992). 

 13.2 PSI MOLECULE–SENSORY RECEPTOR INTERACTIONS 

 Many investigators consider that PCI molecules interact nonspecifi cally with sensory nerve recep-
tors, and as noted above the expression “common chemical sense” was originally used to differen-
tiate PSI function from other chemically induced sensations, such as taste or smell (Keele, 1962).   
Molecules that induce PCI have widely differing chemical structures and, in general, no identifi -
able specifi c morphological receptors for PCI exist. However, in skin PCI molecules show some 
selectivity in that they excite polymodal nociceptive receptors and warm thermoreceptors (Foster 
and Ramage, 1981), but the sensitivity of these receptors is divorced from their mechano- and 
thermoreceptive functions (Green and Tregear, 1964). The most distinct PCI effects result from 
stimulation of corneal and nasal mucosal sensory receptors, and in these tissues it is believed that a 
direct interaction occurs between PCI molecules and trigeminal nerve chemoreceptors that reside on 
C fi bers and possibly A� fi bers (Nielsen, 1991; Nielsen et al., 1996). The potent PSI material capsaicin 
( trans -8-methyl- N -vanillyl-6-nonenamide) is capable of binding with receptors on both C and A� 
fi bers and desensitizing them to other PCI materials. This desensitization effect may be sustained 
(Bevan and Szolesanyi, 1990; Holzer, 1991; Thurauf et al., 1991). Thus, pretreatment with capsaicin 
can be used as a method to recognize PCI effects generated from capsaicin-sensitive nerves, and it 

TABLE 13.1 The Infl uence of Molecular Weight on the Sensory Irritant 
Potential of a Homologous Series of N-(3’-hydroxy-4’-methoxyphenyl)-
2-chloroamides Shown by the Guinea Pig Blepharospasm Testa

Chloroalkylamideb

Number of Side
Chain C Atoms

EC50 (95% CL)c

(M)
2-Chlorobutyramide 4 5.37 (4.27�6.75) � 10�5

2-Chlorovaleramide 5 1.20 (1.05�1.66) � 10�5

2-Chlorohexamide 6 7.08 (5.45�9.20) � 10�6

2-Chloroheptamide 7 2.83 (2.18�3.68) � 10�6

2-Chlorooctamide 8 2.03 (1.57�2.63) � 10�6

2-Chlorononamide 9 9.50 (7.15�12.6) � 10�6

a Data from Ballantyne (1999).
b Attached to 3�-hydroxy-4�-methoxyphenyl nucleus (Figure 13.1).
c Effective concentration to cause blepharospasm in 50% of the population studied (with 95% 
confi dence limits).
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is used as a pharmacological tool to investigate sensory irritant effects. For example, Hansen and 
Nielsen (1994), who studied the sensory irritant effects of  n -propanol and ethylbenzene in mice after 
pretreatment with capsaicin, found that the intranasal preapplication of capsaicin decreased the sen-
sory irritant response to these materials. They also found that pretreatment with indomethacin had 
no effect, indicating a direct receptor interaction rather than an indirect effect from tissue damage. 
Other aspects of desensitization have lead to suggestions concerning differential receptor binding. 
Thus, Hansen et al. (1992), using a refl exly induced decrease in breathing rate in mice as an index of 
PCI, found that methyl ethyl ketone at low vapor exposure concentrations caused a desensitization 
of the response, but little desensitization was seen at higher concentrations. In contrast,  n -propanol 
desensitized the receptor at all concentrations. However, preexposure of mice to  n -propanol did not 
infl uence the response to methyl ethyl ketone. The authors concluded that the results indicated that 
the two ketones bind to different receptors sites, which have different properties. 

TABLE 13.2  Depression of Respiratory Rate by 50% Produced by Vapor of Various 
Monoamines in Male Ssc:CF-1 or Swiss OF1 Mice by Nasal Breathing (nRD50) and Breathing 
through a Tracheal Cannula (tRD50)

a

Amine Formula
Molecular

Weight
nRD50

(ppm)
tRD50

(ppm) t/nb log Pc

Primary saturated aliphatic monoamines

n-Propyl- CH
3
CH

2
CH

2
NH

2
59.12 115 500 4.35 0.58

isopropyl- (CH
3
)

2
CHNH

2
59.12 157 489 3.11 0.43

n-Butyl- CH
3
CH

2
CH

2
CH

2
NH

2
73.13 84 226 2.69 1.13

isobutyl- (CH
3
)

2
CHCH

2
NH

2
73.13 91 406 4.46 0.92

n-Pentyl- C
5
H

11
NH

2
87.23 64 119 1.86 1.68

n-Hexyl- CH
3
(CH

2
)

5
NH

2
101.25 42 93 2.21 2.31

n-Heptyl- CH
3
(CH

2
)

6
NH

2
115.28 25 62 2.48 3.00

n-Octyl- CH
3
(CH

2
)

7
NH

2
129.31 17 35 2.06 3.30

tert-Octyl- (CH
3
)

3
CCH

2
C(CH

3
)

2
NH

2
129.31 80 96 1.20 2.19

Secondary saturated aliphatic monoamines

Diethyl- (C
2
H

5
)

2
NH 73.13 184 549 2.98 0.58

Di-n-propyl- (CH
3
CH

2
CH

2
)

2
NH 101.19 92 222 2.41 1.69

Di-isopropyl- [(CH
3
)

2
CH]

2
NH 101.19 161 102 0.63 1.09

Di-n-butyl- (CH
3
CH

2
CH

2
CH

2
)

2
NH 129.31 173 106 0.61 2.83

Di-isobutyl- [(CH
3
)

2
CHCH

2
]

2
NH 129.31 300 289 0.96 2.67

Tertiary saturated aliphatic monoamine

Triethyl- (C
2
H

5
)

3
N 101.19 186 691 3.72 1.45

Primary unsaturated aliphatic monoamine

Allyl- CH
2
�CHCH

2
NH

2
57.10 9 56 6.27 0.15 

Secondary unsaturated aliphatic monoamine

Diallyl- (CH
2
�CHCH

2
)

2
NH 97.16 4 157 39.25 1.08

Primary alicyclic monoamine

Cyclohexl- C
6
H

11
NH

2
99.18 27 78 2.87 1.54

a  Data from Gagnaire et al. (1989, 1993) and Nielsen and Yamagiwa (1989).
b  Ratio of tRD

50
/nRD

50
.

c  Log P
ow

 (n-octanol-water partition coeffi cient).
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 Molecules with a variety of chemical structures are capable of causing PCI effects (Nielsen, 
1991). For example, molecules having C�C and carbonyl groupings, in particular, in the presence 
of a halogen, have sensory irritant properties (Dixon and Needham, 1946). With aldehydes, the 
degree of irritation increases with �,�-unsaturation (Moncrief, 1944). With a known PCI mate-
rial, introduction of certain groupings into that molecule may alter the sensory irritant potential, 
the magnitude of which depends on the specifi c nature of the grouping introduced. For example, 
based on RD

 50 
 measurements, compared with the sensory irritant styrene the chloro-derivative 

3-chlorostyrene is 2.6 times more potent and �-nitrostyrene is 364 times more potent (Alarie, 1973). 
Some homologous series of chemicals may show a clear relationship between molecular weight 
(MW) and PCI potential. Thus, for a series of C3–C7  n -alkylamines Nielsen and Vingaard (1988) 
noted that PCI potential increased, as refl ected by decreasing values for the nRD

 50 
, as the chain 

length increased. Also, Table 13.1 indicates that for a series of  N -(3�-hydroxy-4�-methoxyphenyl)-
2-chloroamides (Figure 13.1) the PCI potential as determined by a guinea pig blepharospasm test 
increased (became more potent) as the C chain length increased. Less clear relationships have been 
shown for other series; for example, differences exist within the monoalkylamine series by RD

 50 
 

measurements (Table 13.2). The primary saturated aliphatic monoamines show a decrease in RD
 50 

 

TABLE 13.3 Guinea Pig Blepharospasm Test on a Series of 
N-Phenyl-2-Chloroamidesa

N-Phenyl Derivative
Chloroalkyl Group (X) Attached

to N-Phenylamideb

EC50 (95% CL)
(�10�5 M)c

2-Chloroacetamide -CH
2
Cl 40.6 (30.5–54.5)

2-Chloropropionamide -CH(Cl)CH
3

8.70 (6.61–11.43)

2-Chorobutyramide -CH(Cl)CH
2
CH

3
4.30 (3.52–5.37)

2-Chlorovaleramide -CH(Cl)(CH
2
)

2
CH

3
3.54 (2.72–4.60)

2-Chlorohexanamide -CH(Cl)(CH
2
)

3
CH

3
2.87 (2.18–3.77)

2-Chloroheptanamide -CH(Cl)(CH
2
)

4
CH

3
2.68 (2.05–3.50)

2-Chloro-octanamide -CH(Cl)(CH
2
)

5
CH

3
1.15 (0.87–1.50)

2-Chlorononamide -CH(Cl)(CH
2
)

6
CH

3
1.07 (0.82–1.40)

2-Chlorodecanamide -CH(Cl)(CH
2
)

7
CH

3
1.23 (0.92–1.65)

a  Over the range of molecular weights tested the PCI effects (as EC
50

 values) were similar. 
b  Ø-NHCO-X.
c  Effective concentration 50% (95% confi dence limits).
Source: Data according to Ballantyne (1999).

CH3O

NHCOCH(CI)–X

OH

FIGURE 13.1 Nucleus for a series of 
N-(3�-hydroxy-4�-methoxyphenyl) chlo-
roamides tested for determination of the 
EC

50
 by the guinea pig blepharospasm 

procedure (Table 13.1); X � aliphatic 
attachment.
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value (i.e., increased PCI potency) by nasal exposure (nRD
 50 

) as the molecular weight increases 
(Figure 13.2).   Thus, for this series, whose nRD

 50 
 values ranged from 17 to 157 ppm, analysis by 

linear regression shows a signifi cant ( p  � 0.01) correlation between nRD
 50 

 and molecular weight 
(Figure 13.2(a);  r  � –0.79). If  tert -octylamine is omitted from the analysis, because this compound does 
not fall into the generally decreasing nRD

 50 
 series (Table 13.2), then the association with MW is stronger 

(Figure 13.2(b);  r  � –0.9874,  p  � 0.0006). In contrast, the secondary saturated aliphatic mono-
amines do not show a statistical relationship between nRD

 50 
 and MW ( r  � 0.4262,  p  � 0.47). The 

unsaturated aliphatic amines, allylamine, and di-allylamine, were the most potent PCI materials in the 
series, with respective values of 9 and 4 ppm. This agreed with measured nRD

 50 
 values for other allyl 

compounds, including allyl acetate (2.9 ppm), allyl glycidyl ether (5.7 ppm), allyl alcohol (3.9 ppm), 
and allyl ether (5 ppm) (Gagnaire et al., 1987; Nielsen et al., 1984). However, with many homolo-
gous series MW has little infl uence on sensory irritant potential, as shown in Table 13.3 for guinea 
pig blepharospasm studies with a series of  N -phenyl-2-chloroamides.   

50

100

50 100 150

M
W

(a)

30
40

50
60
70

80
90

100
110
120
130

50 100 150

nRD50

M
W

(b)

FIGURE 13.2 Linear regression analysis for assessment of the 
correlation between nRD

50
 in mice and molecular weight (MW) 

of the primary saturated aliphatic monoamines listed in Table 13.2. 
(a) Analysis for all nine primary amines shown in Table 13.2; 
r � –0.79; p � 0.01. (b) Analysis for all primary monoamines 
except tert-octylamine; r � –0.9874; p � 0.0006.
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 Experimental studies have suggested that PCI molecules interact with membrane-associated 
binding sites and that binding affi nity is a major factor in determining the potency of the PCI 
response (Green et al., 1979). In certain cases these effects may be associated with –SH or –NH

 2 
 

groups of membrane proteins or enzymes, or the amide nitrogen of a peptide bond, or both (Dixon 
and Needham, 1946; Silver et al., 1967; Alarie, 1973; Schauenstein et al., 1977; Douglas, 1981). 
However, different mechanisms probably operate for different chemical groupings. For exam-
ple, the PCI potential of saturated aliphatic aldehydes decreases with their hydration constant, 
which may determine their degree of cross-linking with receptor proteins. In contrast, unsatu-
rated aliphatic aldehydes such as acrolein and crotonaldehyde do not hydrate to any degree, but 
they undergo addition reactions with –SH, –NH

 2 
, and other groups (Schauenstein et al., 1977; 

Steinhagen and Barrow, 1984). For higher molecular weight, less reactive aldehydes, the sensory 
irritant effects may be due to a physiological mechanism involving thermodynamic and solubility 
properties of the molecule in a lipid bilayer containing receptor proteins (Luo et al., 1983; Nielsen 
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nRD50 ppm
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P
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3
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g 

P
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FIGURE 13.3 Linear regression analysis for assessment of the 
correlation between nRD

50
 in mice and log P

ow
 (octanol-water par-

tition coeffi cient) of the saturated aliphatic monoamines shown in 
Table 13.2. (a) Analysis for all nine primary saturated aliphatic 
amines listed in Table 13.2 shows a strong correlation; r � –0.9524; 
p � 0.0003. (b) Analysis for the fi ve secondary saturated aliphatic 
monoamines listed in Table 13.2 shows a poor correlation; r � 
0.3945; p � 0.51.
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and Alarie, 1982). Gagnaire et al. (1993) have demonstrated that RD
 50 

 values for aliphatic amines 
are related to their octanol-water partition coeffi cients, with a linear relationship between lipo-
philicity and sensory irritation. For the series of monoamines shown in Table 13.2, the primary 
saturated aliphatic compounds show a strong association between PCI potential (as nRD

 50 
) and 

log P
 ow 

 (Figure 13.3(a);  r  � – 0.9524,  p  � 0.0003) indicating a linear relationship between lipophi-
licity and PCI potency, but this does not extend to the secondary aliphatic amines (Figure 13.3(b); 
 r  � 0.3945,  p  � 0.51). Cometto-Muniz and Cain (1995) studied a homologous series of aliphatic 
alcohols, ketones, and alkylbenzenes and found that thresholds for eye irritation decreased with 
increasing carbon chain length, implicating lipophilicity in the irritant potency. Dudek et al. (1992) 
compared the Swiss–Webster mouse RD

 50 
 value for toluene (4,900 ppm) with those for various halo-

genated derivatives of toluene, which were found to be signifi cantly more irritant (range, 4.3–27 ppm). 
They believed that their fi ndings were compatible with the interaction of these PCI molecules with 
a receptor protein in a lipid bilayer. The trends in RD

 50 
 values were related to the development of 

a partial positive charge on the toluene �-carbon-halogen bond by the positioning of ring chlorine 
and also the bond dissociation energies of the �-carbon-halogen bond for the halogenated isomers of 
benzyl halide. Quantitative structure–activity relationship (QSAR) considerations have suggested the 
importance of hydrogen bonding in relation to the activation of sensory irritant receptors by nonreac-
tive volatile organic molecules (Abraham et al., 1990; Nielsen, 1991). The effect of hydrogen bond-
ing on upper respiratory tract irritation, assessed in detail by QSAR, demonstrated that the process 
involved nonreactive irritants as hydrogen bond acids; i.e., the receptor site is a hydrogen bond base. 
However, the range of nonreactive irritants was not large, with most hydrogen bond acid compounds 
being simple alcohols. To further investigate this area, Nielsen et al. (1996) studied the following three 
compounds with differing hydrogen bond acidities: methyl hexafl uoroisopropyl ether, trifl uoroethanol, 
and hexafl uoropropan-2-ol. The respective RD

 50 
 values determined in CF-1 mice were �160,000, 

110,400–23,300, and 165 ppm. QSAR showed that methyl hexafl uoroisopropyl ether and trifl uoroeth-
anol behaved as predicted as nonreactive sensory irritants, whereas hexafl uoropropan-2-ol was much 
more potent than predicted, which could result from a coupled reaction involving both strong hydrogen 
bonding and weak Brønsted activity. Kasanen et al. (1998) studied stereospecifi city in detail.   

 13.3 PHYSIOLOGICAL SIGNIFICANCE OF PERIPHERAL 
CHEMOSENSORY IRRITATION 

 The signifi cance and importance of peripheral chemosensory irritant effects for normal biological 
circumstances are as outlined below. 

 13.3.1 Biological Warning 

 The local sensation induced by PCI materials gives a warning of the presence of such materials 
in the immediate environment. They are thus likely, if of suffi cient potency, to cause the affected 
individual(s) to seek an uncontaminated area. Because many materials causing a PCI effect also pro-
duce tissue injury (infl ammation) at higher exposure concentrations, a determination of the exposure 
conditions leading to a PCI response can be an important factor in determining, or qualifying, what 
are suitable safe occupational or environmental exposure limits (Ballantyne, 1983). 

 Although the biological importance of a positive PCI response is clear, it is also obvious that 
the absence of such a response with a material capable of causing tissue injury can result in a poten-
tially hazardous situation. Such an absence of a warning on contact can be conducive to local injury. 
Examples of materials that may injure because of the absence of sensory warning on contact include 
dimethyl sulfate and methyl bromide (Grant and Schuman, 1993). In these circumstances it may be 
necessary, or advantageous, to add a material with PCI properties; e.g., addition of chloropicrin to 
the fumigant ethyl bromide. For materials with a PCI effect, eye irritation thresholds are usually well 
above odor thresholds. For example, Cometto-Muñiz and Cain (1995), who studied a homologous 
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series of aliphatic alcohols, ketones, and alkylbenzenes, found that the ratio of eye irritation thresh-
old to odor threshold varied from 15 with 2-propanone to 2,695 for propyl benzene. This indicates 
that with a known PCI substance the odor may increase the warning margin of exposure. 

 13.3.2 Biological Protective Mechanisms 

 The local refl exes induced from exposure to a PCI material are of importance as early protective 
mechanisms that limit further exposure. For example, lacrimation removes material from the surface 
of the eye, and blepharospasm restricts further access of material to the surface of the eye. With the 
respiratory tract, decreased breathing rate, decreased tidal volume, and cough all restrict further 
inhalation of irritant material. 

 13.3.3 Harassment and Incapacitation 

 Both the sensory effects (discomfort and pain) and the local refl ex effects can be distracting and 
harassing, and thus produce variable degrees of incapacitation. For example, blepharospasm and 
excess lachrimation result in an impairment of vision. This may be detrimental to effi cient working 
and also may predispose the affected individual to accidents. Therefore, PCI is an important consid-
eration in relation to safe working conditions. 

 13.3.4 PCI and Pulmonary Defense Mechanisms 

 The effect of PCI materials on the pulmonary defense mechanisms is variable. For example, sulfur 
dioxide and formaldehyde at low concentrations may stimulate phagocytosis (Katz and Laskin, 
1976), whereas other PCI materials may inhibit the phagocytic capacity of pulmonary macrophages. 
A dose-related inhibition of the normal phagocytic   response of the pulmonary alveolar macrophage 
has been shown with cigarette smoke (Green and Carolin, 1967) and marijuana smoke (Cutting 
et al., 1974). In a study on the effect of dibenz[b.f]-1,4-oxazepine (CR) and ten of its derivatives on 
the phagocytosis of rabbit pulmonary alveolar macrophages toward  Staphylococcus epidermis,  it 
was found that CR was the most potent inhibitor, and the 1- and 2-chloro derivatives were the least 
potent (Hogg et al., 1983). Whereas inhibition of phagocytosis was dose dependent, the degree of 
inhibition was not correlated with either the nature or the position of the substituent groups on the 
CR molecule. Also, no discernable relationship existed between the inhibition of phagocytosis and 
the sensory irritancy of the compounds tested. 

 13.4 FACTORS INFLUENCING THE PCI RESPONSE 

 Numerous endogenous and exogenous factors may infl uence the concentration required to induce 
a PCI response, its subjective severity, and its latency and duration. Some of the more important of 
these are discussed below. 

 13.4.1 Concentration of PCI 

 With progressively increasing concentrations, no PCI effects are produced until a certain concentra-
tion (the threshold) is attained. At suprathreshold concentrations, the exposure concentration is a 
determinant of the following. 

  a. The proportion of the exposed population that respond: the higher the concentration, 
the larger the proportion of the population that is affected. On a linear basis, in general, 
there is a typical biological sigmoid curve (with proportionate values; Figure 13.4) or a 
Gaussian curve (with absolute data).   

  b. The latency to onset of PSI effects: the higher the concentration, the shorter the time to 
onset of effects (Figure 13.5).    
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  c. The duration of the sensory irritant effect, in particular, after a brief (pulsed) exposure. The 
higher the concentration, in general, the longer is the persistence of the effect (Figure 13.5). 

  d. The subjective experience of the response. For example, the higher the concentration of 
PCI applied to the eye the more marked is the induced blepharospasm (intermittent to 
sustained) and the more severe is the induced pain. 

 13.4.2 Particle Size 

 For PCI materials in particulate form, size may be an important determinant of both the severity 
and site of the response. For example, small particles of respirable dimensions rapidly produce both 
ocular and respiratory PCI effects, whereas larger particles produce predominantly ocular irritation 
with prolonged recovery. For example, Owens and Punte (1963) showed this by using particles of 
 o -chlorobenzylidene malononitrile having respective sizes of 1- and 60-µm MMAD. 

 13.4.3 Motivation and Distraction 

 Both increased motivation and distractions can raise the threshold for the induction of PCI effects and 
enhance tolerance for suprathreshold sensory irritancy. For example, in the workplace the concentra-
tion at which sensory discomfort becomes apparent with a particular material may be signifi cantly 
higher than that causing threshold effects with the same material tested under carefully controlled 
laboratory conditions. It thus follows that the quantitative values obtained for sensory irritant effects 
in experimental situations probably represent the most sensitive measurements for the effects and 
thus give the most reliable and safest estimates on which to base occupational exposure guidelines. 
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FIGURE 13.4 Sigmoid concentration–response curve of the threshold 
irritant response for sensation induced in the human eye by an aerosol 
of 2-chlorobenzylidene malononitrile (CS). The percent response is the 
proportion of the population responding for each concentration tested. By 
probit analysis, the TC

50
 (with 95% confi dence limits) is 4.0 (2.3–6.6) � 

10–3 mg/m3.
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 13.4.4 Tolerance 

 Individuals may develop tolerance to a PCI material if exposure is gradual and at low concentrations; 
the individual adapts by a decrease in the apparent feeling of discomfort and harassing effects (Beswick 
et al., 1972). The development of tolerance is clearly of importance in the workplace, because an adap-
tation to a warning of potentially harmful chemicals may lead to a decrease in safe working conditions, 
in particular, if carefully derived occupational exposure limits are not strictly adhered to. 

 13.4.5 Personality 

 There are signifi cant personal and psychological factors in tolerance to pain, and a similar vari-
ability exists between individuals with respect to the discomfort produced by PCI materials. Thus, 
under a given set of circumstances some individuals will tolerate the discomfort more readily than 
others. This also is a factor to be considered when assessing the variability to sensory irritants in the 
workplace. Variation in the perceived irritation from a chemical can result from sensory factors that 
limit the quantity or quality of information available to process and cognitive factors that infl uence 
how the information is evaluated. Assessing the degree to which differences in cognitive states can 
produce differences in the ratings of irritancy appears to be critical when evaluating the perceived 
sensory and health impact on humans following exposure to chemicals in occupational and residen-
tial environments (Dalton et al., 1997). 

 13.4.6 Personal Habits and State of Health 

 Smoking, medication, and certain diseases may affect susceptibility to PCI materials. For example, 
in a study of worker sensitivity to sodium borate dust, Woskie et al. (1998) found that those who 
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FIGURE 13.5 Infl uence of the concentration of a solution of the PCI, 
2-chlorobenzylidene malononitrile (CS), on the latency to onset (solid 
line) and duration (interrupted line) of human eye discomfort. As the con-
centration of CS applied to the eye increases, latency decreases and the 
duration of the induced effect is prolonged. (Data according to Ballantyne 
and Swanston, 1973a.)
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smoked, used nasal sprays, or had allergies or colds were more sensitive to sensory irritant effects, 
and Dunn et al .  (1982) showed that smokers were less sensitive to nasal CO

 2 
 irritation. 

 13.4.7 Temperature and Humidity 

 It has been found that increases in environmental temperature and humidity may decrease endurance   
to peripheral sensory irritation (Punte et al., 1963). 

 13.4.8 Vehicle 

 With sensory irritants in solution the vehicle used to dissolve or suspend the active PCI substance 
may modify its irritant potential. Surface-active vehicles, for example, can facilitate penetration and 
enhance the PCI response, as shown by a lowering of the concentration necessary to induce both 
threshold and incapacitating effects. 

 13.5 QUANTITATION AND INTERPRETATION OF PERIPHERAL 
SENSORY IRRITANT OBSERVATIONS 

 As noted above, a clear, positive relationship usually exists between the exposure concentration for a 
PCI material and the proportion of the exposed population responding, and this is sigmoid or Gaussian 
in form (Figure 13.4). This indicates that although most of the exposed population respond over a well-
defi ned region about the median, a small proportion (at the left-hand side of the curve) is hyperreactive 
to sensory irritant stimulation and a small proportion (to the right) is hyporeactive. For ease of presen-
tation and calculations the concentration–response data are usually converted to a linear confi guration 
by log-probit plot. It is conventional to calculate a 50% response level, with 95% confi dence limits 
(CL), to allow statistical comparison of the relative potency of the PCI response under defi ned condi-
tions. This should also include a determination of the slope on the concentration–response regression 
line to obtain the best possible estimate of comparative sensory irritant potency. A variety of values, 
discussed below, are calculated to allow the sensory irritant response to be quantifi ed. 

 For effects that can be objectively evaluated it is common to refer to the effective concentration 
(EC); i.e., the exposure concentration that is effective in producing the specifi c effect under consid-
eration. When suffi cient data exist it is common to calculate the sensory irritant potency as the EC

 50 
; 

i.e., the concentration, calculated from the exposure concentration–response data, which results in 
a specifi c irritant response in 50% of the exposed population under the particular conditions of the 
observations. Examples of effects that may be quantifi ed and expressed as an EC

 50 
 include depres-

sion of breathing rate in animals, blepharospasm in experimental animals and human volunteers, and 
subjectively assessed discomfort (e.g., pain). Some effects are referred to by specifi c expressions; 
e.g., a 50% depression in breathing rate is usually referred to as the RD

 50 
. For subjective evaluations 

in humans, such as the degree of discomfort, it is also possible to determine and cite 50% response 
levels; e.g., the threshold concentration 50% (TC

 50 
) and,  above-threshold concentrations, if the degree 

of discomfort is severe, the incapacitating (intolerable) concentration 50% (IC
 50 

) can be obtained. In 
some situations it may be useful to calculate different levels of incapacitation; e.g., IC

 90 
. 

 As with the proportion of the population responding to various exposure concentrations of a 
PCI challenge, variability also occurs between individuals in the latency to effect and in the duration 
of effect. Therefore a complete description of a PCI response requires information on the exposure 
concentration, proportionate response, latency, and duration of response. Figure 13.6    (left-hand 
graph) shows the relationship between the exposure concentration and exposure time to produce 
different degrees of incapacitation in a particular group of human subjects. For any given exposure 
concentration, the proportion of the population responding increases with exposure time, refl ect-
ing variable latency within the group. Also, and a further indication of variability, within limits a 
given degree of incapacitation can be produced by various reciprocally related exposure times and 
exposure concentrations. The reciprocal relationship between exposure time and concentration to 
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produce a given degree of incapacitation also has implications for the exposure dosage (Ct) received. 
The right-hand graph in Figure 13.6 shows that for any given level of incapacitation the exposure 
dosages are greater for the high concentration–short exposure duration conditions than for the lower 
concentration–more prolonged conditions. Thus, although increasing the exposure concentration 
shortens latency to response, it also results in a greater exposure dosage to produce a given equipo-
tent incapacitating effect. 

 Ideally, data derived from the use of animal models should indicate the range of concentrations 
over which PCI effects may be expected to occur in humans. However, and as discussed later, most 
animal models are less sensitive than the human to many PCI materials. In general, animal models 
will detect those materials having a potential to produce PSI effects in humans but normally do not 
rank different materials in their order of potency for the human. Also, they do not accurately predict 
the concentration range over which effects may be anticipated in humans. 

 In examining the relative potency of different PCI materials it is important not only to compare 
the EC

 50 
 and 95% CL, but also to take into account the slope of the regression line. For example, if 

two different PCI materials have signifi cantly different EC
 50 

 values and the slopes of the regression 
lines on the dose–response lines are essentially parallel to each other then it may be concluded that 
the materials are signifi cantly different with respect to PCI potency over a wide exposure concen-
tration range (Figure 13.7). In contrast, even with materials of closely comparable EC

 50 
 values, if 
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FIGURE 13.6 Graphs showing the relationship between the atmospheric concentration of the PCI 
	-chloroacetophenone (CN) and the exposure time (left-hand graph) and the exposure dosage (Ct) of 
CN and time (right-hand graph) required to produce defi ned levels of incapacitation. The incapacitat-
ing concentrations (IC) and incapacitating doses (ICt) are plotted as a function of the time required to 
cause intolerable effects in 16, 50, and 84% of the population studied. (Data according to McNamara 
et al., 1968.)
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the slopes are different this may have important practical relevance with respect to proportionate 
population response. This is illustrated in Figure 13.8 for two materials having identical EC

 50 
 values 

but differing slopes of the regression lines. Because of the differing slopes, the values of the EC for 
the two materials differ signifi cantly from each other at both high-response (e.g., EC

 95 
) and low-

response (e.g., EC
 5 
) levels. It follows that for the material having the steeper slope, once the thresh-

old concentration is exceeded then only a small incremental increase in exposure concentration is 
required to cause an effect in the majority of the population. Thus, in such workplace situations it 
may be necessary to have a wider margin of safety below the relatively narrow concentration range 
required to convert a threshold to an incapacitating effect. In contrast, with the material having the 
shallower slope the concentration range necessary to convert a small response rate in the population 
to a large response rate will be much greater. However, in these circumstances it may be necessary 
to consider the measures necessary to protect the small proportion (EC

 5 
) that is hypersensitive. 

 When differences in slopes exist there are two major implications with respect to comparative 
evaluations. First, the relative potency of two materials will not be the same at different levels of 
response. Second, it may not be statistically valid to calculate a potency ratio. However, in such 
circumstances it may be of value to calculate the comparative potencies (CP) at different levels of 
irritancy. This is defi ned as follows (Ballantyne, 1977): 

  CP
 
 x 

 
 � [ A ] causing ( x ) response/[ B ] causing ( x ) response 

 where [ A ] and [ B ] are concentrations of PCI materials A and B, and ( x ) is a specifi c response rate. 
 It is often useful to compare the threshold and incapacitating concentrations for individual materials, 

e.g., IC
 50  

/TC
 50 

. This effectiveness ratio can be used to indicate if the threshold value gives an adequate 
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FIGURE 13.7 Comparison of two PCI materials 
(A and B) having signifi cantly different EC

50
 values 

but similar slopes on the concentration–response 
regression lines. Because of the parallel nature of 
the two regressions lines, the EC

5
 and EC

95
 values 

are also signifi cantly different for materials A and B. 
Thus, A and B are signifi cantly different from each 
other with respect to PCI potency over a wide con-
centration range.
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warning of potentially incapacitating exposure; the greater the value of the ratio, the more effective is 
the warning of the threshold effect. The value can also be used to indicate how many times the thresh-
old concentration has to be increased to result in an incapacitating effect. Table 13.4 gives an example 
of values for the comparative potencies by respiratory exposure to aerosols of  o -chlorobenzylidene 
malononitrile (CS) and dibenz[b.f]-1,4-oxazepine (CR), and the effectiveness ratios for the individual 
materials. It can be seen that as the concentration increases the comparative potency of CR is greater 
than that for CS; thus the aerosol concentration of CS required to attain a TC

 50 
 is twice that for CR, for 

an IC
 50 

 is 5.1 times, and for an IC
 75 

 response is 9.1 times. Also, there is a wide margin between the TC
 50 

 
and IC

 50 
 for CS and CR, indicating a signifi cant PCI warning effect at the TC

 50 
. However, the increase 

in concentration required to convert threshold to incapacitating effects is greater with CS (�900) than 
with CR (�350), indicating the latter to have a greater PCI potency. A similar situation applies with the 
IC

 75 
, but the proportionate increases required are even greater with CS. 

 13.6 METHODS FOR ASSESSING SENSORY IRRITANT POTENTIAL 

 Non-animal methods for determining the potential for substances to produce PCI effects have 
included QSAR considerations and chemical models. For example, Abraham et al. (1996, 1998) 
developed a QSAR equation for nasal pungency in subjects with anosmia caused by volatile organic 
compounds. The equation described sensory potency in terms of interaction via electron pairs, 
dipolarity/polarizability, hydrogen bond acidity and basicity, and hydrophobicity. Based on correla-
tions obtained between the results of the potency of nonreactive airborne chemicals as PCI materials 
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FIGURE 13.8 Comparison of two PCI materials having the same 
EC

50
 values but differing slopes on the concentration–response 

regression lines. This results in the EC
5
 and EC

95
 values being 

signifi cantly different from each other. This has implications for 
hyperreactive individuals in the group with the shallow slope and 
safety margins for the group with the steeper slope (see text).
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(RD
 50 

 measurements) and several of their physicochemical properties, including vapor pressure and 
Ostwald gas-liquid partition coeffi cients, an alternative for bioassays was presented with physico-
chemical variables such as those to estimate RD

 50  
values for nonreactive volatile organic compounds 

(Alarie et al., 1995). Biological approaches include the use of  in vitro  and  in vivo  biological models, 
and the controlled exposure of human volunteer subjects. Some of these, with their relative advan-
tages and disadvantages, are considered below. 

 13.6.1 Chemical Models 

 Some correlations have been made between PCI potential and certain physicochemical characteris-
tics, although this has been only for a limited series of materials, and comparisons between irritant 
and nonirritant materials are sparse. In an effort to predict what materials are likely to have PCI 
properties, various artifi cial membranes have been devised to simulate biological membranes. These 
have included monolayers and bilayers of lecithin, with monitoring of phase transitions to measure 
interaction with a PCI. Approaches used to investigate transitions have included differential scan-
ning calorimetry, electron spin resonance, and X-ray diffraction. In general, the use of such chemical 
membrane simulants has not been a reliable predictor for PCI effects. 

 13.6.2 Animal Biological Models 

 Several biological models, both  in vivo  and  in vitro  and of varying degrees of sophistication and sen-
sitivity, have been used to qualitatively or quantitatively assess the PCI potential of various classes 
of chemicals. These include the following. 

 13.6.2.1 Isolated Intestinal Segment 

 This is a nonspecifi c method based on the use of segments of small intestine, which are suspended in 
an incubating bath in a manner that allows the contraction of the segment to be measured mechani-
cally. The PCI substance being tested is added to the bath at varying concentrations, and a record is 
kept of those concentrations causing contraction of the intestinal segment. 

 13.6.2.2 Frog Flexor Reflex (FFR) 

 This approach, also nonspecifi c, involves a determination of the minimum concentration of irritant 
that causes withdrawal of the hind limb of decerebrate frogs from test solutions in an incubating 
bath. The method involves the sequential immersion of the hind-limb preparation in increasing 

Table 13.4 Comparative Potencies (CP) and Effectiveness Ratios 
(ER) for Aerosols of o-Chlorobenzylidene Malononitrile (CS) and 
Dibenz[b.f]-1,4-Oxazepine (CR) by Respiratory Exposure of Male 
Human Volunteer Subjectsa 

Material Degree of Irritancy (mg m�3)b ER

TC50 IC50
c IC75 

d IC50/TC50 IC75/TC50

CS 4.0 � 10�3 3.6 10.0 900 2,500

CR 2.0 � 10�3 0.7 1.1 350    550

CP 2.0 5.1 9.1   

a Data according to after Ballantyne (1977).
b TC

50
 � threshold concentration 50%  for sensation (1-min exposure).

c IC
50

 � incapacitating concentration 50% (1-min exposure).
d IC

75
 � incapacitating concentration 75% (1-min exposure).
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concentrations of PCI in solution. After each immersion, the limb is washed with saline, and after 
a period of 5 min the limb is immersed in the next solution. The time ( T  ) between immersion of 
the hind limb and its refl ex withdrawal from the solution is recorded. The log-molar concentration 
of PCI is plotted against  T  and the curve extrapolated to infi nite time by the use of a template of 
a standard curve to permit the minimum irritant concentration ( T

 m 
 ) to be determined. The mean 

 minimum irritant concentration from six frog preparations (Ť
m
) is used for comparison between 

different materials. The method is essentially  in vitro,  simple, economic, and easy to conduct, 
and some have used it as a reliable screening test for detection of materials having a PCI potential 
(Ballantyne, 1999; Feniak, 1966). However, with some materials the FFR test shows poor repro-
ducibility and tachyphylaxis may develop. Although the FFR test is relatively insensitive compared 
with other methods, such as the  in vivo  guinea pig blepharospasm and mouse depression of respira-
tion (RD

 50 
) tests (Table 13.5), the procedure correlates well ( r  � 0.99) with the guinea pig blepha-

rospasm test (Table 13.6), but is less well correlated with the mouse RD
 50 

 ( r  � 0.76) (Table 13.7).   

 13.6.2.3 Neurophysiological Preparations 

 Several peripheral nerves known to contain afferent nerves carrying PCI-induced action potentials 
from skin or mucosal surfaces have been used to detect materials having sensory irritant proper-
ties. Measurement of afferent nerve activity has been used with the following neurophysiological 
preparations. 

  a. Ciliary nerve recording following corneal stimulation. This is frequently undertaken using 
an excised cat eye mounted in a warm chamber, with the cornea exposed, and the attached 
long ciliary nerve laid over recording electrodes (Green and Tregear, 1964). Test sensory 
discharge can be induced by light tactile stimuli or cooling the surface. The respective 
thresholds are 0.1–1.0 g and 5–20ºC (Green and Tregear, 1964). 

  b. Nasopalatine, ethmoidal and sphenoidal nerve recording following nasal mucosal stimu-
lation. Such studies have been carried out with success in the rat (Cooper, 1970; Kulle 
and Cooper, 1975). For example, Tsubone and Kawahi (1991) used the ethmoidal nerve 
to record afferent impulses during exposure of the rat to various irritant gases. They found 
that formaldehyde and acrolein stimulated nasal mucosal sensory endings at about 1.0 ppm, 
with acetaldehyde producing a significantly lesser degree of stimulation. The concentra-
tions producing a 50% increase in nerve activity were 1.8 ppm for formaldehyde, 1.2 ppm 
for acrolein, and 908 ppm for acetaldehyde. 

TABLE 13.5 Comparison of the Relative Sensitivity of the Frog 
Flexor Refl ex (FFR), Guinea Pig Blepharospasm (GPB), and Mouse 
Respiratory Rate Depression (RRD) Tests for the Assessment of PCIa

Compoundb FFR Ťm (M)c GPB EC50 (M)d RRD RD50 (M)e

CS 9.78 � 10�6 2.16 � 10�5 6.00 � 10�8

CR 1.10 � 10�4 9.00 � 10�5 3.40 � 10�7

HMPC 2.14 � 10�6 7.70 � 10�7 3.82 � 10�8

a  Data according to Ballantyne (1999).
b  CS � o-chlorobenzylidene malononitrile; CR � dibenz[b.f]-1,4-oxazepine;
HMPC � N-(4�-hydroxy-3�-methoxyphenyl)-2-chloro-octanamide.
c  Ť

m
 � mean minimum irritant concentration.

d  EC
50

 � effective concentration 50%.
e  RD

50
 � depression of respiration 50%.
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TABLE 13.6 Comparative PSI Potential for Various Chemicals Measured by the 
Frog Flexor Refl ex (FFR) and Guinea Pig Blepharospasm (GPB) Testsa

Compound  FFR Ťm (M)b  GPB EC50 (M)c

N-(4�-Hydroxy-3�-methoxyphenyl) 2-chlorodecanamide 1.64 � 10�6 3.58 � 10�7

N-(3�-Hydroxy-4�-methoxyphenyl) 2-chloroheptanamide 1.89 � 10�6 2.83 � 10�6

N-(3�-Hydroxy-4�-methoxyphenyl) 2-chloronanamide 1.97 � 10�6 9.50 � 10�7

N-Nonanoylvanillylamide 2.00 � 10�6 3.30 � 10�7

N-(4�-Hydroxy-3�-methoxyphenyl) 2-chlorononamide 2.10 � 10�6 3.17 � 10�7

N-(4�-Hydroxy-3�-methoxyphenyl) 2-chloro-octanamide  2.14 � 10�6 7.69 � 10�7

N-(3�-Hydroxy-4�-methoxyphenyl) 2-chloro-octanamide 3.32 � 10�6 2.03 � 10�6

N-(4�-Hydroxy-3�-methoxyphenyl) 2-chloroheptanamide 5.23 � 10�6 1.90 � 10�6

o-Chlorobenzylidene malononitrile 9.78 � 10�6 2.16 � 10�5

Dibenz[b.f]-1,4-oxazepine 2.09 � 10�5 3.48 � 10�5

4-Methyldibenzoxazepine 2.20 � 10�6 9.30 � 10�5

3-Methyldibenzoxaxepine 4.16 � 10�5 5.40 � 10�5

�,�-Diacetyl-3-chlorostyrene 9.43 � 10�5 1.30 � 10�4

	-Chloroacetophenone 1.0 � 10�4 9.00 � 10�5

Phenanthrine 1.77 � 10�3 4.11 � 10�3

a  Data according to Ballantyne (1999).
b  Ť

m
 � mean minimum irritant concentration.

c  EC
50

 � effective concentration 50%; Correlation coeffi cient (r) � 0.99 p 
 0.001.

TABLE 13.7 Comparative PSI Potential for Various Chemical Classes Measured by 
the Frog Flexor Refl ex (FFR) and Mouse Respiratory Rate Depression (RRD) Testsa

Compound FFR Ťm (M)b RRD RD50 (M)c

o-Chlorobenzylidene malononitrile 9.78 � 10�6 6.00 � 10�8

Dibenz[b.f]-1,4-oxazepine 2.09 � 10�6 2.30 � 10�7

	-Chloroacetophenone 1.10 � 10�4 3.40 � 10�7

N-(4�-hydroxy-3�-methoxyphenyl) 2-chloro-octanamide 2.14 � 10�6 3.82 � 10�8

N-(4�-hydroxy-3�-methoxyphenyl) 2-chlorononamide 2.10 � 10�4 1.43 � 10�7

N-(4�-hydroxy-3�-methoxyphenyl) 2-chlorodecanamide 1.64 � 10�6 2.16 � 10�7

a  Data according to Ballantyne (1999).
b  Ť

m
 � mean minimum irritant concentration.

c  RD
50

 � respiratory rate depression 50%.

  c. Laryngeal nerve recording has been conducted after PCI stimulation of the laryngeal 
mucosa. It is usual to conduct the study in anesthetized and tracheotomized rats, with 
action potentials recorded from the recurrent laryngeal nerve. Unlike the corneal (ciliary 
nerve) preparation, the laryngeal model is more complex and slowly adapting (Dirnhuber 
et al., 1965). 

  d. For cutaneous application of a PSI material, a convenient model is by topical application 
of a PCI to the hind limb, with recording of afferent action potentials from the saphenous 
nerve (Foster and Ramage, 1981). 
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 13.6.2.4 Blepharospasm Test 

 The induction of blepharospasm in conscious animals in response to topical application of a PCI 
to the cornea, or from exposure to atmospherically dispersed material, is a very frequently used 
approach to assess the PCI potential on the cornea. It is a simple and reliable  in vivo  method that can 
also be performed in most species, including human subjects. For solutions, the test involves applying 
increasing concentrations to the surface of the cornea and noting the proportion of the test population 
that develop blepharospasm following the initial blink refl ex. In this way, the response rate can be 
calculated and an EC

 50 
 for blepharospasm calculated. If the test substance is in solution, or has to be 

diluted, it is important that an inert solvent be used. For materials dispersed in the atmosphere similar 
observations are employed to sequential increasing concentrations of the test substance. 

 There is a species variation in the sensitivity of the blepharospasm test for the same substances 
applied to the eye (Table 13.8).  In general, the guinea pig is the most suitable test species because of 
cost, size, and sensitivity to PCI materials. It is reproducible, free from tachyphylaxis, and differenti-
ates PCI molecules having closely chemically similar structures. However, it does not correlate well 
with the depression of breathing rate test in the mouse ( r  � 0.68; Table 13.9). 

 In addition to detecting chemicals having PCI potential, the guinea pig blepharospasm (GPB) 
test has found application in various drug applications. For example, it has been successfully used 
as a screen for the development of comfortable ophthalmic drug preparations. Bar-Ilan (1997) com-
pared results from a GPB test with the number of human subjects who noted pain or discomfort 
on applying various concentrations (2.5–17.5%) of sulfacetamide. The dose–response curves for 
the guinea pigs and humans were essentially identical, with a threshold at 5% sulfacetamide and a 
linear increase up to a maximum at 12.5–15.0%. The good relationship between the GPB test and 
the human nociceptive response with sulfacetamide indicated the usefulness of the procedure for 
predicting the degree of ocular discomfort in humans. 

 13.6.2.5 Depression of Breathing Rate 

 Inhalation of PCI materials by laboratory animals results in a decrease in breathing rate, which is refl exly 
induced by stimulation of trigeminal sensory receptors in the nasal mucosa. The decrease in breathing 
rate is caused by a pause in the expiratory phase of the breathing cycle (expiratory bradypnea), resulting 
in a characteristic notching pattern (Figure 13.9). The approach basically involves the head-only 
exposure of animals to various concentrations of test material and recording of the breathing rate by 
means of a plethysmograph. By using a minimum of four animals, the mean proportionate decrease 
in breathing rate for a given concentration of PCI is calculated. Up to a limiting value, there is 
usually a relation between the increase in concentration ( C ) of the test substance inhaled and the 
resultant decrease ( R ) in breathing rate (Figure 13.10). Because  C  and  C / R  are linearly related, 

TABLE 13.8 Comparison of the Blepharospasm-Inducing Effects in 
Various Species of Solutions (in Polyethylene Glycol 300) of 
2-Chlorobenzylidene Malononitrile (CS) and Dibenz[b.f]-1,
4-Oxazepine (CR) Applied Topically to the Corneaa

Material Blepharospasm as EC50 with 95% CL (M)b

Guinea Pig Rabbit Human
CS 2.2 (1.9–2.4) � 10�5 5.9 (3.8–10.0) � 10�5 3.2 (2.1–6.1) � 10�6

CR 3.5 (2.8–4.3) � 10�5 7.9 (5.1–12.5) � 10�5 8.6 (6.8–12.5) � 10�7

a  Data according to Ballantyne and Swanston (1973a, 1973b).
b  Results as effective concentration (EC) 50% with 95% confi dence limits.
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a least-squares regression between the two can be undertaken and the concentration causing a 50% 
depression in the breathing rate (RD

 50 
) can be calculated. To ensure that the most sensitive response 

is obtained, preliminary studies are needed to determine that the exposure is long enough to obtain 
the maximum decrease in breathing rate at the exposure concentrations. This may vary with differ-
ent chemicals. For example, with glutaraldehyde vapor a plateau for decrease in breathing rate was 
obtained within 5–10 min (Figure 13.11), and with methyl isocyanate within 10–15 min (Ferguson 
et al., 1986). If the exposure time is not suffi ciently long (i.e., a plateau is not reached), then a mis-
leadingly high value may be obtained; e.g., with 1,6-hexamethylene di-isocyanate the 10-min RD

 50 
 is 

0.96 ppm and the 120-min RD
 50 

 is 0.22 ppm; for toluene di-isocyanate the 10-min RD
 50 

 is 0.81 ppm 
and the 120-min value is 0.25 ppm (Sangha et al., 1981). 

 Species variations in sensitivity may occur, and the mouse is the most frequently used test 
animal. It has also been shown that stain variations may occur, and a factor of 10 has been dem-
onstrated between the least sensitive and the most sensitive strains of mice (Alarie et al., 1980). 
Swiss–Webster mice are used most frequently, although no signifi cant differences in sensitivity 
have been shown between Swiss–Webster and B6C3F

 1 
 mice (Steinhagen and Barrow, 1984). The 

rat is not regarded as being an appropriate species by some investigators (Babiuk et al., 1985). To 
permit head-only exposure of the test species, and to simultaneously record the breathing move-
ments, it is necessary to use a whole-body plethysmograph with a neck restraint made of rubber. 
Studies involving multiple exposures have suggested that this method could result in pituitary gland 
lesions (Kaempfe and Dudek, 1994). Subsequent detailed studies with ND-4 Swiss–Webster mice 
given single sham and test material (dust) exposures did show pituitary lesions with both the sham 
(7 of 7) and test material (52 of 80) groups (Werley et al., 1996). Histology revealed pituitary gland 
hemorrhages. The authors concluded that the lesion is produced by increased pressure in the blood 
supply to the pituitary gland but believe that the lesion (as an artifact of methodology) should have 
little effect on the usefulness of the procedure as a screening test. Details of the RD

 50 
 investigation 

have been published elsewhere (Ballantyne et al., 1977), and comprehensive lists of measured RD
 50 

 
values have been published (Alarie, 1981a, 1981b; Bos et al., 1992; Schaper, 1993). 

 For any substance, there is a difference in the concentration causing a typical  in vivo  PCI response 
by stimulation of receptors in the nasal mucosa and the concentration that is required to stimulate 
pulmonary receptors. In most cases, and in the intact conscious animal, the nasal trigeminal afferent 

TABLE 13.9 Comparison of the PSI Potential for Various Classes of Compounds 
as Assessed by the Guinea Pig Blepharospasm (GPB) and Mouse Depression of 
Respiratory Rate (DRR) Testsa

Compound DRR RD50 (M)b GPB EC50 (M)c

N-Undec-10-enoyl-4-hydroxy-3-methoxy benzylamine 2.04 � 10�8 1.55 � 10�7

cis-N-(4-cyclo-Hexylmethyl)-cyclo-hexylacetamide 2.95 � 10�8 8.83 � 10�7

N-(4�-Hydroxy-3�-methoxyphenyl) 2-chloroheptanamide 3.82 � 10�8 7.69 � 10�7

2-Chloro-3,4-dimethoxy-	-nitrostyrene 7.10 � 10�8 9.26 x 10�6

N-(4�-Hydroxy-3�-methoxyphenyl) 2-chlorononamide 1.43 � 10�7 3.17 � 10�7

N-(4�-Hydroxy-3�-methoxyphenyl) chlorodecanamide 2.16 � 10�7 3.58 � 10�7

Dibenz[b.f]-1,4-oxazepine 2.30 � 10�7 3.48 � 10�5

N-Phenyl-2-chloro-octanamide 3.08 � 10�7 1.15 � 10�5

	-Chloroacetophenone 3.40 � 10�7 9.00 � 10�5

a  Data after Ballantyne (1999).
b  Depression of respiratory rate 50%.
c  Effective concentration 50%. Correlation coeffi cient (r) � 0.68; p � 0.06.
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response will predominate. It follows that a determination of the difference between the concentra-
tions causing nasal and pulmonary irritation could be used as an index of the margin of warning 
for potential lung injury. This has been studied by using intact mice to determine the PCI response 
from trigeminal stimulation and comparing the outcome with that resulting from exposure of tracheal-
cannulated mice to measure the pulmonary response (Alarie, 1981c). The mouse, unlike other spe-
cies, develops a decrease in breathing rate in response to pulmonary receptor stimulation due to the 
development of a pause between the end of expiration and the start of the subsequent inspiration. The 
duration of this pause increases with exposure concentration. The decrease in breathing rate and calcu-
lation of the tRD

 50 
 are performed as for the nasal RD

 50 
. The ratio of the RD

 50 
 values in the tracheal 

cannulated and intact mouse (tRD
 50 

/RD
 50 

) can be used as the warning margin produced by the intact 
PCI response. The closer the ratio is to unity, the closer is the concentration to cause pulmonary irrita-
tion to that causing nasal trigeminal stimulation. Examples are shown in Table 13.2 for several mono-
amines. It can be seen that only one primary saturated aliphatic monoamine,  tert -octylamine, is close 

FIGURE 13.9 The effect of glutaraldehyde vapor on the breathing cycle of the mouse. The respira-
tory cycle shows a prolongation of the expiratory phase which produces a characteristic notching.
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FIGURE 13.10 Relationship between depression of breathing rate in the 
conscious mouse and the airborne concentration of several PCI materials; 
CS � 2-chlorobenzylidene malononitrile; CN � 	-chloroacetophenone; 
CR � dibenz[b.f]-1,4-oxazepine; VAN � N-nonanoylvanillylamide.
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to the nRD
 50 

 and tRD
 50 

 values, with a nRD
 50 

/tRD
 50 

 (t/n) ratio of 1.2. However, three secondary satu-
rated aliphatic monoamines have tRD

 50 
/nRD

 50 
 ratios less than 1.0; namely, di-isopropylamine (0.63), 

di- n -butylamine (0.61), and di-isobutylamine (0.96), indicating that occupational exposure guidelines 
for these materials need to be strictly controlled. Methods that may be used for a determination of 
concentrations of irritant-causing structural and/or functional lung injury for a direct comparison with 
the intact (nasal) RD

 50  
value include ultrastructural changes, alterations in lung function (including 

resistance) (Matijak-Schaper et al., 1983), detection of pulmonary edema by a sensitive method based 
on the intravenous injection  51 Cr-ethylenediamine tetraacetate followed by lung lavage (Valentini 
et al., 1983), and measurement of protein and lactate dehydrogenase in lung lavage fl uid. 

 13.6.3 Studies in Human Volunteer Subjects 

 The animal studies briefl y discussed above, in general, allow the detection of substances that can 
produce PCI effects. They do not, however, allow for the assessment of subjective effects such as dis-
comfort or pain that are experienced in human subjects. In view of this, and because the human may 
be more sensitive to some PCI materials than is estimated in the animal models, it may be desirable to 
conduct PCI tests in volunteer human subjects. These studies not only allow an assessment of subjec-
tive responses but, when appropriately planned, allow a quantitation of the PCI response at threshold 
and suprathreshold levels and permit a determination of the group variability and the infl uence of 
environmental conditions. Additionally, the physiological and potential medical effects of exposure 
can be monitored simultaneously; e.g., systemic refl exes (such as blood pressure, heart rate). These 
tests should, of course, be only conducted in subjects who have been fully informed of the nature 
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FIGURE 13.11 Mean time–response curves for breathing rate changes in male ND4 Swiss–Webster 
mice exposed for 10 min to air, followed by a 30-min exposure to various concentrations of glutaral-
dehyde vapor, and then again exposed to air.
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and conduct of the tests, are aware of any possible discomfort and risks, have been informed that 
they may withdraw from the study at any time, and not be attracted by possible overcompensation if 
the volunteers are to be paid. The toxicology and pharmacology of the test substance should be fully 
investigated, the potential adverse effects should be fully understood, and any possible side effects 
should carry the minimum of risks for the subjects. The protocol should be reviewed and approved by 
an appropriate independent Institutional Review Board (Ballantyne, 2005).   

 13.6.3.1 Cutaneous Exposure 

 Various concentrations of material can be applied to the skin, and the subjective degree of dis-
comfort assessed. Measurement of chemosensory irritation of the skin has been discussed in detail 
by Green (2000) and Green and Bluth (1995). It should be remembered that there are anatomical 
regional variations in the sensitivity of the skin to PCI materials (Ballantyne et al., 1973).   

 Because the epidermis presents a barrier to the access of PCI materials to subepidermal sensory 
endings, a method was devised to overcome this and obtain a comparative evaluation of different 
substances. This is the blister base technique and involves the production of a blister on the forearm 
by covering the area of the skin with tape having perforations at regular intervals, and to which is 
applied a paste of 0.2% cantharidin in kaolin. The tape and paste are removed after 6 h and the blisters 
allowed to develop overnight. Currently, this technique seems to have been used little or not at all. 

 13.6.3.2 Eye Irritation 

 Human ocular chemoreceptors are located mainly in the central corneal area (Coe and Douglas, 
1984). As with animal  in vivo  models, in the human it is possible to determine the concentration of 
PCI that causes blepharospasm. However, in addition in the human it is possible to determine the 
degree of local discomfort or pain produced at various concentrations and to calculate concentra-
tions that are thresholds for sensation and also incapacitating (e.g., TC

 50 
 and IC

 50 
). PCI effects of 

solutions on the eye are relatively easy to determine by carefully applying measured small volumes 
of such solutions to the surface of the cornea (Ballantyne and Swanston, 1973a, 1973b). For vapors 
and gases, tests may be conducted in a chamber with the subject wearing oronasal respiratory pro-
tective equipment or in a chamber with specially constructed eye ports (Bender et al., 1983). Also, 
specially designed goggles are available for localized exposures of the eye to prevent simultane-
ously exposing the respiratory tract (Kjaegaard, 1992; Hempel-Jørgensen et al., 1996, 1999). Some 
examples of EC

 50 
 values for blepharospasm are shown for humans and compared with animal results 

in Table 13.8; values for subjectively assessed discomfort (TC
 50 

) in humans are shown in Table 13.10. 
These values show that, for the species studied, the blepharospasm-inducing effects of the test mate-
rials were greater in the human; i.e., the human is more sensitive. Also, sensory discomfort was a 
more sensitive indication of exposure to a PCI than was blepharospasm. 

 An interesting and potentially valuable technique described by Kjaergaard et al. (1990) for mea-
suring what they described as sensory irritation of the eye was the photographic measurement of 
changes in conjunctival redness before and after exposure to an airborne irritant. It is a sensitive and 
reproducible approach. Using a series of volatile organic compounds, Hempel-Jorgensen et al. (1998) 
found that the degree of conjunctival hyperemia measured in human volunteer subjects was posi-
tively related to the exposure concentration. This noninvasive approach may be a useful approach 
for studies on the irritating potential of environmental pollutants. It has been used, for example, 
to study exposure to formaldehyde,  n -decane, tobacco dust, and birch pollen (Bach et al., 1988; 
Kjaergaard and Pederson, 1989; Kjaergaard et al., 1989, 1990). 

 13.6.3.3 Respiratory Tract Exposure 

 For exposure to airborne PCI materials it is usual to determine the concentration causing discomfort 
within the respiratory tract. Depending on the reason for conducting the study this may be nasal 
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irritation, cough, or chest discomfort. Nasal irritation may be experienced principally as uncomfort-
able sensations and stinging (nasal pungency). Exposures may be conducted in various ways, most 
frequently by using whole-body chambers of suffi cient size to house the volunteers comfortably with 
any required monitoring equipment. In some cases, and when available, the use of a wind tunnel may 
offer a more convenient approach to control and alter the concentration of test material. To avoid 
complications of interpretation due to ocular irritation, either comfortable airtight goggles may be 
worn, or the test material can be delivered by a mask. The latter approach, however, may have psy-
chological disadvantages with some subjects. Comparative measurement of nasal pungency in those 
with normal olfaction and anosmics suggests that the presence of intact olfaction may decrease the 
threshold for nasal pungency (Cometto-Muñiz and Cain, 1990). They also found that eye irritation 
thresholds were very close to nasal pungency thresholds measured in anosmics (Cometto-Muñiz 
and Cain, 1995), and suggested that eye irritation data may serve as a basis for assessing potency for 
induction of nasal pungency; i.e., nasal trigeminal threshold. Eye irritation thresholds generally do 
not differ signifi cantly between normosmics and anosmics of similar age, gender, and smoking status 
(Cometto-Muñiz and Cain, 1998). In this respect it is of interest to note that human pungency thresh-
olds correlate well with some RD

 50 
 values in animal studies (Cometto-Muñiz and Cain, 1994). 

 Techniques to evaluate and differentially compare both olfactory and chemosensory irritant 
thresholds have been described. One of these depends on the observation that if a volatile compound 
is sniffed into one nostril, and simultaneously air is sniffed into the contralateral nostril, then only 
if the material is a PCI (stimulating the nasal trigeminal nerve receptors) can it be readily identi-
fi ed which nostril is being stimulated; olfaction by itself does not permit this spatial discrimination 
(Dalton et al., 2000; Roscher et al., 1996; Wysocki et al., 1992). Nasal localization thresholds in nor-
mosmics, in general, are approximately equivalent to nasal pungency thresholds in anosmics, and 
the threshold for nasal localization thus offers a suitable way to measure nasal irritation in normos-
mic subjects (Cometto-Muñiz and Cain, 1998). This lateralization, or monorhinal stimulation, tech-
nique was used by Wysocki et al. (1997) to study the odor and sensory irritant threshold for acetone. 
In acetone-exposed workers (36,699 ppm) they found the lateralization thresholds were elevated 
compared with a control group not occupationally exposed (15,758 ppm), indicating that acetone is 
a weak sensory irritant and that adaptation is an important factor in the response. Olfactory adapta-
tion was also noted (855 compared with 41 ppm). 

 13.6.3.4 Total Body Exposure 

 With unprotected workers in the occupational environment, PCI materials in the atmosphere may 
contact skin, eye, and respiratory tract and thus produce sensory irritant responses in one or all of 
these sites. Hence, for such situations it is most meaningful for studies to be conducted by whole-body 

TABLE 13.10 Threshold Concentrations 
for Solutions of o-Chlorobenzylidene 
Malononitrile (CS) and Dibenz[b.f]-
1,4-Oxazepine (CR) to Produce 
Sensations in the Human Eyea

Material TC50 (M)b

CS 7.3 (4.2–11.2) � 10�7

CR 4.9 (3.8–6.5) � 10�7

a  Data after Ballantyne and Swanston (1973a, 1973b).
b  Threshold concentration 50%, with 95% confi dence 
limits.
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exposures, simulating the workplace. These studies can indicate if any particular tissue is more 
susceptible to the PCI potential of an airborne material and thus would likely be the determinant for 
sensitivity as a warning effect. Appropriately planned, these studies can give signifi cant amounts 
of information. For example, Lunquist et al. (1992) investigated the effects on human volunteer 
subjects of diethylamine vapor that was increased in atmospheric concentration from 0 to 12 ppm 
over a 1-h period (average concentration was 10 ppm). A moderate to strong olfactory response 
with distinct subjective nasal and ocular irritation was noted. Some, but not all, subjects showed an 
adaptation. Nasal irritation appeared to be a slightly more sensitive index, and a signifi cant correla-
tion existed between nasal and ocular irritation ( r  � 0.87;  p  < 0.001). To study acute physiological 
changes in the nasal mucosa, they exposed adult male volunteers to 25 ppm diethylamine vapor in 
a chamber for 15 min. Changes in nasal volume and nasal resistance were measured by acoustic 
rhinometry and rhinomanometry. No reaction occurred for either acute nasal volume or resistance, 
indicating that these procedures are not useful measures for the detection PCI effects at lower (near 
threshold) concentrations. 

 13.7 CHEMOSENSATION BY THE RESPIRATORY TRACT ROUTE 

 Human subjects inhaling PCI materials will experience discomfort or pain in the nasal mucosa, 
nasopharynx, throat, larynx, and chest, with local refl exes of coughing, sneezing, rhinorrhea, 
increased respiratory tract secretions, changes in breathing rate, and decreased tidal volume. The 
clinical presentation varies somewhat based on the chemistry of the PCI material, its solubility, and 
the principal site of receptor activation (Table 13.11). A feature characteristic of respiratory tract 
chemosensory responses is that they simulate the effects of afferent cholinergic fi ber stimulation in 
the nasal mucosa, leading to reductions in the breathing rate and tidal volume (Cauna et al., 1969; 
James and Daly, 1969; Ulrich et al., 1972). Various sensory receptors are present in the lower respi-
ratory tract (Crofton and Douglas, 1981; Widdicombe, 1981). With respect to sensitivity to inhaled 
chemoirritant materials, the most important appear to be J receptors and airways irritant receptors 
(Kristiansen et al., 1986, 1988; Nielsen and Vinngaard, 1988). Stimulation of J receptors results in 
apnea, rapid shallow breathing, and systemic hypertension with bradycardia. Stimulation of airways 
irritant receptors causes hyperpnea and bronchoconstriction (Douglas, 1981). The overall effect 
of stimulation of lower respiratory tract receptors is, in most species, an increase in breathing rate 
and tidal volume (Table 13.11). However, with most PCI materials, effects are produced at lower 
concentrations by trigeminal nerve stimulation than occurs with lower respiratory tract receptor 
stimulation. Therefore with a biologically effective PCI challenge by respiratory route exposure, the 
trigeminal refl ex will usually predominate. These respiratory regional differences in chemoreceptor 

TABLE 13.11 Effects Produced by 
Peripheral Chemosensory Irritant 
Materials on the Respiratory Tract 
Irritant Receptors

Location Effect
Nasal mucosa Decreased breathing rate

Decreased tidal volume

Lung Increased breathing rata

Decreased tidal volume

Bronchospasm

a A few species have decreased breathing rate 
(e.g., mouse).
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sensitivity form the basis for the (tRD
 50 

), described earlier, concerned with assessing the margin of 
warning for respiratory tract injury provided by the PCI response. 

 13.8 PRACTICAL APPLICATIONS AND IMPLICATIONS OF 
PERIPHERAL CHEMOSENSORY IRRITATION 

 The biological effects of PCI are of applied relevance in the following situations. 

 13.8.1 Occupational Exposure and Protection 

 As noted above, both the local sensory and refl ex effects resulting from the PSI response may be 
detrimental to safe and effi cient working conditions and in many cases may be a basis for assigning 
airborne occupational exposure limits, which are discussed in detail below. 

 13.8.2 Harassing Agents 

 The use of PCI materials for warning purposes with other materials not giving a warning on contact 
has been mentioned previously. More frequent is the use of certain PCI materials for use in peace-
keeping operations (riot control agents). By the very nature of their intended usage, riot control 
agents produce marked PSI effects, which result in hindering the conduct of unlawful activities and 
causing malefactors to leave the contaminated area. These aspects of PSI have been discussed in 
detail elsewhere (Ballantyne, 1977; Salem, et al., 2005). 

 13.8.3 Combustion Products 

 Many materials of widely differing chemistry are produced during the processes of combustion, the 
nature of which depends on the circumstances of the fi re. Some of these may produce PCI effects; 
e.g., hydrogen chloride, sulfur dioxide, isocyanates. The resultant harassing or incapacitating effects 
may impede escape from a fi re. This may be additive to other factors that also hinder escape from a 
fi re; e.g., obstacles, physical injury, hypoxia, and absorbed products that produce a disturbance of con-
sciousness, such as carbon monoxide, hydrogen cyanide, and volatile organic solvents (Ballantyne, 
1981; Norris and Ballantyne, 1999). Sensory irritation caused by thermal decomposition products has 
been investigated by RD

 50 
 measurements (Barrow et al., 1978). 

 13.8.4 Environmental Considerations 

 Many airborne chemicals in the environment can evoke chemosensory irritant effects. Perceived irrita-
tion, particularly in the indoor environment, is a common symptom and resembles the effects experi-
enced in the “sick building syndrome” (SBS) or in multiple chemical sensitivity (MCS) (Koren et al., 
1992; Otto et al., 1992; Dalton et al., 1997; Anderson and Anderson, 1999; Sparks, 1999). There 
are several syndromes, including SBS and MCS, that are classifi ed together by some as idiopathic 
environmental intolerance (IEI) (Sparks, 1999) and that are characterized by irritation of the face 
(burning sensation), sore eyes and throat, diffi culty with breathing (including asthma), often (partic-
ularly with MCS) neurological problems including confusion, fatigue, diffi culty with concentration, 
and poor memory. The considerable overlap of symptoms related to peripheral sensory irritation, 
pulmonary irritation, and airfl ow limitation and to the various types of IEI has lead to proposals that 
common air pollutant mixtures (occupational, domestic, and environmental) can cause these various 
syndromes. The term IEI has been preferred by organizations such as the World Health Organization 
and the International Labour Organization because “sensitivity” in a description implies an immuno-
logical response, the relation between environmental exposure and symptomatology is as yet totally 
unproven, and the underlying pathophysiological mechanisms and criteria for diagnosis yet are to be 
fully defi ned. However, it is established that air samples taken from domestic sites associated with 
repeated human complaints of poor air quality have caused sensory irritation, pulmonary irritation, 
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and airfl ow limitation in mice (Anderson and Anderson, 1997a, 1997b, 1998, 1999). Also, behav-
ioral changes have been detected by functional observation battery studies in mice after exposure to 
product emissions or air from sites where individuals have made complaints. Findings of these types 
suggest that many symptoms of SBS and MCS could be the result of exposure to airborne irritant 
chemicals such as those liberated by common commercial products and found in polluted air. For 
example, Kjaergaard et al. (1989) found that  n -decane caused a concentration-dependent irritation 
of mucosae and increased the sensation of odor intensity. They showed that even at small concen-
trations,  n -decane caused symptoms similar to those of SBS. Where many relatively nonreactive 
chemicals are present in the atmosphere at concentrations below their respective PCI thresholds, 
their combined effect could induce irritation in mucosae (Cometto-Muñiz et al., 1997). Anderson 
and Anderson (1999) have noted that repeated exposures (two or three 1-h exposures over 24 h) 
of mice to certain airborne mixtures of chemicals (e.g., emissions of a solid air freshener) yielded 
the same degree of sensory irritation, whereas repeat exposure to other mixtures (e.g., emissions of 
some fabric softeners, disposable diapers, and vinyl mattress covers) resulted in increasing sensory 
irritant responses (2- to 4-fold). Thus, in the latter cases the intensity of each exposure was constant 
but the magnitude of the sensory irritant response was increased, leading the authors to conclude 
that the sensitivity of the mice to the chemical mixtures had changed. The response is specifi c to 
certain mixtures of chemicals. 

 The individuals who complain of the symptoms of IEI are a heterogeneous group, and more than 
one mechanism may be operative in different cases (NIEHS, 1997). The suggested pathogenesis has 
included exposure to an airborne mixture of materials having PCI properties, as discussed above, 
and to preexisting or concurrent psychiatric illness, sensitivity to odors, or combinations of these 
factors. However, the role of exposure to airborne materials having PCI properties, notably in mix-
tures, offers a possible major etiologic avenue, for which there is some laboratory support, and that 
deserves further exploration. IEI has increasingly impacted the overall burden of chronic disability, 
and deserves further future medical and scientifi c investigation and evaluation. 

 13.9 PERIPHERAL CHEMOSENSORY IRRITATION AS A FACTOR IN 
DETERMINING OCCUPATIONAL (WORKPLACE) EXPOSURE 
GUIDELINES 

 13.9.1 General Considerations on Occupational Exposure 
Guidelines 

 Occupational exposure guidelines (OEGs) are usually recommended on the basis of providing pro-
tection from potential adverse effects of overexposure for a working lifetime of exposure. Depending 
on the nature of the major toxic process determining the quantitative value of the guideline, they may 
be set as permitted average exposure values or may be qualifi ed to further restrict exposure potential. 
Thus, the threshold limit values (TLVs) recommended by the American Conference of Governmental 
Industrial Hygienists (ACGIH, 2005) may be set as a time-weighted average exposure values to 
be permitted over an 8-h work day (time-weighted average over 8 h for a 40-h workweek; TWA

 8 
). 

Additional considerations may lead to a qualifi cation that: 

  1. The recommended guideline is a set value that may not be exceeded during any part of the 
working period, a Ceiling (C) value, or 

  2. The TWA is qualified (supplemented) by an additional concentration, to which it is believed 
that workers can be exposed for a short period without developing irritation, narcotic 
effects, or chronic or irreversible tissue damage, and providing that the daily TWA

 8 
 is not 

exceeded. This qualification is the short-term exposure limit (STEL) and is usually set for 
a 15-min period that should not be occurring for more than four times a working day, with a 
period of at least 60 min between successive STEL exposures. 
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 TLVs are based on credible information derived from  in vitro  and  in vivo  toxicology laboratory 
investigations, controlled human studies, in-use occupational medical studies and experience, and 
epidemiological studies. The values are usually recommended on the basis of the most sensitive 
index of adverse effects that may occur in exposed workers. These may sometimes be toxic effects 
causing an impairment of health of variable concern and resulting from either acute or repeated 
exposure; examples include carcinogenic effects, nononcogenic chronic health effects, neurological 
effects, reproductive effects, developmental toxicity, immune-mediated effects including asthma, 
and other organ-specifi c or enzyme-specifi c pathology. In other cases the effects may have a physi-
ological or pharmacological basis, such as PCI or narcosis, both of which are detrimental to effi cient 
working conditions and may result in accidents due to impairment of vision or locomotion or from 
distraction. In yet other cases, a qualifi ed TLV may be based on the potential for differing adverse 
effects from the same material. In coming to conclusions about the most appropriate value for a TLV, 
in addition to the particular chemical-related adverse effect(s), it is necessary to take into account 
how other workplace or personal factors may infl uence the expression of the adverse effect and how 
a hypersusceptible proportion of the potentially exposed worker population would react; from these 
considerations the TLV is appropriately modifi ed. These additional considerations will include, for 
example, the possible infl uence of age, sex, smoking habits, genetic factors, and general state of 
health. For many adverse effects resulting from repeated exposure, the TWA-TLV provides the most 
satisfactory and convenient method for controlling workplace exposure. These values should take 
account of both the inhaled dose of material and, where relevant and when data are available, the pos-
sible percutaneous absorption of the chemical that in some cases may make a signifi cant contribution 
to the systemic toxicity from airborne gases, vapors, or mists. Information on the possible relevance 
and quantitative contribution from percutaneous absorption can be derived from repeated cutane-
ous contact and percutaneous toxicokinetic studies in laboratory animals, or from exposed volunteer 
human subjects by wipe sampling and measurement of parent material or metabolite in sequential 
blood samples (Leung and Paustenbach, 1994; McDougal et al., 1990). Excursions permitted on the 
TWA

 8  
depend on a number of factors, including the nature of the workplace, the duration of the excur-

sion periods, and whether higher concentrations produce acute toxicity. TWA excursions are allowed 
above the TLV if they are compensated for by equivalent excursions below the TLV-TWA during 
the workday. The magnitude of the excursions is not usually defi nable with any degree of precision 
based on toxicological data. However, Leidel et al. (1975) reviewed numerous industrial hygiene 
surveys conducted by the National Institute of Occupational Safety and Health (NIOSH) and found 
that short-term exposure measurements were, in general, log normally distributed with geometric 
standard deviations generally in the range of 1.5 to 2.0. If short-term exposure values in a given situ-
ation have a geometric standard deviation of 2.0, then 5% of all values will exceed 3.13 times the 
geometric mean. This forms the basis for the excursions permissible on TLV-TWA values that do not 
have a qualifying STEL (ACGIH, 2003); i.e., excursions may exceed three times the TLV-TWA for 
no more than a total of 30 min during a workday and under no circumstances should they exceed fi ve 
times the TWA, provided that the TLV-TWA is not exceeded. The STEL supplements the TWA where 
acute effects from a material whose more serious effects are primarily of a long-term or chronic 
nature are recognized; a STEL is usually only assigned where toxic effects have been established 
from high-concentration, short-term exposures. The Ceiling (C) value is appropriate for acute effects 
(principally PCI), usually occurring at low concentrations, which have a demonstrable threshold that 
is below the exposure concentration (NOAEL) which may result in cumulative or long-term toxicity. 
A variety of other, mainly environmental, exposure guidelines exist which are designed to protect 
individuals who may be incidentally exposed from workplace or transport releases. 

 Other countries have different approaches and terminologies for their own national exposure 
limits for the workplace. In the United Kingdom, for example, under the Control of Substances 
Harmful to Health (COSHH) Regulations, the Health and Safety Executive (on advice from an 
independent Advisory Committee on Toxic Substances, ACTS) set occupational exposure limits 
(OELs). COSHH defi nes two types of OELs—the occupational exposure standard (OES) and the 
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maximum exposure limit (MEL). OESs are set for materials for which it is possible to identify a 
concentration at which there are no signifi cant risks to health, and MELs are set for materials that 
have serious implications for health (notably carcinogens and asthmagens), and for which an OES 
cannot be assigned (Topping, 2001). 

 13.9.2 Chemosensory Irritation in the Assignment of Occupational 
Exposure Guidelines 

 Because PCI materials produce distracting, harassing, and/or incapacitating effects, which are not 
conducive to effi cient working conditions and may predispose to accidents, this is the basis for 
assigning OEGs to many materials producing chemosensory irritation. This is particularly valuable 
when PCI effects occur at concentrations lower than those resulting in toxicity by acute or repeated 
exposure, because sensory irritant effects then give a warning of potential overexposure. About 40% 
of ACGIH TLVs are set on the basis of chemosensory irritation. Because a threshold exists for a 
PCI response and the slope on the exposure concentration–response data varies between different 
materials, a TWA

 8 
 is, by itself, inappropriate for workplace protection. Therefore either a  C  value is 

recommended for a material having a potent PCI effect as the main biological effect, or if a TWA
 8 
 

is recommended based on other toxicity this can be qualifi ed by a STEL. 
 For a limited number of substances, quantitative information is available on the chemosensory 

irritant potential in humans, which allows a reasonable estimate for threshold and incapacitating 
effects and permits a reliable OEG to be assigned. Where data are available attention should be paid 
to the threshold and incapacitating concentrations, slopes of the exposure concentration-response 
relationship, and effectiveness ratios. Also, with both human and animal-derived data, consideration 
should be given as to how the following may affect the OEG: development of tolerance, environ-
mental conditions, nature of the workplace, type of occupation, and the physical characteristics and 
pattern of the workplace exposure. 

 In the absence of reliable human data, or else to support and confi rm the human data, PCI stud-
ies in animals have been widely used. Most frequently employed have been nRD

 50 
 studies in mice. 

Those who recommend the value of nRD
 50 

 studies have supported their case by comparing nRD
 50 

 
values with TLVs for known irritants that have been assigned by ACGIH or other recognized agen-
cies (Barrow et al., 1977; Alarie et al., 1980; Kane et al., 1980; de Ceaurriz et al . , 1981; Alarie, 1984; 
Steinhagen and Barrow, 1984; Nielsen and Yamagiwa, 1989; Schaper, 1993). Predictive conversion 
methods that have been proposed include the following: 

  1. The TLV should be between 0.01 nRD
 50 

, where it is predicted that there will either be no 
sensory irritation or it will be threshold, and 0.1 nRD

 50 
, which is likely to be an uncom-

fortable but tolerable concentration (Barrow et al., 1977; de Ceaurriz et al., 1981). At the 
nRD

 50 
 the predicted response in humans is intolerable or incapacitating. 

  2. Based on a good correlation between the then available TLVs, 0.03 nRD
 50 

 was recommended 
for establishing a TLV based on chemosensory irritation (Alarie, 1981b; Schaper, 1993). 

  3. Because at an airborne concentration of 0.1 nRD
 50 

 it is anticipated that humans will expe-
rience slight discomfort, this should be the highest exposure concentration, and form the 
basis of a STEL to qualify a TWA

 8 
-TLV defined on the basis of 0.03 nRD

 50 
 (Gagnaire 

et al., 1994). 
  4. Where data are available from tracheal-cannulated animals, and the tRD

 50 
 is close to, or 

less than the nRD
 50 

, because of the prediction of pulmonary irritation, somewhat greater 
caution is recommended with the TLV set at 0.01 tRD

 50 
 (Weyel et al., 1982; Weyel and 

Schaffer, 1985; Nielsen, 1991). 

 The need for a safety margin between the measured nRD
 50 

 and the recommended OEG is supported 
by the observation that respiratory tract histopathological infl ammatory lesions may be induced at 
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the nRD
 50 

 concentration, For example, Buckley et al. (1984) found that with ten sensory irritants 
of widely differing mouse nRD

 50 
 values, short-term repeated exposures at the RD

 50 
 caused infl am-

matory lesions in the respiratory tract. The materials studied (with nRD
 50 

 values) were 2,4-toluene 
diisocyanate (0.4 ppm), acrolein (1.7 ppm), formaldehyde (3.1 ppm), chloropicrin (8.0 ppm), sulfur 
dioxide (117 ppm), ammonia (303 ppm), hydrogen chloride (309 ppm), dimethylamine (511 ppm) 
and epichlorohydrin (687 ppm). After exposure of mice for 6 h a day for 5 days, all irritants pro-
duced lesions in the nasal mucosa with an anterior-posterior severity gradient. The lesions ranged 
from slight epithelial hypertrophy or hyperplasia to epithelial erosions, ulceration with variable 
subepithelial infl ammatory cell infi ltration. Only chlorine, chloropicrin, and epichlorohydrin caused 
lesions in the lower respiratory tract. 

 Some illustrative examples of the use of measured RD
 50 

 values in mice to derive OEGs are as 
follows. Rydzynski and Jedrychowski (1944) established an nRD

 50 
 of 5.9 (1.3–13.0; 95% CL; slope, 

1.37) mg m –3  for cyanuric chloride, indicating the material to be a potent PCI, and suggested an 
OEG of 0.17 mg m –3  for the substance (0.03 nRD

 50 
). The respiratory PCI potential of chlorine and of 

nitrogen trichloride were studied by mouse plethysmography by Gagnaire et al. (1994), who found 
respective nRD

 50 
 values of 3.5 and 2.5 ppm. Based on 0.03 and 0.1 of the nRD

 50 
 they proposed 

TWA
 8 
 (and STEL) values of 0.1 (0.5) ppm for chlorine and 0.1 (0.3) ppm for nitrogen trichloride. 

Werley et al. (1995) determined the nRD
 50 

 for glutaraldehyde vapor in ND4 Swiss–Webster mice was 
13.86 ppm (95% CL, 9.86–23.58 ppm), which is in the range of nRD

 50 
 values measured for other ali-

phatic aldehydes (Bos et al., 1992). With a correlation factor of 0.03 nRD
 50 

, this suggests an OEG of 
0.42 ppm, which is close to the threshold irritancy concentration of 0.3 ppm found for exposed human 
volunteer subjects (Ballantyne and Jordan, 2001). The current ACGIH TLV for glutaraldehyde of 
0.05 ppm is a  C  value; although in part based on sensory irritation, the value is mainly recommended 
because of a suggested potential (yet not totally proven) for respiratory sensitization by glutaralde-
hyde (ACGIH, 2005). Steinhagen et al. (1982) found the nRD

 50 
 value for dimethylamine vapor to be 

573 ppm in male Fischer 344 rats and 511 ppm in male Swiss–Webster mice. Use of the nRD
 50 

 value 
from the mouse, and the range of 0.01–0.1 RD

 50 
 as a guideline interval in which the OEG should be 

set, suggested an OEG between 5 and 51 ppm; the current TLV for dimethylamine is 5 ppm with 
a STEL of 15 ppm (ACGIH, 2003). The next higher alkylamine, diethylamine, has the following 
mouse RD

 50 
 values (Nielsen and Yamagiwa, 1989). A nRD

 50 
 value of 550 mg m –3  [(184 ppm); i.e., 

approximately one-third that of dimethylamine] and a tRD
 50 

 of 1650 mg m –3 .   These would suggest 
TLV values of 16.5 mg m –3  (0.03 RD

 50 
) and 5.5 mg m –3  (0.01 tRD

 50 
), respectively. It is relevant to note 

that a 1-h exposure of human volunteer subjects to an average concentration of 30 mg m –3  of diethy-
lamine vapor caused distinct nasal and eye sensory irritation. The current ACGIH TWA

 8 
 for diethylamine 

TWA is 5 ppm (15 mg m –3 ) with a STEL of 15 ppm (45 mg m –3 ) (ACGIH, 2005). Di-isopropylamine 
is a secondary saturated monoamine whose tRD

 50 
 (102 ppm) is lower than the nRD

 50 
 (161 ppm) with 

a t/n ratio of 0.63, indicating a potential for lung injury at concentrations below those giving a typical 
nasal PCI warning (Table 13.2). Therefore an OEG of 0.01 tRD

 50 
 would be most appropriate; i.e., 

1 ppm. However, the current ACGIH TLV is set at a TWA
 8 
 of 5 ppm (ACGIH, 2005), a value that is 

more appropriate for one derived from the nRD
 50 

 ( x  0.03 � 4.83 ppm). 
 RD

 50 
 values for aerosols can be readily measured in mice. For example, Ballantyne et al. (1994) 

exposed mice, nose-only, for 30 min to triethylene glycol aerosols of MMAD of 2.45–3.10 µm. 
Maximum decreases in respiratory rate occurred at 15–25 minutes of the start of exposure and were 
sustained. The nRD

 50 
 was calculated to be 5.14 mg l –1 , from which it is suggested that an appropriate 

OEG (0.0RD
 50 

) would be 150 mg m –3 . 
 A comparison of isocyanates provides an instructive example of the use of sensory irritation 

data for establishing OEGs and the additional infl uence of pulmonary irritation on establishing the 
values. James et al. (1987) determined the nasal nRD

 50 
 for methyl isocyanate was 2.9 ppm in mice, 

and Ferguson et al. (1986) obtained a value for the nRD
 50 

 of 1.3 ppm and for the tRD
 50 

 of 1.9 ppm. 
These RD

 50 
 values indicate that methyl isocyanate is a potent peripheral chemosensory irritant. With 

respect to nasal sensory irritancy (nRD
 50 

), methyl isocyanate is not as potent as (60-min values) 
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the aliphatic hexyl di-isocyanate and the following aromatic mono- and di-isocyanates: phenyl iso-
cyanate (0.9 ppm),  p -toluene isocyanate (0.84 ppm), and toluene di-isocyanate (0.39 ppm). It is, 
however, more potent than hexyl isocyanate (9.2 ppm) (Sangha et al., 1981). Although the nRD

 50 
 for 

methyl isocyanate (1.3 ppm) is numerically larger than that for toluene di-isocyanate (0.39 ppm), the 
main difference between these two isocyanates is that there was no evidence for pulmonary irrita-
tion with the toluene compound (even in cannulated mice inhaling 5 � RD

 50 
) (Sangha and Alarie, 

1979), but the methyl compound had a tRD
 50 

 of 1.9 ppm; thus the ratio tRD
 50 

/nasal RD
 50 

 was 1.46, 
indicating that methyl isocyanate is a potent pulmonary as well as sensory irritant. In comparison 
with other potent PCI irritant materials, such as acrolein (nRD

 50 
 1.7 ppm) and formaldehyde (nRD

 50 
 

3.7 ppm), methyl isocyanate is much more hazardous by inhalation as indicated by the respective 
tRD

 50 
/nRD

 50 
 ratios of 142, 31, and 1.46. The current ACGIH (2005) TLV values for the isocyanates 

agree with the measured nRD
 50 

 values as follows: 

 Methyl isocyanate: 0.03 nRD
 50 

 � 0.04 ppm; 0.01 tRD
 50 

 � 0.02 ppm; TLV � 0.02 ppm 
 1,6-Hexamethylene di-isocyanate: 0.03 nR

 50 
 � 0.0066; TLV � 0.005 ppm (also a respiratory 

sensitizer). 
 Toluene-1.4-di-isocyanate: 0.03 nRD

 50 
 � 0.0075 ppm; TLV � 0.005 ppm (also a respiratory 

sensitizer). 

 Several investigators have expressed reservations on the suitability of the RD
 50 

 test as a basis for assign-
ing OEGs. For example, Bos et al. (1992) have questioned the suitability of this approach based on con-
siderations of interlaboratory variations, the fi nding that toxicity (infl ammation) may be seen at or below 
RD

 50 
 concentrations and that the rationale for deriving an OEG from RD

 50 
 data is based on empirical 

fi ndings. As noted above, although effects may be observed at the nRD
 50 

 concentration, using a cor-
rection factor of up to 0.1 nRD

 50 
 allows, at least in part, for slight effects at the RD

 50 
. Bos et al. (1992) 

recommended the following procedures with respect to use of the sensory irritation test: 

  a. In view of interspecies variations, two species (rat and mouse) should be used, with the 
results from the most sensitive species being chosen. 

  b. Time–response and log concentration–response curves should be obtained. 
  c. Exposure should be continued until a plateau is obtained. 
  d. There should be verification that no pulmonary irritation is occurring. 
  e. For every material tested, it should be verified whether the observed response is due to 

irritation or toxicity and that toxicity is not occurring below the concentration causing 
sensory irritation. 

 The latter point is important, and it cannot always be assumed that by preventing irritation the occur-
rence of other manifestations of systemic irritancy can be prevented. For example, the mouse nRD

 50 
 

values for 1,2-dichlorobenzene and hexachloro-1,3-butadiene vapor were found to be 181 and 211 
ppm, respectively. The median active level of exposure (MAL) for 1,2-dichlorobenzene to produce 
a 50% decrease in hepatic glucose-6-phosphate dehydrogenase (an index of hepatotoxicity) was 
598 ppm, and the MAL for hexachloro-1,3-butadiene to cause 50% renal tubular injury (based on 
alkaline phosphatase histochemistry) was 7.2 ppm. Thus, the MAL for 1,2-dichlorobenzene hepa-
totoxicity is about 3.3 times that of the nRD

 50 
, and hence this material can be treated as a PCI from 

the OEG viewpoint. However, the RD
 50 

 for hexachloro-1,3-butadiene vapor is 29.3 times higher than 
the MAL for nephrotoxicity, and the latter should receive greater consideration in the assignment of 
an OEG (de Ceaurriz et al., 1988). 

 OEGs are usually based on irritancy and toxicology information collected at ambient tempera-
ture. However, in some workplace situations there may be an elevated environmental temperature; 
e.g., in tropical conditions. Also, certain industrial processes may not be totally investigated. For 
example, thermoplastic resins are heated to liquefy them for processes such as blow, extrusion, 
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or injection molding. This can result in the liberation of residual monomers, additives, or thermal 
decomposition products, to which workers may be exposed. Schaper et al (1994) conducted a 
study on the respiratory responses to the thermal decomposition products of thermoplastics. They 
measured nRD

 50 
 values at processing temperatures between 200°C and 300°C for four resins; 

polyacrylonitrile-polybutadiene-polysterene, polypropylene-polyethylene copolymer, polypropyl-
ene homopolymer, and plasticized poly(vinyl chloride). The respective nRD

 50 
 values were 21.10, 

3.51, 2.60, and 11.51 mg m –3 . Based on these fi ndings the authors recommended exposure limits of 
0.63, 0.11, 0.08, and 0.35 mg m –3  (0.03 nRD

 50 
). Although such studies yield valuable practical infor-

mation relevant to certain specifi c workplace activities, Muller and Black (1995) cautioned against 
the routine use of extreme generation conditions. They investigated the PCI potential of various 
samples of indoor materials (including carpets, ceiling tiles, and wall coverings) that were ventilated 
at either 23°C or 70°C. Using mouse plethysmographic procedures (nRD

 50 
 measurements) they 

found irritation at 70°C but not at 23°C. They concluded that increasing the environmental tem-
perature increased the concentration of chemical emissions, which account for the sensory irritant 
effects. They considered that ambient generation conditions were more appropriate for assessing 
emissions in relation to such indoor air considerations. 

 In the workplace or general environment exposure to several different irritant materials can be 
simultaneous. Using mixtures of volatile organic compounds, Hempel-Jørgensen et al. (1999) pro-
duced ocular irritation by interactive additive effects. Although, in the context of the use of nRD

 50 
 

measurements to assign OEGs, PCI materials probably act on the same trigeminal chemoreceptors, 
several considerations suggest that a predictive approach by addition of concentrations may not 
always be reliable. For example, competition for the same chemoreceptor may result in a decrease in 
breathing rate that is less then predicted on the basis of additive considerations. Thus, Cassee et al. 
(1996) found that sensory irritation in rats resulting from exposure to mixtures of aldehydes (formal-
dehyde, acrolein, and acetaldehyde) was more pronounced than that caused by each aldehyde sepa-
rately, but less than that of the sum of the individual irritant potencies. Competitive agonism has been 
demonstrated for acrolein and formaldehyde (Kane and Alarie, 1978) and for cumene and  n -propanol 
(Nielsen et al., 1988). Also, different materials may display different desensitization patterns. Cassee 
et al. (1996) measured the decrease in breathing rate in rats for formaldehyde, acetaldehyde, and acro-
lein and for mixtures of these substances. They found that sensory irritation was more pronounced 
for mixtures than for each compound tested separately, but less than for the sum for individual com-
ponents. They concluded that the decrease in breathing rate as a result of exposure to mixtures of PCI 
materials could be predicted with a model for competitive antagonism. Threshold responses for odor, 
nasal pungency (in anosmics), and eye irritation were measured by Cometto-Moñiz et al. (1997) for 
single chemicals (1-propanol, 1-hexanol, ethyl acetate, heptyl acetate, 2-pentanone, 2-heptanone, tol-
uene, ethyl benzene, and propyl benzene) and for various component mixtures of them. They found 
various degrees of stimulus agonism for the three sensations when testing mixtures. As the number 
of components and the lipophilicity of the components in the mixtures increased, so did the degree 
of agonism. Synergistic agonism characterized the eye irritation response for the most complex and 
most lipophilic mixtures. Korpi et al. (1999) reported that microbial volatile organic compounds 
may have some synergistic effects for sensory irritation and also that if a particular component of a 
mixture is much more potent than the other components of a mixture it may dominate the PCI effect. 
In addition to the use of such information for determining OEGs for the workplace, it may also be of 
value for investigating situations such as the “sick building” syndrome, and the authors suggest that 
the combined action of many relatively nonreactive chemicals at concentrations below their respec-
tive PCI thresholds could induce irritation in mucosae. 
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 14.1 INTRODUCTION 

 Pulmonary fi brosis is characterized by alveolar infl ammation, mesenchymal cell proliferation, and 
increased production of collagen resulting in fi brous deposits, impairing the gas-exchange function 
of the lung. In numerous cases no causative agent or associated condition can be found and these are 
referred to as cryptogenic fi brosing alveolitis or idiopathic pulmonary fi brosis. In certain instances, 
lung fi brotic diseases may result from the pulmonary response to inhaled environmental agents, 
mineral or organic in nature. Interstitial pulmonary fi brosis resulting from workplace exposure to 
inorganic dusts (pneumoconiosis) persists throughout the world despite identifi cation of the causes 
and preventive measures. Pneumoconioses are presently incurable and may be progressive even after 
dust exposure has ceased; therefore, early recognition and preventive intervention are important. 

 Cytokines are of central importance in the regulation of immunity, infl ammation, tissue remodeling, 
and embryonic development. Uncontrolled or excessive cytokine production may, however, contribute 
to the pathophysiology of acute and chronic diseases. This is, in particular, the case in the development 
of interstitial lung disease (fi brosing alveolitis), which is triggered by numerous cytokines produced in 
excess by pulmonary cells, especially alveolar macrophages. Studies on the cytokine network impli-
cated in the dust-induced alterations of lung structure and function are important for understanding 
the basic mechanisms of the disease. In addition, understanding the contribution of cytokines in the 

  14 
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responses to pneumotoxic agents and identifi cation of key mediators in the pathogenic process could 
contribute to: (a) the identifi cation of biomarkers for monitoring exposure or lung disease activity, 
(b) the development of therapeutic interventions for lung disease; and fi nally, (c) the development and 
validation of  in vitro  and  in vivo  approaches for assessing the toxicity of new materials. 

 14.2 PULMONARY RESPONSES TO INORGANIC DUST 

 Chronic inhalation of high concentrations of inorganic dust may result in a form of interstitial lung dis-
ease referred to as pneumoconiosis, which is a broad term used to describe the deposition of any inhaled 
dusts in the lung irrespective of the effects that they cause (excluding asthma and neoplasia). Like other 
interstitial lung disorders, malignant pneumoconioses are chronic infl ammatory reactions and collag-
enous fi brotic disorders confi ned to the lower respiratory tract, essentially within the alveolar walls. 
Malignant pneumoconioses are characterized by: (a) the presence of exaggerated collagen deposition, 
(b) a permanent impairment of function or destruction of the alveolar architecture, (c) a permanent 
cicatricial state of the lung (Heppleston, 1994). The three major classes of inorganic dusts that can cause 
interstitial lung disease are crystalline silica (silicosis), asbestos (asbestosis), and coal mine dust (coal 
workers’ pneumoconiosis, CWP) (Harvey and Crystal, 1997). These lung diseases can progress even 
after cessation of exposure (Steenland and Brown, 1995; Davis Smith 1996) and malignant pneumoco-
nioses predispose to infections, in particular, tuberculosis, and to lung cancer. 

 Benign pneumoconioses consist essentially of a simple accumulation of inorganic material 
without signifi cant impairment of the pulmonary function or of the alveolar architecture. Dusts of 
titanium, iron, tin, barium, or tungsten carbide are considered as “inert” material (noninfl ammatory 
and nonfi brogenic) and the pulmonary reactions to these dusts are classifi ed as noncollagenous 
pneumoconioses (Driscoll et al., 1990b; Lasfargues et al., 1992; Parkes, 1998). 

 Pneumoconioses do not affect the general population but are confi ned to individuals chronically 
exposed to high concentrations of fi brogenic dusts in the occupational setting. According to epide-
miological studies, the risk of interstitial lung disease induced by exposures to inorganic dusts relates 
largely to the cumulative exposure to hazardous dust (Davis Smith, 1996). Simple chronic silicosis has, 
however, been described after environmental exposures to silica in regions where soil silica content is 
high and dust storms are common (Franco and Massola 1992; Norboo et al., 1991). Moreover, nonoc-
cupational exposure to aluminum silicates resulting in fi brogenic disease has also been reported in some 
arid regions of the world, including the southwestern United States (Osornio-Vargas et al., 1991). 

 In the United States, between 1979 and 1992, 4,882 death certifi cates listed silicosis as an under-
lying or contributing cause of death; 8,761 death certifi cates listed asbestosis during that period. 
Silicosis mortality rates calculated for various European countries ranged from 0.91 per 100,000 
men in the United Kingdom to 7.36 per 100,000 men in Belgium during the period 1985 and 1986. 
General population mortality rates, however, are not necessarily illuminating for purposes of com-
parison because information about the number of people at risk of disease due to work is not fully 
available. Contrary to a common opinion, silicosis is not a disease of the past. Surveillance for sili-
cosis in four States in the United States identifi ed 447 new cases between 1988 and 1992 (American 
Thoracic Society Committee, 1997; Wagner, 1997). In France, approximately 200 cases of silicosis 
are recorded each year, and today, it is estimated that more than 250,000 persons are exposed to silica 
particles (Gout, 1996). The situation in developing countries appears much more preoccupant. From 
1991 to 1995, China recorded more than 500,000 cases of silicosis, with approximately 6,000 new 
cases and more than 24,000 deaths occurring each year. In Colombia, the government estimates that 
1.8 million workers are at risk of developing silicosis (World Health Organization [WHO], 2000). 

 Epidemiological studies have demonstrated wide variations in the response of individuals to 
similar exposures to inorganic dusts. The reasons for these variations are not clear and genetic back-
ground could probably play a role (Borm et al., 1992; Shih et al., 1993). 

 No effective treatment is available to reverse the course of malignant pneumoconiosis (Davis 
Smith, 1996). Prevention through elimination of hazardous exposure conditions is therefore of primary 
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importance. Some epidemiological and laboratory investigations have also suggested that early iden-
tifi cation of disease followed by withdrawal from exposure may lead to more favorable long-term 
outcomes (Wagner, 1997). Chest radiography, high-resolution computed tomography (CT) scan, 
and bronchoalveolar lavage or biopsy, which are useful for the recognition of advanced pathologies 
(Begin et al., 1988, 1991, 1995; Kipen et al., 1987), do however not always allow an early detection 
of the lung disease (Wagner, 1997). Therefore, any biological investigation leading to the discovery 
of an early indicator of pneumoconiosis and to evaluate the incipient progression of the disease 
could be of great value in preventive medicine. 

 Several lines of evidence support the view that the pathogenesis of the interstitial disease induced 
by certain inorganic dusts involves normal biological processes albeit exaggerated. The fundamental 
concept, usually put forward to explain the pathogenesis of pneumoconiosis, is similar to that of 
all interstitial lung diseases and is relatively simple: a chronic infl ammatory status (referred to as 
alveolitis), in which the infl ammatory cells are activated and release toxic mediators, damages the 
pulmonary architecture and modulates the accumulation of mesenchymal cells and their connec-
tive tissue products, which forms the basis of the fi brotic scar (Crouch, 1990; Harvey and Crystal, 
1997; Wolff and Crystal, 1997). What is not well understood is what maintains the alveolitis and 
why normal wound healing, which is normally localized in space and confi ned in time, overfl ows 
and promotes the establishment of lung fi brosis. The transition from normal defense to disease may 
simply be a matter of intensity: if the host defense system is overwhelmed by an exaggerated and 
chronic exposure to inorganic particles and if normal repair processes cannot keep up with the ensu-
ing damages, the consequences are inevitable and lead to the disease. Another plausible hypothesis 
suggests that normal biological processes operating after insults caused by mineral dusts are ampli-
fi ed and/or uncontrolled only in susceptible individuals (Harvey and Crystal, 1997). 

 The hypothetical biological process leading to the extension of particles-induced lung infl am-
mation and fi brosis can be summarized as follows. 

 14.2.1 Alveolitis 

 Inorganic particles that reach the alveolar epithelial surface are phagocytized mostly by alveolar 
macrophages. Evidence that alveolar macrophages are activated after phagocytosis comes from 
 in vitro  and  in vivo  studies that show morphological characteristics of activation (Takemura et al., 
1989) and spontaneous release of a broad array of typical infl ammatory mediators such as cytokines 
(Driscoll, 1995; Vanhee et al., 1995a) and arachidonic acid metabolites (eicosanoids) such as leu-
kotrienes B4 (LT B4) (Englen et al., 1990; Ghio et al., 1992; Koren et al., 1992; Kuhn et al., 1993a; 
Demers and Kuhn, 1994). These mediators induce a pronounced recruitment of infl ammatory cells 
both in the alveolar walls and on the alveolar epithelial surface. The resulting alveolitis is dominated 
by alveolar macrophages (Oghiso and Kubota, 1986; Rom et al., 1987), but also includes neutro-
phils (Rom, 1991), lymphocytes (Rom and Travis, 1992), and, to a much lesser extent, eosinophils 
(Robinson et al., 1986) and mast cells (Hamada et al., 2000). The major components of alveolitis 
accumulate by a recruitment of infl ammatory cells from blood but also by an increased proliferation 
of infl ammatory cells in the lung (Bitterman et al., 1984; Hoogsteden et al., 1989, 1993). 

 Although the process of injury may be initiated by the action of mineral particles themselves 
(Flaherty et al., 2002; Schins et al., 2002a), additional injuries seem to be associated with the infl ux 
of infl ammatory cells. In particular, toxic oxygen derivatives and proteolytic enzymes released by 
infl ammatory cells cause further cellular damage and disruption of the associated extracellular 
matrix (Weiss, 1989; Brown et al., 1992). In this context, several lines of evidence strongly suggest 
that exaggerated release of oxidants (e.g., superoxide anion, hydrogen peroxide, and nitric oxide) 
by alveolar macrophages, neutrophils, and probably other pulmonary cells plays a major role in 
the alteration of epithelial and endothelial cells that are particularly susceptible to these radicals 
(Blackford et al., 1994; Gossart et al., 1996; Mossman et al., 1990; Simeonova and Luster, 1995; 
Thomas et al., 1994; Vallyathan et al., 1992). The fragmentation of interstitial collagen fi bers and 

4049_C014_r03.indd   3094049_C014_r03.indd   309 11/15/2005   3:27:28 PM11/15/2005   3:27:28 PM



310 Inhalation Toxicology

basement membrane components observed after exposure to fi brogenic dusts strongly suggests that 
proteases also play a role in the injury process (Kawanami et al., 1995). Matrix metalloproteinases 
(MMPs) and elastase are proteolytic enzymes specifi cally directed against extracellular matrix com-
ponents. They are secreted by infl ammatory cells such as activated alveolar macrophages and neu-
trophils and may consequently contribute to the alveolar damage observed during the development 
of alveolitis (D’Ortho et al., 1994; Ferry et al., 1997; Torii et al., 1997; Perez-Ramos et al., 1999). 
Collagenase overexpression in the lungs of transgenic mice causes a clear disruption of the alveolar 
walls and coalescence of the alveolar spaces without infl ammation or fi brosis, providing evidence 
that extracellular matrix proteases could play a major role in the injury process (D’Armiento et al., 
1992). The plasminogen-activating (PA) system plays a role in the injury process. For example, 
alveolar macrophages recovered from a sheep model of asbestosis release plasminogen activator 
that converts plasminogen into the potent protease plasmin and may play a role in injury to the 
parenchyma (Cantin et al., 1989). In a mouse model of silicosis, increased urokinase-type PA activ-
ity was measured in the lung early after treatment (Lardot et al., 1998b). 

 In the acute response to fi brogenic particles, apoptosis, and DNA damages are observed in mac-
rophages and epithelial cells (Gozal et al., 2002; Kamp et al., 2002; Schins et al., 2002b; Panduri 
et al., 2003). Recent observations presented by Borges and coauthors demonstrated that apoptosis, 
induced early after administration of silica in mice, plays a central proinfl ammatory role by modu-
lating the tumor necrosis factor � (TNF-�) production (Borges et al., 2001). 

 14.2.2 Fibrotic Reaction 

 The infl ammatory phase is followed by a second or reparative phase in which polypeptide growth 
factors stimulate the recruitment and the proliferation of mesenchymal cells and regulate neovascu-
larization and reepithelialization of injured tissues. Tissue repair is accomplished by extracellular 
matrix deposition (mainly collagens I and III, fi bronectin, and proteoglycans) and tissue remodeling. 
During this phase, abnormal or uncontrolled reparative mechanisms may result in the development 
of fi brosis (Limper and Roman, 1992). Fibrosis occurs by local proliferation of mesenchymal cells 
and apparition of myofi broblasts with accompanying secretion of connective tissue proteins, result-
ing in a direct expansion of the alveolar interstitium. It is also now admitted that fi brosis could result 
from the organization of alveolar exudates (Lee and Kelly, 1993; Kawanami et al., 1995). Through 
defects in the basement membrane resulting from damage produced during alveolitis, mesenchymal 
cells and their connective tissue products also accumulate in the air spaces, and a subsequent reepi-
thelialization, mainly by proliferative type II epithelial cells, incorporates these intraalveolar masses 
into the markedly thickened alveolar wall (Wolff and Crystal, 1997). The ability of the normal 
reparative mechanisms to maintain the original architecture of the lung seems to depend on many 
factors, including host infl ammatory responses but also the nature and the persistence of injurious 
agents, the duration of exposure, and most notably, whether the injury has destroyed the continuity 
of the basement membrane, which is essential for the normal lung architecture (Burkhardt, 1989). 

 In addition to injury of the parenchyma during alveolitis, alveolar macrophages have a major 
role in the fi brotic reaction. Indeed, this cell type is able, when appropriately activated, to release a 
number of potent polypeptide growth factors for mesenchymal cells. In pneumoconiosis, these medi-
ators mainly include fi brogenic cytokines (TNF-�, interleukin 1 [IL-1], and transforming growth 
factors � and � [TGFs-� and �]), growth factors such as platelet-derived growth factor (PDGF), 
the alveolar macrophage form of insulin-like growth factor (IGF) (Harvey and Crystal,1997), and 
fi bronectin (Wagner et al., 1982; Begin et al., 1986; Rom et al., 1987; Rom, 1991). 

 MMPs and their tissue inhibitors (TIMPs) play an important role in the normal turnover of inter-
stitial collagen. Patients with lung fi brosis have a decreased collagenolytic and an increased TIMPs 
activity in their lung parenchyma. It may be suggested that this phenomenon permits an accumula-
tion of newly synthesized collagen at a faster rate than normal, thereby contributing to the fi brotic 
process (Pardo et al., 1992; Hayashi et al., 1996). Decreased expression of MMPs was also noticed 
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in the advanced phases of silicosis in the rat, contributing potentially to collagen accumulation and 
extension of progressive fi brosis (Perez-Ramos et al., 1999). Human and experimental observations 
suggest that the imbalance between plasminogen activators and their inhibitors (PAI 1 and 2) con-
tributes as well to the exaggerated deposition of the extracellular matrix proteins (Li et al., 1991; 
Eitzman et al., 1996; Lardot et al., 1998a, 1998b). 

 14.2.3 Cancer 

 Chronic exposure to asbestos and silica (quartz) is associated with an increased elevated risk of 
lung cancer in humans and administration of these particles has been shown to result in the develop-
ment of peripheral lung tumors in the rat (Johnson et al., 1987; International Agency for Research 
on Cancer [IARC], 1997; Calvert et al., 2003). Reactive oxygen species (ROS) and nitrogen spe-
cies (RNS) are believed to play a major role in genotoxicity of particles, which may derive from 
their surface properties, the presence of transition metals, intracellular iron mobilization, and lipid 
preoccupation. These toxic molecules may cause DNA and cell damage, a prerequisite event for 
mutagenicity (Ding et al., 2002; Manning et al., 2002). In addition,  in vivo  investigations support 

FIGURE 14.1 Major biological processes associated with injury and fi brosis of the lower respiratory 
tract in pneumoconiosis. Toxic dusts (5) stimulate alveolar macrophages (AM) but also epithelial cells 
(EPITH) and fi broblasts (FIBRO) to release several factors (chemokines, cytokines, and arachidonic 
acid [AA] metabolites), attracting leukocytes such as neutrophils (NEUT) and lymphocytes (LYM) into 
the lung. The activated alveolar macrophages and neutrophils produce a burden of oxidants and prote-
ases that injure the alveolar wall. Oxidants can also induce cellular and DNA damage leading to cancer. 
Leukocytes also release growth factors and cytokines that stimulate lung fi broblasts to proliferate and 
differentiate into myofi broblasts (MYOFIBRO). The result is more mesenchymal cells and a larger mass 
of connective tissue matrix, characterizing lung fi brosis.
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the existence of a relation between infl ammation and mutagenicity. Using a hyposcenthine- guanine 
phosphoribosyl transferase (HPRT) mutagenicity assay, Driscoll and coworkers showed increased 
mutagenicity in alveolar epithelial cells of rats after exposure to silica (Driscoll et al., 1997). DNA 
damage in lung epithelial cells isolated from silica-exposed rats was also observed in another study 
(Knaapen et al., 2002a). These authors also emphasized the pivotal role of neutrophilic infl amma-
tion in particle-induced carcinogenesis because BAL cells from dust-exposed animals produced 
increased mutation rates in cocultures of rat lung epithelial cells, primarily as a result of oxidant pro-
duction by neutrophils (Driscoll et al., 1997; Knaapen et al., 2002b). All these studies show a clear 
association between particle exposure and increased mutation. However, the precise  mechanism 
leading to cancer upon particle exposure remains to be elucidated. 

 The hypothetical mechanisms by which inorganic particles induce interstitial lung disease and/
or cancer are summarized in Figure 14.1.   

 14.3 PNEUMOCONIOSES AND CYTOKINES 

 14.3.1 Cytokine Networks 

 Cytokines constitute a group of low- molecular-weight proteins that are produced by many differ-
ent cell types and, in general, act in a paracrine, autocrine, or juxtacrine fashion. The regulation 
of cytokine production is complex with transcriptional and translational controls, soluble receptor 
proteins that inhibit biological activity and naturally occurring receptor antagonists. An individual 
cytokine is able to stimulate the production of many cytokines, generating a network that interacts 
with other cell regulators such as hormones and neuropeptides. Conversely, the expression of a 
given cytokine is usually modulated by a variety of other cytokines. They have pleiotropic regula-
tory effects on hematopoietic and many other cell types and participate in host defense and repair 
processes (Oppenheim, 1994). 

 The most striking features of cytokines are the redundancy and the pleiotropism of their actions. 
In fact, structurally different cytokines show remarkable similarities in their actions and individual 
cytokines tend to exert a multitude of actions on different cells and tissues. For instance, cytokines 
such as TGF-�, IL-4, IL-10, IL-11, and IL-13 can all decrease the TNF-� production by lipopoly-
saccharide-stimulated monocytes/macrophages (Essner et al., 1989; de Waal Malefyt et al., 1991; 
Bogdan and Nathan, 1993; Minty et al., 1993; Trepicchio et al., 1996). TGF-� exerts a multiplicity 
of biological activities on most cells and regulates many cell physiological processes. TGF-� is a 
potent immune differentiation and immunosuppressive agent and plays a key role in the normal mam-
malian development and in malignant transformation and tumor development (Derynck, 1994). 

 In general, the effects of cytokines can be profoundly infl uenced by the environment in which 
they act and especially by the presence or absence of other biologically active agents such as other 
cytokines, hormones, growth factors, or prostaglandins. Target cells are likely to be exposed to a 
cocktail of several cytokines on top of other biologically active agents, with the resulting biological 
action refl ecting various synergistic and antagonistic interactions of these agents. For example, IL-4 
can down-regulate IL-1-� production by activated monocytes but the addition of interferon � (IFN-�) 
suppresses this down-modulation (Geiger et al., 1993). 

 Cytokines produce their actions by binding to specifi c high-affi nity cell surface receptors. The 
modulation of the level of cytokine receptor expression may represent another important mechanism 
in the regulation of cytokine activity. For instance, IFN-� stimulates the expression of TNF recep-
tors and conversely TNF-� up-regulates IFN-� binding (Aggarwal et al., 1985; Raitano and Korc, 
1990). These diverse interactions and pleiotropic activities of cytokines are generally referred to as 
the “cytokine network” (Table 14.1).   

 In most cell types, constitutive production of cytokines is usually low or absent. Cytokine 
expression is often involved in maintaining tissue homeostasis after tissue injury or infection and an 
increased production of cytokines contributes to the initiation and resolution of local infl ammation 
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and tissue repair. However, in certain conditions, exaggerated expression of cytokines can be impli-
cated in the pathogenesis of disease, especially in disorders associated with exuberant infl ammation. 
For example, TNF-� has dichotomous effects, depending on its concentrations. At low concentra-
tions, TNF-� serves to protect the host against pathogens and governs physiological events like 
circadian rhythm of body temperature, sleep, and appetite (Strieter et al., 1993). However, at high 
concentrations, TNF-� induces pathophysiological host alterations such as in septic shock (Tracey 
and Cerami, 1994). 

 14.3.2 Pro- and Anti-Inflammatory Cytokines 

 “Proinfl ammatory” cytokines are early mediators of response to injury. These molecules are induced 
and expressed rapidly after exposure to noxious agents or after the recognition by host defenses of 
infection or neoplasia. Prototype cytokines in this category include IL-1 and TNF-�. Production of 
TNF-� and/or IL-1 induces recruitment and activation of infl ammatory cells (Dinarello and Wolff, 
1993; Tracey and Cerami, 1994). Moreover, these cytokines are also active on the nonimmune cells 
such as fi broblasts, smooth muscles, epithelial, and endothelial cells (Standiford et al., 1990). One 
of the most profound effects of the early response to TNF-� and IL-1 is the induction of a secondary 
cascade of cytokines. Two of the most important cytokines in this cascade are IL-8/CXCL8 (one 
of the multiple chemokines) and IL-6. However, it is now clear that other proinfl ammatory pep-
tides such as other chemokines, including monocyte chemotactic peptide (MCP) and macrophage 
infl ammatory protein (MIP), which possess a high degree of cellular specifi city for the recruitment 
of specifi c leukocytes, are essential in the development and the maintenance of the infl ammatory 
reaction (Strieter and Kunkel, 1997). In the same way, different adhesion molecules on endothelial 
cells are tightly regulated by TNF-� and IL-1, including intercellular adhesion molecule (ICAM), 
endothelial leukocyte adhesion molecule (ELAM), and vascular cell adhesion molecule (VCAM), 
which are also important for leukocyte recruitment in the infl ammatory response (Pilewski and 
Albelda, 1993). 

 The degree and persistence of infl ammation in the lung and other tissues are infl uenced by the 
balance between these last proinfl ammatory factors and other processes that down-regulate infl am-
mation. In this respect, several cytokines such as IL-10, TGF-�, IL-4, IL-11, and IL-13 exhibit 
anti-infl ammatory activities in a number of  in vitro  and  in vivo  models. In particular, experiments 
using mice lacking the ability to synthesize TGF-� or IL-10 (Kuhn et al., 1993b; Shull et al., 1992) 
have well demonstrated the unique and essential function of these cytokines in regulating infl am-
matory responses. Indeed, TGF-� or IL-10 knockout mice develop abnormal phenotype character-
ized by dramatic infl ammatory lesions in multiple organs, which results in lethal cardiopulmonary 
failure and infl ammatory bowel disease, respectively. Additionally, the administration of both these 
cytokines attenuates the infl ammatory response (Kuruvilla et al., 1991; Walley et al., 1996). This 
effect is at least in part mediated by attenuating proinfl ammatory mediators such as TNF-�, IL-1, 
chemokines, and prostaglandin E2 (PGE2). In the same way, IL-4, IL-11, and IL-13 are also effec-
tive in down-regulating expression of the prototype proinfl ammatory cytokines TNF-� and IL-1 by 

TABLE 14.1 Molecular Philosophy of Cytokine Actions
Redundancy Different cytokines may have similar actions

Pleiotropism A cytokine tends to have multiple target cells and multiple actions

Synergism/Antagonism Exposure of cells to two or more cytokines at a time may lead to qualitatively different 
responses

Cytokine cascade A cytokine may increase (or decrease) the production of another cytokine

Receptor transmodulation A cytokine may increase (or decrease) the expression of receptors for another cytokine
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monocytes and macrophages (Essner et al., 1989; Minty et al,. 1993; Trepicchio et al., 1996). All 
these cytokines are known to increase the production of soluble receptors for TNF-� or IL-1 in both 
humans and animals. Because these receptors are still able to fi x the ligand, it has been postulated that 
they serve as molecules limiting the proactivity of IL-1 and TNF-� and thus limit the propagation of 
infl ammation (Ulich et al., 1994).   Finally, IL-1 receptor antagonist (IL-1Ra) is a naturally occurring 
cytokine and a member of the interleukin-1 family whose only function is to prevent a biological 
response to IL-1. Thus, IL-1Ra possesses strong anti-infl ammatory properties (Dinarello, 2000). 

 14.3.3 Cell Subsets Defined by Cytokine Production 

 The existence of reciprocal relationships between  T-cell-mediated and antibody-mediated immunity 
has been recognized for many years (Parish, 1972). In a seminal study, Mosmann et al. (1986) dem-
onstrated that mouse T helper (CD4 + ) cell clones can be classifi ed into distinct populations on the 
basis of their patterns of cytokine production. On one hand, the CD4 +  T-cell clone that predominantly 
produce interleukin-2 (IL-2), IFN-�, and TNF-� were called T-helper 1 (TH1 or type 1) clones. On 
the other hand the CD4 +  T-cell clones predominantly producing IL-4, IL-5, IL-6, IL-9, IL-10, and 
IL-13 were called T-helper 2 (TH2 or type 2) clones. Evidence rapidly accumulated showing that 
TH1 and TH2 clones differed in the type of immunological responses they stimulate. Whereas TH1 
clones drive cell-mediated responses, TH2 clones are more potent helpers for antibody-mediated 
responses, providing an explanation for the observed dichotomy of immune responses (Mosmann 
and Coffman, 1989). The maturation of TH1 cells is mainly driven by IL-12 production by activated 
macrophages. The maturation of TH2-type cells requires stimulation by IL-4. Cytokines produced 
by TH1 and TH2 T cells can modulate type 1 and type 2 immune responses by mutually inhibiting 
the maturation of precursor T cells and suppressing the effector cells. For example, IL-12 and IFN-� 
(TH1) have been shown to inhibit TH2 T-cell maturation. Conversely, the type 2 cytokines IL-4 and 
IL-10 have been shown to inhibit the maturation of TH1 T cells and the production of IFN-� (Abbas 
et al., 1996; Liew, 2002). 

 The polarization of the immune system appears to be an essential event for effi cient control of 
numerous diseases and has clearly been demonstrated to be of benefi t to the elimination of infectious 
agents or tumoral cells (Liew, 2002). For example, human and animal studies have demonstrated the 
benefi cial and protective role of TH1 cell population in infection with  Leishmania major . By con-
trast, in parasite models such as helminth infection, studies showed that TH2 cells were frequently 
correlated with a protective immunity (Liew, 2002). Numerous studies have indicated the overt 
role of TH1 or TH2 cells in leading to numerous immune disorders and pathologies. For instance, 
allergic reactions involving IgE and mast cells could be due to the development of allergen-specifi c 
TH2 cells, whereas infl ammatory autoimmune diseases were shown to be frequently associated 
with overexpansion of TH1 lymphocytes (Liew, 2002). Recent works indicate that the TH1/TH2 
concept could be extended to other immune cell types, having distinct effector functions and cyto-
kine phenotypes and thus playing a major role in the regulation of particular immune response. On 
the basis of cytokine production, it has been shown that macrophages, eosinophils, NK, CD8 + , and 

TABLE 14.2 Cytokine Subsets

Cytokine class Functions Examples
PRO-INFLAMMATORY increase infl ammation TNF-�, IL-1, IL-6, IFN-�, IL-12p70

ANTI-INFLAMMATORY dampen established infl ammation IL-10, IL-4, IL-13, TGF-�, sRIL-1, 
sRTNF-�, IL-1Ra

TYPE 1 modulate cellular immune response IFN-�, IL-2, IL-12p70

TYPE 2 modulate humoral immune response IL-4, IL-5, IL-10, IL-13, TGF-�
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B lymphocytes may also adopt type 1 or type 2 phenotypes, depending of immune circumstances 
(Mosmann, 2000). 

 The different subsets of cytokines are summarized in Table 14.2.   

 14.3.4 Roles of Cytokines in Pneumoconioses 

 14.3.4.1 Alveolitis and Cytokines 

 An extensive and growing number of data indicate that fi brogenic particles early activate the produc-
tion of proinfl ammatory cytokines within the respiratory tract. For example, normal human and/or 
rat alveolar macrophages exposed  in vitro  to silica, asbestosis, or coal mine dust release TNF-�, 
IL-1, and IL-6 (Schmidt et al., 1984; Oghiso and Kubota, 1987; Dubois et al,. 1989; Driscoll et al., 
1990a; Gosset et al., 1991; Perkins et al., 1993; Zhang et al., 1993; Huaux et al., 1995). Relatively 
innocuous dust, such as titanium dioxide, aluminum oxide, or tungsten carbide, however, is mark-
edly less effective in stimulating this response (Driscoll et al., 1990a; Gosset et al., 1991; Savici 
et al., 1994; Huaux et al., 1995). The relevance of these  in vitro  observations is supported by  in vivo  
studies showing that alveolar macrophages from animals exposed to silica or asbestos also overpro-
duce TNF-� and IL-1 early after treatment (Oghiso and Kubota, 1986; Driscoll et al., 1990b, 1991; 
Li et al., 1993). “Inert” dusts such as titanium dioxide do not induce, in the rat, similarly increased 
release of TNF-� or IL-1 by alveolar macrophages. Other proinfl ammatory cytokines such as che-
mokines are also expressed after exposure to fi brogenic dusts. For example, expression of MIP-1 
�/CCL3 and �/CCL4, MCP-1/CCL2, and MIP-2 mRNA and proteins is markedly increased in the 
lungs of rats or mice exposed to silica. The up-regulation of these chemokines precedes the infl ux of 
infl ammatory cells into the respiratory airways (Driscoll et al., 1993; Driscoll, 1994; Driscoll et al., 
1995, 1996; Yuen et al., 1996; Hubbard et al., 2002; Pryhuber et al., 2003). The proinfl ammatory 
cascade implies the activation of transcription factors such as NF-kB and AP-1, largely implicated 
in the regulation of genes encoding infl ammatory cytokines. Indeed,  in vitro  and  in vivo  studies sug-
gested that silica and asbestos, but not nonfi brogenic particles, interact with pulmonary epithelial 
cells and alveolar macrophages to cause directly or indirectly (via TNF or oxidant production) the 
activation of these transcription factors (Savici et al., 1994; Chen et al., 1995; Janssen et al., 1995; 
Hubbard et al., 2002; Ortiz et al., 2001). 

 Several lines of evidence support the view that TNF-� plays a key role in the recruitment of 
infl ammatory cells induced by toxic dusts. (a) In silica-exposed rats, a signifi cant positive correla-
tion exists between  in vivo  activation of macrophages, TNF-� release, and the recruitment of neutro-
phils in the lung (Driscoll, 1995; Driscoll and Maurer, 1991). (b) A similar correlation has also been 
shown between TNF-� levels in bronchoalveolar lavage fl uid and neutrophilic infl ammation in the 
lungs of humans exposed to asbestos (Zhang et al., 1993). (c) Pretreatment of rats with a monoclo-
nal antibody against TNF-� signifi cantly attenuated the pulmonary recruitment of neutrophils and 
decreased lung MIP-2 expression in response to silica (Driscoll, 1994, 1995). Similarly, defi ciency 
in TNF receptor I was associated with a defect of MIP-2 synthesis in silica-treated mice (Pryhuber 
et al., 2003). (d) Finally, TNF-� release facilitates the attachment of leukocytes to the endothelium 
of blood vessels by stimulating the expression of adhesion molecules such as intercellular adhesion 
molecule 1 (ICAM-1) on vascular endothelial cells in humans or mice exposed to coal mine or silica 
dusts, respectively (Nario and Hubbard, 1996; Vanhee et al., 1996). 

 In addition to alveolar macrophages, it is now clear that respiratory epithelial and endothelial cells 
as well as mesenchymal cells also play a major role in the establishment of the alveolitis induced by 
inhaled particles. For example,  in vitro  exposure of human and rat epithelial cells to asbestos fi bers 
or silica particles increases the production of infl ammatory mediators like MIP-2, IL-8/CXCL8, and 
ICAM-1 (Driscoll et al. 1993, 1996; Rosenthal et al., 1994; Simeonova and Luster, 1996; Stringer et al,. 
1996; Treadwell et al., 1996). Concurrently, neutrophils recruited in an area of infl ammation can also 
contribute to amplifying alveolitis by secreting infl ammatory factors such as TNF-� and IL-1 (Kusaka 
et al., 1990; Xing et al., 1994b). 
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 Despite this wealth of evidence concerning the role of proinfl ammatory cytokines in the early 
response to mineral particles, the contribution of anti-infl ammatory cytokines, such as IL-10, IL-4, 
IL-11, IL-13, and TGF-�, has been studied only recently. By blocking or increasing IL-10 in silica-
induced lung infl ammation, Driscoll and colleagues were able to increase or limit the acute pulmo-
nary response to particles (acute toxicity, neutrophils recruitment, and MIP-2 expression) (Driscoll 
et al., 1998). These results were in accordance with the observations obtained in silica-treated 
IL-10-defi cient mice where the amplitude of infl ammation and its consequences were signifi cantly 
increased (Huaux et al., 1998). Mice and hamsters have the ability to produce more IL-10 than the 
rat, suggesting that different species and probably strains have different predisposition to control 
infl ammation and subsequent damages (Carter and Driscoll, 2001; Huaux et al., 1999a). Indeed 
silica-treated mice and hamsters developed limited infl ammation in comparison with exposed rats. 
The exact role of IL-4, IL-11, IL-13, and TGF-� during particle-induced pulmonary infl ammation 
has not yet been tested, but on the basis of their anti-infl ammatory capacity they might have an 
important role in the control of infl ammation. 

 14.3.4.2 Fibrosis and Cytokines 

 14.3.4.2.1 Growth Factors 
 TGF-� is associated with the development of fi brosis in humans and experimental animals. In 
humans, elevated TGF-� expression has been observed in asbestosis (Khalil et al., 1996), silicosis 
(Jagirdar et al., 1996), and CWP (Vanhee et al., 1994). In a variety of animal models of pulmo-
nary fi brosis, induction of TGF-� has been demonstrated after exposure to silica and asbestos but 
also after treatment with other fi brogenic agents such as ionizing radiation or bleomycin (Phan and 
Kunkel, 1992; Williams et al., 1993; Finkelstein et al., 1994; Perdue and Brody, 1994; Mariani et al., 
1996). Giri and colleagues have shown that pretreatment with anti-TGF-� antibodies signifi cantly 
decreases pulmonary fi brosis in different animal models (Denis, 1994; Giri et al., 1993). In addition, 
adenovector-mediated gene transfer of active TGF-�1 induces the development of lung fi brosis (Sime 
et al., 1997). Moreover, extensive  in vitro  data have demonstrated the essential role of TGF-� in 
fi brosis. TGF-� directly stimulates fi broblast proliferation (Border and Noble, 1994), myofi broblast 
differentiation, and expression of extracellular matrix proteins such as collagen (Phan, 2002) and 
fi bronectin (Roberts et al., 1988) and causes inactivation of proteases (Laiho et al., 1986). However, 
in some cell systems, TGF-� may act as an inhibitor of fi broblast proliferation (Battegay et al., 
1990), which again illustrates the pleiotropy of cytokine action. Collectively, these studies conclu-
sively demonstrate a key role of TGF-� in the pathogenesis of lung fi brosis. 

 TGF-�, which has a potent mitogenic activity for epithelial and mesenchymal cells, is also 
up-regulated in the fi brotic lungs of rats exposed to asbestos fi bers or silica particles. TGF-� may 
thus be critical in directing the proliferation of type II pneumocytes that are associated with pneu-
moconiosis (Absher et al., 1993; Liu et al., 1996). Overexpression of TGF-� in transgenic mice 
disrupts alveolar morphogenesis and produces fi brotic lesions (Korfhagen et al., 1994). 

 Several human studies have shown that alveolar macrophages recovered from the epithelial sur-
face of the lungs of individuals with asbestosis, silicosis, and CWP spontaneously release signifi cant 
amounts of growth factors such as PDGF (Lesur et al,. 1992; Melloni et al., 1994; Vanhee et al., 1994, 
Harvey and Crystal, 1997), IGF (Melloni et al., 1994; Vanhee et al., 1994; Jagirdar et al., 1996), and 
fi broblast growth factor (FGF) (Lesur et al., 1992; Melloni et al., 1994; Hamada et al., 2000). Authors 
have incriminated these mediators in the exaggerated wound healing and the proliferative response 
of type II epithelial cells occurring in malignant pneumoconioses. PDGF-like, IGF-like, and FGF-
like molecules are released by human or rat alveolar macrophages exposed  in vitro  to asbestos and 
silica (Bonner et al., 1991; Melloni et al., 1996). In the same  in vitro  conditions, inert particles such 
as titanium dioxide had no effect on growth factor production (Melloni et al., 1993). Alveolar mac-
rophages from rats or sheep treated with silica or asbestos spontaneously release growth factors such 
as PDGF and FGF, early after exposure and several months thereafter (Adamson et al., 1991, 1997). 
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It is possible, however, that cells other than alveolar macrophages (mesenchymal cells themselves or 
epithelial cells) release such growth factors (Liu et al., 1997). Pulmonary infl ammation and fi brosis 
were observed in transgenic mice overexpressing the PDGF gene under the control of the lung-
specifi c surfactant protein C (SPC) promoter, appointing this growth factor as a pivotal mediator in 
fi brogenesis (Hoyle et al., 1999). 

 14.3.4.2.2 Pro- and Anti-inflammatory Cytokines 
 In addition to their proinfl ammatory activity, TNF-� and IL-1 � and � can induce the accumulation 
of extracellular matrix proteins such as collagen and fi bronectin in lung fi broblast cultures (Goldring 
and Krane, 1987; Postlethwaite et al., 1988; Zhang et al., 1993). TNF-� and IL-1 can stimulate 
fi broblast proliferation by inducing them to secrete PDGF, which in turn triggers cells to enter the 
cell cycle (Raines et al., 1989; Battegay et al., 1990). Thus, it is not surprising that increased levels 
of TNF-� and IL-1 have been observed in both human and animal lungs under conditions of devel-
oping fi brosis such as silicosis (Hartmann et al., 1984; Struhar et al., 1989b; Driscoll et al., 1990b; 
Mohr et al., 1991), asbestosis (Perkins et al., 1993; Zhang et al,. 1993), and CWP (Borm et al., 1988; 
Lassalle et al., 1990; Vanhee et al., 1995b; Vallyathan et al., 2000). Collagen deposition in silica-
induced lung fi brosis was markedly decreased by administration of an anti-TNF-� antibody in mice 
(Piguet et al., 1990). In addition, administration of soluble TNF receptor or IL-1 receptor antagonist 
(IL-1 Ra) signifi cantly reduced the extent of fi brosis observed after administration of silica in mice 
(Piguet and Vesin, 1994; Piguet et al., 1995). Transgenic mice that overexpress TNF-� spontaneously 
develop lung fi brotic reactions and, at the opposite, double knockout mice for TNF-�/lymphotoxin-
� are resistant to material-induced pulmonary fi brosis (Miyazaki et al., 1995; Piguet et al., 1997). 
Besides, limited fi brotic response induced by asbestos or silica was observed in TNF receptors I 
and/or II knockout mice when compared with corresponding wild-type mice (Liu et al., 1998; Ortiz 
et al., 1999, 2001; Pryhuber et al., 2003). Defi ciency in IL-1 � protects mice from silica-induced 
fi brosis (Srivastava et al., 2002). Increasing lung content of TNF and IL-1 � by transferring adeno-
viral constructs in the lungs of rodents also demonstrated that both cytokines participate directly in 
the development of infl ammation and of collagen deposition (Sime et al., 1998; Kolb et al., 2001). 
From these elegant studies, authors concluded that both these proinfl ammatory mediators may play 
a central role in the production of other profi brotic factors such as TGF-� and � and PDGF, but also 
in the balance between MMP and TIMP expression in favor of matrix deposition. Remarkably, sev-
eral reports pointed out an association between polymorphism in TNF-� promoter and in IL-1RA 
gene and silicosis and CWP. The authors suggest that these polymorphisms may confer increased 
risk for the development of the disease (Yucesoy et al., 2001a, 2001b; Corbett et al., 2002). Taken 
together, these fi ndings demonstrate a causal relationship between excessive or persistent expression 
of IL-1 and TNF-� and the establishment of lung fi brosis. 

 Chemokines are essential mediators not only in the initiation but also in the persistence of alveo-
litis. It has been suggested that chemokines are responsible for specifi c recruitment of macrophages, 
lymphocytes, and neutrophils observed in pneumoconiosis during chronic lesions. For instance, 
silica-induced fi brotic lesions in mice are associated with marked expression of MIP-1 �/CCL3 
(macrophage/monocyte and neutrophil chemoattractant), MIP-2/CXCL2/3 (neutrophil chemoat-
tractant), MCP-1/CCL2 (macrophage/monocyte chemoattractant), and IP-10/CXCL10 (T-cell che-
moattractant) (Pryhuber et al., 2003). Alveolar macrophages cultured  in vitro  from asbestos-exposed 
individuals spontaneously released signifi cant amounts of the neutrophil chemotaxin, IL-8/CXCL8 
(Broser et al., 1996). In addition, production of IL-8/CXCL8 from blood monocytes was signifi -
cantly increased in coal miners with pneumoconiosis compared with healthy controls (Kim et al., 
1999). Patients with CWP have a marked pulmonary overproduction of MCP-1/CCL2, suggesting 
that this chemokine may be responsible, at least in part, for the recruitment of monocytes observed 
in pneumoconiosis (Boitelle et al., 1997). Osteopontin, another cytokine considered as a macro-
phage chemoattractant, was found to be associated with silicosis (Nau et al., 1997). Besides their 
strong chemotactic activity, however, recent literature has identifi ed additional roles for chemokines 
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in the pathogenesis of pulmonary fi brosis. MCP-1/CCL2 can directly stimulate fi broblast collagen 
expression via specifi c receptors and endogenous up-regulation of TGF-� (Gharaee Kermani et al., 
1996). Angiogenic activity during lung fi brotic process is also potentially an important event in the 
extension of lung fi brosis. IL-8/CXCL8 in contrast to IP-10/CXCL10 can promote this angiogenic 
activity (Strieter et al., 2002). Collectively, these data suggest that chemokines are important media-
tors in the pathogenesis of lung fi brosis by controlling pulmonary accumulation of immune cells but 
also certain functions of fi broblasts and other lung cells. 

 Because anti-infl ammatory cytokines such as IL-10 are relatively effective in the control of 
infl ammation, several authors have suggested that this type of cytokine could also be considered 
in regulating fi brosis. However, several lines of evidence have demonstrated that anti-infl ammatory 
factors may possess profi brotic functions. First, in human lung fi brosis anti-infl ammatory cyto-
kines were associated with up-regulation of IL-10 and IL-13 expression by alveolar macrophages 
(Martinez et al., 1997; Hancock et al., 1998; Cohen et al., 1999). Animal models of pneumoconiosis 
revealed that IL-10 was specifi cally expressed by alveolar macrophages after silica and well cor-
related with the establishment of fi brosis (Huaux et al., 1999a). Targeted expression of IL-10, IL-11, 
or IL-13 in the murine airways via the CC10 promoter caused airway remodeling with fi brosis, 
collagen deposition, and accumulation of mesenchymal cells (Tang et al., 1996; Lee et al. 2001, 
2002). These elegant models supported the view that these anti-infl ammatory cytokines may play 
a crucial role in the fi brotic responses in airway disorders. In the same way, IL-10 knockout (KO) 
mice treated with silica were relatively protected from silica-induced fi brosis, denoting that in cer-
tain circumstances, IL-10 can be considered as a profi brotic mediator despite its anti-infl ammatory 
functions (Huaux et al., 1998). Finally, TGF-�, a well-established key fi brogenic mediator, is also 
a powerful anti-infl ammatory cytokine (Shull et al., 1992; Border and Noble,1994). These results 
challenge the dogma that persistent pro-infl ammatory mediators and infl ammation lead to fi bro-
sis. These recent observations could be interpreted as follows. During the infl ammatory response, 
expression of anti-infl ammatory cytokines (TGF-�, IL-4, IL-10, IL-11, and IL-13) can limit both 
the recruitment of infl ammatory cells and the activity of proinfl ammatory mediators such as TNF-�. 
With the time, when the fi brotic reaction is initiated and involves other cell components (mesenchy-
mal cells, lymphocytes), the high amount of anti-infl ammatory cytokines produced could, in addi-
tion to their anti-infl ammatory action, also act as profi brotic mediators, conceivably by stimulating 
mesenchymal cells directly or indirectly. This hypothetical view again illustrates the ambiguity of 
the cytokine network and emphasizes the fact that cytokines may have different activities on differ-
ent cell types, here on infl ammatory and mesenchymal cells. 

 14.3.4.2.3 Type-1 and Type-2 Cytokines 
 The predominance of CD4 +  T cells (helper/inducer T cells) is increasing both in humans (Rom and 
Travis, 1992) and in experimental pneumoconiosis (Kumar, 1989; Struhar et al., 1989a; Kumar 
et al., 1990; Li et al., 1992; Ueki et al., 1994), and an essential participation of T lymphocytes in the 
pathogenesis of lung fi brosis induced by inorganic dusts has been indicated in several experimental 
studies (Hubbard, 1989; Corsini et al., 1994; Suzuki et al., 1996). However, the determination of the 
subtype of T-helper lymphocytes (TH1 or TH2) is still under investigation and has apparently led 
to confl icting data. 

 Interest in the balance between type 1 and type 2 immune response in lung fi brosis was ini-
tiated from  in vitro  studies showing an opposite effect between IFN-� (TH1 cytokine) and IL-4 
(TH2 cytokine) on certain fi broblast functions. Indeed, IFN-� suppresses collagen production by 
fi broblasts in culture, acting at the transcriptional level to turn off collagen gene expression (Elias 
et al., 1987; Sempowski et al,. 1994a, 1996; Varga et al., 1990). Lung fi broblasts in culture, which 
normally respond vigorously to PDGF, were inhibited from dividing by IFN-� treatment (Badgett 
et al., 1996). Gene transfer and expression of IFN-� in fi broblasts induced a suppression of type I 
collagen expression (Jaffe et al., 1997). However, treatment with IFN-� of alveolar macrophages, 
obtained from normal rats or from patients with interstitial lung disease, increased expression of 
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PDGF (Shaw et al., 1991; Badgett et al,. 1996). In addition, normal macrophages treated with IFN-� 
showed an enhanced transcription, translation, and synthesis of fi bronectin (Cofano et al., 1984). 
Profi brotic activity of IL-4 was also fi rst described  in vitro  with fi broblast cell lines obtained from 
different organs. Indeed, IL-4 has been reported to stimulate fi broblast chemotaxis (Postlethwaite 
and Seyer, 1991), proliferation (Sempowski et al,. 1994a), and contraction (Liu et al., 2002). In 
addition, IL-4 can stimulate myofi broblast differentiation as well as fi broblast production of extra-
cellular matrix components, including collagen, fi bronectin, and tenascin (Makhluf et al., 1996; 
Mattey et al., 1997; Oriente et al., 2000; Postlethwaite et al., 1992; Sempowski et al., 1994a, 1994b). 
However, this up-regulation of fi broblast functions seemed indirect (via TGF-� production) and 
was not observed with all fi broblast types. For instance, IL-4 was relatively ineffective in promoting 
procollagen 1 gene expression and myofi broblast transformation in certain fi broblasts (Huaux et al., 
2003; Richter et al., 2001). 

 In humans, interstitial lung diseases such as idiopathic fi brosis and TH2 cytokines such as IL-4, 
IL-5 (Wallace et al., 1995; Furuie et al., 1997), IL-10 (Moller et al., 1996; Martinez et al., 1997), 
and IL-13 (Hancock et al., 1998) were all increased in pathological lungs, suggesting a key role of 
the type 2 polarization in the pathogenesis of lung fi brosis. Unfortunately, only partial information 
concerning IFN-� and IL-4 expression are available in human pneumoconiosis. Infl ammatory cells, 
recovered from the lung of nonsmokers with an history of exposure to asbestos, spontaneously 
release IFN-� especially in those without respiratory impairment, suggesting a potential antifi bro-
genic role for IFN-� in the pneumoconiosis (Rom and Travis, 1992). In CWP, amounts of IFN-� in 
BALF were decreased as compared with the IFN-� in the control group (Lesur et al., 1994). 

 Although, lung fi brosis is thought to be a type 2-related disease, several experimental studies 
with rodents have demonstrated a concomitant presence of both immune responses during the estab-
lishment of pneumoconiosis. For instances, lung and lung-associated lymph nodes from silicotic 
mice and rats displayed an enhanced IFN-� and IL-18 gene transcription (Davis et al., 1999, 2000; 
Garn et al., 2000). No similar increase was noted by analyzing IL-4 expression in lymphocytes 
(Davis et al., 1999). In contrast, another group showed that silicosis in mice is associated with an 
up-regulation of IL-4 mainly in alveolar macrophages (Arras et al., 2001). In addition, other type 2 
cytokines such as IL-10 and IL-12p40 are synthesized by silica-activated macrophages present in 
silicotic lesions (Huaux et al., 1999a, 2002). The exact importance of both these existing responses 
in the pathogenesis of pneumoconiosis was recently investigated by analyzing particle-induced lung 
responses of IFN-� or IL-4-defi cient animals. Unfortunately, these studies showed confl icting con-
clusions (Davis et al., 2001; Desaki et al., 2002). Thus it is still diffi cult to discriminate between 
preferential type 1 or type 2 immune response in particle-induced lung fi brosis in animals. This 
clearly argues for a more complicated mechanism, wherein both types of responses could promote 
fi brosis. On the other hand, type 2 cytokines also participate in the extension of fi brosis because 
transgenic mice overexpressing pulmonary IL-10 and IL-13 present signs of fi brosis (Lee et al. 2001, 
2002). Numerous type 2 cytokines such as IL-10, IL-4, and IL-13 possess anti-infl ammatory activi-
ties, supporting the concept that type 2 and anti-infl ammatory cytokines are profi brotic mediators. 

 Other cytokines may be involved in the pathogenesis of pneumoconioses but their role in the 
fi brotic disease is still unclear and debated. 

  • The potential role of IL-9 has been investigated by Arras and coauthors because this 
TH2 cytokine is involved in asthma reaction (Arras et al., 2001). Transgenic mice over-
expressing IL-9 developed signifi cantly less pulmonary fi brosis after administration of 
silica. The limitation of the fi brotic process was accompanied by numerous B/B1 lym-
phocytes through the pulmonary parenchyma. These observations confer to this cytokine 
antifi brotic functions. However, the exact mechanism by which IL-9 can down-regulate 
fi brosis still needs to be explored. 

  • IL-12p70 (p35/p40) and its related cytokines IL-12p40 (p40/p40) and IL-23 (p40/p19) 
are preferentially produced by macrophages and thus may play important roles in 
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pneumoconiosis. In a recent study, it was demonstrated that IL-12p40 but not IL-12p70 
was clearly associated with the extension of experimental silicosis (Huaux et al., 1999b). 
IL-12p40-defi cient mice developed signifi cantly less silica-induced lung fi brosis than 
treated wild-type and IL-12p35 KO mice (Huaux et al., 2002). In addition, recombinant 
IL-12p40 administered to silicotic mice induced specifi c recruitment of macrophages into 
the lung, demonstrating that this cytokine is, at least in part, involved in the macrophage 
accumulation observed in pneumoconiosis (Huaux et al., 2002). In line with data observed 
in IL-12p40-defi cient mice, administration of blocking IL-12p40 antibodies signifi cantly 
diminished bleomycin-induced fi brosis in mice (Maeyama et al., 2001). In contrast, in the 
same model of lung fi brosis, treatment with recombinant IL-12p70 decreased the inten-
sity of fi brosis, potentially via its capacity to stimulate IFN-� (Keane et al., 2001). Further 
investigations are necessary to clarify the exact role of IL-12 and its different subunits in 
lung fi brosis, especially the potential role of IL-23. 

  • Using adenoviral-mediated gene transfer techniques for overexpressing granulocyte mac-
rophage-colony stimulating factor (GM-CSF) in the lung of rats, it has been demonstrated 
that GM-CSF may play a direct role in pulmonary fi brogenesis at least through its capa-
bility to induce TGF-� expression in macrophages (Xing et al., 1996, 1997). However, 
these results were not confi rmed by administration of GM-CSF or anti-GM-CSF in a 
pulmonary fi brosis model induced by bleomycin (Piguet et al., 1993). In contrast, authors 
have suggested that this cytokine may possess antifi brotic functions because defi cient 
mice developed marked bleomycin-induced fi brosis (Moore et al., 2000). The benefi cial 
effect of GM-CSF could be attributed to its capacity to stimulate the production of PGE2 
(an antifi brotic molecule). 

  • In CWP, IL-6 was found overexpressed by BAL cells and by alveolar macrophages in 
culture and was enhanced in BALF (Lesur et al., 1994; Vanhee et al., 1995b), suggesting a 

FIGURE 14.2 Activating and inhibiting cytokines in the alveolitis and fi brosis responses to inhaled 
particles.
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profi brotic activity of IL-6. Overexpression of IL-6 by adenovector-mediated gene trans-
fer results in a massive infi ltration of the pulmonary parenchyma with lymphocytes (Xing 
et al., 1994a). IL-6 is considered as a growth factor for fi broblasts (Fries et al., 1994; 
Simeonova et al., 1997) and can inhibit collagen degradation (Bienkowski and Gotkin, 
1995). An  in vivo  study, however, has suggested a protective effect of IL-6 in modulating 
the extent of fi brosis that follows acute lung injury (Denis, 1992). 

  • Osteopontin (OPN) expression was identifi ed in the chronic stage of human silicosis and 
in the bleomycin-induced fi brosis model (Nau et al., 1997; Takahashi et al., 2001). Renal 
fi brosis after an acute ischemic insult is limited in OPN knockout mice (Persy et al., 
2003). The authors of this study suggested that the reduced fi brotic response is potentially 
due to a lack in macrophage infi ltration, essential in the propagation of fi brosis. Besides 
its activity on macrophage recruitment, a recent study has identifi ed for this cytokine a 
new direct role in fi brosis. Indeed, recombinant OPN enhanced migration, adhesion, and 
PDGF-mediated proliferation of murine fi broblasts, demonstrating that OPN may also 
modulate fi broblast functions (Takahashi et al., 2001). 

 The known contributions of cytokines in both alveolitis and pulmonary fi brosis induced by 
mineral material are summarized in Figure 14.2.   

 14.4 CONCLUSION 

 Cytokines are of central importance in the regulation of immunity, infl ammation, tissue remodeling, 
and embryonic development. They constitute a group of small proteins that regulate cell differen-
tiation, proliferation, and cell secretory activity. Although cytokines play a key role in the immune 
system and normal physiology, uncontrolled or excessive cytokine production may contribute to the 
pathophysiology of acute and chronic disease. In particular, particle-induced pulmonary lesions are 
modulated and triggered by numerous cytokines produced in excess by pulmonary cells, especially 
alveolar macrophages but also epithelial cells and fi broblasts. They play critical roles in the chronic 
leukocyte accumulation and progressive fi brosis observed in pneumoconiosis. Proinfl ammatory 
cytokines such as TNF-� and IL-1 are key initiators of the lung response and play crucial roles 
in mediating infl ammatory cell accumulation by inducing production of chemoattractants such as 
chemokines. The lung fi brotic response is also infl uenced by these proinfl ammatory cytokines and 
by growth factors including TGF-�, PDGF, epidermal growth factor, and FGF. Among these media-
tors, TGF-� appears to be an essential factor in the pathogenesis of fi brosis. There is a growing 
database suggesting that anti-infl ammatory cytokines such as IL-10, IL-4, IL-11, and IL-13 have a 
detrimental activity during the establishment of lung fi brosis despite their capacity to control certain 
macrophage functions and the infl ammatory process. The information is still insuffi cient to deter-
mine exactly if pneumoconiosis is preferentially associated with a specifi c type 1 or type 2 immune 
response. Future studies on the cytokine networks implicated in dust-induced alterations of lung 
structure and function are necessary to better understand basic mechanisms of pneumoconiosis. 
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 15.1 INTRODUCTION 

 The fi eld of toxicology has been strongly affected by the assumption that there are no treatment-
related effects for noncarcinogens below the no observed adverse effect level (NOAEL). This 
assumption has had a profound effect on how studies are designed, including the number and spac-
ing of doses,  the types of hypotheses tested, and even the biological models selected. In the case of 
carcinogens it has not been feasible to conduct studies that attempt to estimate risks that approach 
and are less than about 1/100 because of the large number of animal resources needed. This condi-
tion also has had a signifi cant impact on study design and model selection, as noted above. These 
two factors, the assumption of a threshold response for noncarcinogens and the lack of capacity to 
estimate and/or validate low-frequency cancer risks, tend to functionally converge, resulting in study 
designs for bioassays of noncarcinogens and carcinogens that are similar in terms of numbers and 
spacing of doses. 

 Despite the convergence of study designs in the assessment of noncarcinogens and carcinogens 
both utilize different dose–response assumptions. In noncarcinogens the threshold model is univer-
sally accepted whereas in carcinogens the assumption of linearity at low doses prevails. As for non-
carcinogens a safe dosage has been assumed if it is below the NOAEL. In carcinogens no theoretical 
safe dose can exist because risk is proportionate to dose. Thus, in the assessment of carcinogens 
the concept of safe has given way to what is viewed as acceptable (e.g., one cancer to million per 
70-year lifetime). 

 For the fi rst three-fourths of the past century, in general, it was accepted that the threshold model 
strongly predominated in the assessment of dose–response relationships and could be applied to all 
end points measured including carcinogenesis. However, by the late 1950s the threshold assumption 
had given way to a linear no threshold (LNT) model for assessment of the risks of radiation-induced 

 15 
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cancer. This transition from a threshold evaluation for carcinogens to the LNT for radiation became 
inclusive of chemical carcinogens by the mid-1970s (National Academy of Sciences [NAS]/Safe 
Drinking Water Committee [SDWC], 1977). 

 The implementation of the LNT model into the risk assessment process proved to be signifi cant 
in several ways. Most importantly, it dramatically increased the cost of both compliance and remedia-
tion for possible carcinogens as compared with what a threshold assumption would have yielded. The 
enormous costs imposed on industry and several governmental agencies has led to a long series of 
challenges to regulatory agencies such as the Environmental Protection Agency (EPA) to alter their 
positions on the LNT default assumption. In general, these challenges have asserted that linearity 
cannot be validated at low levels of risk and that adaptive responses are nearly universally present and 
active at ambient exposure levels. Thus, the weight of evidence would argue that linearity should not 
only not be assumed and used as the default but should be seen as a rare exception at most. 

 Although this line of argumentation has merit, it is often impossible to distinguish a linear from 
a threshold response when the study design only has two to four doses. In such cases it is common 
for the data to be compatible with both dose-response models. This lack of capacity to adequately 
distinguish the threshold model from the linear model for carcinogens brought new life to a long 
discredited dose–response model, the hormesis model, which is characterized by a J- or inverted 
U-shaped dose–response depending on the end point measured (Figure 15.1).  In the case of dis-
ease incidence, such as cancer, the hormetic dose–response model, which would display a J-shaped 
curve, asserts that at low doses one would expect the risk to be lower than the controls while increas-
ing to above control values as the dose increases. The inverted U-shaped dose–response would be 
seen when end points such as growth, longevity, or fecundity are reported. 

 The hormetic model offered several attractive features. First, it was compatible with the thresh-
old model at the higher doses (i.e., above threshold). Secondly, the hormetic model can actually 
be tested in the experimental zone with an appropriate study design because one would expect the 
disease incidence to dip below the controls. Thus, in a fi t of environmental exasperation with the 
extremely high costs of regulating carcinogens and given the attractive features of the hormetic 
model above, the hormesis hypothesis was essentially reborn in the mid-1980s. 

FIGURE 15.1 A generalized represen-
tation of the hormetic dose–response 
relationship. (a) The most common form 
of the hormetic dose–response curve 
depicting low-dose stimulatory and 
high-dose inhibitory response, the �- or 
inverted U-shaped curve. (b) The hormetic 
dose–response curve depicting low-dose 
reduction and high-dose enhancement of 
adverse effect, the J- or U-shaped curve.
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 Despite this recent rebirth the history of hormesis stretches back over a century to the 1880s 
when Hugo Schulz reported that low doses of various disinfectants enhanced the metabolism of 
yeasts but high doses were inhibitory. In the following quote, Schulz recounts the moment of dis-
covery when what we call hormesis today was fi rst observed. 

 Since it could be foreseen that experiments on fermentation and putrescence in an institute of pathology 
would offer particularly good prospects for vigorous growth, I occupied myself as well as possible, in 
accordance with the state of our knowledge at the time, with this area. Sometimes, when working with 
substances that needed to be examined for their effectiveness in comparison to the inducers of yeast 
fermentation, initially working together with my assistant, Gottfried Hoffmann, I found in formic acid 
and also in other substances the marvelous occurrence that if I got below their indifference point, i.e., 
if, for example, I worked with less formic acid than was required in order to halt the appearance of its 
anti-fermentive property, that all at once the carbon dioxide production became distinctly higher than in 
the controls processed without the formic acid addition. I fi rst thought, as is obvious, that there had been 
some kind of experimental or observation error. But the appearance of the overproduction continually 
repeated itself under the same conditions. First I did not know how to deal with it, and in any event at 
that time still did not realize that I had experimentally proved the fi rst theorem of Arndt’s fundamental 
law of biology. (From Schulz, 1923; 2003 translation.) 

 The discovery of this biphasic response by Schulz (1888) was signifi cant not only for the reproduc-
ible nature of the dose–response but perhaps, more importantly, the interpretation that Schulz attached 
to the fi ndings. That is, he considered these fi ndings as providing the explanatory principle on which 
the medical practice of homeopathy was based. This interpretation proved to be important because 
Schulz embraced homeopathy throughout his long professional career and provided a focal point of 
opposition from the traditional medical establishment. This very close association of what would later 
be called hormesis with homeopathy proved to be a “scarlet letter” on the forehead of the new hormetic 
hypothesis that has undermined its acceptance even today, especially in the world of human-oriented 
toxicology, which originated in departments of pharmacology within traditional schools of medicine. 

 Despite its association with homeopathy and being the object of signifi cant professional antipathy, 
the hypothesis of Schulz was confi rmed and extended by many independent investigators who had 
no ostensible association with homeopathy or traditional medicine. In general, supportive fi ndings 
were reported in research with plants and with microbes such as yeasts and fungi, and insects. These 
fi ndings were substantial and published by scientists of extremely high regard. In fact, these fi ndings 
were so common and expected that they became incorporated into leading plant (MacDougal, 1901; 
Peirce, 1909; Maximov, 1938) and microbiological textbooks (Salle, 1939; Clifton, 1957; Lamanna 
and Mallette, 1965) of the early and middle decades of the twentieth century (see Calabrese and 
Baldwin, 2000a through 2000e for a detailed review of the historical foundations of hormesis). 

 Even though the Schulz perspective, which became known as the Arndt–Schulz Law, had a rela-
tively strong start in the fi nal years of the nineteenth century and early decades of the twentieth century, 
it failed to prosper and become incorporated into modern toxicology. The reasons for this failure are 
many, including (1) the high-level opposition it received from major intellectual forces in the fi eld of 
pharmacology, such as the profoundly infl uential A. J. Clark of the University of Edinburgh and his 
major text, the  Handbook of Pharmacology  (1937); (2) the principal interest in high-dose toxicology 
to determine safe concentrations of exposure to industrial workers and the need to protect people and 
food supplies from insects; (3) the ambiguous nature of what the signifi cance of a modest low-dose 
stimulation was; (4) the failure of overzealous entrepreneurs to convert the low-dose stimulation into 
fi nancial success; (5) the diffi culty in replicating low-dose stimulatory fi ndings especially with weak 
study designs; (6) the emerging concerns with agents such as radiation that appear to affect mutation 
rate in a linear fashion; (7) the failure to organize the supportive fi ndings and to counter the arguments 
leveled against it. 

 The fi eld of toxicology in the United States became notably better organized in the 1930s under 
the leadership of the National Research Council (NRC), which was providing guidance to the U.S. 
Government on radiation health effects. The concept of hormesis did not become incorporated into 
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the centrality of the fi eld during this time, resulting in its absence from university teaching, research 
funding, and the agenda of the leaders in the fi eld. As a result the concept of hormesis lost out in a 
classic musical chairs contest and took its place on the margins. 

 Despite marginalization of hormesis, hormetic dose–responses continued to be observed and 
reported in the literature. In 1943, researchers at the University of Idaho, who were studying the 
effects of extracts from the Red Cedar tree on fungal metabolism, reported a low-dose stimulation 
and a high-dose inhibition and called the phenomenon “hormesis,”  after the Greek word to excite 
(Southam and Ehrlich, 1943). These researchers appeared to be unaware of the earlier research on 
the topic and the term the Arndt–Schulz Law. 

 The choice of terms to label the low-dose stimulation, high-dose inhibition has been problematic 
over the decades. In fact, this phenomenon may be found with a wide range of “scientifi c” labels 
such as hormesis, Arndt–Schulz Law, Hueppe’s Rule, biphasic, bimodal, bifunctional, U-shaped, 
J-shaped, stimulatory-inhibitory, ambivalent-dependent response, overcompensation, and others. 
The labels refl ect a wide range of subbiological disciplines in which hormetic dose–responses have 
been reported and their lack of communication with each other. It also refl ects the lack of a precise 
defi nition of the phenomenon. 

 Even though the hormetic concept has been controversial and marginalized, this phenomenon 
was recognized early on as being best described as a dose–time–response characterized by an initial 
disruption in homeostasis, followed by a modest overcompensation response. This characterization 
was fi rst reported by Townsend in the late 1890s (Townsend, 1897) and repeatedly confi rmed in 
multiple biological models throughout the twentieth century (Branham, 1929; Hektoen, 1920; Smith, 
1935; Taliaferro and Taliaferro, 1951; Warren, 1945) (Figure 15.2). However, the lack of apprecia-
tion that the low-dose stimulation could result from an overcompensation response was an important 
blind spot. Compensatory responses are intended to reestablish homeostasis within a reasonable time 
after injury. The affected biological system allocates only a measured amount of resources to ensure 
the reestablishment of the homeostatic condition. This most likely accounts for the overwhelming 
observation that hormetic stimulatory responses (i.e., the overcompensation response) are modest 
and rarely exceed twice the control value and most often are less than 30 to 40% greater than control 
values. It was this lack of appreciation of the overcompensation nature of the stimulatory response 
that led some infl uential scientists of the early twentieth century to discount the Arndt–Schulz Law 
because they believed that it represents a direct stimulatory response rather than a compensatory pro-
cess in response to injury (Warren, 1945; see Calabrese and Baldwin, 2000c). 

 The overcompensatory nature of the hormetic response was placed on more solid ground with 
research published in the late 1970s and 1980s by Stebbing (1982) and later by Calabrese (2001). 
Nonetheless, it is important to recognize that most studies do not have the capacity to assess the 
overcompensation mechanism hypothesis to explain hormetic responses due to either a lack of a tem-
poral factor and/or an inadequate number and spacing of doses. Consequently, the majority of data to 
which “hormetic” effects are attributed lack temporal data, thereby making it impossible to ascribe a 
compensatory process/mechanism in these cases. Nevertheless, a large amount of data still exists to 
establish the reliability of the overcompensation interpretation. 

 The overcompensation hypothesis has provided a cogent explanation that can account for the modest 
magnitude of the stimulation and the relationship of the upper end of the stimulatory zone to the tradi-
tional NOAEL. That is, reparative compensatory responses would not be expected to grossly overshoot 
the homeostatic target and be extremely wasteful of resources. The modest stimulatory responses in the 
20 to 50% above control zone, while challenging to establish in a statistical sense, are fully compat-
ible with the underlying biological responsiveness of overcompensation responses in a broad range of 
biological systems (Calabrese, 2001). The continuity of the stimulatory response with the threshold for 
toxicity is consistent with the recognition that a dose too high to be compensated will manifest toxicity, 
as seen in the upper end (i.e., toxicity zone) of the hormetic dose–response relationship. 

 What makes the hormetic dose–response so biologically plausible and, in fact, compelling (e.g., 
compensatory response to low level damage, modest nature of the overcompensation response, 
continuity with the traditional threshold) makes it diffi cult to observe in traditional toxicological 
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testing and evaluation. That is, the response can be extremely diffi cult to distinguish from back-
ground variation without much greater numbers of subjects than normal, as well as without more 
doses that are properly spaced. These fi ndings also have a greater need for replication than tradi-
tional high-dose toxicity studies. Consequently, to study possible hormetic effects will take more 
time and resources and still result in fi ndings that have less certainty than high-dose studies. This 
type of situation has tended to discourage researchers from exploring the low-dose domain. 

 15.2 EVIDENCE FOR HORMESIS 

 Hormesis is a dose–response phenomenon and, as such, is not as easily proven as the case of a specifi c 
effect (e.g., mutation, tumor, serum enzyme change) would be. In hormesis what constitutes proof that 
it is real? In general, we do not speak of hormesis as having been unequivocally proven in any one 
specifi c study. In a specifi c experiment each end point can be evaluated for its consistency with the 
biphasic B curve based on the study design, magnitude of the stimulation, statistical signifi cance, repli-
cation of fi ndings, and mechanistic explanation. Collective fi ndings addressing each of these demands 
would add to the weight of evidence to support a conclusion that a hormetic effect occurred. To make 
such judgments we have developed two independent databases to identify and assess possible hormetic 
effects (Calabrese and Baldwin, 1997, 2001, 2003). Each database had a different intent. One utilizes 

FIGURE 15.2 Representative dose–time–response relation-
ships showing the effect of tincture of iodine dilutions (a) and 
the effect of phenol dilutions of CO

2
 produced by baker’s yeast 

(b). Numbers 1 through 5 indicate the time point in hours 
after the start of the experiment when the CO

2
 measurement 

was made. (Data from Branham, 1929.)
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only  a priori  evaluative criteria to capture a large number of potential examples of hormesis for evalu-
ation (Calabrese and Baldwin, 1997). The second database has rigorous  a priori  entry and evaluative 
criteria to establish the frequency of hormetic responses in the toxicological literature (Calabrese and 
Baldwin, 2001, 2003). These respective databases include nearly 7,000 dose–responses with evidence 
indicating a hormetic response. The fi ndings indicate that hormetic responses occur in essentially all 
types of biological models, including plants, microbes, a broad range of animal models, and humans 
including  in vitro  and  in vivo  systems. The range of end points (e.g., growth, disease incidence, cogni-
tive function, immune response, etc.) displaying hormetic responses is extremely broad and appears to 
be without restriction. The agents capable of inducing hormetic responses are also extremely broad and 
occur within a vast range of chemical classes, again without known restriction. An assessment of the 
quantitative features of the hormetic dose–response indicates that it has a modest response with typical 
maximum stimulatory responses approximately 30 to 60% greater than the control, although infre-
quently in the literature this response exceeds twice the control values. This is also the case regardless 
of model, end point, or stressor agent. The width of the stimulatory response is usually within less 
than 10-fold of the dose designated as the NOAEL or zero equivalent point; however, 5 to 10% of the 
stimulatory width values have been as broad as 100-fold and about 2 to 4% have exceeded 1,000 while 
still maintaining the modest stimulatory amplitude. 

 As noted above, the width of the stimulatory response is typically less than a factor of 10 but can 
exceed well over 1,000-fold. The reason for such variability is uncertain. However, it is likely that the 
range of the stimulatory response is a function of the degree of heterogeneity within the population 
being studied based on experimental simulations that we have conducted. Because most biological 
models under investigation are highly homogeneous this may help to account for the narrow stimulatory 
range. The issue of the width of the stimulatory zone is of some practical importance because it might 
affect a concentration zone that physicians may seek to achieve or avoid. It might also affect the public 
health implications of the magnitude of an uncertainty factor (UF) in the risk assessment process. 

 The frequency of hormesis in the toxicological literature was estimated by using  a priori  entry 
and evaluation criteria. These criteria were applied to nearly 20,000 articles published over 30 years 
in three toxicological journals covering ecological- and pharmacological-oriented toxicology. Of 
importance is that only about 2% of the 21,000 articles had adequate study designs to assess whether 
hormesis was real. However, of those dose–responses that did satisfy the entry criteria about 40% 
also satisfi ed the evaluative criteria or functional defi nition of hormesis. Because the criteria for eval-
uation were considered highly rigorous, it is likely that the actual frequency is considerably higher 
than the 40%. Consistent with this perspective were observations that responses of doses below the 
NOAEL in the hormesis frequency data were nonrandomly distributed in a manner highly consistent 
with the hormesis hypothesis. Not only did these fi ndings provide more support for the hormesis 
dose–response model but it also challenged the belief that the threshold and linear dose–response 
models were common in toxicology. 

 15.3 HORMESIS AND RISK ASSESSMENT 

 The implications of hormesis for the risk assessment process may be profound. Hormesis has the 
potential to affect the hazard assessment process, the derivation of the NOAEL, the size of the UF 
dealing with interindividual variation, assumptions and procedures for estimating cancer risk, and 
even the selection of the default risk assessment model in risk assessment. 

 15.4 HAZARD ASSESSMENT PROCESS 

 The hazard assessment process could be impacted by the acceptance of hormesis. Its acceptance 
could affect several features of the selection of animal models and end points to be measured. In the 
animal model and end point, a consideration of hormesis would require a careful assessment of the 
background incidence of end points of interest. With respect to diseases hormesis cannot be assessed 
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within an animal model with a negligible background disease incidence. The historical selection 
of animal models has typically considered susceptibility to infection, the capacity to develop the 
disease of interest such as cancer, a negligible to modest background tumor incidence to ensure 
adequate statistical power from a modest number of animals (e.g., 50 animals per concentration per 
sex), and a relatively short-lived species (to minimize costs and provide timely data). 

 To overcome the limitation of the use of too few animal models in hazard assessments that are 
responsive to an assessment of hormesis, it may be helpful to select animal models with differing 
and complementary patterns of disease incidence so that the hormetic model could be assessed 
across as broad a spectrum of end points as possible. This could mean that several mouse and rat 
models could be added to the range of animals currently being routinely used. It may also be neces-
sary to incorporate a temporal component into the hazard assessment process because the hormetic 
response may follow an overcompensation mechanistic process that can only be studied properly by 
carefully timed interim samplings and sacrifi ces. 

 The extra resources, time, and additional data make the hormesis model a very unattractive option 
for it may adversely affect industry and government regulators who have pressure to move agents from 
the laboratory into the commercial sector. However, if these hazard assessment extra steps were taken 
the scientifi c database on which regulatory decisions could be made would be greatly strengthened, 
especially those dealing with a database consideration of which the toxicological model may be the 
most biologically credible. Nonetheless, the extra cost, time delay, and greater risk of fi nding new 
potential risks by adding new animal models and more dosages would likely make an improved scien-
tifi c foundation take a backseat to a range of important practical considerations. 

 15.5 HORMESIS—NOAEL DERIVATIVE 

 The most signifi cant goal in the hazard assessment process for noncarcinogens is the selection of the 
NOAEL, which has been defi ned by the EPA as the highest dose that is not statistically signifi cantly 
different from the control group. Once the NOAEL is obtained then it is divided by appropriate UFs 
to derive the reference dose. 

 Estimation of the NOAEL generally employs a testing strategy that initially establishes highly 
toxic responses and then reduces the dose until a chronic NOAEL is obtained. That is, to derive a 
chronic NOAEL the testing process is designed to defi ne a dose–response relationship that includes the 
NOAEL, lowest observable adverse effect level (LOAEL), and toxic responses exceeding the LOAEL 
such as a frank effects level (FEL). This process permits the direct estimation of the NOAEL as defi ned 
by the highest dosage not signifi cantly different from the control group, its estimation using traditional 
UFs (i.e., LOAEL to NOAEL UF) if no NOAEL were observed experimentally, and/or its derivation 
via a benchmark dose (BMD) process. The EPA defi nes the BMD as a lower confi dence limit on 
the effective dose associated with some defi ned level of effect (e.g., a 5% [BMD

 05 
] or 10% [BMD

 10 
] 

increase in response for a particular effect). Since the biostatistical model is only used to interpolate 
within the dose range of the experimental data, no assumptions about the presence (or absence) of a 
threshold are needed. This implies that any model fi tting the data in an acceptable manner may be able 
to offer reasonable estimate of the BMD. 

 Although the NOAEL may be derived from any of the three procedures above (i.e., highest dose not 
differing from the control, LOAEL/UF, and BMD), the estimation of the NOAEL may be affected by the 
presence of U-shaped (i.e., hormetic) dose–responses in two ways: (1) doses within the hormetic range 
may affect the BMD derivation process or (2) a dose within the hormetic range may be selected as the 
NOAEL. In the BMD derivation, the presence of hormetic responses would tend to  fl atten the model-
based dose–response relationship, resulting in a higher exposure to achieve the BMD

 05/10 
 response. As 

for the traditional NOAEL methodology (i.e., where the highest dose is not statistically signifi cantly 
different from the control and is designated the NOAEL), such a dose with a value either modestly 
greater or less than the zero equivalent point (ZEP) (i.e., value equal to the control value) would be des-
ignated the NOAEL. For example, Figure 15.3 depicts a stylized dose–response relationship in which a 
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U-shaped dose–response is illustrated. In this case, the highest dose represents a statistically signifi cant 
toxic response and is designated the LOAEL. The second highest dose shows a response lower than 
the control response. By defi nition (i.e., the highest dose not statistically signifi cantly different from 
the control with respect to an increased adverse response incidence), 1  this dosage would serve as the 
highest NOAEL for reference dose (RfD) derivation purposes and yet would be in the hormetic zone. In 
these two cases at least, the concept of NOAEL as determined by the BMD is therefore infl uenced by 
the presence of hormetic-like responses (U-shaped data), whereas being part of the hormetic response 
curve (i.e., traditional NOAEL derivation process), respectively. However, in many and probably the 
majority of cases where the number of doses is limited and emphasizes the high-dose response, the 
dose–response will not have U-shaped data and therefore will not be infl uenced by an hormetic response 
during BMD derivation. In addition, a dose exceeding the ZEP value is often selected as the NOAEL 
and therefore would not be in the hormetic zone. Nonetheless, it is necessary to recognize the relation-
ship of hormesis to current NOAEL derivation processes because it may affect methods for RfD deriva-
tion that attempt to optimize population-based hormetic responses. 

 The strategy of starting at the upper-dose range in short-term toxicological studies and gradually 
defi ning a chronic NOAEL is intended to assess hazard potential across a broad spectrum of dosages 
and exposure durations. This traditional methodology used to derive the NOAEL has been incorpo-
rated into the vast majority of hazardous assessment schemes. The high- to low-dose testing process 
is not the only way that the NOAEL may be derived. In fact, one could start at the opposite end of the 
dose spectrum and work up to higher doses until the NOAEL and LOAEL are estimated. Therefore, it 
would be toxicologically possible to defi ne the NOAEL from either side of the dose-testing spectrum 
(i.e., from very low or very high dosages). However, starting at the very low dosage end to proceed to 
the NOAEL is not attractive because society needs to defi ne the major potential threats an agent may 
pose rather than the more modest and theoretical benefi ts (or harms) of a rather limited nature (i.e., 
hormetic response) as well as the NOAEL. These responses are determined in the domain of the tra-
ditional hazard assessment testing protocol. Although hormesis-oriented testing methods that ensure 
the incorporation of a wide dose range and large number of doses could be employed to derive a more 
reliable NOAEL than with current high-to-low dose testing, the hazard assessment process requires 

1 However, this response could be statistically signifi cantly different from the control in the hormetic zone. As long as 
the response was believed to be of a potentially benefi cial nature, the issue of its being statistically signifi cantly different from 
the control would not affect NOAEL designation for the dose–response.
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FIGURE 15.3 Stylized dose–response relationship depicting 
a U-shaped dose–response where the LOAEL is represented by 
the highest dose and the NOAEL is represented by a dose dis-
playing a response lower than the control (i.e., in the hormetic 
zone). (Source: Calabrese and Baldwin, 1998.)
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that the full range of toxic end points be reasonably defi ned. This clearly favors the traditional testing 
protocol in which dose number has been limited and high doses emphasized. Thus, hormesis would 
not be changing the principal goal of defi ning toxic potential. 

 As reasonable as this argument for high-to-low end hazard testing might appear, it is not without 
its biases or limitations. By deriving a NOAEL from the traditional high-to-low dose-testing strategy 
possible hormetic responses may be frequently missed. This would have implications for the deriva-
tion of a BMD because some precision would be lost in defi ning the low-dose zone. Nonetheless, 
regardless of how the NOAEL is derived, recognition of the hormesis dose–response in toxicologi-
cal testing can have a signifi cant impact on RfD derivation. 

 15.6 THE DOSE–RESPONSE CONTINUUM AND THE RFD PROCESS 

 An analysis of published data from numerous experiments displaying hormetic dose–response 
relationships involving a wide range of biological models, end points, and chemical agents offers 
critical features of the quantitative nature of the dose–response relationship (Calabrese et al., 1999). 
Knowledge derived from this assessment of the hormetic dose–response relationship can be used in 
the derivation of the RfD. Based on several thousand dose–responses the stimulatory dose range of 
the dose–response curve varies from severalfold to several orders of magnitude with the majority 
approaching 10-fold. These observations provide a quantitative point of reference for application to 
the assessment of the RfD derivation process. 

 In deriving RfDs for noncancer effects UFs are typically employed, depending on the nature of 
the available data. The following example will illustrate how an RfD may be derived based on a 
hypothetical study (Calabrese, 1996). Assume that a lifetime mouse study was conducted on agent 
X using an unexposed control and six dosages (0, 2, 4, 8, 16, 32, and 64 mg/kg/day). The end point 
represented in the hypothetical study is median life span (Figures 15.4 and 15.5).   The data indicate 
a dose–response relationship closely approximating the hormetic curve with low doses enhancing 
survival and high doses being progressively detrimental (i.e., decreased longevity). Using traditional 
defi nitions 16 mg/kg/day treatment represents the LOAEL, whereas the 8 mg/kg/day treatment is the 
NOAEL. Based on such a lifetime study, the RfD derivation process would generally employ at least 
two UFs, the inter- and intraspecies UFs. The interspecies UF assumes for public health protection 
purposes that the average human may be 10-fold more sensitive than the average mouse. Because the 
mouse NOAEL was 8 mg/kg/day as in the present hypothetical study, the NOAEL for the average 
human would be 0.8 mg/kg/day based on an interspecies UF of 10. Moreover, the expected shape of 
the entire dose–response curve (for the toxic response and the low-dose enhancement of longevity) for 
humans is similar to the mouse curve but simply displaced to the left by the interspecies UF. The RfD 
procedure would typically apply a 10-fold UF to address normal human variation (i.e., an intraspecies 
UF). Despite the assumption that there is considerable variation in human response, the basic hormetic 
dose–response is still assumed to be appropriate if shifted to the left for the so-called high-risk subseg-
ment of the population. 

 Figure 15.5, which represents the range of adverse and benefi cial effects in the traditional UF-RfD 
approach, reveals that the average human will display benefi cial effects (i.e., enhanced longevity) 
when exposed in the range of ~0.08 to ~0.8 mg/kg/day, but adverse effects would be expected above 
the NOAEL of 0.8 mg/kg/day. However, the RfD of 0.08 mg/kg/day will provide assurances that the 
high-risk subgroup typically assumed by EPA and all less susceptible individuals will not develop 
adverse health effects. Benefi cial effects in the high-risk subsegment from agent X would occur with 
an exposure of ~0.008 to ~0.08 mg/kg/day, assuming an identical distribution of responses as non- 
high-risk (i.e., average) humans. 

 The present assessment indicates that if the exposure is limited to a maximum of 0.08 mg/kg/
day (i.e., the standard derived RfD) both normal and high-risk segments of the population will not 
experience adverse effects. However, a strong majority of the population including both average and 
high-risk groups will not experience the benefi cial effect (i.e., increased longevity). 
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FIGURE 15.4 The effect of chemical X on the median life span of a rodent strain. (Source: 
Calabrese, 1996.)
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 How would this concept of risk/benefi t be employed by regulatory agencies to establish optimal risk 
management actions? In the case of this hypothetical example, a range of goals may be identifi ed: 

  • Prevent compound-induced decreased longevity in most individuals, including sensitive 
individuals (i.e., the traditional RfD). 

  • Select the RfD that maximizes the number of days lived by the entire population. 
  • Select dosage that optimizes risks and benefi ts for the high-risk groups. 

 The EPA risk assessment process uses multiple UFs for noncancer toxicity depending on available 
data, applies these factors to the critical toxic effect (often the most sensitive end point in the most 
sensitive study) as well as using studies that defi ne the full spectrum of the toxicity dose–response 
continuum, while often ignoring possible benefi cial effects at lower doses. These collective and 
mutually reinforcing decisions have created a type of RfD that theoretically prevents the harmful 
effects of chemical exposure to all members of the population, while excluding dosages benefi cial 
to the general population. However, regulatory agencies, such as EPA, have had to alter standard 
RfD derivation procedures to account for essential and/or benefi cial effects of toxic agents by taking 
into account the entire dose–response continuum. For example, the regulation of fl uoride in drink-
ing water recognizes benefi cial dental effects at low doses and a variety of adverse effects at higher 
doses (Calabrese, 1978). Likewise, the benefi cial and harmful effects seen for essential but toxic ele-
ments such as copper, selenium, and sodium have been addressed by the EPA in an RfD derivation 
process designed to ensure benefi ts while preventing adverse effects. 

 Regulatory agencies have adopted procedures (e.g., RfD derivation process) that avoid making 
health trade-offs among different segments of the population. For example, the EPA could regulate 
under the assumption that most people, even those at recognized increased risk, may be protected 
from adverse effects. Although this situation would still be the case, this paper challenges how 
estimated benefi cial effects could be incorporated into a population-based risk assessment. For the 
methodology presented here, however, it is not possible in a regulatory sense to optimize benefi ts for 
both the average- and high-risk segments of the population at the same time. 

 15.7 HIGH-RISK GROUPS 

 The risk assessment process attempts to address concerns for subsegments of the population consid-
ered at increased risk for experiencing adverse effects from toxic substances. Factors that can affect 
risk may be age, diet, gender, and the presence of any preexisting diseases (Calabrese, 1978, 1980, 
1981, 1983, 1985).   Assessment of the hormesis database has revealed that hormetic effects com-
monly occur in those individuals considered at high risk. This is also the case for species displaying 
enhanced susceptibility to toxic substances. In such cases, therefore, the causes of the observed 
enhanced susceptibility cannot be attributed to the lack of an hormetic response. However, instances 
exist where a hormetic response was lacking in a high-risk group that was associated with the 
enhanced susceptibility (Calabrese and Baldwin, 2002). Nonetheless, the assessment of hormetic 
responses as a function of developmental status, age, gender, diet, and preexisting disease status 
represents an area of considerable biological and public health signifi cance. 

 15.8 MIXTURES 

 The issue of mixture toxicology and the risk assessment process is complex (Calabrese, 1991). 
The EPA has developed a methodology to address issues of dose and response additivity and toxic 
equivalent factors for estimating effects of complex mixtures and has incorporated these concepts 
into traditional dose–response models such as threshold and linearity. 

 In the case of hormetic responses several authors have raised the question of mixture toxi-
cology and hormesis. Hormetic dose–responses have been reported for complex mixtures such as 
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tobacco smoke (Bonassi et al., 2003), petroleum hydrocarbons (Laughlin et al., 1981), and waste 
plant effl uence (Walsh and Alexander, 1980; Walsh and Bahner, 1980). In fact, so common was the 
occurrence of a low-dose stimulation, high-dose inhibition that the EPA scientists studying waste 
plant effl uent created the term SC20 to stand for the concentration that causes at 20% stimulation 
(Walsh and Alexander, 1980; Walsh and Bahner, 1980). Thus, the hormetic dose–response may be 
seen in studies with extremely complex mixtures. In addition, research dealing with several agents 
simultaneously has also revealed hormetic dose–responses (Pagano, 1982, 1986; Bae et al., 2001). 
Although no obvious reason exists to believe that hormetic dose–responses will not occur in mixture 
toxicology studies, this remains an underresearched area. 

 15.9 PRACTICAL IMPLICATIONS OF HORMESIS FOR 
QUANTITATIVE RISK ASSESSMENT 

 15.9.1 Hormesis and Carcinogens 

 Sielken and Stevenson (1998) identifi ed seven ways in which the concept of hormesis could affect 
quantitative risk assessment (Table 15.1). These seven factors provide an important and specifi c 
framework for how the current approaches for both chemical and radiation cancer risk assessment 
modeling could both include and take advantage of the concept of hormesis. Many of these recom-
mended changes also refl ect a less biased approach. For example, the parameters in the multistage 
model for regulatory purposes are typically required to be nonnegative values. This restriction deter-
mines that the probabilities in the multistage model be increasing as the dose increases. These non-
negativity restrictions for the parameters in the multistage model could be removed so that the fi tted 
model refl ects the shape of the reported dose–response data. In addition, such a change would allow 
the multistage model enhanced fl exibility to address hormetic effects seen in published data. When 
a hormetic effect is present the risk at low dose would be less than for the control group. The lower 
bound on the “added” risk in the case of hormesis is no longer the zero risk as currently assumed but 
would be negative. Both upper and lower bounds of uncertainty should be incorporated. 

 15.9.2 Hormesis as the Default Model in Risk Assessment   

 The EPA uses the threshold and linearity at low dose concepts as risk assessment default models for 
noncarcinogens and carcinogens, respectively. However, a case can be made that the hormetic model 

  TABLE 15.1  Implications of Hormesis for Quantitative Risk Assessment 
Dose-response models need greater fl exibility to fi t the observed shape of the dose-response data; such models should not 
 be constructed to be forced to always be linearly decreasing at low doses.

Hazard assessment evaluations need to incorporate greater opportunity to identify the hormetic portion of the dose-response
 relationship.

New dose metrics should be used that incorporate age or time dependence on the dose level rather than a lifetime average
 daily dose or its analog for a shorter time period.

Low-dose risk characterization should include the likelihood of benefi cial effects and the likelihood that a dose level has 
 reasonable certainty of no appreciable adverse health effects.

Exposure assessments should fully characterize the distribution of actual doses from exposure rather than the just upper 
 bounds.

Uncertainty characterizations should include both upper and lower bounds.

Risk should be characterized in terms of the net effect of a dose on health instead of a single dose’s effect on a single 
 disease endpoint (i.e., total mortality rather than a specifi c type of fatal disease).

  Note:   Adapted from Sielken and Stevenson (1998). 
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should replace these models based on its generalizability, its high frequency in the toxicological 
literature, and its enhanced capacity to account for toxicological dose–response data as compared 
with its rival models (see Calabrese, 2004 for a detailed assessment of this issue).   

 If the hormetic dose–response model were to become the default dose–response model it would 
have highly signifi cant implications for the risk assessment process, especially the process dealing 
with carcinogens. At present it appears that hormetic dose–responses are dealt with on a case-by-case 
basis. However, given the extra time and expense needed to study and prove hormesis, consideration 
on a case-by-case basis would result in very few cases of hormesis being brought forward. Therefore, 
to take advantage of the hormetic phenomenon it would have to be considered as the default. 
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 16.1 INTRODUCTION   

 Interest in nasal toxicity blossomed after the discovery that formaldehyde was a nasal carcinogen in 
the rodent. It has now become apparent that the nasal tissues are a common target site for airborne 
toxicant-induced damage. Indeed, induction of nasal lesions in rodent inhalation toxicity studies 
forms the basis for many current U.S. Environmental Protection Agency (EPA) inhalation exposure 
guidelines. Typical lesions in rodent inhalation studies include epithelial necrosis, degeneration, 
hyperplasia, metaplasia, and for some compounds, neoplasia. Several excellent reviews of nasal 
histopathology and pathogenesis of toxicant-induced nasal lesions have been published (Harkema, 
1992, 1999; Morgan, 1995; Hardisty et al., 1999). 

 The nasal cavity is also an important site for initiation of respiratory refl ex responses to inspired 
irritants. Stimulation of nasal trigeminal nerves in rodents results in a characteristic change in breath-
ing pattern (slowed respiration due to a pause at the onset of expiration) termed sensory irritation 
(Alarie, 1973). The sensory irritation response is often quantifi ed in the mouse. Such murine data 
form the basis for approximately one-half of the current occupational exposure guidelines in the 
United States (Schaper, 1993). 

 Nasal irritation to indoor air pollutants represents a very common complaint of humans. In addi-
tion to causing a sensation of itching or pain, nasal irritants stimulate a wide range of refl ex responses 
(Baraniuk, 1994; Shusterman, 2003). The common nasal diseases in humans are rhinitis (allergic and 
nonallergic) and sinusitis. The role of pollutants in the etiology of these diseases is unknown (and 
is not considered herein). Note, however, that individuals with allergic rhinitis may be more respon-
sive to irritants than healthy individuals (Shusterman et al., 2003; Bascom et al., 1991; Shusterma 
et al., 2005). Because of the inaccessibility of nasal tissues human conditions are usually evaluated 
functionally rather than histopathologically. This is particularly true for olfactory tissue. In contrast, 
rodent nasal toxicity data are defi ned in large part by histopathological rather than functional criteria. 
This has made direct cross-species comparisons and extrapolations diffi cult. 

 16 
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 This chapter will highlight basic biochemical and inhalation toxicological aspects of nasal tox-
icity in the rodent with an emphasis on the responses to inspired vapors and on the relationships 
between dosimetry and response. Because nasal irritation represents a common response of humans, 
some detail on nasal irritant refl ex responses in rodents and humans is also provided. Examples 
are provided to illustrate basic principles, not with the intent of providing an exhaustive survey of 
the nasal toxicity literature. When appropriate review articles are cited to guide the reader to more 
comprehensive information. 

 Knowledge of the relationship between delivered dose and response is absolutely essential for 
a comprehensive understanding of the toxicity and risk assessment of inspired materials that pro-
duce nasal injury. Indeed, the U.S. EPA inhalation reference concentration (RfC) (U.S. EPA, 1994) 
explicitly incorporates inhalation dosimetric adjustments for interspecies extrapolations as part of 
the quantitative risk assessment process. Because of its widespread use, this chapter describes the 
RfC methodology relative to risk assessment of nasal toxicants. 

 The RfC is an estimate (with uncertainty) of a continuous inhalation exposure to human popu-
lations (including sensitive subgroups) that is likely to be without appreciable risk of deleterious 
noncancer health effects during a lifetime (U.S. EPA, 1994). Derivation of the RfC is a several-step 
process. The database is evaluated to determine the critical (e.g., most sensitive) effect, concentration–
response relationships are assessed, and the principal study on which to base the RfC is selected. 
Either a no observable adverse effect level (NOAEL), a lowest observed adverse effect level (LOAEL), 
or BMD (benchmark dose) may be used (U.S. EPA, 1994; Jarabek, 1995; Andersen and Jarabek, 
2001). Duration adjustment factors, based on a linear concentration–time assumption are used to 
adjust from the typical inhalation toxicity study exposure regimen (6 h/d, 5 d/week) to continuous 
24 h/d, 7 d/week exposure. A dosimetric adjustment factor is then used (see below) to allow for spe-
cies extrapolation from the laboratory animal used in the principal study to the human. Using this 
dosimetric adjustment factor the exposure concentration in rodent studies (exposure duration adjusted) 
is converted to a human equivalent concentration. Finally, as is often done, uncertainty factors are 
used with 3- or 10-fold factors for extrapolations from animals to average humans, average to sensi-
tive humans, subchronic to chronic exposures, etc. The animal-to-average-human factor implicitly 
includes both pharmacokinetic and pharmacodynamic uncertainties. In the RfC process an uncertainty 
factor of 3, rather than 10, is often used for the uncertainty associated with this extrapolation because 
the RfC derivation already incorporates dosimetric adjustment factors to account for pharmacokinetic 
(e.g., delivered dose) differences across species lines. Use of more rigorous pharmacokinetic modeling 
rather than the default RfC approach may support the use of a lower uncertainty factor. 

 16.2 NASAL STRUCTURE 

 16.2.1 Gross Anatomy 

 Similarities and differences occur in the structure of the nasal cavity among mammalian species. 
A schematic diagram is provided in Figure 16.1. (This fi gure also includes airfl ow patterns and 
nomenclature that is used for the pharmacokinetic modeling that is described below.) Air enters 
the nasal cavity from the external nares into the nasal vestibule and exits the nasal cavity via the 
nasopharyngeal duct. Although humans and some other mammals are capable of bypassing the nose 
during mouth breathing, the rodent is an obligatory nose breather (Proctor and Chang, 1983). 

 In mammals the nasal cavity is separated into right and left halves by the cartilaginous septum. 
The hard and soft palate form the base of the nasal cavity. The shape of the nasal cavity is determined 
by the shape of the head and, in particular, in rodents, by the placement of the teeth. Bony structures, 
termed turbinates, protrude into the airspace from the lateral walls of the nasal cavity, which serve to 
increase the nasal cavity surface area. Although not a perfect analogy, the nasal cavity might best be 
considered to have a parallel plate structure rather than the cylindrical structure of the lower airways. 
The shapes of the turbinates differ in complexity among species. The anterior turbinates of most 
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FIGURE 16.1 Schematic diagram of the nasal passages (from Frederick et al., 1998) depicting gross 
structure, epithelial types, and principal airfl ow patterns. Squamous epithelium (light grey), respiratory/
transitional epithelium (white), and olfactory epithelium (dark grey) are depicted (see text for details). 
In both species air enters the nose through the anterior nasal vestibule, passes over the turbinates, and 
exits via the nasopharynx. The airstream patterns, as defi ned by computational fl uid dynamic models, 
are depicted by the dark arrows. For dosimetry-modeling purposes the nose is often separated into vari-
ous compartments. The scheme used by Frederick et al. (1998) is shown and consists of the vestibule, 
two ventral respiratory regions, a dorsal medial “patch” of respiratory epithelium, and two olfactory 
regions.
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species tend to be fairly simple, whereas the posterior turbinates of nonprimates are quite complex 
(Proctor and Chang, 1983; Schreider, 1983; Harkema, 1992; Gross and Morgan, 1992). 

 In humans and other primates the nasal cavity has a simple structure. Three fl at turbinates are 
present on each side, termed the superior turbinate, the middle turbinate, and the inferior turbinate. 
The total surface area of the human nasal cavity is estimated to be approximately 160–180 cm 2  
(Proctor and Chang, 1983; Schreider, 1983; Gross and Morgan, 1992). At a minute ventilation rate 
of 8 l/min this corresponds to a surface area to ventilation rate ratio of �2 cm 2 /l/min. In the rodent 
the anterior portion of the nasal cavity contains two turbinates, the dorsal nasal turbinate and the 
ventral maxilloturbinate. These turbinates have a simple scroll structure. Posterior to these turbi-
nates are the complex multiscrolled ethmoturbinates. Approximately one-half the surface area of the 
nasal cavity of the mouse and rat is contributed by ethmoturbinates. The total nasal cavity surface 
area is approximately 0.3 and 1.3 cm 2  in the mouse and rat, respectively (Schreider, 1983; Gross and 
Morgan, 1992). At minute ventilation rates of 0.05 and 0.2 l/min in the rat and mouse, surface area to 
ventilation ratios of approximately 6 are calculated for these species. These ratios are considerably 
higher in the rodent than the human, but this comparison is misleading because the nasal cavity is 
not uniformly ventilated (see below). 

 The narrowest portion of the nasal passages is located at the anterior aspect of the anterior tur-
binates. This is termed the ostium internum or nasal valve in humans (Proctor, 1977; Proctor and 
Chang, 1983; Harkema, 1999). Because of the low cross-sectional area, the highest airfl ow velocities 
are in this region. Tissues in the nasal cavity are highly erectile. The degree of tissue swelling can 
dramatically infl uence the airfl ow patterns through the nose. Indeed, in humans and other mammals 
the two sides of the nasal cavity may not be equally ventilated. Cyclical swelling of tissues on the 
right or left side of the nose obstructs airfl ow through one versus the other side of the nose. Over the 
course of several minutes to hours the pattern is reversed, with the alternate side of the nose being 
obstructed (Bojsen-Moller and Fahrenkrug, 1971; Fisher et al., 1993; Shusterman, 2003; Huang et al., 
2003). Although the nasal cycle would have considerable impact on dosimetry of inhaled materials, 
especially during short-term exposures, it is rarely considered in evaluation of lesions. 

 It has long been known that the airfl ow patterns through the nose are quite complex (Dawes, 
1952). This represents an important phenomenon relative to nasal toxicology because it infl uences the 
delivery of inspired materials within the nose. Two lines of investigation suggest that the bulk of the 
fl ow in the rodent nose follows ventral pathways over the simple structured naso- and maxillary turbi-
nates and exits via the nasopharyngeal duct without ever passing over the complex ethomoturbinates 
(see Figure 16.1). Based on modeling of nasal uptake effi ciencies of metabolized vapors in compari-
son with the regional distribution of nasal biotransformation enzymes it was estimated that �10% 
of the airfl ow followed the dorsal pathway in the rat nose (Morris et al., 1993). Computational fl uid 
dynamic modeling, based on conservation of momentum within the air phase, predict that 10–15% of 
the fl ow follows this pathway in this species (Kimbell et al., 1993, 1997). Thus, two fundamentally 
different approaches predict the same fl ow patterns. These modeling efforts suggest that only 10–15% 
of the inspired airstream follows a dorsal pathway and fl ows over the complex ethmoturbinates. Thus, 
whereas the structure of the ethmoturbinates in the rat is quite different than in the human, little of the 
inspired air passes through this region. A similar fl ow pattern is thought to exist in the human nose, 
with only a small fraction of the inspired air passing over the superior olfactory mucosa-lined turbi-
nate (Hahn et al., 1993; Keyhani et al., 1995; Subramaniam et al., 1998). Thus, the complex structure 
of the ethmoturbinates in rodents may be of minimal relevance toward assessment of human risk from 
animal studies for materials that do not produce their effects in that site because the vast majority of 
the inspired air bypasses this region of the nose. 

 16.2.2 Cellular Composition 

 The cellular structure of nasal tissues has been described in detail (Morgan, 1995; Harkema, 1992, 
1999). Four distinct principal types of epithelium line the nasal cavity. From anterior to posterior 
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these are: squamous epithelium, noncilicated cuboidal/columnar epithelium (also termed transitional 
epithelium), respiratory epithelium, and olfactory epithelium (see Figure 16.1). The vestibule and 
anterior portions of the nasal cavity are lined with squamous epithelium. The primary function of 
this epithelium is likely to offer protection of underlying tissues from deleterious materials. Posterior 
to the squamous epithelium is the nonciliated cuboidal/columnar transitional epithelium. This epi-
thelium contains nonciliated cuboidal or columnar cells and has a scarcity of mucus-producing cells. 
The precise function of these epithelia is unknown. The respiratory epithelium is a pseudostratifi ed 
columnar mucociliated epithelium whose structure is similar to that of the large pulmonary airways. 
Both ciliated cells and mucosubstance-producing goblet cells are present. Submucosal mucous 
secretory glands are also present. As in the lower airways, bacteria and other insoluble particulate 
matter may become entrapped in the mucous lining layer and can be quickly cleared from the nose. 
The olfactory mucosa contains the olfactory sensory and supporting cells. A few immotile cilia are 
present in olfactory sensory cells. Typical ciliated cells are not present. Bowman’s glands are pres-
ent in the lamina propria, which secrete mucosubstances into ducts that lead to the tissue surface. 
Lympoepithelium and nasal-associated lymphoid tissues are also present at focal sites within the 
nasal cavity (Harkema, 1999). 

 The basic structures of the epithelia are fairly similar in rodents and in the human; however, the 
proportions of the types differ (see Figure 16.1). This is particularly true for the olfactory epithe-
lium. In the human, olfactory epithelium is present only on the superior turbinate and covers about 
5–10% of the total nasal cavity surface area. In the rodent, olfactory mucosa covers approximately 
50% of the surface area (Harkema, 1992, 1999; Morgan, 1995). It is present in the posterior portions 
of the ethmoturbinates. (The “leading edge” anterior portions of the ethmoturbinates is lined with 
respiratory epithelium.) A “tongue” of olfactory mucosa also lines the dorsal medial aspect of each 
side of the nasal cavity of the rodent extending toward the vestibule from the ethmoturbinates (see 
Figure 16.1). This region is sensitive to injury (Hardisty et al., 1999). The more anterior portions of 
the dorsal medial aspects of the nasal cavity are lined by respiratory epithelium; this is sometimes 
termed the dorsal medial respiratory patch (Frederick et al., 1998, 2002). Thus, in both the human 
and the rodent, air must fi rst pass over squamous, transitional, and/or respiratory epithelium before 
reaching olfactory epithelium. 

 The anterior portions of the nasal cavity are richly perfused and contain a dense network of 
blood vessels. The posterior olfactory-lined portions of the nasal cavity contain much less vasculature 
(Morgan, 1995; Frederick et al., 1998). In the anterior portions, the vasculature is stratifi ed with a 
superfi cial capillary layer that penetrates to, but not through, the basement membrane (Dawes and 
Prichard, 1953). Deeper layers of blood vessels contain venous sinuses and provide the erectile func-
tion of the nasal mucosa (see below). The nose is also richly innervated. The predominant innerva-
tion is from the trigeminal nerve (cranial nerve V) and the olfactory nerves, which enter through the 
cribiform plate (Shusterman, 2003). The olfactory nerves are specialized for the detection of odors. 
Trigeminal nerves provide the “common chemical sense,” e.g., the detection of noxious materials. 
The trigeminal nerves contain partially myelinated A� fi bers, which are thought to be involved pri-
marily in mechanosensation, and also C fi bers, which are thought to be involved primarily in chemo-
sensation (Carr and Undem, 2001; Tai and Baraniuk, 2002; Shusterman, 2003). 

 16.3 NASAL FUNCTION 

 In addition to the detection of odiferous and noxious chemicals the nasal cavity is specialized for the 
conditioning of the inspired airstream. This represents an important respiratory defense mechanism. 
Inspired air is heated and humidifi ed during transit through the nose and is cooled and dehumidifi ed 
during exhalation. This latter process may be quite important in desert mammals. Nasal heating/ 
cooling may also be important in temperature regulation of warm-blooded animals. Indeed, the lack 
of nasal turbinates in dinosaurs has been cited to support the conclusion they were cold blooded 
(Fischman, 1995). 
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 The parallel platelike structure of the nose with a large tissue–air interfacial surface area and 
narrow air passages (see above) is well suited for the effi cient transfer of heat and water vapor to 
and from the inspired airstream. In the human, air is extensively conditioned (toward 37 º C, 100% 
relative humidity) during passage through the nose under quiet respiration. At higher fl ow rates 
conditioning may not be complete; fi nal conditioning occurs in the lower airways under these condi-
tions (Proctor, 1977; Proctor and Chang, 1983). During exercise the human resorts to mouth breath-
ing and the humidifi cation capacity of the nose is bypassed. Some individuals breath through their 
mouths even when not exercising. As obligate nose breathers rodents are incapable of breathing 
through their mouths. Complete obstruction of the nasal passages leads to asphyxiation in such 
species. There is considerable resistance to airfl ow through the nose, approximately 50% or more 
of the total airways fl ow resistance is from the nasal passages. The fact that obligate nose breathers 
expend this amount of energy to breath through the nose emphasizes the biological importance of 
nasal air conditioning. 

 The ultimate source of heat and water for conditioning of the airstream is via the nasal circula-
tion. It is thought that the rate-limiting step in the conditioning process is the heating of the air. Thus, 
air is maintained at 100% relative humidity as it is heated during transit through the nasal passages 
(Hanna and Scherer, 1986). The nose is richly perfused, receiving approximately 1% of the car-
diac output. As highlighted above, superfi cial capillary loops penetrate to the basement membrane. 
These vessels are likely the most important with respect to the heating and humidifying capacity of 
the nose. The nose quickly adjusts to dramatic changes in environmental conditions. For example, 
humans may quickly move from subfreezing dry outdoor conditions into heated and humidifi ed 
homes with little overt nasal symptomatology, except perhaps for a transient rhinorhea. This high-
lights the fact that the nasal vasculature is highly dynamic. It not appropriate to think of the nasal 
cavity as merely a static channel through which air must pass; the nasal cavity is a highly dynamic 
site that rapidly responds to changing environmental conditions. 

 In addition to heating and humidifying the airstream, the nasal passages also serve to scrub par-
ticulate and gas-phase pollutants from the air. By decreasing the airborne concentration of potential 
deleterious substances, this serves to protect the lower airways; however, this process serves to place 
the nasal tissues at risk for chemical-induced injury. This process is discussed in detail below under 
nasal dosimetry. 

 The nose is also a sensory organ. Olfactory structures detect the presence of chemicals with 
odors; sensory trigeminal nerves detect the presence of noxious chemicals. These are two distinct 
senses. Noxious chemicals can be detected as being present in either the right or left nose (or both), 
whereas there is not a lateral discrimination of odors. Moreover, anosmic individuals are capable 
of detecting irritants (Cometto-Muniz and Cain, 1998). From a toxicological perspective the pri-
mary interest in olfactory function may lie in the fact that various toxicants can impair this process. 
Whether or not an unpleasant odor represents a “toxic” effect is beyond the scope of the current 
text. Trigeminal senses are toxicologically important. By acting as a warning system these senses 
can serve to limit exposure to potentially noxious materials. In addition to initiating avoidance 
responses, stimulation of nasal trigeminal nerves initiates a variety of refl ex responses that are likely 
defensive in nature in healthy individuals, but may be deleterious in certain disease states such as 
rhinitis or asthma (see below). 

 16.4 NASAL DOSIMETRY 

 Both particulate and gaseous pollutants can be effi ciently scrubbed from the airstream in the nasal 
passages. This process has been termed “deposition,” “extraction,” and/or “uptake.” Given the small 
mass of nasal tissues, effi cient uptake of airborne toxicants in the nasal cavity can lead to high local 
delivered dosage rates. The most appropriate dosimeter for comparisons of delivered dose to nasal 
tissues is subject to debate. “Dose” might be expressed in a variety of manners, including deposited 
mass per unit surface area (or per unit tissue weight), fl ux (mass/min) normalized to tissue surface 
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area or weight, or steady-state tissue concentration. The most preferable metric may depend on the 
chemical/toxicological properties of the toxicant. Because the nasal cavity is not uniformly venti-
lated (see above) it should be recognized that normalizations based on the entire nasal cavity surface 
area are simplistic. 

 Several reviews have discussed  particulate deposition in animals and humans (Schreider, 1983; 
Schlesinger, 1985; Miller, 1999). Mathematical models have been developed to predict and contrast 
nasal particulate dosimetry in rodents compared with humans (U.S. EPA, 1994). Particulate depo-
sition is irreversible; once deposited, particles are not reentrained into the airstream. Particle size 
is the primary physical chemical characteristic infl uencing deposition effi ciency in the nose. For 
particles greater than 0.5 µm (MMAD), inertial impaction represents the primary deposition mecha-
nism. Thus, the greater the particle size, the greater the deposition in the nose. In the human nasal 
deposition is essentially 100% for particles 10 µm (MMAD) or greater with less effi cient deposi-
tion for smaller particles. In general, inertial deposition of particles is of greater effi ciency in the 
rodent than the human nose. For example, particles of 3 µm (MMAD) or greater deposit with very 
high effi ciency in the nose of the rodent (Raabe et al., 1988), whereas particles of this size gener-
ally deposit within the lower airways of the humans. Because rodents are obligate nose breathers 
and nasal deposition cannot be circumvented, it is very diffi cult to approximate human particulate 
regional deposition patterns in the rodent. The narrowest portion of the nasal passages is at the ante-
rior aspect of the turbinates, thus this is the region with the highest fl ow velocities (Proctor, 1977; 
Proctor and Chang, 1983) and the region in which inertial impaction is the greatest. Although not as 
well defi ned as for large particles, extremely small particles may deposit with great effi ciency in the 
nose as well, because of diffusion. Thus, the nasal deposition effi ciency for ultrafi ne particles may 
be quite large (Gerde et al., 1991). 

 To account for species differences in deposited doses a regional deposited dose ratio (RDDR) 
adjustment factor is used in the RfC derivation for particulate toxicants that cause nasal toxicity 
(U.S. EPA, 1994). Through this factor the critical exposure concentration is converted to the human 
equivalent concentration (HEC). The default value for this ratio incorporates prediction of the depo-
sition effi ciencies (based on particle size) and surface area to ventilation rate ratios for the laboratory 
animal and humans. Because the entire nasal cavity surface area is used, calculation of this ratio 
is based on the implicit assumption that aerosol deposits uniformly throughout the nose. This is a 
conservative assumption, which is appropriate for default parameters. Based on the differences in 
ventilation rates and surface areas of the human and rodent nose (see above) the RDDR is typically 
0.3 or less. Thus, the human equivalent concentration is often 3-fold less than the animal exposure 
concentration from which it was derived. Particle deposition is not uniform throughout the nose; 
therefore, a careful consideration of effective surface areas across species lines for species extrapo-
lations might lead to an improved risk estimation. 

 Particles can be cleared from the nose by a variety of routes. Soluble particles likely dissolve 
quickly in nasal mucus and diffuse quickly across the thin air–blood barrier and are removed by 
the nasal bloodstream. Certainly particulate cocaine is rapidly absorbed across the nasal mucosa. 
Insoluble particles become entrapped in the mucous lining layer and are quickly cleared to the 
pharynx where they are swallowed. Particles that deposit in the very anterior portions of the nose 
may be cleared to the nares where they can be removed by preening in animals and by mechanical 
means in the human (Proctor, 1977; Proctor and Chang, 1983; Morgan et al., 1984; Harkema, 1999). 
Mucociliary clearance of the respiratory epithelial-lined portions of the nasal cavity may be com-
plete in a matter of minutes. The clearance mechanisms of the olfactory portions of the nasal cavity 
are not well understood. This region is coated with a mucous lining layer, but functional cilia are 
absent. Some particulate matter (and dissolved materials) is taken up by the olfactory neurons and 
into the olfactory bulb of the brain via retrograde transport mechanisms (Brenneman et al., 2000). 
This pathway may be biologically relevant in that the blood–brain barrier is bypassed. 

 Uptake of gases or vapors in the nasal tissues is complex. Unlike particulate deposition, vapor 
uptake can be a reversible process with vapor molecules entering and exiting nasal tissues. The 
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theoretical understanding of vapor uptake has been reviewed (Dahl, 1990; Medinsky et al., 1999; 
Medinsky and Bond, 2001; Bogdanffy and Sarangapani, 2003). The reader is referred to these 
sources for a thorough discussion of vapor uptake processes. Because of the cyclic nature of breath-
ing an absorption/desorption process can occur in which vapor molecules enter the nasal mucus 
during inspiration but are desorbed back into the airstream during exhalation, when vapor-depleted 
air that is returning from the deep lungs passes back through the nose. This may be particularly 
important for nonreactive, soluble vapors (Dahl, 1990; Medinsky and Bond, 2001). 

 Important physical-chemical properties determining uptake effi ciency are vapor solubility 
(expressed as an air–tissue partition coeffi cient) and reactivity. Reactivity includes enzymatically 
mediated pathways (CYP450, etc.) and direct chemical reaction (e.g., reaction of ozone with tissue/
mucus substrates). In general, the higher the solubility the greater the potential for effi cient nasal 
uptake. Similarly the greater the reactivity, the greater the potential for effi cient nasal uptake. Gases 
and vapors that are both soluble and reactive can be scrubbed from the air with near total effi ciency 
within the nose. This is true for both laboratory animals and humans. For example, greater than 99% 
scrubbing of sulfur dioxide or hydrogen fl uoride has been observed in laboratory animals (Frank 
et al., 1969; Morris and Smith, 1982). Greater than 95% uptake of sulfur dioxide (Speizer and Frank, 
1966) or chlorine (Nodelman and Ultman, 1999) occurs in the human nose. Vapors with limited 
solubility and low reaction rates (either direct or metabolic) are scrubbed with low effi ciency. For 
example nasal uptake effi ciencies of 10% or less have been observed experimentally for xylene and 
bromobenzene (Morris, 1993). 

 After uptake in the nasal cavity, gas/vapor molecules can be cleared by a variety of pathways 
(Morris, 1995, 2001; Medinsky et al., 1999; Bogdanffy and Sarangapani, 2003). Mucociliary clear-
ance is one potential route of removal. Mucus fl ow rates are not large (10 µl/min in the rat) (Morgan 
et al., 1984); therefore, although dissolution in mucus and transport to the pharynx may occur, it 
is unlikely to represent a signifi cant clearance pathway for soluble nonreactive materials. Reactive 
gases and vapors may bind to proteins or other components in mucus, as has been shown for form-
aldehyde (Bogdanffy et al., 1987). In this case mucociliary clearance may represent an important 
route of removal. Gas/vapor molecules can quickly diffuse from the mucous lining layer into the 
underlying tissues where they can be cleared by the bloodstream or by local metabolism or reaction. 
The nasal cavity is richly perfused (see above); circulatory clearance can be effi cient. For example, 
blood fl uoride levels are increased after exposure of the isolated upper respiratory tract to hydrogen 
fl uoride (Morris and Smith, 1982). Once in the circulation toxicant is distributed to other organs 
including the lung. Frank et al. (1969) suggest that  35 SO

 2 
 could be absorbed into the bloodstream 

in the nose, transported to the lungs via the bloodstream, and exhaled. Therefore, the presence of 
pulmonary effects after inhalation exposure does not provide absolute proof that inhaled toxicant 
entered the lungs via the airstream. 

 The nose has a large xenobiotic metabolizing potential. On a per cell basis, the specifi c activ-
ity of many pathways may be equivalent in the nose and the liver. The reader is referred to several 
comprehensive reviews of nasal metabolic potential (Dahl and Hadley, 1991; Reed, 1993; Thornton-
Manning and Dahl, 1997; Bogdanffy and Keller, 1999). Expression of biotransformation enzymes is 
not uniform throughout the nose; each enzyme shows a distinct cellular distribution. As for the liver, 
the potential exists for signifi cant fi rst-pass metabolism of toxicant and removal of metabolite(s) 
via the vasculature. This may be particularly true for vapors that are substrates for high-capacity 
metabolic systems. Two toxicologically important, high-capacity pathways are carboxylesterase 
and aldehyde dehydrogenase (see below). Cytochrome P450 (CYP450) is also expressed in nasal 
tissues. In general, the activity of CYP450 is higher in the olfactory mucosa than in other sites of 
the nose (Dahl and Hadley, 1991; Reed, 1993; Bogdanffy and Keller, 1999). Although a low-capacity 
pathway, CYP450 represents a toxicologically important metabolic route in the nose. These enzymes 
may result in the local production of reactive metabolites of inspired vapors. Because the isoen-
zyme patterns (and phase II conjugation patterns) of the nose differ from those of other tissues, it is 
possible that some blood-borne toxicants are selectively activated in nasal tissues leading to nasal 
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toxicity (Lofberg et al., 1982; Belinsky et al., 1986; Genter et al., 1994). Consequently, it is possible 
to envision a scenario in which an inspired low-solubility vapor is absorbed in the lungs (rather than 
the nose), is transported to the olfactory mucosa via the circulation, and produces injury at that site 
because of local activation. 

 Gas uptake in the rodent nose is often assessed in anesthetized animals via use of the surgi-
cally isolated upper respiratory tract. This methodology has been recently reviewed (Morris, 1999). 
Uptake is measured under nonphysiological airfl ow conditions (constant velocity unidirectional 
fl ow). Mathematic modeling approaches can be used to estimate uptake in normal breathing condi-
tions. Due to the paucity of information on gas/vapor scrubbing by the human nose it is diffi cult 
to make precise estimates of species differences in nasal dosimetry of these materials. A method-
ology for measuring organic vapor uptake in the human nose has recently been reported (Thrall 
et al., 2003), suggesting that human vapor uptake data may become more available. The inorganic 
gas, sulfur dioxide, is scrubbed with 95% or greater effi ciency by the human nose and with 99% or 
greater effi ciency by the nose of the dog (Speizer and Frank 1966; Frank et al., 1969). Ozone depos-
its are scrubbed with approximately 50% effi ciency in the nose of the guinea pig and rabbit (Miller 
et al., 1979) and with similar effi ciency in the human nose (Hu et al., 1994). 

 Nasal dosimetric considerations form an important component of risk assessment for nasal toxi-
cants. A regional deposited gas ratio (RDGR) is used for species extrapolations for gases and vapors 
as part of the RfC process (U.S. EPA, 1994). Consistent with our understanding of gas/vapor uptake 
processes, gases and vapors are separated into three categories based on solubility and reactivity. 
Category 1 gases and vapors are highly soluble and reactive for which little penetration of parent 
compound into tissues and the bloodstream is anticipated. Many, if not most, of the gases and vapors 
with upper respiratory tract toxicity that have been evaluated by the RfC process are classifi ed as 
category 1 (Andersen and Jarabek, 2001). Category 2 gases and vapors are less soluble and/or reac-
tive and some penetration to the bloodstream is expected. Category 3 gases and vapors are poorly 
soluble and slowly reactive. Signifi cant accumulation of these materials is expected in the blood-
stream. These latter gases are those for which physiologically based pharmacokinetic modeling 
approaches are often used, and species extrapolations should be based on the partition coeffi cients 
in each species. Conservative default assumptions are used for the category 1 and 2 gases, based on 
normalization of dose per time per unit surface area. As highlighted for particles, this adjustment 
factor is often 0.3 or less, often resulting in a human equivalent concentration 3-fold less than the 
exposure concentration in animal studies. As highlighted below nasal toxicants exhibit regionally 
specifi c toxicity; thus, the implicit assumption of uniform deposition across the nose is likely sim-
plistic. The collection of mechanistic data and use of a more sophisticated dosimetric modeling 
approach would support the use of an alternate, more biologically based risk assessment approach 
(Andersen and Jarabek, 2001). 

 Mathematic models for nasal vapor uptake in humans and rodents have recently been devel-
oped (Morris et al., 1993; Bogdanffy et al., 1999; Andersen et al., 1999; Kimbell et al., 2001; 
Frederick et al., 2002). The current state-of-the-art approach is to use a hybrid model relying on 
computational fl uid dynamic approaches to model vapor transport in the air phase and include, if 
appropriate, physiologically based pharmacokinetic approaches to model vapor disposition and 
metabolism within the tissue phases. This modeling approach may have great value for quantitative 
risk assessment of nasal toxicants. 

 Some of the potential complexities of vapor dosimetry relative to high- to  low-dose  and species 
extrapolations are exemplifi ed by the studies of the author on nasal dosimetry of acetaldehyde. The 
uptake effi ciency of this vapor is highly concentration dependent, with moderate to high (�70%) 
uptake effi ciencies being observed at an inspired concentration of 1 ppm compared with low 
(�25%) effi ciency at 1,000 ppm (Morris and Blanchard, 1992). The inspired concentration depen-
dence on uptake effi ciency was abolished in animals pretreated with an acetaldehyde dehydroge-
nase inhibitor (Stanek and Morris, 1999) providing strong evidence that reduced uptake at high 
concentrations was due to the capacity limitation of this enzyme. Because the expression levels of 
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aldehyde dehydrogenase may differ across species, it is anticipated that complicated relationships 
would be observed for uptake of acetaldehyde at various inspired concentrations across species. 
Greatly differing uptake effi ciencies and relative dosimetric relationships were observed depend-
ing on the inspired concentration (1, 10, 100, or 1,000 ppm) and species (mouse, rat, hamster, and 
guinea pig). In fact, even the rank order of most effi cient to least effi cient species with respect to 
acetaldehyde scrubbing capacity differed depending on which exposure concentration was being 
examined (Morris, 1997). These studies highlight the potential complexities of nasal deposition 
and the potential weaknesses in extrapolation of toxic effects across species lines based simply on 
exposure concentration as the dosimeter. 

 16.5 RESPONSES OF THE NOSE 

 16.5.1 Refl ex Responses 

 The respiratory tract is richly innervated with sensory nerves that arise from the trigeminal ganglia. 
Two classes of sensory nerves are thought to be important in respiratory tract refl ex mechanisms: 
C fi bers and A� fi bers. There is no unambiguous functional criteria with which to separate these 
classes of sensory nerves. C fi bers are thin unmyelinated nerves that are thought to be sensitive to 
chemical stimulation (Alarie, 1973; Nielsen, 1991; Carr and Undem, 2001). A� fi bers are thicker 
and partially myelinated. The expression of neuropeptide mediators (see below) differs between 
nerve types, with neuropeptides being expressed primarily in C not A� fi bers; however, this pattern 
may be altered by allergic airway disease (Undem et al., 2000; Carr and Undem, 2001) or by expo-
sure to toxic agents (Hunter et al., 2000). 

 “Sensory irritants” are agents that stimulate upper airway trigeminal sensory nerves and pro-
duce a characteristic burning or painful sensation (Alarie, 1973). At high concentrations, an apneic 
response is produced. In rodents, the sensory irritation response is quantitated by the specifi c 
changes in breathing pattern that occur. Specifi cally, stimulation of trigeminal nerves by sensory 
irritants results in a decreased breathing frequency due to the induction of a pause (e.g., a brief 
apneic period) during expiration. The RD

 50 
 is the concentration of irritant that reduces breathing 

frequency to 50% of preexposure levels (Alarie, 1973). This has been a useful empirical approach 
for establishing occupation exposure guidelines in the absence of human data (Alarie, 1981; Bos 
et al., 1991; Schaper, 1993; Dalton, 2001). It has been suggested that occupational exposure guide-
lines be set at 3% of the RD

 50 
 in mice if human data are unavailable and if sensory irritation is the 

most sensitive end point (Schaper, 1993). Chemicals with widely differing structures can act as 
sensory irritants (Alarie, 1973; Nielsen, 1991; Bos et al., 1991). Efforts have been made to develop 
structure–activity modeling for sensory irritants (Abraham et al., 1998; Alarie et al., 1998). This 
is a challenging goal because sensory irritants may act on different sites on one receptor, may act 
through stimulation of several receptors, and may act directly (as the parent compound) or indirectly 
after metabolic activation. 

 Stimulation of sensory nerves may result in generation of an action potential and transmis-
sion of impulses to the respiratory centers of the brain stem with initiation of central responses 
(Figure 16.2). As discussed above, central responses include a sensation of itching or pain, as 
well as apnea, cough, or sneezing in humans, and “sensory irritation” in rodents (Alarie, 1973; 
Baraniuk, 1994; Shusterman, 2003). Stimulation of sensory nerves may activate parasympathetic 
efferent neurons resulting in release of acetylcholine and vasoactive intestinal protein (VIP) within 
the nasal mucosa. These mediators induce vasodilation, nasal congestion, and mucous secretion 
(Baraniuk 1994; Shusterman, 2003). The nasal mucosa is an erectile tissue. Nasal congestion is a 
condition in which the nasal tissues swell and occlude the nasal airway leading to airfl ow obstruc-
tion. Dilation of vessels deep in nasal tissue results in expansion of the nasal venous sinusoids 
and causes this swelling. Mucous secretion is caused by initiation of glandular exocytosis from 
the submucosal glands. The exocytosed material drains through the ducts into the nasal lumen. 
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Extravasation of plasma in superfi cial capillaries may also contribute fl uid and proteinaceous mate-
rial to mucus (Baraniuk, 1994). All three of these processes, congestion, mucus release, and fl uid 
secretion, can serve to diminish the dimensions of the nasal airspace and therefore cause nasal 
obstruction, in particular, in rodents. 

 Stimulation of sensory nerve terminals also results in a wave of depolarization that extends 
throughout the branched rami of the nerve, a process known as antidromal stimulation (Baraniuk, 
1994; Barnes, 1996). This results in the release of neuropeptides in nasal tissues. These potent medi-
ators include substance P and calcitonin gene-related peptide (CGRP) among others. Responses 
induced by these mediators include vasodilation, nasal congestion, mucus secretion, and neurogenic 
edema (Barnes et al., 1991a, 1991b). Vasodilation of the superfi cial capillaries results in increased 
blood fl ow, which may aid in removal of irritants from nasal tissues but does not cause nasal con-
gestion and airfl ow obstruction (Widdicombe, 1990). This process may aid in rhinorhea (Baraniuk, 
1994). In contrast, dilation of the vessels in the deep tissue results in pooling of blood in the venous 
sinusoids and nasal congestion as described above. Neurogenic edema is a process in which the 
endothelial cells of the postcapillary venules contract, resulting in increased capillary permeability. 
The basement membrane may become exposed as well, allowing for migration of leukocytes into 

FIGURE 16.2 Schematic diagram of potential mechanisms of sensory nerve mediated nasal refl ex 
responses to irritants. Activation of afferent sensory nerves can stimulate respiratory centers in the brain 
stem and cause the sensation of tickling and pain, can cause cough and changes in breathing patterns, 
and can initiate efferent parasympathetic nervous system–mediated responses. Sensory nerves activation 
can also result in the release of potent neuropeptide mediators in nasal tissues. The local nasal responses 
(mucus secretion, vasodilation, congestion, neurogenic edema) to irritants refl ect the balance of para-
sympathetic and sensory nerve mediators (see text for details).
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the nasal mucosa. Thus, the development of a neurogenic edema is the fi rst step in the initiation of an 
infl ammatory response (Baraniuk, 1994). Neuropeptides are rapidly degraded by tissue peptidases, 
in particular, neutral endopeptidase. These enzymes may be inhibited in infl ammatory conditions or 
by tobacco smoke (Piedimonte, 1995). This may provide a potential mechanism for the enhanced 
sensitivity to irritants that is sometimes reported by individuals. 

 The response pattern to a specifi c irritant will depend on the interplay between parasympathetic 
activation and cholinergic mediator release with sensory nerve activation and antidromally mediated 
neuropeptide release. The overall balance may depend on the chemical properties of the irritant, the 
degree of stimulation of C versus A� fi bers, the species (rodent versus human), and disease status. 
Unfortunately, few of these parameters are well defi ned. 

 Shusterman et al. (2003) has examined the responses of healthy and rhinitic humans to chlorine 
gas. A nasal congestive response was observed at exposure concentrations that produced minimal, 
if any, sensation of irritation, suggesting that local responses can occur in the absence of marked 
perception of the presence of an irritant. The physiological mechanisms responsible for the nasal 
congestive response to chlorine are not known. Interestingly, an enhanced congestive response to 
chlorine was observed in subjects with rhinitis. Sanico et al. (1999) have reported an enhanced 
responsiveness to capsaicin in rhinitic subjects. These results suggest that irritant sensitivity can by 
modulated by allergic airway disease. 

 Work in the author’s laboratory has focused on refl ex responses of the rodent to inspired irri-
tants. In the rat the electrophilic irritant vapor acrolein rapidly induces multiple nasal responses 
including sensory irritation (RD

 50 
 � 6 ppm), vasodilation, plasma protein extravasation (neurogenic 

edema), and increased nasal airfl ow resistance (Morris et al., 1999). All these responses were dimin-
ished by chemical-induced degeneration of sensory nerves. Of these, the most sensitive response 
was vasodilation, which at low-exposure concentrations (�2 ppm) was observed in the absence of 
a change in nasal airfl ow resistance, suggesting it was due to dilation of the superfi cial capillaries. 
Subsequent studies revealed that vasodilation was the most sensitive response of the rat to inspired 
ethyl acrylate, acetaldehyde, and acetic acid vapors (Morris, 2002; Stanek et al., 2001). The RD50 
for acetaldehyde is 3700 ppm yet acetaldehyde-induced nasal vasodilation was observed at exposure 
concentrations as low as 50 ppm, suggesting local effects may occur in the absence of centrally 
mediated responses (Stanek et al., 2001). This is perhaps analogous to the response pattern observed 
for chlorine in the human (Shusterman et al., 2003). The mediators responsible for the vasodilatory 
response in the rat are not known, but likely candidates include CGRP and nitric oxide (unpublished 
observations). 

 In the mouse, sensory irritation and increased nasal airfl ow resistance are the most sensitive 
responses to inspired acrolein and acetic acid (Morris et al., 2003). These responses are diminished 
by chemical-induced degeneration of sensory fi bers. The absence of an effect of atropine on the 
response to acetic acid suggests that parasympathetic activation may not play an essential role in 
this response in this species. Heightened responses to these irritants were observed in mice with 
ovalbumin-induced allergic airway disease. Thus, enhanced nasal sensitivity to irritants in aller-
gic airway disease has been documented in both humans (Shusterman et al., 2005) and animals 
(Morris et al., 2003). The sensory irritation response to both acrolein and acetic acid was enhanced 
in diseased-animals; however, the fl ow-resistance response was increased only by acetic acid not 
by acrolein. The mechanisms responsible for the heightened responsiveness are not known, but the 
comparison of these two irritants suggests that differing chemical-specifi c pathways may be modu-
lated differentially in allergic airway disease. 

 As highlighted by the brief summary above, the overall response of the nose to an inspired irri-
tant may be complex. Measurement of sensory irritation via quantitation of respiratory depression 
has been a useful empirical tool for assessing irritant potency (Schaper, 1993) but serves to obscure 
the complexity of the nasal response patterns. Because nasal symptoms are a common response of 
the human to pollutants, these represent toxicologically important response pathways. Nasal refl ex 
responses appear to be protective in nature. For example, nasal discomfort may result in avoidance 
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behavior. Increased mucous secretion may serve to enhance clearance of irritants. Increased blood 
fl ow may serve to remove irritant from nasal tissues (but will enhance systemic delivery of these 
materials). A pause during expiration may enhance desorption of vapor and subsequent exhalation. 
It is likely that nasal refl ex responses will alter nasal dosimetric patterns. Increased blood fl ow will 
serve to enhance nasal uptake of inspired water-soluble vapors (Morris, 2001; Morris et al., 2003). 
Nasal congestion will no doubt alter airfl ow patterns in the nose and alter regional delivery of air-
borne materials. Therefore, it is important to recognize that the microdosimetric patterns that occur 
during exposure to toxic levels of an irritant may differ from those that occur during exposure to 
no-effect levels of that irritant. These responses may appear relatively benign in healthy individu-
als, but the responses are augmented in allergic airway disease and can result in the exacerbation of 
symptoms. Moreover, although beyond the scope of this text, the pathogenic similarities between 
rhinitis and asthma may suggest that enhanced nasal responsiveness to irritants in rhinitis may be the 
harbinger of enhanced responsiveness of the lower airways in individuals with asthma. 

 16.5.2 Cytotoxic Injury 

 Cytotoxic agents can produce acute nasal injury. Often such agents produce characteristic patterns 
of lesions within the nose (Morgan, 1995). Lesion distribution in the nasal mucosa depends on toxi-
cokinetic (delivered dose) and toxicodynamic (tissue sensitivity) factors. The focus of this text is on 
the toxicokinetic and toxicodynamic factors and their interplay relative to nasal lesion distribution. 
The histopathological characterization of common nasal lesions in rodent studies is well described 
(Harkema, 1992, 1999; Morgan, 1995; Hardisty et al., 1999) and will not be described herein. In 
assessing the potential importance of toxicokinetic versus toxicodynamic factors, it is essential to 
realize that scrubbing of inspired toxicant anteriorly in the nose results in diminished delivery to 
posterior sites (e.g., ethmoturbinates). Therefore, delivered dosage rates must be lower in posterior 
then anterior sites, and the demonstration of selective injury in the olfactory epithelium provides 
strong  a priori  evidence that toxicodynamic factors are critical. Toxicants can produce injury in 
squamous epithelial-lined anterior nose, in transitional and/or respiratory mucosa epithelium of the 
nasomaxilary turbinate region, or the olfactory mucosa of the ethmoturbinates. Examples of toxi-
cants that injure these regions are provided below. 

 16.5.2.1 Squamous Epithelial Injury 

 The most anterior portions of the nasal cavity are lined with stratifi ed squamous epithelium. Because 
of the diffi culty in obtaining appropriate histological sections the nasal vestibule is rarely studied in 
detail (Gross et al., 1994). The squamous epithelium of the nasal vestibule is thought to be relatively 
resistant to toxic insult. Therefore, it would be predicted that only those agents that deposit with 
very high effi ciency in that region would produce injury in this site. The reasons for this prediction 
are 2-fold. First, high delivered dosage rates would be needed to result in injury to resistant strati-
fi ed squamous epithelium. Second, effi cient uptake in the vestibule reduces the amount of toxicant 
that penetrates to the transitional, respiratory, or olfactory epithelium, thus limiting the potential for 
injury in these typically more sensitive tissues. 

 Effi cient nasal uptake would only be anticipated for compounds that are highly water soluble 
and highly reactive (see above). The inorganic acid, hydrogen fl uoride, possesses these properties. 
Inhalation exposure to this acid results in injury of the most anterior portions of the nose with a 
strong anterior-to-posterior gradient. Specifi cally, short-term (�1 h) exposure of the rat to near-
lethal levels of hydrogen fl uoride results in mucosal and submucosal necrosis and acute infl amma-
tion in the nasal vestibule, with no apparent injury in the other areas of the nose (Rosenholtz et al., 
1963). Hydrogen fl uoride is scrubbed from the airstream with extremely high effi ciency (�99%) in 
the rat nose (Morris and Smith, 1982). The focal nature of these lesions would suggest that most of 
the material deposits in the nasal vestibule. 
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 Glutaraldehyde, a highly water-soluble, highly reactive aldehyde can also produce squa-
mous epithelial injury (Gross et al., 1994; van Birgelen et al., 2000). In addition this aldehyde also 
produces injury in the most anterior portions of the transitional and respiratory epithelium. Epithelial 
erosion and ulceration were observed in mice and rats at early time points (�1 week) during a 
13-week inhalation study. As the exposure progresses, a delayed neutrophilic infi ltration and squamous 
metaplasia occur. Cell replication rates are elevated, suggesting that a regenerative cell-proliferative 
response occurred (Gross et al., 1994). In these obligate nose-breathing rodents, these responses 
lead to nasal obstruction and asphyxia. Inhalation exposure to formaldehyde (see below) produces 
a similar type of response except that it is localized more posteriorly in the nose (Monticello et al., 
1991). Both formaldehyde and glutaraldehyde cause a similar distribution of nasal lesions when 
instilled as aqueous solutions (St. Clair et al., 1990). This comparison suggests the anterior distribu-
tion of glutaraldehyde-induced lesions is attributable to high delivered dosage rates to this region 
during inhalation exposure. 

 Reactive and soluble gases often cause squamous epithelial injury. These are categorized in 
the RfC process as category 1 gases and vapors and the default species extrapolation is based on a 
 ventilation-to-surface-area ratio for the laboratory animal compared with the human (see above). The 
default surface areas include all areas of the nose, including the extensive ethmoturbinate regions 
of the rodent. This provides a conservative estimate; however, because the injury is confi ned to the 
squamous epithelial lined anterior areas of the nose, an improvement in the extrapolation might be 
achieved by use of squamous epithelium-lined surface areas in both species as a surrogate for the 
effective surface areas. 

 16.5.2.2 Transitional Epithelial Injury 

 Transitional epithelium is present immediately posterior to the squamous epithelium and anterior to 
the mucus-lined respiratory epithelium. Ozone targets this epithelium (Harkema et al., 1997; Cho 
et al., 1999). The precise mechanisms for this pattern are not known. It has been postulated that 
nasal mucus acts as an antioxidant and serves to protect against the toxic effects of ozone (Harkema 
et al., 1997). Because the mucous lining layer covering the respiratory epithelium may be better 
developed than that covering the transitional epithelium, the underlying transitional epithelium may 
be at greater risk. Although speculative, as exemplifi ed by the regional injury patterns for ozone, 
the characteristics of the mucous lining layer over transitional versus respiratory epithelia may differ, 
a factor that could be important for certain toxicants. 

 Ozone-induced nasal injury has been observed in the monkey and rat (Harkema et al. 1987a, 
1987b; Cho et al., 1999). Similar lesions have been observed in people living in Mexico City, which 
has high-ozone pollution (Calderon Gardicuenas et al., 1992, 1995), but direct attribution of the injury 
to ozone per se is not possible. Acute exposure to high-ozone concentrations to human volunteers 
results in nasal infl ammation (McBride et al., 1994). The progression of ozone-induced transitional 
epithelial lesions in the rat has been described (Cho et al., 1994). After acute cell injury, a regenera-
tive hyperplasia occurs with an increase in the numbers of mucus-producing cells, a process termed 
mucous cell metaplasia. Pretreatment with an anti-infl ammatory steroid can diminish the metaplastic 
response, suggesting that the initiation of an infl ammatory response may be involved in the pathogen-
esis of this lesion (Hotchkiss et al., 1998). Mucous cell metaplasia has been observed in animal models 
and in humans (Harkema et al., 1987a, 1997; Calderon-Garciduenas et al., 1992, 1995). This response 
may be analogous to the goblet cell hyperplasia that is induced in lower airways by sulfur dioxide 
(Janey et al., 1991; Reed, 1978). An increased mucous barrier might serve to protect the underlying 
epithelium from inspired toxicants; however, excessive mucus production may be pathogenic. 

 16.5.2.3 Respiratory Epithelial Injury 

 Perhaps the best studied nasal toxicant is formaldehyde. Signifi cant work on formaldehyde dosimetry 
and toxicity has ensued since the discovery that it is a rodent nasal carcinogen. Morgan noted that this 

4049_C016_r03.indd   3624049_C016_r03.indd   362 11/15/2005   3:29:12 PM11/15/2005   3:29:12 PM



Nasal Toxicology 363

aldehyde produces a very site-specifi c pattern of injury and was also perhaps the fi rst to appreciate 
that this might be refl ective of inhalation dosimetric factors (Morgan and Monticello, 1989, 1990). 
A detailed review of this literature is beyond the scope of this chapter. The reader is referred to several 
excellent reviews (Morgan, 1977; Heck et al., 1990; Feron et al., 2001). In the rodent, formaldehyde 
forms DNA-protein crosslinks, which forms a useful tissue biomarker for delivered dose and may be 
mechanistically involved in formaldehyde carcinogenesis (Heck et al., 1990). DNA-protein crosslink 
levels are not uniformly distributed in the nose but are highest in specifi c regions of the nasomaxilary 
turbinates (Casanova et al., 1991, 1994). Acute and subacute exposure of the rat to formaldehyde 
can result in nasal respiratory epithelial necrosis and infl ammation. The early cytotoxic response is 
followed by regenerative cell proliferation. With longer exposure times (up to 2 years) respiratory 
epithelial metaplasia, dysplasia, and squamaous cell carcinoma are observed. The concentration–
response curve for formaldehyde-induced tumor formation in the rat nose is extremely nonlinear, 
and increased tumor incidence rates are only observed at exposure concentrations that are cytotoxic 
and cause regenerative cell proliferation (Morgan, 1977; Heck et al., 1990; Feron et al., 2001). It is 
thought that the regenerative cell proliferation is a key step in the carcinogenic process because the 
enhanced cell division rates result in less time for DNA repair, possible fi xation of mutations, and/or 
clonal expansion of mutated cells (Morgan, 1977; Feron et al., 2001; Conolly et al., 2003). Whereas 
cytotoxicity and regenerative proliferation may be necessary steps in formaldehyde carcinogenesis, 
they are not suffi cient to cause nasal tumor formation. Many cytotoxic compounds produce chronic 
nasal injury without a concomitant carcinogenic response (Feron et al., 2001). 

 Our understanding of the nasal dosimetry of formaldehyde is quite detailed and has lead to fun-
damental advances in our understanding of nasal functioning. Using a computations fl uid dynamic 
approach, Kimbell et al. (1993) modeled formaldehyde uptake in the rodent nose. Predicted areas 
with high-deposition rates corresponded well with areas with the greatest delivered dosage, as 
assessed by DNA-protein crosslinks (Hubal et al., 1997), and greatest injury, as assessed by cyto-
toxicity and regenerative cell proliferation (Kimbell et al., 1997). Recently these efforts have been 
extended to the monkey nose, and again, good correlation was observed between the local nasal cell 
proliferation rates in formaldehyde-exposed monkeys and the predicted formaldehyde deposition 
fl ux in those regions (Kimbell et al., 2001). Most recently these modeling efforts have been extended 
to the human nose (Conolly et al., 2003). 

 As a category 1 gas, default species extrapolations for the RfC process for formaldehyde would 
be based on the ventilation-to-surface-area ratios for the rat and human. The extensive research on 
formaldehyde provides an elegant example of how dosimetry modeling can be used to gain insights 
into regional respiratory tract injury and to provide a strong biological basis for interspecies extrapo-
lation and risk assessment of nasal toxicants. Basing species extrapolations on the use of the model-
ing approaches to predict regional depositional fl uxes among species leads to a greatly improved 
risk assessment. Recently this modeling approach has been extended to predict local deposition 
fl uxes within the ethmoturbinates of the olfactory toxicant hydrogen sulfi de (Moulin et al., 2002). 
Again a reasonable correlation was observed between areas of high-deposition fl ux and regions of 
greatest injury in the ethmoturbinates. This suggests that this modeling approach may be useful for 
olfactory-selective toxicants in addition to the respiratory mucosal toxicants such as formaldehyde. 

 16.5.2.4 Olfactory Mucosal Injury 

 Many agents produce injury to the nasal olfactory epithelium. Because the delivered dosage rates of 
inspired agents to the posterior olfactory epithelium-lined turbinates must be less than to the anterior 
respiratory epithelium-lined turbinates, tissue sensitivity factors must be important for olfactory 
selective toxicants. Thus, review of olfactory toxicity encompasses many of the classical toxicologi-
cal concepts such as metabolic activation, detoxication, etc. 

 Weak organic acids such as acrylic or acetic acid appear to target the olfactory mucosa of the 
rodent. For example, olfactory sustentacular cell necrosis, olfactory neuronal degeneration, and 
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desquamation occur after acute exposure of the rat to acrylic acid (Miller et al., 1981; Frederick et al., 
1998). No injury is observed in the adjacent respiratory mucosal-lined regions. These lesions show 
an anterior-to-posterior gradient within the olfactory mucosa of the nose with the greatest injury 
being observed in the dorsal medial meatus (Miller et al., 1981; Hardisty et al., 1999). The model-
ing of rodent nasal airfl ow patterns predicts that only the air in the dorsal medial airstream fl ows 
over olfactory mucosa (Kimbell et al., 1993, 1997). Therefore, the highest delivered dosage rates 
would be anticipated to be over those regions where injury is the most severe. The olfactory muco-
sal injury can be reproduced  in vitro  by short-term (2-h) incubation of nasal explants with acrylic 
acid at concentrations of 0.5 m M  or greater (Frederick et al., 1998). At these concentrations acrylic 
acid does not produce injury in nasal respiratory epithelial explants. Cells of the olfactory mucosa 
seem to be particularly sensitive to injury, thus explaining why olfactory injury is observed in the 
absence of respiratory epithelial injury in rodents exposed to weak organic acids. 

 As a category 1 vapor, the ventilation-to-surface-area ratios for the rat and human would be used 
for the default derivation of the RfC for acrylic acid. A computational fl uid dynamics and physi-
ologically based inhalation model has been established for interspecies extrapolation of acrylic acid 
toxicity in the rodent and human (Frederick et al., 1998). This model incorporates air-phase diffu-
sion of the acid- and tissue-phase disposition of the acid in a compartmentalized nose and makes 
specifi c predictions relative to olfactory tissue acid concentrations over a range of airborne exposure 
concentrations. This model predicts that, at equal airborne concentrations, the tissue levels of acrylic 
acid in the rat exceed those in the human nose, the opposite of what is predicted by the default RfC 
methodology. 

 The high sensitivity to acids would suggest that olfactory epithelium would be sensitive to 
injury from materials that are metabolized to acids within that site, which appears to be the case. 
Carboxylesterases act to hydrolyze esters to their respective acids and alcohols. These are high-
capacity enzymes that are highly expressed in nasal tissues (Bogdanffy and Keller, 1999) with the 
activity of carboxyleterases being higher in olfactory than in respiratory mucosa. Pretreatment of 
rodents with carboxylesterase inhibitors dramatically reduces nasal uptake rates of inspired ester 
vapors (Morris, 1990; Morris and Frederick, 1995; Bogdanffy et al., 1999), providing strong evidence 
that these vapors are indeed extensively metabolized by carboxylesterases in nasal tissues  in vivo.  
Further evidence is provided by the fact that alcohol metabolite, ethanol, is present in air exiting 
the isolated nasal cavity of rats exposed to either ethyl acetate (Morris, 1990) or ethyl acrylate 
(Morris and Frederick, 1995). It has been shown that olfactory selective injury results from acute, 
subchronic, or chronic injury to a variety of ester vapors (Hardisty et al., 1999) characterized by 
sustentacular cell necrosis and olfactory neuronal degeneration with regeneration and/or atrophy 
depending on the length of exposure and exposure concentration. A strong anterior-to-posterior 
olfactory lesion gradient is observed with the most severe injury being present in the dorsal medial 
meatus (Hardistry et al., 1999). Again, the similarity of the lesions between acids and esters is 
striking. Moreover, the lesions observed in rat nasal olfactory explants treated with ethyl acrylate 
are virtually identical with those caused by acrylic acid (Frederick et al., 2002). The high levels of 
carboxylesterase and the sensitivity of olfactory mucosa to acid-induced injury likely account for 
the selective injury of this mucosa by inspired esters. 

 Given the weight of the evidence supporting the carboxylesterase-dependent mechanism of 
action of esters vapors, quantitative risk assessment of ester-induced olfactory injury would best be 
based on parameters related to acid production rates. This requires formulation of models that incor-
porate tissue disposition factors such as diffusion to the bloodstream and vascular clearance, and 
nonlinear (e.g., Michealis–Menten) metabolism kinetics. A physiologically based pharmacokinetic 
model represents a convenient, widely used approach to approximate these processes. Models have 
been developed for vinyl acetate (Bogdanffy et al., 1999), ethyl acrylate (Frederick et al., 2002), 
and methyl methacrylate (Andersen et al., 1999). All models incorporated metabolic data for the rat 
and the human to facilitate quantitative species extrapolations. The vinyl acetate model incorporates 
terms to predict changes in tissue pH induced by vinyl acetate. As a proof of concept it has been 
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shown that vinyl acetate reduces hepatocellular pH  in vitro  through a carboxylesterase-dependent 
mechanism (Bogdanffy, 2002). The ethyl acrylate model is a hybrid model that incorporates a com-
putational fl uid dynamic approach to model the air-phase behavior and a physiologically based 
pharmacokinetic approach for tissue disposition. This model is of the same form as used for acrylic 
acid (Frederick et al., 1998) and provides a template that could be easily extended to cover other 
vapors. The methyl methacrylate model utilizes a clearance/extraction approach more analogous to 
those used for hepatic models. These modeling approaches exemplify state-of-the-art techniques on 
which to base species extrapolations and quantitative risk assessment. 

 In addition to carboxylesterase, aldehyde dehydrogenase is another enzyme that is highly 
expressed in nasal tissues that results in the formation of acidic metabolites. This author has sug-
gested that aldehyde dehydrogenase-dependent formation of acetic acid from acetaldehyde may 
be important in the olfactory toxicity and carcinogenecity of this aldehyde (Morris, 1997). In the 
rodent, acetaldehyde causes olfactory necrosis, degeneration, and tumorigenesis (Wouterson et al., 
1986), depending on the exposure concentration and duration. In contrast to formaldehyde, only 
limited respiratory epithelial damage is observed. Because of its lower water solubility and reactiv-
ity, a lower deposition fl ux over respiratory epithelium is anticipated for acetaldehyde versus form-
aldehyde. This, coupled with a role for aldehyde dehydrogenase-dependent acid production, may 
provide potential explanations for the olfactory selectivity of acetaldehyde. 

 Cytochromes P450 (CYP450s) are widely expressed in nasal tissues (Dahl and Hadley, 1991; 
Bogdanffy and Keller, 1999; Reed, 1993; Thornton-Manning and Dahl, 1997; Ding and Kaminsky, 
2003). CYP450s known to be present in human nasal tissues include CYP2A6, 2A13, 2C, and 3A. 
Because of the diffi culty in obtaining nasal tissues, thorough investigations of CYP540 expression 
have not been performed (Ding and Kaminsky, 2003). In general, these enzymes are expressed in 
higher levels in olfactory than respiratory mucosa. CYP450 activation of compounds to metaboli-
cally active forms by these enzymes is important in the olfactory toxicity of a variety of compounds, 
including methyl bromide (Hurtt et al., 1988), styrene (Cruzan et al., 2002), chloroform (Mery et al., 
1994), and bromobenzene (Brittebo et al., 1991). Several agents produce nasal olfactory injury when 
administered parenterally, including dichlobenil (Brittebo et al., 1991), acetaminophen (Jeffrey and 
Haschek, 1988), and �,��-iminodiproprionitrile (Genter et al., 1992). Local activation by olfactory 
CYP450 is thought to be responsible for the injury induced by these compounds. Injury can be 
produced by these compounds in a variety of cells and structures, including epithelium, Bowman’s 
glands in the deep olfactory tissue, and the underlying bone. 

 The fact that olfactory injury can be produced after parenteral administration highlights the pos-
sibility that nasal olfactory injury in inhalation toxicity tests may not be a result of direct delivery of 
toxicant from the airstream. As exemplifi ed by chloroform, suggestive information on the route of 
delivery of toxicant can be inferred from the distribution of injury within the ethmoturbinates. For 
many inhaled compounds, a strong anterior-to-posterior pattern of injury is observed in the olfactory 
mucosa (Hardisty et al., 1999). In contrast, inhaled chloroform-induced injury is most severe in the 
ventral lateral portions of the ethmoturbinates and in cells deep within the lamina propria. Because 
these sites are not within the major airstreams, Mery et al. (1994) suggested that chloroform was 
not being delivered via the inspired air. For the low-solubility vapor, chloroform, absorption likely 
occurs in the lungs rather than the nose, and the solvent is then delivered to the critical tissue (e.g., 
olfactory mucosa) via the bloodstream. In this context it may be more appropriate for risk assess-
ment purposes to consider the nose to be an extrarespiratory site and base dosimetric evaluations on 
physiologically based pharmacokinetic approaches similar to those in hepatic toxicity. 

 In summary, a variety of chemicals can produce nasal cytotoxic injury. Depending on the chemi-
cal, such injury can result from either systemic or inhalation exposure. Because chemical-induced 
nasal injury demonstrates characteristic distribution patterns within that site, mapping of the lesions 
is essential. Often the site-selective injury of inhaled chemicals depends on microdosimetric pat-
terns within the nose. This is perhaps best exemplifi ed by the three aldehydes: glutaraldehyde, form-
aldehyde, and acetaldehyde. All three produce nasal cytotoxicity with subsequent regenerative cell 
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proliferation and likely work through analogous mechanisms. Based on the solubility and reactivity 
properties, the sites of injury correlates with the predicted sites of deposition within the nose for these 
compounds. Glutaraldehyde, the most reactive and water soluble, produces injury in the anterior 
squamous epithelium. The soluble, but less reactive, formaldehyde produces injury in the respiratory 
epithelium, and the less soluble and less reactive acetaldehyde produces injury in the posterior, olfac-
tory epithelium. In the case of acetaldehyde, biotransformation via olfactory metabolic pathways may 
also be important. As for any nasal toxicant, a complete understanding of the nasal toxicities of these 
aldehydes depends on the integration of information on site-selective injury with knowledge of the 
regional dosimetric patterns within the nose. 
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 17.1 OVERVIEW 

 Historically, within the fi elds of toxicology, occupational medicine, and industrial hygiene, the nose 
and nasal function have garnered little attention as targets for toxic agents, in particular, when com-
pared with other organs and organ systems. The nose has been viewed predominantly as a respira-
tory organ, functioning to fi lter and humidify inspired air and to detect chemicals via odor. Until 
recently, little emphasis has been given to its importance as a portal of entry for environmental 
toxicants and its role in vapor and particulate capture and removal. Furthermore, systemic effects 
from nasal uptake have only recently been considered in the context of exogenous exposures to 
metals and viruses. In this chapter we aim to clarify the importance and functionality of the nose in 
humans and to summarize the latest knowledge about the adverse effects associated with exposure 

 17 
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to occupational and environmental toxicants on the nose and nasal function, including olfactory 
dysfunction, sensory irritation, irritant rhinitis, sinusitis, septal perforation, and neoplasms. Because 
the majority of data on nasal toxicology from occupational and environmental toxicants derives 
from subchronic and chronic exposure studies in animals we will necessarily review the evidence 
from those but will primarily focus on the documented adverse effects of exposure in humans. We 
will also discuss the anatomical and metabolic factors that complicate the extrapolation of data from 
animal exposure assays to human risk assessment. 

 17.2 BACKGROUND: ANATOMY AND PATHOPHYSIOLOGY 

 17.2.1 Physiological Functions of the Upper Airway 

 In both humans and experimental animals, the nose serves as a fi lter, humidifi er, and thermoregula-
tor of inspired air; the upper airways also incorporate multiple mechanisms for removing volatiles 
and particulates from inspired airstreams—through mucociliary clearance, vascular uptake and dif-
fusion, and extensive metabolic capacity to remove and detoxify soluble particulates and vapors. 
All these functions are subsumed in the role of the nose as gatekeeper and protector of the lower 
airways. For example, the ability of the nose to heat and humidify large volumes of inspired air is 
critical to protection of the lower airways. The nose also functions as a particle fi lter. Filtration of 
large particles occurs through their impaction on the nasal turbinates where they are trapped in the 
mucus layer and subsequently cleared. In contrast, fi ner particles (�0.10 µm), which are often not 
captured by this method, can bypass this region and reach the lower respiratory tract. Many, if not 
most, water-soluble irritant vapors, such as ammonia and chlorine, are taken up in the anterior por-
tion of the nasal-pharyngeal mucous membrane layer, thereby protecting the lower respiratory tract 
from exposure (Hornung and Mozell, 1977). The effi cacy by which the nose acts to “scrub” vapors 
from the incoming airstream is a function of both the physical properties of the chemical and the 
anatomical structure of an individual’s nose. Last but not least, the nose is also an important sen-
sory organ, containing receptors that are capable of detecting a wide variety of airborne chemicals 
through the perception of odor and, at higher concentrations, the perception of nasal irritation or 
pungency (Dalton, 2002). 

 17.2.2 Anatomy 

 The framework of the nose is composed of a combination of bone and cartilage that is covered inter-
nally by an innervated mucous membrane layer containing blood vessels and receptors (Gray, 1974). 
The nasal cavity can be divided into three parts: the nasal vestibule, the respiratory region, and the 
olfactory region. The septum, consisting of a bony plate and a cartilaginous wall, divides the nasal 
cavity into two symmetrical halves. On average, in humans, the total surface area of both nasal cavi-
ties is approximately 150 cm 2  and the total volume is about 15 ml. The anterior portion of the nasal 
cavity opens in the nostril and the posterior part opens into the rhinopharynx. Volatile chemicals 
can be inhaled into the nasal cavity orthonasally through the nostril (or nares) or can enter retrona-
sally from the mouth or during swallowing (thus enabling the signifi cant contribution of olfactory 
perception to food fl avor). These odor plumes are broken up by convolutions in the tissue, called 
turbinates (see Figure 17.1). Actual exposure to odorants depends on patterns of airfl ow through a 
geometrically complex structure, and only recently have models been developed that allow quanti-
tative analysis of fl ow patterns. (Early attempts to determine fl ow patterns tried lining the noses of 
human subjects with litmus paper and having the subjects inhale ammonia fumes [Paulsen, 1882], 
but this technique proved unreliable. It was replaced by the development of physical models of the 
nasal cavity. Although early models were typically cast directly from the noses of human cadavers, 
modern anatomical casts have been developed from three-dimensional information provided by 
computed tomography [CT] scans.)   
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 The outermost openings of the nose, the nares, lead directly into the nasal vestibule, with the 
narrowest region of this opening being referred to as the nasal valve area. This segment of the upper 
airway is the most limiting, resulting in up to a 50% airfl ow reduction in certain ethnic groups (Cole, 
1993). This portion of the nasal chamber is lined with keratinizing squamous epithelium containing 
sebaceous glands, sweat glands, and vibrissae (Clerico, 2003). 

 In both rodents and primates, the nasal passages contain four distinct types of epithelia: the strati-
fi ed squamous epithelium that lines the nasal vestibule and the fl oor of the ventral meatus in the ante-
rior part of the nose; the nonciliated, transitional epithelium that lies between the squamous epithelium 
and the respiratory epithelium; the ciliated, respiratory epithelium that lines the rest of the nasal cavity 
anterior and ventral to the olfactory epithelium; and the olfactory neuroepithelium. However, the dis-
tribution of these epithelia, their abundance, their susceptibility to injury, and their metabolic capacity 
vary considerably between rodents and humans (Harkema, 1999). For example, the olfactory epithe-
lium (OE) lines approximately 50% and 37% of the nasal cavity surface area in F344 rats and B6C3F 
mice, respectively, whereas a mere 3% of the nasal cavity surface area is devoted to OE in humans. 

 The primary functions of the respiratory epithelium are to humidify, fi lter, and warm the incom-
ing air during inspiration. The respiratory epithelium contains goblet cells in the vicinity of the 
inferior turbinate and basal cells underlying the mucosa, as well as both ciliated and nonciliated 
columnar cells (Clerico, 2003). In humans, the respiratory epithelium covers much of the upper 
two thirds of the nasal passages, except for those locations containing olfactory epithelium. The 
primary function of the olfactory epithelium is to detect odorants in the inspired air. The olfactory 
epithelium is located on both sides of the upper portion of the nasal cavity and the olfactory cleft 

FIGURE 17.1 Sagittal view of the human nasal passages showing the nasal 
turbinates and the location of the olfactory epithelium.
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and, in humans, occupies a total area of about 3–5 cm 2 , as compared with 20–200 cm 2  in dogs. 
Recent anatomical (Feron et al., 1998) and functional (Restrepo et al., 1993) studies have confi rmed 
the existence of olfactory epithelium extending onto the middle turbinate and septum. Acute injury to 
the olfactory epithlium can result in loss of olfactory cilia, degeneration of epithelial cells, atrophy, 
necrosis, or ulceration. Infl ammation may occur in both olfactory and respiratory epithelium and 
subacute to chronic lesions, but such damage often resolves through replacement of olfactory epi-
thelium with ciliated respiratory epithlium or squamous metaplasia. If the progenitor basal cells 
remain intact and capable of proliferation, however, olfactory epithelium (at least in animals given 
chronic exposure to vapors) can regenerate (Schwob, 2002). 

 In addition to cilia and mucus, the nasal cavity is highly vascularized (Sorokin, 1988), which 
provides a substantial clearance mechanism for many inhaled gases and vapors. Blood is supplied to 
the nasal cavity from the carotid arteries. Because of repeated branching, the internal carotid artery 
connects with the ophthalmic artery, which further branches to the anterior and posterior ethmoid 
arteries. These arteries continue through the ethmoid bone where they branch into the meningeal 
and nasal branches that supply the dura matter and the nasal cavity, respectively (Clerico, 2003). The 
external carotid artery delivers blood into the nasal cavity through the facial and internal maxillary 
arteries. These arteries branch several times to supply the nasal cavity and septum at their terminus. 
Blood fl ow throughout the mucosa is regulated by an intricate series of resistance and capacitance 
vessels (Harkema, 1999). The resistance vessels are composed of small arteries, arterioles, and arte-
riovenous anatomoses, whereas capacitance vessels are innervated vessels that are used to increase 
nasal resistance and alter airfl ow and are where most of the blood volume is found and where 
regional blood volume is regulated (Harkema, 1999). 

 17.2.2.1 Sensory Innervation 

 The nasal cavity is innervated by the olfactory nerve (cranial nerve I) whose primary function 
is odorant detection and the ophthalmic and maxillary branches of the trigeminal nerve (cranial 
nerve 5) (Clerico, 2003), which provide information about pain, temperature changes, itch, and 
changes in airfl ow sensation. (Harkema, 1999). 

 The olfactory epithelium contains cells of three types: olfactory receptor neurons (ORNs), their 
precursors (basal cells), and sustentacular cells (serving glialike, supportive functions). The recep-
tor cells (ORNs) are located beneath a watery, mucus layer in this epithelium; on one end of each 
receptor, projections of the hairlike, olfactory cilia extend down into the watery layer covering the 
membrane. The receptor sites for odorant molecules are on the cilia and as such, the cilia are the 
structures involved in the initial stages of olfactory signal transduction (Lowe and Gold, 1991). Odor 
information is transmitted via the bundles of axons that form the olfactory nerve (cranial nerve I), 
which extend from the olfactory receptor cells in the olfactory epithlium through the cribriform plate 
to synapse, unbranched, within the olfactory bulb, a small structure in the base of the forebrain where 
receptor input is integrated.   The potential for some metals to reach the brain via the olfactory nerve 
(CN I) can produce impairment in olfactory ability via damage to central olfactory structures such 
as the olfactory bulb (Sunderman, 2001). 

 In addition to the olfactory receptors, the nasal cavity is innervated by unmyelinated, free nerve 
endings of the maxillary and ethmoid branches of the trigeminal nerve, which are capable of detecting 
chemically and mechanically stimulated sensations of pungency, irritation, warmth, and coolness. 
Formerly referred to as the “common chemical sense,” the cutaneous mucosal sensation elicited by 
chemical stimulation is now known as “chemesthesis” (Green et al., 1990). The appeal of this term 
is that it does not imply that chemical sensitivity is a separate sensory modality but rather includes 
chemical sensitivity as a general property of the cutaneous senses, along with thermal and mechanical 
sensitivity. The primary function of chemesthesis in the nose is presumed to involve detection and 
avoidance of caustic or reactive chemicals in airway mucosal tissue and the lungs (Green et al., 
1990). Nevertheless, it should be recognized that the appreciation of spicy foods, carbonated bever-
ages, and cooling vapors (i.e., menthol) largely rely on the sensations of chemesthesis. 
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 Recently, it has been shown that the terminal branches of the trigeminal nerve possess nociceptive 
neurons populated with assorted nociceptive ion channels (Tai and Baraniuk, 2002). The entire nasal 
mucosa is innervated with fi bers of the sympathetic and parasympathetic nervous system. When these 
fi bers are stimulated by sharp changes in temperature or with an irritating chemical vapor, they are 
responsible for altering blood fl ow and initiating congestion or decongestion of the nose. Activation 
of trigeminal fi bers in the nasal passages via irritating vapors, particles, or dusts can initiate a variety 
of refl exes, leading to sneezing, rhinorrhea, nasal congestion, cough, and bronchospasm. 

 Although the nose,  nasopharynx, and larynx are often described as separate sites of origin for 
respiratory tract refl exes and sensations, the boundaries of sensory innervation between these areas 
are rather diffuse (see Figure 17.2) (Widdicombe, 1986b). This redundancy or overlap complicates 
our ability to predict the irritancy of a chemical from the activity or response of a single afferent 
pathway, because many, if not most, vapor-phase stimuli will act upon several sites and on several 
afferent pathways in the upper respiratory tract. Even though chemical solubility, together with fl ow 
rate, determines the dominant patterns of chemical deposition in the upper airways, most inhaled 
irritant vapors or dusts have the potential of contacting multiple sites of mucosal tissue and thereby 
directly eliciting sensory irritation via the trigeminal, glossopharyngeal, or vagal nerves. Refl ex 
responses to inhaled irritants can be elicited indirectly as well. For example, stimulation of the 

FIGURE 17.2 Representation of the regions within the nasal passages in-
nervated by each of several cranial nerves. The cross-hatched area repre-
sents regions of overlap between CN IX and X. CN I may extend further 
down onto the middle turbinate than depicted here. CN I, olfactory nerve; 
CN V, trigeminal nerve; CN IX, glossopharyngeal nerve; CN X, vagal 
nerve. (Adapted with permission  from Doty et al., 2004.)
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trigeminal fi bers in the nose can elicit refl exes from the nasopharynx, whereas nasal mucus that 
reaches the pharynx or larynx can elicit cough, even in the absence of direct stimulation by irritant 
vapors (Widdicombe, 1986a).   

 17.2.2.2 Mucosa and Mucociliary System 

 The inner surface of the nose beyond the nasal valve area starting anterior to the inferior turbinate is 
bathed in a thick, watery mucous fi lm composed of approximately 96% water and 4% glycoprotein 
(Widdicombe and Wells, 1982). This material serves as a defense mechanism, trapping inspired 
particulate matter and vapors and allowing them to be held for removal by nose blowing or allowing 
them to be carried by the cilia to the nasopharynx where the mucus can be swallowed and ultimately 
removed. Secretory cells (e.g., Goblet cells) in the epithelium and in the subepithelial seromuci-
nous glands within the lamina propria are responsible for mucus (mucin) production (Harkema, 
1999). Vesicles from the Golgi apparatus secrete mucus in droplets between 1 and 2 µm in diameter 
(Quraishi et al., 1998). In healthy adults, the median goblet cell density consists of 5,700–11,000 
cells per ml 2  throughout the nasal cavity, with lowest cell density on the septum and turbinates  

 (Quraishi et al., 1998). Mucus within the nose is actually a biphasic sheet with a gel layer consisting 
mostly of glycoproteins with a depth between 0.5 and 2.0 µm and an aqueous layer between 7 and 
10 µm deep (Quraishi et al., 1998). Cilia are located in this aqueous layer and beat with a forceful 
and rapid effective stroke fl owed by a slower recovery stroke. The mucociliary system is a two-part 
system relying on mucus fl ow and secretion and ciliary beat (Quraishi et al., 1998). Throughout a 
24-h period, mucus, composed of glycoproteins, ions, and water, is produced at a rate between 0.5 
and 1ml/cm 2  (Quraishi et al., 1998). The clearance of inhaled substances via mucociliary transport 
depends on the interaction between ciliary beat effi ciency and mucus composition (Passali et al., 
1999). Alterations in mucus composition or viscosity or the integrity of the cilia can impair the 
clearance of inhaled volatiles and particles from the nasal passages, thereby increasing the residence 
time of the toxicant and the effective dose to the nasal epithelium. 

 17.3 INHALATION EXPOSURE OF THE NOSE AND UPPER 
AIRWAYS: AIRFLOW AND DEPOSITION 

 As air enters the nasal passages and passes toward the fi rst major segment of the respiratory system 
it is warmed and takes up water vapor. For nose breathers, adjustment of inspired air temperature 
begins at the nostrils, allowing temperature of an ambient airstream to reach between 28 and 37°C 
by the time the air traverses the nasopharynx. According to model studies, airfl ow at the entrance 
to the nostrils is laminar and continues as such until the end of the vestibular portion of the nose is 
reached (Brain et al., 1977). At this point a constriction with the smallest cross-sectional area of the 
nose, the nasal valve area, is encountered, resulting in the largest airfl ow velocity of any region of 
the tracheobronchial tree. After air passes through this region there is an abrupt increase in cross-
sectional area, because of the presence of turbinates, and a large decrease in air velocity giving rise 
to turbulent fl ow. At the rear of this nasal chamber, air from parallel nasal passages combines and 
continues toward the nasopharynx. In the nasopharynx, the cross-sectional area decreases, increasing 
the air velocity slightly. As the tracheobronchial tree progresses, the velocity of airfl ow steadily 
declines. As air penetrates even deeper toward the lungs the cross-sectional area of the airways 
increases greatly from 2.5 cm 2  in the trachea to nearly 11,800 cm 2  in the alveoli (Ganong, 1991). 

 The laws of physics govern the transport of gases and particles entrained in the inhaled air-
stream; transport mechanisms include deposition, absorption, uptake, distribution metabolism, and 
elimination or clearance. Airway disposition will vary as a function of the inhaled agent for each 
region in the respiratory tract and across species. Along with the morphology of the nasal passages 
and other host characteristics (e.g., degree of airway humidity, airway diameters, and disease state) 
exposure to an inhaled volatile or particle is primarily determined by physicochemical properties 
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of inhaled volatiles and particles that infl uence the deposition of the material in the nasal passages, 
both in amount and location (Brain et al., 1977) and ultimately, the toxic effect. 

 17.3.1 Gas or Vapor Properties 

 The dominant processes affecting gas/vapor transport in the nose similarly govern transport in the 
respiratory tract as a whole, namely convection, diffusion, absorption, dissolution, and chemical 
reactions. The movement of a gas in the nasal tract is induced by pressure gradients and is termed 
convection. Diffusion is superimposed on convection due to local concentration gradients, whereas 
absorption removes gases from the lumen and affects the concentration gradients. Chemical reac-
tions can be important drivers of the toxicity of a material, because they can increase absorption by 
acting as a sink to drive the concentration gradient. Properties such as water or lipid solubility and 
reactivity infl uence the interaction of gases with the respiratory tract and ultimately determine the 
degree of uptake. 

 Inhaled chemicals delivered as a gas or vapor to the upper respiratory tract can be cleared by any 
of four primary processes: desorption and elimination into exhaled air, entrainment into the mucus 
fl ow and elimination via the gastrointestinal (GI) tract, capillary uptake and transport to other parts 
of the body via the bloodstream, and local enzymatic or chemical degradation in the nasal tissue. 
From a toxicological perspective, it is also worth noting that some materials (e.g., metals, such as 
cadmium or mercury) can be transported from the nasal passage via the main olfactory nerve (CN I) 
and access the brain where central damage can occur. 

 17.3.2 Particle Properties 

 Nearly 100% of all particles greater than 10 µm in aerodynamic diameter will be deposited high in 
the respiratory tract, with many impacting within the nares. From inhaled particles between 2 and 
5 µm, less than 10% are deposited in the tracheobronchial region and between 20 and 30% are depos-
ited in the pulmonary region (Perera and Ahmed, 1979). Minimal deposition of particles between 
0.3 and 1.0 µm occurs in the upper respiratory tract. The route of entry into the system also affects 
the total number of particles entering the lung. During normal conditions, the nasal route collects 
more particles than the oral route because of the presence of the vibrissae and the complex convolu-
tions of the turbinates (Yu et al., 1981). Respiration rate also plays a pivotal role. The external fl ow 
in oral breathing is similar to nose breathing except that air velocity during mouth breathing is lower 
(Brain et al., 1977). Tidal volume, functional residual capacity, and breath holding will affect par-
ticle behavior as well (Hofmann, 1987). 

 17.4 UPPER AIRWAY HEALTH EFFECTS ASSOCIATED WITH 
INHALED NASAL TOXICANTS 

 Both experimental and epidemiological studies have documented a variety of effects that exposure 
to an inhaled occupational or environmental toxicant can have on the function and integrity of the 
nose and nasal function. This section will briefl y review the adverse outcomes that have been associated 
with various classes of nasal toxicants in humans. 

 17.4.1 Olfactory Dysfunction 

 The nose is the site of olfactory sensation and, in this capacity, serves as one of the dominant windows 
of the brain on the external world. Among humans, impairment of the ability to smell can have serious 
consequences for the detection of many olfactory warning signals (e.g., smoke, spoiled food, and 
gas leaks) and can produce a signifi cant impact on nutritional status, eating satisfaction, and many 
other issues related to quality of life. Awareness of the potential for olfactory loss from occupational 
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exposure to volatiles has been noted in the medical literature for more than 100 years (Mackenzie, 
1884). However, until recently, the incidence of morbid or lethal outcomes from occupational expo-
sures, such as lung disease or cancer, likely overshadowed concerns about the impact of occupational 
exposure on olfactory function. 

 Impairment of olfactory function due to acute or chronic exposure to airborne toxicants can be 
temporary, long-lasting, or permanent (Doty et al., 1991; Shusterman, 2003) and of different levels 
of severity. Although a total loss of olfactory sensitivity,  anosmia,  is a relatively rare outcome after 
chronic low-level occupational exposure,  hyposmia,  manifested as varying gradations of sensitivity loss 
to multiple odorants, is a far more common sequela and can render an individual highly susceptible to 
environmental dangers and produce substantial decrements in their quality of life. Additionally, the dis-
tortion of odorant quality or  dysosmia,  is a disturbingly common outcome after chemical damage and 
regeneration of the olfactory epithelium in both humans and animal models (Amoore, 1986; Schwob 
et al., 1995) and perhaps, more than other forms of olfactory dysfunction, has been characterized as an 
“extremely disconcerting experience for patients” (Cowart and Rawson, 2001). 

 The olfactory mucosa of rodents appears to be highly susceptible to damage from inhaled chemi-
cals (see Table 17.1). Although it has been diffi cult to demonstrate complete loss of olfactory ability 
in animals after experimental chemical ablation of the olfactory epithelium by inhalation of com-
pounds such as methyl bromide or zinc sulfate (Slotnick et al., 2000; Youngentob et al., 1997), there 
are several reasons why such fi ndings might underestimate the impact on humans from comparable 
exposures. First, the majority of functional olfactory assessments employed in animal studies are 
fairly gross evaluations, capable only of discriminating total loss from some minor level of preserved 
olfactory function; studies that have used more sophisticated assays have indeed found signifi cant 
functional defi cits and persistent quality distortions following chemical damage to the epithelium 
(Schwob et al., 1995). Second, the olfactory epithelium in humans occupies a much smaller pro-
portion of the total nasal passages than in the most widely used animal models (e.g., rats, mice) 
and, therefore, similar levels of chemical damage may compromise human olfactory function to a 
much greater degree. Finally, the protective and repair processes that occur after chemical exposure 
may differ substantially between animals and humans and the evidence shows that these regenera-
tive changes themselves may have the greatest detrimental impact on chemosensory function (Feron 
et al., 2001). Thus, the available data from both human and animal studies yield ample evidence that 
chemosensory functions of the nose are compromised after chronic exposure to inhaled occupational 
chemicals (Morgan, 1994).   

 17.4.2 Sensory Irritation 

 Sensory irritation of the upper airways (also known as chemesthesis) is an acute and reversible 
condition resulting from exposure to workplace or household chemicals or cleaning products and 
volatile organic compounds used in building materials or furnishings and cigarette smoke (Cometto-
Muniz and Cain, 1992; Hodgson, 1992, 1998). Chemesthesis can also result from exposure to mold 
spores and fungi that either directly irritate the mucous membranes or release irritating volatile 
organic compounds (Hendry and Cole, 1993). This sensation is brought about by nerve endings 
from branches of the trigeminal nerve, which innervate the epithelium of the nasal mucosa, eyes, 
and regions of the oral cavity. The anterior portion of the nose and walls contralateral to the septum 
are also innervated by the lateral and medial branches of the ethmoid nerve (Doty and Cometto-
Muniz, 2003). 

 Volatile chemicals contained in the airstream during inhalation can act directly on the tissue of 
the mucosa or can stimulate receptors indirectly by acting on specifi c ion channels (e.g., H � ) and 
releasing specifi c endogenous chemicals (McClesky and Gold, 1999). In addition, these receptors 
can also be activated by excessive heat (Caterina et al., 1997). Once these receptors are activated, 
several physiological responses may occur and include changes in respiration rate, increased nasal 
secretion, feeling of pain, itch, cooling or burning, or alteration in odor perception (Doty and 
Cometto-Muniz, 2003). 
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Table 17.1 Effects of Toxic Agents on Nasal Mucosa of Common Laboratory Rodents 

Compound, 
Concentration Duration Effects on Histology and Function References

Acetaldehyde, 
400–5,000 ppm

6 h/d, 5 d/wk for
1–28 mo

Degeneration, metaplasia, loss of 
Bowman’s glands and nerve bundles, 
adenomas, squamous cell carcinoma

Appelman et al., 1982; 
Woutersen et al., 
1984, 1986; Buckley 
et al., 1984

Acrelein, 17 ppm 6 h/d, for 5 d 
13 wk

Hypertrophy, hyperplasia, erosion, 
ulceration, necrosis infl ammation

Buckley et al., 1984

Acrylic acid, 5–75 ppm 6 h/d, 5 d/wk 
for 13 wk

Degeneration, replacement with 
respiratory epithelium, infl ammation, 
hyperplasia of Bowman’s glands

Miller et al., 1981

Benomyl, 50–200 mg/m3 6 h/d, 6 d/wk Degeneration Warheit et al., 1983

Bromobenzene, 25 µ mol/
kg i.p.

[5 min–3 d] Degeneration of olfactory epithelium 
and Bowman’s glands

Brittebo et al., 1990

Cadmium, 250–500 
µg/m3

5 h/d, 5 d/wk for
20 wk

Little change Sun et al., 1996

Chlorine gas, 0.4–11 ppm 6 h/d, 5 d/wk for 
16 wk

Degeneration, septal perforations, 
intracellular deposits of eosinophilic 
material, mucus cell hypertrophy

Wolf et al., 1995

Chloroform, 300 ppm 6 h/d for 7 wk Degeneration of Bowman’s glands, cell 
proliferation in periosteum and bone

Mery et al., 1994

Chloropicrin, 8 ppm 6 h/d, for 5 wk Hypertrophy, hyperplasia, ulceration, 
necrosis, infl ammation

Buckley et al., 1984

Coumarin, 50 mg/kg i.p. [48 h] Necrosis, cell loss, and basal cell 
metaplasia in the olfactory mucosa

Gu et al., 1997

Chlorthiamid, 
6–50 mg/kg i.p.

[8 h–7 d] Degeneration of olfactory epithelium 
and Bowman’s glands, replacement 
with respiratory epithelium fi brosis in 
lamina propria

Brittebo et al., 1991

Dibasic esters, 
20–900 mg/m3

4 h/d for 7–13 wk Degeneration, sustentacular cells 
injured initially, cell proliferation

Keenan et al., 1990; 
Bogdanffy and Frame, 
1994

1,2-Dibromo-3-
chloropropane, 
5–60 ppm

6 h 5 d/wk for 
13 wk

Degeneration, metaplasia, hyperplasia Reznik et al., 1980

1,2-Dibromoethane, 
3–75 ppm

6 h 5 d/wk for 
13 wk

Degeneration, metaplasia, hyperplasia Reznik et al., 1980

Dichlobenil, 
12–50 mg/g i.p.

[8 h–7 d] Degeneration of olfactory epithelium, 
and Bowman’s glands

Brandt et al., 1990

1,3-Dichloropropene, 
30–150 ppm

6 h/d, 5 d/wk for 
6–24 mo

Degeneration and/or 
metaplasia

Stott et al., 1988; 
Lomax et al., 1989

Dimethylamine, 
10–511 ppm

6 h/d, 5 d/wk for 
6–12 mo

Degeneration, loss of nerve bundles, 
hypertrophy of Bowman’s glands

Buckley et al., 1984, 
1985

1,4-Dithiane, 
105–420 mg/kg i.p.

[90 d] Anisotrophic crystals in giant cells 
(undetermined chemical composition)

Schieferstein et al., 
1988

(Continued )
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Table 17.1 Effects of Toxic Agents on Nasal Mucosa of Common Laboratory 
Rodents (Continued)

Compound, 
Concentration Duration Effects on Histology and Function References

Epichlorohydrin, 
687 ppm

6 h/d for 5 d Ulceration, necrosis Buckley et al., 1984

Ferrocene, 
3–30 mg/m3

6 h/d, 5 d/wk for 
13 wk

Iron accumulation, necrotizing 
infl ammation, metaplasia

Nikula et al., 1993

Formaldehyde, 
0.25–15 ppm

6 h/d, 5, d/wk for 
4 mo

Decreased number of bipolar cells, 
increased number of basal cells, 
degeneration of nerve bundles, 
reduced odor discrimination

Apfelbach et al., 1991, 
1992

Furfural, 250–400 ppm 7 h/d, 5 d/wk for 
52 wk

Disorientation of sensory cells, 
degeneration of Bowman’s glands, 
cyct-like structures in lamina propria

Feron and Krysse, 1978

Furfural alcohol, 
2–250 ppm

13 wk Squamous and respiratory metaplasia 
of olfactory epithelium, infl ammation, 
hyaline droplets, squamous metaplasia 
of ducts

Miller et al., 1991

Hexamethylene 
diisocyanate, 
0.005–0.175 ppm

6 h/d, 5 d/wk for 
12 mo

Degeneration, mucus hyperplasia Foureman et al., 1994

ß, ß'- /Iminodipropionitrile, 
200–400 mg/kg i.p.

[6 h–56 d] Degeneration of axon bundles, increase 
of glial fi brillary acidic protein

Genter et al., 1992

Methyl bromide, 
200 ppm

4 h/d, 4 d/wk Degeneration, decreased carnosine, 
behavioral defi cits

Hastings et al., 1991

3-Methylfuran, 
148–322 µmol/l

1 h Degeneration, more severe in rats than 
hamsters

Morse et al., 1984

3-Methylindole, 
100–400 mg/kg i.p.

[7–90 d] Degeneration, fi brous adhesions, 
osseous remodeling, Bowman’s gland 
hypertrophy, behavioral defi cits

Turk et al., 1987; Peele 
et al., 1991

Methyl isocyanate, 
10–30 ppm

2 h Degeneration of the respiratory and 
olfactory epithelium

Uraih et al., 1987

Napthalene, 
400–1,600 mg/kg i.p.

[24 h] Cytotoxicity (mice and hamsters), 
necrosis (rats)

Plopper et al., 1992

Nickel subsulfi de, 
0.11–1.8 mg/m3

6 h/d, 5 d/wk for 
13 wk

Atrophy Dunnick et al., 1989

Nickel sulfate, 
3.5–635 mg/m3

6 h/d, 12–16 wk Atrophy, degeneration, decrease in 
carnosine consecutive

Evans et al., 1995

N-Nitrosodimethylamine, 
20–80 mg/kg i.p.

[6 h–30 d] Degeneration of olfactory epithelium 
and Bowman’s glands

Rangga-Tabbu and 
Sleight, 1992

N-Nitrosopyrrolidine, 
30–100 mg/kg i.p.

[6 h–30 d] Degeneration of olfactory epithelium 
and Bowman’s glands

Rangga-Tabbu and 
Sleight, 1992

Propylene glycol 
monomethyl ether 
acetate, 3,000 ppm

2 wk Slight to moderate degeneration of 
olfactory epithelium

Miller et al., 1984

Propylene oxide, 
0–525 ppm

4 wk Degeneration of the olfactory epithelim Eldridge et al., 1995
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Table 17.1 Effects of Toxic Agents on Nasal Mucosa of Common Laboratory 
Rodents (Continued)

Compound, 
Concentration Duration Effects on Histology and Function References

Pyridine, 5–444 ppm 6 h–4 d Degeneration of olfactory epithelim Nikula and Lewis, 1994

RP 73401, 1 mg/kg/d 1 h–5 d Degeneration of olfactory epithelium 
and Bowman’s glands

Pino et al., 1999

Sulfur dioxide, 
10–117 ppm

72 h, or 6 h/d, 5 d Necrosis, edema, destruction, 
hyperplasia, hypertrophy

Giddens and Fairchild, 
1972; Buckley et al., 
1984

Sulfuryl fl uoride, 
0–600 ppm

6 h/d, 5 d for 2 wk Infl ammation Eisenbrandt and 
Nitschke, 1989

Tetramethoxysilane, 
1–45 ppm

6 h/d, 5, d for 28 d Ulceration, infl ammation, and necrosis 
of epithelium

Kolesar et al., 1989

2,4-Toluene diisocyanate, 
0.4 ppm

6 h/d, 5 d Ulceration, necrosis, infl ammation, 
degeneration

Buckley et al., 1984

3-Trifl uoromethyl 
pyridine, 0.1–329 ppm

6 h/d for 10–90 d Degeneration, reduced Bowman’s 
activity

Gaskell et al., 1988

Source: Adapted with permission from Hastings and Miller (2003).

 Sensory irritation of the upper respiratory airways can be thought of as the fi rst line of defense 
for protecting the upper and lower airways from toxic agents. Both animal and human studies 
have documented a sequence of refl ex responses to the detection of a sensory irritant that include 
(1) removal of the organism from the site of exposure, (2) changes in breathing rate or volume to 
minimize the dose of the irritant, and (3) release of detoxifying enzymes—e.g., cytochrome P-450s, 
glutathione, and others, that are present in high concentrations in the nasal passages of many animal 
species and humans. Although sensory irritation can be elicited by many compounds that are not 
reactive and which, even in chronic exposures, do not damage the nasal epithelium or structures, this 
is not always the case. For example, formaldeldehyde, a potent sensory irritant, can be highly cyto-
toxic at higher doses to nasal mucosa and, in chronic and subchronic inhalation exposures, has been 
a nasal carcinogen in rodents. Another well-known trigeminal irritant, capsaicinoids (Capsicum 
annum), the lipid-soluble, oily extract of chili peppers used in a variety of nonlethal deterrent appli-
cations (e.g., pepper spray) has been shown to produce acute infl ammation and dose-related damage 
to nasal cells in rodent inhalation studies (Reilly et al., 2003). Thus, although sensory irritation is a 
benign and transient, neural response to inhaled irritants, the avoidance response it elicits serves to 
protect the organism from damage after exposure to certain inhaled agents. 

 17.4.3 Rhinitis 

 Rhinitis is a heterogeneous infl ammatory response of the nasal mucosa (Dykewicz et al., 1998), 
diagnosed primarily on the basis of etiology (allergic,  nonallergic, infectious) and characterized by 
specifi c nasal symptomatology (e.g., rhinorrhea, sneezing, itching, and postnasal drainage) (Druce, 
1998). Rhinosinusitis is an infl ammatory response in the nasal and sinus mucosa, fl uids, and  underlying 
tissues and is also diagnosed on the basis of specifi c symptomatology. Rhinitis and rhinosinusitis can 
be differentiated into two classes, allergic and irritant. Although both classes are characterized by 
rhinorrhea, congestion of the nasal passages by vasodilation of the mucous membrane and sneezing, 
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allergic rhinitis is typically accompanied by excessive histamine release. Irritant or occupational rhi-
nitis, on the other hand, is a nasal disorder induced by exposure to chemicals such as ozone, nickel, 
chrome, solvents, or tobacco smoke (Kulle and Cooper, 1975; Shusterman, 2003; Slavin, 2003). Of 
those members of the U.S. workforce with daily occupational exposure to chemicals or particulates, 
it has been estimated that as many as 40% report symptoms of chronic nasal infl ammation or rhinitis 
that are known precursors of olfactory loss and potential damage to epithelial tissue. 

 17.4.4 Nasal Polyps 

 Nasal polyps are edematous growths in the lateral walls of the nose that represent the end stage of 
chronic nasal infl ammation (Bernstein, 2001). Irritant-induced polypoid development begins with 
the stimulation of epithelial cells by a variety of agents that metabolically or physically alter or 
injure the surface epithelium. Once the epithelium is injured, a cascade of infl ammatory changes 
occurs, including up-regulation of proinfl ammatory cytokines such as tumor necrosis factor alpha 
(TNF-�) and interleukin-8 (IL-8), movement of eosinophils into the lamina propria of the polyp, the 
infl ux of water and albumin causing edema, and ultimately transformation of the normal respiratory 
epithelium into marked mucous cell hyperplasia, basal cell hyperplasia, or squamous metaplasia (Di 
Lorenzo et al., 2001). The resulting edematous growth can alter nasal airfl ow signifi cantly, leading 
to congestion, blockages, and impaired olfactory function. Chronic nasal infl ammation may also 
contribute signifi cantly to chemically induced carcinogenesis (Woutersen et al., 1987, 1989). 

 17.4.5 Septal Perforations 

 Exposure to irritants or reactive inhaled agents that induce changes in the mucosal lining of the nose 
can also alter or destroy the cartilage and bone that support the nasal and sinus cavities. The cartilage 
of the anterior septum is highly susceptible to this type of secondary damage, because it is depen-
dent on nourishment from the mucosal perichondrial membranes and its mucosal covering is a target 
site for the deposition of many inhaled agents. The deprivation of mucosal membrane will result in 
the necrosis and dissolution of the septal cartilage, leaving perforations such as those observed in the 
noses of chronic cocaine abusers and in chromium workers (Baruthio, 1992; Dingle, 1992). 

 17.4.6 Nasal Carcinogenesis 

 A variety of inhaled xenobiotics have been shown to induce upper respiratory tract tumors (primarily 
nasal lesions) in rodents (Table 17.2). These nasal lesions include both nonneoplastic (e.g., infl am-
mation, epithelial cell necrosis, epithelial hyperplasia/metaplasia) and neoplastic (e.g., squamous cell 
carcinoma) changes. Ward et al. (1993) summarized the results of rodent inhalation studies from 
19 chemicals sponsored by the National Toxicology Program. Five were found to be nasal carcino-
gens and induced infl ammatory and proliferative nasal lesions, whereas the other fourteen produced 
similar lesions but not tumor formation. Toxicant-induced lesions in laboratory animals generally 
exhibit characteristic, site-specifi c distribution patterns. For example, lesions following formalde-
hyde exposure tend to be confi ned to the respiratory and transitional epithelium of the anterior nose, 
but lesions that occur following exposure to methyl bromide are confi ned to the olfactory epithelium. 
Site specifi city has been observed for each of the four principal epithelial types lining rodent nasal 
airways, namely squamous (Gross et al., 1994), transitional (Harkema and Hotchkiss, 1994), respi-
ratory (Morgan, 1986), and olfactory (Genter et al., 1992), and is a function of both regional tissue 
susceptibility to the particular agent as well as local dosimetry. Despite the ability of many inhaled 
chemicals to elicit proliferative changes leading to carcinogenesis in rodent models (Monticello 
and Morgan, 1997), epidemiological evidence from occupational cohorts has not revealed such an 
 association in humans for most chemicals studied. An exception to that, however, occurs for exposure 
to select chemical mixtures (e.g., formaldehyde and wood dust) which appears to increase the risk of 
nasal tumors in humans (Feron et al., 2001).   
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Table 17.2 Inhaled Chemicals Inducing Nasal Tumors in Laboratory Rodents 

Compound Species Reference

Acetaldehyde Rat, hamster Woutersen et al., 1986

Acrylonitrile Rat Gold et al., 1991

Allylglycidylether Rat, mouse Haseman and Hailey, 1997

Benzene Rat Gold et al., 1991

Bix(chloromethyl)ether Rat Leong et al., 1981

1,2-Dibromo-3-chloropropane Rat, mouse Gold et al., 1991

1,2-Dibromoethane Rat, mouse Gold et al., 1991

Dimethylcarbamoyl chloride Rat Sellakumar et al., 1989

Dimethyl sulfate Rat Sehlogel et al., 1970

Epichlorohydrin Rat Laskin et al., 1980

1,2–Epoxybutane Rat Huff et al., 1991

Ethylene dibromide Rat NCI, 1981

Formaldehyde Rat Gold et al., 1991

Hexamethylphosphoramide Rat Lee and Trochimovicz, 1982

Hydrazine Rat, hamster Vernot et al., 1985

N-Nitrosodimethylamine Rat Klein et al., 1990

1-Nitroso-4-methylpiperazine Rat Klein et al., 1999

Phenylglycidylether Rat Lee et al., 1993

Propylene oxide Rat, mouse Renne et al., 1986

PR 73401 (phosphodiesterase inhibitor) Rat Pino et al., 1999

2,3,4-Trichlorobutene-1 Rat Feron et al., 1990

Vinyl acetate Rat Bogdanffy et al., 1994

Source: Adapted with permission from Feron et al. (2001).

 17.5 INHALED AGENTS AND NASAL TOXICITY 

 Table 17.3 lists a variety of inhaled agents and the associated adverse nasal effects in humans fol-
lowing acute or chronic occupational exposures. Prior compilations of adverse effects of inhaled 
metals, vapors, or dusts on nasal complaints and disorders (including olfactory impairment) were 
primarily based on single-case studies or clinical reports and less often on epidemiological investi-
gations with appropriately matched control groups (Amoore, 1986; Schiffman and Nagle, 1992). In 
contrast, here we have included both clinical reports and effects that have been documented in epi-
demiological studies conducted in the workplace. Although we recognize the value of single-case 
studies to highlight potential agents of concern, the scarcity of well-documented effects on nasal 
toxicity from inhaled chemicals in humans coupled with the problems associated with cross-species 
extrapolation complicates the interpretation of many clinical reports and highlights the need for 
continued investigation of nasal toxicity in occupational cohorts.   

 17.5.1 Metals 

 Several metals have been investigated for their ability to cause nasal dysfunction. Occupational 
exposure to inhalation of metal dusts or aerosols can lead to loss of olfactory acuity, atrophy of the 
nasal mucosa, mucosal ulcers, perforated nasal septum, and sinonasal cancer (Sunderman, 2001). 
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Nickel is often considered the classic example of a compound with nasal toxicity, ranging from 
relatively innocuous effects, such as rhinorrhea, to more detrimental outcomes, such as anosmia, 
polypoid disease, or squamous cell carcinoma (Boysen et al., 1984; Seilkop and Oller, 2003). 
However, exposure to nickel in occupational settings frequently occurs in combination with other 
putative nasal toxicants, such as cadmium or chromium, thus complicating the ability to establish 
clear dose–response outcomes in humans. For this reason, a review of epidemiological studies of 
nickel-exposed workers specifi cally excluded cohorts that were not free of other known or sus-
pected carcinogenic metals (i.e., chromium and cadmium) (Seilkop and Oller, 2003). The review 
provided evidence that occupational exposure to nickel dust was associated with an extraordinarily 
high incidence of nasal sinus cancer (which is rare in the general population) with a strong associa-
tion between level of risk and duration of employment in refi nery operations with the highest levels 
of airborne nickel compounds. In general, the nasal neoplasms of nickel refi nery workers involve 
the turbinates and the ethmoid sinuses, are locally aggressive, and metastasize widely, thus leading 
to poor prognosis. Rhinoscopic examination of refi nery workers has revealed hyperplastic rhinitis of 
the middle turbinates, with advanced polypoid disease. Biopsies of the nasal mucosa revealed dys-
plastic and preneoplastic lesions and evidence of keratinization, suggesting that prolonged assault 
by nickel fumes leads to alterations that render the epithelium more resistant to further damage. 
The effect of nickel in rodents is somewhat different; 2-year bioassays conducted by the National 
Toxicology Program (NTP) revealed distinctly different carcinogenic risks for three nickel com-
pounds, with nickel subsulfi de showing substantially greater potential for promoting tumor inci-
dence than nickel oxide and nickel sulfate hexahydrate eliciting no carcinogenic activity whatsoever 
(NTP, 1996a, 1996b, 1996c). 

 Nasal health effects from exposure to cadmium have also been documented. As early as 1948, Friberg 
reported that 37% of workers in an alkaline battery plant in Sweden experienced anosmia (Friberg, 
1948), a fi nding that was later supported by studies in Germany (Baader, 1952), the United Kingdom 
(Adams and Crabtree, 1961), and Poland (Sulkowski et al., 2000), with defi cits found in 27–65% of 
workers with high exposures to cadmium and nickel hydroxide. Although most of the investigators 
attributed the olfactory defi cits to cadmium, the mixed exposures found in those worksites preclude 
determining whether the impairment was due to cadmium, nickel, or their combination. 

 Chromium exposure often occurs in combination with nickel and other metals, in particular, in 
the manufacture of steel alloys. Occupational exposure to chromium has long been associated with 
perforations of the nasal septum, with accompanying rhinitis, although this seldom resulted in reports 
of olfactory defi cits. Evaluating workers who had a minimum of 7 years exposure in a chromate-
production factory revealed that 51% had nasal septal perforations and 54% exhibited increased odor 
detection thresholds to fi ve different compounds (Watanabe and Fukuchi, 2000). By comparison, 
however, with workers having exposure to nickel or cadmium compounds, sinonasal cancers were 
relatively uncommon in workers exposed to chromium, with only 22 documented cases of nasal 
cancer in chromate-exposed workers worldwide as of 1992 (Dingle, 1992). 

 17.5.2 Gases and Vapors 

 The toxicity of vapor interactions with biological receptors has historically been proposed to occur 
via two primary mechanisms, physical or chemical, leading to these volatiles being classifi ed as 
nonreactive or reactive, respectively (Abraham et al., 1994). More recently, Alarie et al. evaluated 
145 volatile organic chemicals, thus classifi ed to determine what properties could be used to predict 
their respiratory sensory irritant potency. Although both categories of vapors caused sensory irritation 
in the upper respiratory tract, the irritancy of nonreactive chemicals could be estimated by using a 
variety of physicochemical properties (e.g., solubility, lipophilicity). In contrast, the irritant poten-
tial of reactive chemicals could best be estimated by using fi ve different mechanisms of chemical 
reactivity, and doing so led to potency estimates that were higher than what would be predicted from 
physicochemical parameters alone (Alarie et al., 1996). This classifi cation has also proven useful for 
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Table 17.3 Effects of Inhaled Chemicals, Metals, and Dusts on Nasal 
Symptoms in Humans

Category Symptom  Reference
Metals

Arsenic (III) Mucosal alteration, septal peforation, 
cancer

Dunlap, 1921; 
Sunderman, 2001

Cadmium Rhinorrhea, decreased mucociliary 
function 

Friberg, 1950; 
Leopold, 1994; 
Schiffman et al., 
1992; Dan’s and 
Dorman, 1998

Anosmia or hyposmia

Cadmium compounds Anosmia or hyposmia Amoore, 1986

Chromate salts Anosmia or hyposmia Amoore, 1986

Chromium and chromium 
salts

Anosmia or hyposmia  Amdur et al., 1991; 
Schiffman et al., 
1992; National 
Library of  
Medicine, 1995b; 
Sunderman, 2001

Chromium II Perforation of nasal septum Amdur et al., 1991; 
Schiffman et al., 
1992; National 
Library of  
Medicine, 1995b; 
Sunderman, 2001

Chromium (IV) Nasal irritation Amdur et al., 1991; 
Schiffman et al., 
1992; National 
Library of 
Medicine, 1995b; 
Sunderman, 2001

Iron carboxyl Unspecifi ed olfactory defi cit Murphy et al., 2003

Lead Anosmia or hyposmia Schiffman et al., 1992

Mercury Anosmia or hyposmia Schiffman et al., 1992

Nickel Rhinitis, polyps, carcinoma, 
congestion, decreased 
mucociliary function, 
benign and malignant 
histopathological change

Leopold, 1994

Anosmia or hyposmia Schiffman et al., 
1992

Squamous cell carcinoma of nasal 
cavity

Sunderman, 2001

Nickel hydroxide Anosmia or hyposmia Amoore, 1986; 
Schiffman et al., 
1992

Vanadium pentoxide Increase in NAL PMNs, MPO, IL-8 Hauser et al., 1995

Zinc Anosmia or hyposmia Schiffman et al., 1992

(Continued )
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Table 17.3 Effects of Inhaled Chemicals, Metals, and Dusts on Nasal 
Symptoms in Humans (Continued)

Category Symptom  Reference
Zinc chromate Anosmia or hyposmia Amoore, 1986; 

Schiffman et al., 
1992

Zinc sulfate Temporary hyposmia Amoore, 1986

Nonmetals/Inorganics

Ammonia Anosmia or hyposmia Amoore, 1986

Upper respiratory tract irritation Amdur et al., 1991

Arsenic Nasal irritation Parmeggiani, 1983

Calcium chromate Nasal tissue breakdown Sittig, 1991

Carbon disulfi de Anosmia or hyposmia Amoore, 1986

Carbon monoxide Anosmia or hyposmia Amoore, 1986

Chlorine Anosmia or hyposmia Amoore, 1986

Rhinitis Leroyer et al., 1999

Chlorine dioxide Nasal discharge Clayton and Clayton, 
1981

Diesel fuel Nasal irritation, benign 
histopathological change

Leopold, 1994

Fluorides Anosmia or hyposmia Amoore, 1986

Hydrazine Anosmia or hyposmia Amoore, 1986

Hydrogen cyanide Perforation of nasal septum National Library of 
Medicine, 1995a

Hydrogen selenide Anosmia or hyposmia Schiffman et al., 
1992

Hydrogen sulfi de Temporary hyposmia Amoore, 1986

Methyl bromide Dysosmia Morgan, 1994

n-Propanol Sensory irritation Repka-Ramirez and 
Baraniuk, 2002

Nitrogen oxides Anosmia or hyposmia Amoore, 1986

Ozone Nasal irritation, benign 
histopathological change

Leopold, 1994

Increase in NAL tryptase and 
albumin

Graham and Koren, 
2004

Phosphorous oxychloride Prolonged anosmia MacIntyre, 1951

Reactive dyes Rhinitis Nilsson et al., 1993

Silicone dioxide Unspecifi ed olfactory defi cit Murphy et al., 2003

Styrene Neoplasms Kogevinas et al., 
1994

Sulfur dioxide Nasal irritation, rhinorrhea, 
xenobiotic metabolism

Leopold, 1994

Permanent hyposmia Amoore, 1986

Sulfur oxides Anosmia or hyposmia Amoore, 1986

Sulfuric acid Temporary hyposmia Amoore, 1986
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Table 17.3 Effects of Inhaled Chemicals, Metals, and Dusts on Nasal 
Symptoms in Humans (Continued)

Category Symptom  Reference
Tetrasodium pyrophosphate Nasal irritation American Conference 

of Governmental 
Industrial Hygienists, 
1991; Sittig, 1991

Organics

Acetate Anosmia or hyposmia Schiffman et al., 
1992

Acetic anhydride Ulceration of nasal mucosa Proctor et al., 1988

Acetone Temporary/permanent hyposmia/
anosmia

Amoore, 1986

Sensory irritation Morgott, 2001

Acetophenone Anosmia or hyposmia Amoore, 1986

Acrylates Anosmia or hyposmia Schworte et al., 1989

Increase in NAL ECP Granstrand et al., 1998

Alkylbenzene Sensory irritation Collaghan-Rose et 
al., 2001

Ammonia Sensory irritation, increased nasal 
resistance

McLean et al., 1979; 
Sundblad et al., 2004

Benzene Permanent hyposmia or anosmia; 
sensory irritation

Amoore, 1986; 
Collaghan-Rose et 
al., 2001

Benzol Unspecifi ed olfactory defi cit Murphy et al., 2003

Butyl acetate Unspecifi ed olfactory defi cit Murphy et al., 2003

Chloromethanes Anosmia or hyposmia Schiffman et al., 1992

Cyclohexanone Temporary hyposmia Amoore, 1986

Cyanoacrylates Rhinitis KopFerschmit-Kubler 
et al., 1996

Dimethylphthalate Nasal irritation Sittig, 1991

Dipropylene glycol 
methyl ether

Nasal irritation Clayton et al., 1981

Ethyl acetate Unspecifi ed olfactory defi cit Murphy et al., 2003

Ethyl benzene Nasal irritation Proctor et al., 1988; 
American 
Conference of 
Governmental 
Industrial 
Hygienists, 1991

Ethylenediamine Nasal irritation Proctor et al., 1988

Ethyl ether Nasal irritation Proctor et al., 1988; 
American 
Conference of 
Governmental 
Industrial 
Hygienists, 1991

(Continued )
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Table 17.3 Effects of Inhaled Chemicals, Metals, and Dusts on Nasal 
Symptoms in Humans (Continued)

Category Symptom  Reference
Ethyl formate Nasal irritation Proctor et al., 1988

Ethyl silicate Nasal irritation Proctor et al., 1988

n-Ethylmorpholine Nasal irritation American Conference 
of Governmental 
Industrial 
Hygienists, 1991

Formaldehyde Nasal irritation, rhinorrhea, benign 
histopathological change

Leopold, 1994

Temporary hyposmia Amoore, 1986

Rhinorrhea and crusting Edling et al., 1988

Nasal irritation Baradana and 
Montanaro, 1991 

Increase in NAL total protein, 
albumin and eosinophils

Pazdralc et al., 1993

Nasal lesions, cancer Morgan, 1994

Rhinorrhea, crusting, cilia loss, 
goblet cell hyperplasia, squamous 
cell metaplasia, dysplasia

Edling et al., 1988

Nasal irritation Cain et al., 1986

Isopropyl acetate Nasal irritation National Library of 
Medicine, 1992

Isopropylamine Nasal irritation Hathaway et al., 1991

Menthol Anosmia or hyposmia Amoore, 1986

Methylethyl ketone Sensory irritation; increased 
mucociliary transit time

Hansen et al., 1992; 
Muttray et al., 2002

Methyl tetrahy
drophthalic anhydride

Increase in NAL tryptase Nielsen et al., 1994

Nasal irritation Yokota et al., 1999

Pentachlorophenol Anosmia or hyposmia Amoore, 1986

Petroleum Anosmia or hyposmia Ählstrom et al., 1986

Solvent mixtures Anosmia, hyposmla, parosmia Ryan et al., 1988; 
Schwartz et al., 19906

tert-Butyl acetate Nasal irritation American Conference 
of Govermental 
Hygienists, 1993

tert-Butyl alcohol Nasal irritation Clayton et al., c 1981

Tetranitromethane Nasal irritation Horn, 1954

Tetryl Nasal irritation American Conference 
of Govermental 
Hygienists, 1993

Tetrahydrofuran Hyposmia, phantosmia Emmett, 1976

Trichloroethane Increase in NAL IL-1�, IL-6, IL-8 Muttray et al., 1999

Trichloroethylene Anosmia or hyposmia Amoore, 1986
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generating predictions of the deposition, clearance, metabolism, and toxic impact of gases in the nasal 
passages (Morris et al., 1993) and will be used to organize the discussion of effects that follows. 

 17.5.2.1 Nonreactive Volatiles 

There are numerous case studies to document that acute and accidental exposures to high concentrations 
of many nonreactive volatile organics can have an adverse affect on nasal health and function. However, 
the vast majority of occupational exposures occur at far lower concentrations over much longer periods 
and the long-term impact on the health and function of the human nose is relatively unknown. Animal 
studies, primarily conducted on rodents, provide some evidence that chronic exposure to a number of 
nonreactive gases and solvents can damage the olfactory epithelium and its supporting structures when 
exposure occurs at suffi ciently high concentrations (Refer to Table 17.1).

Because of their ubiquitous presence in many occupational environments, the nasal toxicity of 
solvents has probably been investigated more than any other class of inhaled agents. Occupational 
exposure to solvents or solvent mixtures appears to be associated with (1) some degree of impair-
ment of olfactory sensitivity Sandmark, et al., 1989; Emmett, 1976; (Schwartz et al., 1990) and 
(2) nasal irritation as measured with psychophysical techniques Ählstrom et al., 1986 Seeber et al., 

Table 17.3 Effects of Inhaled Chemicals, Metals, and Dusts on Nasal 
Symptoms in Humans (Continued)

Category Symptom  Reference
Vinyl toluene Nasal irritation Clayton et al., 1981; 

American 
Conference of 
Govermental 
Hygienists, 1993

Dusts

Cement Unspecifi ed olfactory defi cit Murphy et al., 2003

Chalk Anosmia or hyposmia Amoore, 1986

Coke Unspecifi ed olfactory defi cit Murphy et al., 2003

Grain Increase in NAL MPOS, hyposmia Ahman et al., 2001

Hardwood Anosmia or hyposmia Schiffman et al., 1992

Lime Anosmia or hyposmia Amoore, 1986;  
Schiffman et al., 
1992

Potash Unspecifi ed olfactory defi cit Murphy et al., 2003

Tobacco Hyposmia Frye et al., 1990

Wood dust Rhinorrhea, rhinitis, nasal obstruction, 
decreased mucociliary function, 
xenobiotic metabolism, benign and 
malignant histopathological change

Leopold, 1994

Increase in NAL IL-6 Toren et al., 1996

 NAL, nasal lavage; PMN, polymorphonuclear lymphocyte; ECP, eosinophil cationic protein; 
MPO, myeloperoxidase; IL, interleukin. 
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1992; (Dalton et al., 1997) or assays of infl ammatory biomakers (Mann et al., 2002). Although 
solvent effects on olfactory function have been shown to be transient and reversible following ces-
sation of exposure (Emmett, 1976; Ählstrom et al., 1986), the ability to draw any fi rm conclusions 
regarding the long-term effects of solvent exposure on nasal health and function are limited by a few 
studies which have been conduced.

 17.5.2.2 Reactive Volatiles 

Ample animal  evidence provide that inhalation exposure to reactive gases and vapors can cause 
a variety of toxic effects in all nasal regions, but the degree and the dominant site of injury will 
be determined by either the dose to the tissue, the cellular susceptibility, or both. Gases that 
are highly water soluble and highly reactive will be rapidly extracted from airstreams and thus 
cause a predictable pattern of lesions based on sites of the highest local concentrations (Kimbell 
and Morgan, 1991). In rodents, acute and chronic exposure to a variety of reactive compounds 
(e.g., diethylamine, glutaraldehyde, formaldehyde, chlorine) can induce (1) lesions and structural 
damage to the squamous epithelium lining the nasal vestibule (e.g., erosion or ulceration with or 
without infl ammation); (2) infl ammatory, necrotic, or hyperplastic and metaplastic reactions in the 
transitional epithelium; (3) infl ammation, deciliation, and degeneration in the respiratory epithlium; 
and (4) infl ammation coupled with loss of olfactory cilia, sensory cells, atrophy, or necrosis in the 
olfactory epithelium and Bowman’s glands with ultimate replacement of OE by respiratory epithe-
lium. Although many reactive compounds such as acrolein, furfural, dimethylamine, chlorine and 
ethyl acrylate are cytotoxic to nasal mucosa and can induce hyperproliferative changes, they do not 
typically lead to the formation of nasal tumors in rodents (Feron et al., 2001a). Thus, whether an 
inhaled toxicant that is capable of inducing proliferative changes in nasal tissue will lead to tumor 
formation depends on several factors, including the parent compound, its metabolism in nasal tissue, 
the local tissue dose, and tissue-specifi c differences in sensitivity. 

 However, robust data for similar effects in humans is lacking. Although all reactive compounds 
at suffi ciently high doses appear to elicit intranasal sensory irritation, their ability to produce infl am-
mation, necrosis, or metaplastic changes in the respiratory or sensory epithelium or structural damage 
to the human nasal passages may differ dramatically from the effects seen in rodents due to anatomi-
cal infl uences on airfl ow-driven dosimetry and metabolic differences in the underlying tissue. 

 Several epidemiological studies addressing the effects of exposure to toxicants on olfaction have 
produced mixed results. Schwartz et al. (1989) evaluated the olfactory function of 731 workers exposed 
to a variety of acrylates and methacrylates using a 40-item smell identifi cation test. Workers having 
the highest level of cumulative exposures showed the greatest defi cit in olfactory function, although 
the impairment did not appear to be clinically signifi cant. Among workers exposed to styrene vapors 
in the reinforced-plastics industry, Dalton et al. (2003) found that, contrary to fi ndings in the animal 
literature, there was no evidence of any long-term alteration in olfaction due to styrene exposure. 
Exposed workers did, however, exhibit a specifi c loss in sensitivity to styrene itself, which has been 
observed in other chemically exposed populations and likely represents a transient, reversible form of 
sensory adaptation (Ählstrom et al., 1986; Wysocki et al., 1997; Smeets and Dalton, 2001). 

 17.5.3 Dusts and Particulates 

 In comparison with research on exposure to metals and volatiles, relatively few studies have evalu-
ated the toxicity of particulates and dusts in human nasal health. Much of the evidence for adverse 
effects on nasal health and function in animal assays, moreover, has examined the health impact 
of metal dusts (i.e., nickel, cadmium) (Sunderman, 2001) or mixed exposures (i.e., wood dust and 
formaldehyde) (Vaughan et al., 2000; Gosselin et al., 2003), and considerable uncertainty exists as 
to whether the physical or chemical interactions produce the greatest impact. 

 Both fi ne and coarse particles can enter the nasal cavity and can induce nasal irritation (Schiffman 
et al., 2001). Epidemiological studies of particulate exposure have reported associations between 
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concentrations of ambient particulate matter and nasal effects. Not only can the particles themselves 
produce irritation via physical mechanisms, but also particles can act as carriers and may concentrate 
odorants such as organic acids and ammonia on their surfaces (Schiffman et al., 2001). Recent stud-
ies evaluating exposure to calcium carbonate dust on various assays of human nasal function have 
found a dose-dependent decrease in nasal patency and mucociliary clearance as well as increases in 
symptoms such as dryness and perceived obstruction (Riechelmann et al., 2003). 

 17.6 MECHANISMS OF RHINOTOXICITY 

 Inhaled volatiles or dusts can affect olfactory function  indirectly,  by inducing infl ammation in the 
nasal passages and impeding airfl ow to the OE, which has been termed a conductive loss (Zhao et al., 
2003). The peripheral olfactory epithelium is also at  direct  risk from exposure to certain classes of 
inhaled toxicants (e.g., reactive chemicals such as chlorine or formaldehyde). The responses of olfac-
tory epithelium to toxic insult include degeneration, necrosis, atrophy, hyperplasia, metaplasia, and 
neoplasia. Necessarily, the type of alteration is a function of the mechanism of action of the toxicant. 
Nonspecifi c necrosis of cells in OE may be a result of reactive irritants such as chlorine or sulfur 
dioxide, whereas cell-specifi c toxicity (e.g., sustentacular or sensory cells) may occur after exposure 
to toxicants such as dibasic esters and methyl bromide (Genter et al., 1992). It is also important to 
recognize that certain changes in the OE (i.e., regeneration of OE to respiratory epithelium) may 
refl ect an adaptation that enhances the resistance of the epithelial barrier to further toxic insult, while 
reducing the sensory acuity of the organism. 

 Mechanisms of carcinogenesis in the nasal cavity of humans have not been well established for many 
vapors, metals, or dusts. However, substantial evidence demonstrates that persistent tissue damage fol-
lowed by sustained cell proliferation (repair or hyperplasia) in both humans and experimental animals 
may be a precursor to tumor formation in other organs and organ systems and may play a signifi cant role 
in the pathogenesis of nasal toxicity as well (Grasso et al., 1991; Preston-Martin et al., 1993). 

 17.7 CROSS-SPECIES PHYSIOLOGICAL AND BIOCHEMICAL 
DIFFERENCES 

 Although a substantial body of data on nasal toxicity from inhaled agents has been established in 
animal toxicological studies, it is of great importance to take into account the anatomic and meta-
bolic differences among species that may preclude extrapolation from such studies to human risk 
effects. Perhaps in no other organ or organ system are anatomical differences among species, such as 
rodents and humans, of greater importance in controlling differences in regional toxicity of inhaled 
materials. Differences in gross anatomy, nasal epithelia, and the distribution and composition of 
mucous secretions have been comprehensively documented (Harkema, 1999) and all are impor-
tant factors in determining the actual inhaled dose of any airborne agent. One of the most obvious 
and signifi cant physiological differences between rodents and humans is that humans are oronasal 
breathers whereas rodents are obligate nose breathers. Species differences in clearance include dif-
ferences in mucociliary fl ow, chemotactic attraction of macrophages, and the biochemistry of airway 
activation, detoxifi cation, and tissue response (Bogdanffy and Jarabek, 1995). For example, inter-
species comparison of metabolic capability in the upper respiratory tract has shown that cytochrome 
P-450 activities are less effi cient in human nasal mucosa than in the nasal mucosa of rodents (Dahl 
and Hadley, 1991). Some of these differences have been characterized quantitatively, but many have 
not, and this presents uncertainty in the interspecies extrapolation of risk. 

 Although rodents in chronic and subchronic inhalation studies frequently develop nonneoplastic 
or neoplastic lesions in the nasal passages, the evidence for similar effects in humans is far from clear. 
For example, fi ndings of extensive damage to the olfactory epithelium in mice and rats following 
chronic exposure to styrene vapor at levels comparable to occupational exposures prompted a human 
epidemiological investigation of olfactory function in a group of reinforced-plastics workers (Dalton 
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et al., 2003). Contrary to the fi ndings from the animal literature, there was no evidence of any dose-
related long-term alteration in olfactory function due to styrene exposure. This discrepancy could be 
due to several factors. For example, the cross-species differences in the distribution and location of 
olfactory epithelium and the airfl ow and deposition patterns in the nasal passages can greatly alter 
the dose at any site (see Figure 17.3). Thus, inhaled styrene vapor may deposit in the nasal passages 
of humans but, unlike in rodents, high levels of deposition do not occur in areas that subserve olfac-
tion. Alternatively (or additionally), metabolic capacities in the nasal tissue of rodents and humans 
could play a role. In styrene, the primary metabolic pathway is the oxidation by cytochromes P-450 
to two enantiomeric forms of styrene oxide (Bond, 1989). When this metabolic process is prevented 
by preexposure to the cytochrome P-450 enzyme inhibitor (5-phenyl-1-pentyne), the development 
of olfactory lesions in rodents after exposure to styrene does not occur (Green, 1999). This strongly 
suggests that the lesions found in rodent olfactory tissue are induced by the primary metabolite of 
styrene, styrene oxide, and not by exposure to styrene  per se .   

 Evidence that this metabolite may not be present in human nasal epithelium exposed to styrene 
comes from a recent investigation that compared metabolic activity of styrene  in vitro  in rat, mouse, 
and human nasal respiratory tissue and found important differences in the metabolic activity of sty-
rene across these species (Green et al., 2001). Specifi cally, rat and mouse nasal respiratory fractions 

FIGURE 17.3 Comparison of airfl ow-driven dosimetry for acetone in the rat and human nose. Simulated 
pattern of chemical (amyl acetate) vapor mass surface (mucus) uptake fl ux on the lateral wall of the 
nasal cavity of rat (a) and human (b). In (a), the half (right) nasal airfl ow rate through a rat nose in the 
simulation is 250 ml/min. Ten contour levels are plotted, the unit in the label is g/cm2. In (b), the total 
(both) nasal airfl ow rate through a human nose in the simulation is 300 ml/sec. Twenty contour levels 
are plotted, the unit in the label is kg/m2, corresponding to 0.1 g/cm2, so the level of the surface fl ux 
between the two species is roughly in the same range under resting breathing conditions. The uptake 
pattern however is quite different and would lead to obvious differences in tissue-specifi c dose to the 
olfactory region.
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were found to contain high concentrations of the two cytochrome P-450 isoforms necessary for the 
conversion of styrene into styrene oxide, whereas human nasal fractions did not. Species differ-
ences in the nasal metabolism of other chemicals that produce rat nasal tumors have been recently 
reported as well (Green et al., 2000), suggesting that the relevance of nasal tumorigenesis studies in 
rodents for human risk prediction may need to be evaluated on a chemical-by-chemical basis. Both 
anatomical and metabolic differences could explain differences in the toxic effects of styrene on the 
olfactory epithelium in humans and rodents. 

 One approach to cross-species extrapolation is to employ a strategy based on anatomically cor-
rect geometric models of the nasal passages of the relevant species that are used to estimate airfl ow-
driven dosimetry of various chemicals (Kimbell et al., 1993; Keyhani et al., 1997; Bush et al., 1998; 
Frederick et al., 1999). Coupling the results of such modeling with knowledge of site-specifi c lesions 
from rodent assays and information about tissue-specifi c metabolizing enzymes can greatly improve 
the accuracy of human risk assessment (Frederick et al., 2002). 

 17.8 SUMMARY 

 The toxicity of inhaled chemicals, particulates, and dusts on nasal passages and function has histori-
cally been neglected in occupational and environmental health fi elds. To be sure, most areas of the 
human nose that are likely to be targeted by inhaled toxicants are refractory to easy examination 
during routine physical examinations; endoscopic inspections capable of visualizing these areas 
require both special skills and equipment. Furthermore, functional assays of the nose such as evalu-
ation of olfactory or irritant sensitivity have also been restricted to specialized clinics or research 
laboratories and are typically not routinely evaluated unless a problem is identifi ed. Because of the 
often gradual nature of sensory loss, moreover, exposed individuals are likely not to recognize their 
impairment until the damage has progressed to an extreme degree. 

FIGURE 17.3 (Continued)
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 Ethical issues that preclude experimental studies of nasal toxicity from inhaled chemicals in 
humans necessitate reliance on data from controlled animal assays. However, signifi cant differ-
ences in nasal anatomy and metabolism lend uncertainty to our understanding of the relevance 
of nasal effects in rodents for human health. As Morgan has suggested, however, a unifi ed strat-
egy consisting of mapping of nasal lesions in rodents combined with computational modeling of 
airfl ow-driven dosimetry and knowledge of local metabolism can be used as a sound basis for 
extrapolation of animal data to human risk assessment. However, the availability of this approach 
should not forestall efforts to evaluate nasal health and function in occupationally exposed work-
ers. This is important not only to validate interspecies extrapolation, but also to develop a substan-
tive database of human nasal toxicity from environmental and occupational inhalants that can be 
used to promote better surveillance among occupational medicine practitioners and heightened 
attention to protection from adverse effects on the nose and nasal function in the fi eld of toxicology 
and industrial hygiene. 
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 18.1 INTRODUCTION 

 The basic premise underlying this chapter is that the systemic toxic manifestations of a substance can 
often be correlated with the plasma concentration, organ concentration, or total body burden of that 
substance. It follows from this premise that valuable information can be gained by considering the 
factors that infl uence the concentration of an agent in body fl uids and tissues following transient or 
chronic exposure. In this context, these factors include the deposition, absorption, distribution, and 
elimination of the agent after or during inhalation exposure. 

 18 
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 18.2 DEPOSITION IN THE RESPIRATORY TRACT 

 Inhaled toxicants may be in the form of gases, vapors of volatile liquids, or aerosols. Aerosols may 
 represent particulate matter or small liquid droplets. The deposition and subsequent removal of aerosols 
in the respiratory tract depend on physical forces and biological clearance mechanisms. These factors 
are also considered elsewhere in this volume and will only be summarized here. Particles having a diam-
eter greater than 5 µm (5–30 µm) are principally deposited in the nasopharyngeal region by impaction 
(air velocity and turbulence are highest in this portion of the respiratory tract and decrease progressively 
toward the alveoli). Particles of 1–5 µm in diameter deposit along the tracheobronchial tract by sedimen-
tation, with the smallest particles reaching the region approaching the alveoli. Particles less than 1 µm in 
diameter, which reach the alveoli, are deposited primarily by diffusion (Casarett, 1972). 

 18.3 CLEARANCE MECHANISMS 

 The clearance of substances deposited in the respiratory tract may take place by a combination of 
several mechanisms (Klassen, 1980). Clearance routes are illustrated in Figure 18.1 .  The mechanisms 
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FIGURE 18.1 Schematic diagram of routes of deposition, absorption, distri-
bution, and excretion of inhaled agents. (Modifi ed from Klaassen, 1980.)
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that may be involved for a particular material depend on the physical and physicochemical properties 
of the substance. Particles deposited in the nasopharyngeal region may be removed in conjunction 
with secretions as a result of coughing, sneezing, or being physically wiped away from the nasal ori-
fi ces. Also, a portion of the material deposited in this region may be swallowed.

  A primary clearance mechanism for particles deposited in the tracheobronchial region is the 
extremely effi cient mucociliary escalator system in this region, which raises particles to where they 
may be expectorated or swallowed. Although the ultimate swallowing of inhaled substances repre-
sents a clearance mechanism from the standpoint of the lung, in the larger context of this chapter this 
constitutes another route for possible systemic absorption. These considerations will be addressed 
in further detail below. 

 The phagocytic activity of macrophages is another important mechanism for the clearance of 
 particles deposited in the tracheobronchial tree and the alveoli. The lytic enzymes contributed by the 
macrophages may directly aid in the dissolution of particles resulting in products that can be absorbed 
directly into the circulation. In other instances, particles ingested into macrophages may pass with 
these cells into the lymphatic circulation. The lymphatic drainage of the alveoli also represents a direct 
clearance mechanism that can be utilized by macromolecules, aggregates of macromolecules, and par-
ticles of appropriate dimensions (Kilburn, 1977; Klaassen, 1980; Menzel and McClellan, 1980). 

 Finally, nonparticulate material, such as the solutes present in an aerosol, vapors of volatile liquids, 
and gases may be absorbed directly into the plasma along the entire surface of the respiratory tract. The 
experimental evidence demonstrates that the ease of absorption through the respiratory epithelium is 
directly related to the lipid solubility of a substance (Burton and Schanker, 1974a, 1974b). 

 18.4 ALVEOLAR ABSORPTION 

 Although absorption may take place over the entire respiratory tract, the largest surface area is pre-
sented by the alveolar epithelium. In the adult, this area is estimated to be approximately 35 m 2  during 
expiration and 100 m 2  in maximal inspiration (von Hayek, 1960; Weibel, 1963). The relatively small 
total volume of blood in the lungs (60–140 ml), which is spread over this large surface area, results 
in an exceedingly thin fi lm of blood (the thickness of this fi lm of blood is equal to the diameter of 
the pulmonary capillaries, which is approximately 8 µm), which optimizes the process of absorption 
from the alveolar space into the plasma (Guyton, 1981). The vascular organization at this level is 
illustrated in Figures 18.2 and 18.3, which schematically demonstrate the cellular layers constituting 
the respiratory membrane. The surface of the alveoli is covered with a surfactant layer (composed 
primarily of dipalmitoyl lecithin) and, apparently, also an aqueous layer between the surfactant and 
the alveolar squamous epithelium. These cells are only 0.1 to 0.2 µm thick (Menzel and McClellan, 
1980). The basement membrane of the alveolar epithelium and the capillary basement membrane are 
separated by a thin interstitial space in some areas and fused in others. The capillary endothelial cell is 
the fi nal layer of the respiratory membrane; the total distance between the alveolar space and plasma 
is estimated to be between 0.5 and 2.5 µm (Menzel and McClellan, 1980; Guyton, 1981). 

   18.4.1 Absorption of Gases 

 The rate of diffusion of gases across the respiratory membrane has been demonstrated to be related pri-
marily to the diffusion coeffi cient of the gas in aqueous media (Hill, 1980). Because most gases of toxi-
cological importance are adequately lipid soluble to readily pass through cell membranes of the alveolar 
epithelium and the capillary endothelium, cell water presents the major impediment to diffusion. Thus, 
the diffusion coeffi cient for a gas across the respiratory membrane can be approximated from its diffu-
sion in water. This is usually determined from the following relationship (Hill, 1980; Guyton, 1981): 

  
Diffusion coefficient

solubility coefficient of gas in wat
�

eer

molecular weight of gas   
(18.1)
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408 Inhalation Toxicology

 The solubility coeffi cients for most gases are greater for blood than for water; this has been thoroughly 
investigated for anesthetic gases (Larson et al., 1962; Beattie, 2001). Because of large differences 
among anesthetic gases relative to blood–gas partition coeffi cients, the contribution of this factor to 
the rate of anesthesia induction, potency, and rate of emergence has been extensively investigated (Hill, 
1980; Beattie, 2001) and will not be reviewed here. 

 The second factor that determines the diffusion rate of a gas is the concentration gradient between 
alveolar air and plasma. Although a toxic gas may be present in low concentrations in the inspired 
air, a substantial gradient may still serve as a driving force toward the plasma and tissues. 

 18.4.2 Absorption of Solutes 

 The absorption from the lung of solutes contained in aerosols is principally a process of simple dif-
fusion. With only a few isolated exceptions, there has been no evidence for active or facilitated trans-
port mechanisms for most compounds that have been studied (Burton and Schanker, 1974a, 1974b). 
Rates of diffusion were not saturable as the concentration of the instilled solute was increased; 
instead, the rates of diffusion appeared to be proportional to the concentration. 

 Although diffusion of a particular substance from the lung is proportional to the concentration 
gradient, a wide range in the permeability of the respiratory membrane exists for different com-
pounds. The physicochemical properties of the solute determine its permeability, as follows. 

FIGURE 18.2 Schematic representation of a cross-section through the lung demonstrating alveolar 
walls and vascular organization. (From Guyton, 1981. Reproduced by permission of W.B. Saunders 
Company.)
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Toxicokinetics: Deposition, Absorption, Distribution, and Excretion 409

 18.4.2.1 Lipid-Insoluble Neutral Compounds 

 The cellular membranes of alveolar epithelial cells are the major barriers to the absorption of polar 
compounds. This barrier is represented by the bimolecular lipid layer of the cell membrane. Because 
the epithelial cells are tightly apposed, the major pores through which water-soluble molecules 
penetrate are of dimensions similar to those present in most cellular membranes. These pores are 
believed to be primarily associated with protein molecules, which pass through the cell membrane 
(Figure 18.4) .  Studies by Taylor and Gaar (1970) in the dog have demonstrated that the pores of the 
alveolar epithelium have a radius of 6–10 Å. Thus, water molecules, urea, and potassium ions pass 

FIGURE 18.3 Schematic representation of components of the respiratory membrane. 
(From Guyton, 1981. Reproduced by permission of W.B. Saunders Company.)
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through with relative ease, whereas mono- and disaccharides are poorly permeable. This situation 
is markedly different from that at the level of pulmonary capillaries, where there are relatively large 
pores (40–58 Å equivalent radius) between the endothelial cells of the capillaries. Glucose, urea, 
sodium, and other water-soluble molecules of similar dimensions diffuse through these pores at 
rates 100 or more times as great as through the alveolar epithelium (Guyton, 1981). 

   18.4.2.2 Lipid-Soluble Compounds 

 The absorption of lipid-soluble molecules from the alveoli is primarily related to the lipid–aqueous 
partition coeffi cient of the compound. The relative rates of diffusion for a number of lipophilic com-
pounds were predicted on the basis of the rank order of their chloroform–water partition coeffi cients 
(Burton and Schanker, 1974a, 1974b). Several antibiotics and steroids showed half-times of absorp-
tion ranging from 1.9 to 33 min. Paradoxically, compounds with very high partition coeffi cients, such 
as DDT and leptophos, showed slow rates of absorption ( t 

 1/2 
 values of absorption of about 300 min) 

(Menzel and McClellan, 1980); this may be explained by the partitioning of molecules into mem-
brane lipids, resulting in slow absorption from the lung. 

 18.4.2.3 Ionizable Compounds 

 Weak acid or weak base solutes deposited in the lung are absorbed into the systemic circulation in 
relation to their nonionized fractions in the lung and the intrinsic lipid solubility of the nonionized 
form. Only the nonionized molecules possess any degree of membrane permeability. 

 The degree of ionization of a particular compound can be determined from the pKa of the dissoci-
ating group and the pH of the alveolar fl uid (the available evidence indicates a pH close to neutrality) 
(Mason et al., 1977). When a compound is in solution at a pH that is the same as its pKa, it exists in 

FIGURE 18.4 Fluid mosaic model of the cell membrane. Globular proteins are embedded within and 
traverse a bimolecular lipid matrix. (From Singer and Nicolson, 1972. Reproduced by permission of the 
American Association for the Advancement of Science.)
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  TABLE 18.1  Ionization Ratio of Weak Electrolytes 
in Relation to pKa and pH 

[Ionized]:[Nonionized]

Weak Acids Weak Bases

(pH � pKa)

(pH � pKa)

(pH � pKa)

 pH � pKa

 �4 10000:1 1:10000

 �3 1000:1 1:1000

�2 100:1 1:100

 �1 10:1 1:10

   0 1:1 1:1

 �1 1:10 10:1

�2 1:100 100:1

 �3 1:1000 1000:1

 �4 1:10000 10000:1

equal concentrations of the ionized and nonionized forms. The Henderson–Hasselbalch equations 
can be used to calculate the ratio of the ionized and nonionized fractions when the pH differs from 
the pKa, as follows (illustrated for a carboxyl group and a primary amine): 

 Predominant form  Predominant form  Henderson–Hasselbalch 
 when pH < pKa when pH > pKa equations

  For acids:     R COOH      R COO H      pH pKa log
[i

� � �� �⎯ →⎯← ⎯⎯ �
oonized]

[ ]nonionized
  (18.2)

  

(18.3)

 Table 18.1 lists the ratios of ionized and nonionized forms of weak electrolytes for one-unit changes 
in pH in relation to pKa.  

   The implications of these relationships for the systemic absorption of inhaled solutes can be 
illustrated by the following examples (assuming that the pH of the interface between air and the epi-
thelial membrane of the respiratory tract is 7). A weak acid with a pKa of 4 (99.9% ionized at pH 7) 
would be expected to be much more slowly absorbed upon inhalation than a weak base with pKa of 
4 (0.1% ionized at pH 7). In considering the overall bioavailability of inhaled solutes, it is necessary 
to anticipate the systemic absorption of solute which may eventually be swallowed. In the example 
of the weak acid (pKa 4), the molecules that reach the stomach will establish a new equilibrium in 
gastric juice (pH approximately 2) with only 1% of the molecules in the ionized form. Absorption 
would be expected to be relatively rapid under these conditions. Because inhaled solute may be 
absorbed by two routes, which establish different ionization equilibria, it is frequently diffi cult to 
observe the relationship between pKa and absorption. However, the importance of this relationship 
has been established from systematic studies of the intestinal absorption of acids and bases with 
varied pKa values and in different pH environments (Hogben et al., 1959). 

 18.4.2.4 Effective Partition Coeffi cient 

 The interactions of the two prior topics (absorption of lipid-soluble and ionizable compounds) are 
embodied in the concept of “effective partition coeffi cient.” This coeffi cient is defi ned as the product 
of the percent nonionized compound (at the pH under consideration) and the partition coeffi cient of 

RFor bases: N H
H

H
R N

H

H
pH–pKa � log [ionized]

[nonionized]+
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the nonionized form. In comparing effective partition coeffi cients of compounds, it is essential that 
the partition coeffi cients be determined in the same system (e.g., chloroform/water, olive oil/water, 
etc.). The rank order for the rate of penetration of a series of weak acids and bases into cerebro-
spinal fl uid was shown to be the same as for their effective partition coeffi cients (data compiled 
by Goldstein et al., 1974). These principles would apply to the permeability of weak electrolytes 
through the lipid barrier presented by all cell membranes. 

 A practical note can be introduced here. The effective partition coeffi cient, also termed the overall 
partition coeffi cient (Bowman and Rand, 1980), can be determined directly by measuring the parti-
tion coeffi cient in a system in which the aqueous phase is buffered at the pH of consideration. For the 
lung, this pH may be considered to be in the neutral range (Mason et al., 1977). Only the fraction of 
molecules nonionized at this pH will partition into the organic phase and, therefore, an overall parti-
tion coeffi cient will be obtained. A series of compounds may be compared in this way as part of the 
evaluation of the relative ease of absorption by inhalation. An equation described for this relationship 
(Bowman and Rand, 1980) is rearranged to a more convenient form where  P 

 o 
 is the overall 

  
P

P
0

n

antilog (pH pKa) 1
�

� �   
(18.4)

 (or “effective”) partition coeffi cient and  P 
 n 
 is the intrinsic partition coeffi cient for the nonionized 

form. Equation (18.4) is in the form for calculations concerning acids; the term (pH � pKa) is 
reversed to (pKa � pH) in calculations for bases. 

 18.5 DISTRIBUTION IN THE BODY 

 Once a substance has been absorbed from the respiratory tract into the plasma (either directly or after 
being swallowed), it can be distributed more widely in the body. The extent of this distribution is 
largely determined by the same physicochemical factors discussed in relation to absorption. The major 
aqueous compartments of the body into which chemicals distribute are illustrated in Figure 18.5 .  The 
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Biotrans-
formation

Protein
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Urine

C C C C

C

FIGURE 18.5 The major anatomical compartments that constitute body water, expressed as 
percentages of body weight. C represents chemical agent. (Modifi ed from Goldstein et al., 
1974.)
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total volume of these compartments (about 60% of body weight) is commonly termed body water. For 
a 70-kg man, plasma volume is approximately 3 l, interstitial fl uid is 11 l, and cell water is 28 l (a total 
of 42 l). As noted above, the specifi c properties of a compound determine the volume of body water 
into which it may distribute, i.e., the volume of distribution ( V 

 d 
). This volume is more appropriately 

termed the apparent volume of distribution, as will be discussed later. 

   18.5.1 Plasma Protein Binding 

 Compounds absorbed into the plasma may be relatively restricted or retarded from wider distribution 
as a result of binding to plasma proteins. Most of this interaction takes place with albumin, which is 
the protein present in the highest concentration in plasma. The binding with plasma proteins predomi-
nantly takes the form of electrostatic interaction, where ionized compounds are bound to the counter 
ion carried by charged groups of the protein. The groups primarily involved in this binding are listed 
in Table 18.2. In the case of therapeutic drugs, this binding is viewed as being completely reversible. 
There is a wide variation among drugs in the characteristic percentage bound to plasma protein. It is 
common for a drug to exist in a ratio of 99% bound to 1% free in plasma. The fraction of bound drug 
is not fi ltered in the kidney glomeruli and is not readily available for metabolism in the liver. Binding 
to plasma protein is, as a rule, associated with a prolongation of the half-life of an agent in the body. 
If the binding to plasma protein represents an equilibrium between bound and free agent, as described 
above, this ratio is usually maintained over a wide range in the plasma concentration of the agent. 
Thus, as free molecules are fi ltered in the kidneys or metabolized, protein-bound compound dissoci-
ates to reestablish the equilibrium ratio. It is only at the extremes of total plasma concentration of an 
agent that marked differences may be seen in the equilibrium. 

   18.5.2 Diffusion into Interstitial Fluid 

 The movement of unbound agents across capillary membranes into the interstitial fl uid (see Figure 18.5) 
is infl uenced by the same factors considered above in relation to the diffusion of compounds from 
pulmonary alveoli into plasma, i.e., the relative water or lipid solubility of an agent and the molec-
ular dimensions of lipid-insoluble compounds. An important difference from the pulmonary mem-
brane, however, is the substantially larger pores that exist in the capillary membrane through which 
water- soluble compounds can diffuse. The size of the capillary pores has been approximated from 
measurements of the capillary permeability of water-soluble molecules of varying molecular size. 
The relationship between molecular weight and capillary permeability is presented in Figure 18.6 .  

  TABLE 18.2  Potential Sites for Binding of Ionized 
Compounds to Proteins 

Amino Acid Group
Number of residues 

per molecule

Aspartic and glutamic �COO� 101

Tyrosine �O� 18

Cysteine �S� 0.7

Terminal �COO� 1

Histidine �NH�� 17

Lysine �NH
3

� 57

Arginine �NH
2

� 22

Terminal �NH
3

� 1

  Source : From Goldstein et al., 1974. Reproduced by permission of John Wiley and 
Sons, Inc. Original analytical data from Tanford et al., 1955, by permission of the 
American Chemical Society. 
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This fi gure contrasts the change in diffusion in water as molecular weight increases, to the change 
in  diffusion across the capillary membrane in muscle. A marked disparity occurs in the relationship 
between molecular weight and diffusion across capillaries when raffi nose (mol wt 594) and inulin (mol 
wt 5,500) are compared. Raffi nose diffuses relatively freely whereas inulin is much more restricted. 
From measurements such as these, it was estimated that the capillary pores had a radius of approxi-
mately 30 Å (Renkin, 1964). (Note that capillary pores in kidney glomeruli are considerably larger, 
because inulin is freely fi ltered from plasma into the kidney tubules.) 

   Lipid-soluble molecules will diffuse across capillary membranes in relation to their partition 
coeffi cients, as discussed above. It is not necessary for such molecules to utilize pores, because they 
can diffuse through membranes of capillary endothelial cells. 

 18.5.3 Diffusion into Cells 

 The further distribution of an agent from interstitial fl uid into cellular water (see Figure 18.5) pri-
marily depends on its lipid–water partition coeffi cient. The cellular membranes of organs present the 
same barrier to water-soluble molecules as described above for alveolar epithelial cells. 

 Protein binding must be considered in conjunction with the permeability of an agent for capillary 
and cellular membranes in anticipating the extent of distribution of a substance in the compartments 
of body water. These principles are illustrated in Figure 18.7 .

   As noted above, the extent to which an agent is distributed is termed its volume of distribution, 
 V 

 d 
; more appropriately, it should be termed the apparent volume of distribution because estimates of 

this volume are usually only based on the concentration of an agent in plasma after the administra-
tion of a known dose. The experimental approach to estimating  V 

 d 
 will be discussed under Kinetic 

Considerations. 
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FIGURE 18.6 Relationship between diffusion rate and molecular weight 
for water-soluble molecules of widely different sizes. The fi lled circles 
represent the diffusion rates (cm2/sec) of the molecules in water at 37°C. 
The open circles are the permeability coeffi cients (cm3/sec/100 g) for 
passage of the same compounds across skeletal muscle capillaries. (Data 
from Pappenheimer et al., 1951; Renkin, 1964.)
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 18.5.4 Diffusion into Saliva 

 Many agents diffuse rapidly from plasma into saliva. Also, because a constant ratio exists between 
the plasma and saliva concentrations of many drugs, determinations in saliva have been applied to 
bioavailability evaluations, pharmacokinetic studies, and routine drug monitoring (Matin et al., 1974; 
Breckenridge et al., 1977; Parsons and Neims, 1978; Newton et al., 1981; Poland and Rubin, 1982). 
Saliva determinations have been used to study the pharmacokinetics of caffeine in rabbits (Inchiosa 
et al., 1981). Figure 18.8 shows the saliva concentration–time course following the intravenous bolus 
injection of caffeine to rabbits. The pharmacokinetic information gained from such data is discussed 
in Section 18.7. From other studies, the saliva/plasma ratio for caffeine in the rabbit has been found 
to be 0.78; this same ratio in humans is 0.74 (Newton et al., 1981). Matin et al. (1974) have combined 
the factors essential for predicting the saliva/plasma ratio in the following equation: 

    
R �

�

�

�

�

1 10

1 10

(pHs pKa)

(pHp pKa)
 
fp

fs  
(18.5)

 

 where 

  R  � saliva/plasma ratio 
 pHs � saliva pH 
 pHp � plasma pH 
 fp � fraction of drug unbound in plasma 
 fs � fraction of drug unbound in saliva. 
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FIGURE 18.7 Infl uence of drug binding on the distribution of total drug 
between two compartments separated by a membrane. Only free drug (D) 
can diffuse across the membrane. The example illustrates the distribution 
at equilibrium. (From Bowman and Rand, 1980. Reproduced by permis-
sion of Blackwell Scientifi c Publications.)
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 Equation (18.5) is the form for calculations concerning acids; in calculations for bases, the expo-
nent pHs � pKa in the numerator and pHp � pKa in the denominator are reversed to pKa � pHs and 
pKa � pHp in the numerator and denominator, respectively. 

 The use of saliva measurements to estimate plasma concentrations is particularly convenient 
because the procedure is noninvasive and repeated samples may be obtained easily. Saliva mea-
surements may be of value in humans for detecting and monitoring agents that have been absorbed 
systemically following their inhalation. Care may be necessary for some materials to ensure that the 
agent measured is in freshly secreted saliva and does not represent particles being raised from the 
respiratory tract. 

 18.6 EXCRETION 

 All secretions from the body represent potential routes for the elimination of toxicants following 
their systemic absorption (clearance of agents directly from the respiratory tract before systemic 
absorption was discussed above). The kidneys, liver, and biliary system are usually of prime impor-
tance in the elimination of toxicants from the body, with an important exception; substances with 
high vapor pressures at body temperature may be excreted primarily by the lungs (e.g., diethyl 
ether). Although toxicants may be secreted in sweat, tears, and milk (Stowe and Plaa, 1968), these 
usually represent minor routes of excretion. 
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FIGURE 18.8 Semilogarithmic plot of caffeine concentration of saliva as a 
function of time after i.v. injection of a bolus dose (8 mg/kg) . The extrapolated 
saliva concentration at time 0 was 9.15 µg/ml. (From Inchiosa et al., 1981. 
Reproduced by permission of the New York Academy of Medicine.)
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 18.6.1 Renal Excretion 

 The kidneys receive approximately 25% of the cardiac output, and of this volume, about 20% is  fi ltered 
in the glomeruli. With values for the adult male, glomerular fi ltration is usually given the average 
value of 125 ml/min. Because the capillary pores in the glomeruli allow the passage of relatively large 
molecules, most toxicants that are not bound to plasma proteins would be readily fi ltered. Toxicant 
present in the unfi ltered fraction of renal plasma may reach the tubules by passive diffusion or active 
transport. With respect to passive diffusion, consideration of the effective partition coeffi cient of the 
agent becomes of primary importance (discussed above). Organic acid and base secretory mechanisms 
exist in the kidney, which may actively contribute to the excretion of a toxicant. Because of the 
high-affi nity characteristics of some active transport processes, even the fraction of compound bound 
to plasma protein becomes available for transport. The renal excretion of a toxicant may involve a 
combination of all three mechanisms (glomerular fi ltration, passive diffusion , and active transport). 
Agents fi ltered or secreted into the tubules may be passively reabsorbed into the plasma, based again 
on their lipophilic properties. 

 An attempt may be made to evaluate the contribution of the mechanisms above in the renal excre-
tion of an agent. If renal clearance of the agent is distinctly below the glomerular fi ltration rate (usually 
determined by comparing the clearance of the toxicant to that of exogenously administered inulin or 
endogenous creatinine, both of which are only excreted by glomerular fi ltration), it would be assumed 
that the agent is substantially reabsorbed from the kidney tubules. A clearance rate greater than the 
glomerular fi ltration rate indicates a contribution of toxicant present in the unfi ltered fraction of renal 
plasma fl ow (see, e.g. , Creasey, 1979, or Klaassen, 1980, for further discussion). 

 Piotrowski (1971) has suggested the use of the urine/plasma (U/P) concentration ratio as a rough 
indicator of renal excretory mechanisms. Because about 99% of the volume fi ltered in the glomeru-
lus is reabsorbed from the tubules, a substance that is only freely fi ltered in the glomerulus and not 
reabsorbed becomes concentrated approximately 100-fold in urine (Figure 18.9) .  Inulin is a sub-
stance that would be expected to have a U/P ratio of 100. A U/P ratio greater than 100 suggests that 
secretory processes contribute to excretion; ratios less than 100 would be expected to refl ect tubular 
reabsorption of the solute (Table 18.3) .  Foulkes (1977) discussed the qualifi cations in interpreting 
U/P ratios. 

Efferent arteriole

Bowman’s
capsule

Afferent
arteriole 99% of H2O

reabsorbed

1% of volume
which is filtered
at glomerulus is

excreted as urine

FIGURE 18.9 Schematic representation of the fi ltration of plasma at the 
kidney glomerulus and the extensive reabsorption of water from the kidney 
tubule. See text for discussion of urine/plasma ratios of toxicants.
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418 Inhalation Toxicology

   18.6.2 Contribution of Liver Metabolism to Excretion 

 The biotransformation of toxicants after inhalation exposure is also discussed in other chapters of 
this work. Most of this metabolism takes place in the liver, although the kidney, intestinal mucosa, 
and lung also possess signifi cant capacity for xenobiotic metabolism. The discussion here will not 
address the consequences of xenobiotic metabolism in relation to detoxifi cation or activation but 
rather the pharmacokinetic importance of liver metabolism. 

 A multiplicity of enzymes is present in the smooth endoplasmic reticulum (microsomal frac-
tion) of the mammalian hepatocyte that functions to metabolize lipophilic agents to more polar sub-
stances, which are more readily excreted by the kidneys and in the bile. This metabolizing system is 
described by several synonyms: cytochrome P-450 oxidase, mixed function oxidase, mono oxygen-
ase, and microsomal enzyme-oxidizing system (MEOS). Actually, the enzymic repertoire of these 
membranes includes oxidation, reduction, hydrolysis, and conjugation reactions of a wide diversity. 
It is beyond the scope of this discussion to detail these reactions. In general, the metabolic attack is 
classifi ed in two steps: Phase I usually involves an oxidation, reduction, or hydrolytic reaction that 
increases water solubility and may also result in a group vulnerable for conjugation. Phase II involves 
synthetic reactions in which glucuronic acid, acetic acid, glycine, inorganic sulfate, glutathione, or 
ribose may be conjugated to the original agent or the product of a phase I reaction. The conjugated 
products are usually much more water soluble and less readily reabsorbed from the kidney tubules. 
Conjugated compounds may also be preferentially secreted into bile. Only the glucuronidation reac-
tions are carried out by microsomal enzymes; the other conjugases are nonmicrosomal. Cytosolic 
enzymes and mitochondrial and plasma enzymes also may be important in the biotransformation of 
specifi c agents or classes of compounds. The reader is referred to comprehensive treatments of this 
subject (e.g., Lu and West, 1980; Nebert et al., 1981; Minchin and Boyd, 1983; Wilkinson, 2001). 

 Given the primary focus of this chapter, several comments are in order regarding the pharmacoki-
netic implications of xenobiotic metabolism. In most lipophilic agents, metabolism by enzymes in the 
liver and other tissues is probably the principal determinant of the half-life of the agent in the body. 
Another factor to be considered is the possible induction of liver microsomal enzyme capacity as a 
result of exposure to a number of agents (hundreds of agents have been recognized as microsomal 
enzyme inducers, e.g., ethyl alcohol, phenobarbital, 3,4-benzpyrene, DDT, polycyclic hydrocarbons 
in cigarette smoke, nicotine, etc.). Because microsomal induction often results in a general increase 
in the activity of many or all enzymes of the system, the usual consequence is a shortening of the 

  TABLE 18.3  Urine-to-Plasma (U/P) 
Concentration Ratios for Selected 
Organic Compounds 

Substance U/P Ratio

Aliphatic hydrocarbons 0.07–0.09

Chlorinated hydrocarbons 0.1–1

Short-chain ketones 1–1.3

Short-chain aliphatic alcohols 1–1.3

Glycols, glycerol 3–5

Polyglycol ethers, mol wt 400–6,000 40–70

Dinitro-o-cresol 0.2

Trichloroacetic acid 3

Conjugated phenol 300

  Source : From Foulkes, 1977. By permission of the American 
Physiological Society.   
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half-life of the agent that prompted the induction or of other agents which may be metabolized by 
microsomal enzymes. (It is not essential for a substance to be a substrate for microsomal enzymes 
to be an inducer.) Thus, in repeated or prolonged inhalation exposure, changes may occur in the 
pharmacokinetic behavior of an agent which may be attributable to induced metabolism. 

 18.6.3 Biliary Excretion 

 Excretion in bile may represent a primary or ancillary route of elimination for toxicants. Some 
compounds can be actively secreted by the liver into bile, resulting in high bile/plasma ratios. 
Specialized transport mechanisms are in the liver for secretion of organic acids, organic bases, and 
neutral organic compounds into bile. Apparently, the liver also has a mechanism for the secretion 
of heavy metals (lead is concentrated in bile) (Klaassen, 1976). Equilibrium binding of toxicants to 
plasma proteins does not limit their transport by the high-affi nity biliary secretory mechanisms; this 
is similar to the characteristics of renal tubular secretion. 

 Factors that determine whether an agent will be excreted in bile are not well understood. One 
generalization, however, is that compounds with relatively low molecular weights (below 300) 
are preferentially excreted in urine, whereas larger compounds often demonstrate considerable 
biliary excretion. Data describing this phenomenon are presented in Figure 18.10 .  The threshold 
for  substantial excretion of a compound into bile (10%) was found to be a molecular weight of 
approximately 325 in the rat (Hirom et al., 1972); the thresholds in the guinea pig and rabbit were 
440 and 475, respectively. The metabolic conjugation of chemicals or their metabolites may be 
an important factor contributing to the extent of biliary secretion, because these reactions often 
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FIGURE 18.10 Relationship between extent of bili-
ary excretion and molecular weight in the female rat. 
(From Hirom et al., 1972. Reproduced by permission 
of the Biochemical Society.)
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420 Inhalation Toxicology

result in an increase in molecular weight, which is suffi cient to exceed the threshold for biliary 
 excretion. The excretion of an agent or metabolite into the bile does not ensure its elimination from 
the body. If the compound possesses adequate lipid solubility at intestinal pH, it may be reabsorbed. 
Conjugated compounds may be hydrolyzed by the microfl ora of the intestine, resulting in the release 
of the original agent or metabolite, which may then be reabsorbed. These situations may result in an 
enterohepatic recirculation of the compound, prolonging its half-life in the body. 

   As an introduction to the next section, note that all the processes of elimination contribute to 
the plasma–disappearance curve following administration of (or inhalation exposure to) an agent. 
In the pharmacokinetic examples to be discussed, the plasma concentration–time course data refer 
to the original agent administered; the disappearance rates are the composite effect of all metabolic 
and excretory mechanisms. 

 18.7 KINETIC CONSIDERATIONS 

 18.7.1 Absorption 

 Excellent comprehensive treatments of pharmacokinetic principles are available (e.g., Gibaldi and 
Perrier, 1975; Wagner, 1975; Ritschel, 1976; Renwick, 1982; Schwinn and Shafer, 2000; Wilkinson, 
2001). Relatively elementary models are presented in this section, and the discussion is developed 
toward practical applications to inhalation exposure. Nevertheless, the simple models discussed are 
frequently adequate for pharmacokinetic characterizations or fi rst approximations. 

 Inhalation exposure can take the form of continuous exposure (24 h/d), as in a contaminated 
environment, part or all of a working day, or a single breath of acutely contaminated air (resulting 
from an accidental spill or release of a toxic gas). 

 It is convenient to consider the extreme situations in relation to the kinetics of absorption from 
the lung. The case in which a single breath (or a few breaths) represents the inhalation exposure 
can be simplifi ed by assuming that the inhaled material is a solute that reaches the alveoli and is 
only cleared from the lung by its diffusion into the plasma. The kinetics of disappearance from the 
lung would be expected to typically take the form illustrated in Figure 18.11a. Figure 18.11b shows 
the same relationship on a semilogarithmic plot; as can be seen, this substance shows fi rst-order 
kinetics of absorption, i.e., a constant percentage of the substance is absorbed per unit of time. In 
this theoretical example, the half-time ( t 

 1/2 
) for absorption is 5 min, i.e., 50% is absorbed in the 

fi rst 5 min and 50% of the remaining amount is absorbed in each subsequent 5-min period. Burton 
and Schanker (1974a) have presented data showing the fi rst-order rates of absorption of several 
antibiotics from the lung (Figure 18.12) .  It was noted above that these authors have concluded that 
the relative lipid solubility of the compounds is the primary factor determining rate of absorption 
from the lung. 

   In the examples above (Figures 18.11 and 18.12), there was a brief period of deposition of 
an agent into the lungs followed by a fi rst-order clearance of the substance; there was a constant 
percentage absorbed per unit of time, which represented decreasing absolute amounts absorbed per 
unit of time. Continuous inhalation exposure, which constantly renews the amount of agent present 
in the lung, is probably best viewed as an example of “zero-order” rate of administration; in such a 
case it would be expected that a constant absolute amount of the agent would be absorbed per unit 
of time. (Constant intravenous infusion is the classical example of zero-order administration.) 

 This chapter is primarily concerned with the pharmacokinetics of inhaled toxicants. In such 
situations a much higher concentration of the toxicant is usually in the inhaled atmosphere than in 
the plasma and tissues of the exposed individual. As long as a substantial concentration gradient 
exists across the alveolar membrane, the contribution of back-diffusion of the toxicant would be 
negligible (Goldstein et al., 1974). The kinetic examples presented in this section are based on this 
assumption. 
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 18.7.2 Distribution and Elimination 

 The apparent volume of distribution of a particular agent can be best estimated from plasma con-
centration data after an intravenous injection. Any other route of administration may not result in 
complete absorption. 

 18.7.2.1 One-Compartment Open Model 

 This discussion fi rst considers the situation in which the body behaves as a single compartment 
in regard to the distribution of an agent (Figure 18.13) .  This is termed a one-compartment open 
model. The designation “open” refers to the fact that the system has input and output, i.e., it is not 
a closed system. A plasma concentration–time course following an intravenous bolus injection into 
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FIGURE 18.11 Theoretical example of fi rst-order kinetics of 
absorption of a substance from the lung. (a) Rectilinear coordinates. 
(b) Semilogarithmic plot of the same data.
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a one-compartment system is illustrated schematically in Figure 18.14 .  This example shows that the 
plasma concentration decreases rapidly during the early minutes after the injection and by 30 min 
has entered a stage of fi rst-order elimination from the plasma. Although this system may exhibit 
one-compartment behavior, an agent rarely distributes in only one anatomical compartment, i.e., 
the vascular space. The essential feature of the one-compartment model is that the agent diffuses so 
rapidly into its ultimate volume of distribution (which may include extracellular and cellular space 
as well) that the system virtually behaves as though it were a single compartment (see, e.g., Ritschel, 
1976). Another criterion for a one-compartment model is that it also behaves as a virtual single 
compartment as the agent is progressively eliminated from the plasma (by kidney excretion, liver 
metabolism, etc.). That is, there should be essentially instantaneous reequilibration of the remaining 
agent among the anatomical compartments in which it is distributed. 

   18.7.2.1.1 Apparent Volume of Distribution (Bolus Intravenous Injection) 
 In a one-compartment system, the apparent volume of distribution of an agent can often be ade-
quately estimated from plasma concentration data, as presented in Figure 18.14. Extrapolation of 
the fi rst-order curve to the ordinate (time 0) provides an estimate of the theoretical plasma concen-
tration that would have resulted if the agent was immediately distributed in its ultimate volume of 
distribution. In the example of Figure 18.14, 180 mg of the compound was injected intravenously 
as a bolus at time 0. The intercept on the ordinate obtained from the back-extrapolation of the 
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fi rst-order disappearance rate is approximately 4.5 mg/l. The apparent volume of distribution is 
calculated from the following equation. 

  

V

V

d

d

�

�
�

�

Dose

C(0)

180 mg

4.5 mg l
 40 0 1.

 

(18.6)

 

 In Figure 18.5, it was noted that total body water represents about 60% of body weight. For a 70-kg 
man, this would amount to 42 l. Thus, if the experiment illustrated in Figure 18.14 represented the 
data from a 70-kg individual, the result would approximate the one expected for an agent that is 
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FIGURE 18.13 Diagram of one-compartment open model.
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time course following an i.v. bolus injection in a virtual one-
 compartment open system (see text for explanation); 180 mg of 
the compound was injected at time 0.
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uniformly distributed in body water. Similarly, there are drugs that do not enter cells because of 
their extremely low lipid solubility (e.g., neuromuscular blocking agents) and are restricted to a 
volume representing approximately 20% of body weight (the sum of plasma and interstitial fl uid 
volumes, as depicted in Figure 18.5). Although many examples may be cited for agents that yield 
estimates of  V 

 d 
 which suggest distribution into certain anatomical compartments, numerous excep-

tions exist. The most notable examples occur when an agent is sequestered in body fat or muscle, 
resulting in a proportionately low plasma concentration and a large volume from the calculation in 
Equation (18.6). For this reason volumes of distribution are always considered apparent volumes. 
This does not infl uence the use of such volumes in the kinetic considerations to be discussed, 
however. 

 It is usually preferable to express the apparent  V 
 d 
 as 1/kg or ml/kg rather than the volume based 

on total body weight. 

 18.7.2.1.2 Elimination Rate Constant 
 The data in Figure 18.14 also allow an estimation of the half-time of elimination of the agent. 
Inspection reveals that the plasma concentration decreases by 50% over a period of 6 h. The elimina-
tion rate constant,  k 

 el 
, can then be determined from Equation (18.7). 

  

K
t

K

el

el

0.693

0.693

6 h
h, or 11.55% h

�

� � � �

1 2

0 1155

/

.
 

(18.7)

 

 where 0.693 is a constant derived from the fi rst-order equation. In the case where  t 
 1/2 

 is known,  k  � ln 
2/ t 

 1/2 
 � 0.693/ t 

 1/2 
; see, e.g., Goldstein et al. (1974) for the derivation. 

 The common form of the equation for determining plasma concentration at a time after admin-
istration of a bolus of drug in a one-compartment model is presented in Equation (18.8): 

  
Plasma concentration at time 

dose

d

“ ”t
V

e
k t

� �
� el

  
(18.8)

 18.7.2.1.3 Apparent  V  d  Obtained from Area Under the Curve (AUC) 
 In many instances it is more precise to determine  V 

 d 
 utilizing the entire area under the plasma 

 concentration–time curve (AUC (0–�)). This approach usually requires the analysis of plasma con-
centration over a prolonged period. 

 The AUC is determined from the plasma concentration–time course plotted on rectilinear graph 
paper. The data from Figure 18.14 are presented with linear coordinates in Figure 18.15 and extended 
for a total of 25 h of observation. Any appropriate method may be used for determining this area. A 
common approach is to divide the area into a series of narrow, vertical trapezoids, determine their 
individual areas, and sum them. Only the estimation of the area from the last data point to � remains. 
This is determined by dividing the value for the last plasma concentration data point ( C 

 tz 
) by the rate 

of elimination ( k 
 el 
). The solution of  C 

 tz 
/ k 

 el 
 yields the AUC (tz – �); this is added to the AUC (0 – tz) 

determined from the trapezoid calculations to obtain the total area (AUC (0 – �)) The apparent  V 
 d 
 is 

then obtained from the relationship: 

    
V

Kd
el

dose

AUC (0 )
�

	�∞  
(18.9)
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 18.7.2.1.4 Clearance (Cl) 
 When data have been obtained which allow estimates of V

 d 
 and k

 el 
 (as from Fig. 18.14), total body 

clearance for an agent may be calculated from the following relationship: 

  Cl �  V 
 d 
 k 

 el  
 (18.10)  

 For the example illustrated in Figure 18.14: 

  Cl � 40.0 l × 0.1155/h � 4.62 l/h 

 Total body clearance may also be calculated from Equation (18.11). 

  
Cl

dose

AUC (0 )
�

�∞   
(18.11)

 18.7.2.1.5 Analogy of Prolonged Inhalation Exposure to Intravenous Infusion 
 The pharmacokinetics of constant infusion provides a useful example for the discussion of continuous 
inhalation exposure. Constant intravenous infusion is an example of “zero-order” rate of administra-
tion, i.e., a constant absolute amount of an agent is administered per unit of time. This may be com-
pared with continuous inhalation exposure in the situation where a constant fraction of the inhaled 
agent is absorbed per unit of time. The absorption may be from a combination of both respiratory and 
enteral routes. 

 The data obtained from the plasma concentration–time course after a bolus intravenous injection 
of an agent may provide useful information for anticipating the pharmacokinetic behavior of the agent 
with constant intravenous infusion or inhalation exposure. If an agent shows a fi rst-order elimination 
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FIGURE 18.15 Rectilinear plot of the same data as Figure 18.14 with extension of the curve 
to 25 h. Example of the type of plot that is used for determination of the area under the plasma 
concentration–time curve (AUC).
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rate, as illustrated in Figure 18.14, it can be predicted that the plasma concentration (or other measure 
of body burden) will eventually plateau. This information would be of particular value, for example, 
in considering the consequence of occupational inhalation exposure. The knowledge that a steady-
state plasma plateau will result, regardless of the length of exposure, is of obvious importance. 

 The time of exposure required to attain the plasma steady-state concentration ( C  SS ), or any frac-
tion of  C  SS , can be determined from the relationship plotted in Figure 18.16 .  The only value needed 
for these determinations,  k 

 el 
, is obtained from the plasma concentration–time course data (as illus-

trated in Figure 18.14). According to the relationship presented in Figure 18.16, 50% of the plateau is 
reached in one half-time, 90% in approximately 3.3 half-times, 97% in approximately 5 half-times, 
and 99% in approximately 7 half-times. Using these values, the plasma concentration–time course 
for zero-order rate of administration and fi rst-order rate of elimination (generalized for fraction of 
plasma  C  SS  and for periods of exposure as multiples of  t 

 1/2 
) is shown in Figure 18.17a and 18.17b.  

   These curves illustrate several important points. Figure 18.17a shows that the curve for the 
disappearance of the agent after the termination of infusion (or inhalation exposure, as the case 
may be) is the reverse of the curve for accumulation. The area under the curve from the termination 
of exposure until � is the same as the observed area from the start of exposure until attainment of a 
virtual plateau. This proves to be a convenient situation for estimating the AUC for a given period 
of exposure. The AUC is simply a rectangle with the dimensions of the plasma concentration at the 
plateau and the total time of exposure. This fact will be applied to determine the “dose” from inhala-
tion exposure. Figure 18.17b illustrates the same relationship as Figure 18.17a, but with a fraction 
of plasma  C  SS  on a log scale. A feature of this plot is that the disappearance curve following the 
termination of exposure is a straight line for a one-compartment open model and allows convenient 
estimation of  k 

 el 
. 

f = 1 – e–kt
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FIGURE 18.16 Generalized relationship for the changes in plasma concentration of an agent 
in relation to the period of administration. The relationship applies to any system in which there 
is zero-order rate of administration of the agent and fi rst-order rate of elimination; it describes the 
accumulation of agent as the substance is continuously administered and also can be used to deter-
mine the time course of the shift from one steady state to another, if the rate of administration of the 
agent is changed. The curve is obtained from the equation f � 1 – e�kt, where f � fractional attainment 
of steady state or change from one steady state to another; k is the elimination rate constant (desig-
nated k

el
 in the text); and t is time, with the same units as k. Real time may be obtained by dividing a 

particular value of kt from the graph by k. (From Goldstein et al., 1974, used with permission.)
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 18.7.2.1.6 Determination of “Dose” from an Inhalation Exposure 
 The pharmacokinetic principles presented may be applied toward estimations of a value that is 
usually diffi cult to obtain, i.e., the absolute “dose” received from an inhalation exposure. The  Ct  
product, as discussed elsewhere, is an attempt to quantify inhalation exposure. However, because 
this measure only includes the concentration of agent in the inhaled atmosphere,  C , and the time of 
exposure,  t , it provides no quantitative information on the amount of agent absorbed systemically. 

 Several approaches may be used to determine the dose (either total dose or dose per unit of time) 
from inhalation exposure when certain plasma concentration data are also obtained. 

 18.7.2.1.6.1 Option 1 
 If, for example, plasma concentration–time data are available from an intravenous bolus injec-

tion that allows determination of the  V 
 d 
 and  k 

 el 
 for the agent, and a plasma concentration is deter-

mined at a time when a steady-state plateau would be expected (it is adequate to use fi ve to seven 
elimination half-times for this measurement), then: 

  Dose per unit of time =  V 
 d 
 k 

 el 
 C  SS   (18.12)  
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FIGURE 18.17 Theoretical curves for the change in plasma concentration (expressed as a percent of 
the steady-state plateau concentration) as a function of time of administration of agent (expressed as 
multiples of the elimination half-time, t

1/2
) for a one-compartment open system. (a) Rectilinear plot. 

(b) Semilogarithmic plot of the relationship. The relationship applies to any system represented by 
zero-order administration (continuous i.v., inhalation, continuous transdermal, etc.) and fi rst-order 
elimination.
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 An example may be given with the data from Figure 18.14 in which the  V 
 d 
 = 40.0 l and the  k 

 el 
 = 0.1155/h. 

If plasma concentration after prolonged inhalation exposure is found to plateau at 10 µg/l, then: 

  Dose = 40.0 l × 0.1155/h × 10 µg/l = 46.2 µg/h 

 Note that this discussion is based on the premise that the  k 
 el 
 is not infl uenced by dose over the range 

that would be encountered from inhalation exposure. This can be verifi ed by giving a succession 
of intravenous bolus injections that span the expected or observed range of plasma concentra-
tions. Of course, the same species should be used for both the intravenous bolus experiments and 
the inhalation exposures. Factors such as age, sex, etc., should be standardized. Animals may be 
prepared with indwelling venous catheters for the administration of agent and sampling of plasma 
(Upton, 1975). In some cases it may be possible to include a small group of animals that receive 
both  intravenous injection and inhalation exposure. 

 18.7.2.1.6.2 Option 2 
 Because plasma  C  SS  is directly proportional to the dose of the agent (by rearranging Equation 

18.12) the dose in an inhalation exposure may be determined by comparison with the  C  SS  that results 
from continuous intravenous infusion. If it is certain that the periods of intravenous infusion and 
inhalation exposure are adequate for plasma concentrations to plateau, the two periods do not have 
to be identical. Dose is then calculated from the relationship in Equation (18.13). 

  

Dose (by inhalation)

Dose (i.v. infusion)

C  (from inhalatss

�
iion)

C  (i.v. infusion)ss
 

(18.13)
 

 The dose by inhalation is expressed in the same units as the intravenous infusion dose. 

 18.7.2.1.6.3 Option 3 
 With agents that have relatively long half-times of elimination, it may not be practical to carry out 
inhalation exposure or intravenous infusion for the time required to reach plasma  C  SS . In such cases 
it may be possible to compare the AUC resulting from a period of inhalation exposure with the AUC 
for an identical period of intravenous infusion. Then: 

  

Dose (by inhalation)

Dose (i.v. infusion)

AUC (0 ) (from i
�

�� nnhalation)

AUC (0 ) (i.v. infusion)��  
(18.14) 

 Alternately, for some applications, it might be adequate to simply compare the plasma concentrations 
obtained from inhalation exposure and intravenous infusion for identical periods; Equation (18.13) is 
then used, substituting plasma concentrations for plasma  C  SS  values. 

 18.7.2.2 Two-Compartment Open Model 

 The basic pharmacokinetic principles discussed for a one-compartment system must be modifi ed when 
the diffusion of an agent into or out of certain peripheral compartments is not instantaneous. A two-
compartment system is illustrated diagrammatically in Figure 18.18 .  The discussion of this model 
will be limited to the points necessary for applications to inhalation exposure; the reader is directed to 
some of the references noted previously for more comprehensive treatments of two-compartment and 
multicompartment models. 

   The equation for determining the plasma concentration at a time after administration of a bolus 
of drug in a two-compartment model is presented in Equation (18.15): 

  Plasma concentration at time “ ”t A e B et t� ��
 ��

 (18.15) 

 where A and B represent the extrapolated intercepts on the ordinate of the two exponential terms 
in the equation; 
 is a fi rst-order distribution rate constant, and � is the fi rst-order elimination rate 
constant (these constants are presented diagrammatically in Figure 18.19). 
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FIGURE 18.18 Diagram of two-compartment open model.
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   18.7.2.2.1 Apparent Volume of Distribution (Bolus Intravenous Injection) 
 Figure 18.19 presents a plasma concentration–time course following a bolus intravenous injection 
that would be typical for a two-compartment system. This fi gure demonstrates the biexponential 
disappearance of the agent from plasma, which is characteristic of a two-compartment model. 

 The analysis of the biexponential plot in Figure 18.19 allows the illustration of several pharma-
cokinetic principles. (This analysis is not essential for the discussion of certain practical applications 
to inhalation exposure which will be continued below.) The rate constants for a two-compartment 
system (Figure 18.18),  k 

 12 
,  k 

 21 
, and  k 

 10 
 can be determined by graphical (or linear regression) analysis 

of data as presented in Figure 18.19 (Renwick, 1982, has provided well-illustrated examples of such 
analyses). The terminal disappearance phase, designated � in Figure 18.19, represents the overall rate 
at which the agent is eliminated from the body. It is not the same as the potential rate of elimination 
from the central compartment; i.e., it is not equivalent to  k 

 10 
. The � constant is a composite rate, the 

result of the interaction of  k 
 12 

,  k 
 21 

, and  k 
 10 

. 
 Back-extrapolation of the terminal phase to time 0 yields the intercept  B ; if the value of  B  is sub-

tracted from each of the data points, a curve is constructed that has the rate constant designated 
 in 
Figure 18.19 (method of residuals) (see, e.g., Harvey, 1975). Although 
 is largely an expression of 
the distributive phase following an intravenous bolus injection, it is also a composite rate constant, 
as noted above for �. Back-extrapolation of this early phase yields the intercept  A . The rate constants 
 k 

 12 
,  k 

 21 
, and  k 

 10  
can now be calculated using the values determined from the actual data, as follows 

(see Wagner, 1975, for derivation of these formulas): 

  
k

B A

A B21 �
��

�




 
(18.16)

 

   
k

k10
21

�
�


  
(18.17)

   k k k12 21 10� ��� �
   (18.18)

 The apparent volume of distribution of an agent in a two-compartment open model is obtained using 
the formula: 

  
Vd

Dose

AUC (0 )
�

��∞ ⋅  
(18.19)

 

 18.7.2.2.2 Elimination Rate Constant 
 The overall elimination rate constant (not  k 

 10 
) is � and is calculated from the  t 

 1/2 
 of the terminal phase 

of the plasma concentration time course: 

  
k

tel (or )
0.693

 for terminal phase
� �

1 2/  
(18.20) 

 18.7.2.2.3 Clearance 
 Total body clearance in the two-compartment model is determined from: 

  
Cl

Dose

AUC (0 )
�

�∞  
(18.21) 
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 18.7.2.2.4 Determination of “Dose” from Inhalation Exposure in the 
Two-Compartment Open Model 

 The analogy between prolonged inhalation exposure and constant intravenous infusion which was 
developed above for the one-compartment model applies also for the two-compartment system 
(Section 18.7.2.1.5). The plasma concentration time course for zero-order administration and fi rst-order 
elimination in the two-compartment open model is shown in Figure 18.20. The options listed above for 
estimating the inhalation dose in the one-compartment model may be utilized for the same purpose in 
the two-compartment model. Equations (18.12), (18.13), and (18.14) and the accompanying discussions 
apply; the value for clearance (Cl) is more properly substituted for  V 

 d 
 K 

 el 
 in Equation (18.12). 

   18.7.2.3 Three-Compartment Open Model 

 It is well recognized that the distribution and elimination kinetics of many chemicals can only be 
adequately described by representation as three pharmacokinetic compartments (Figure 18.21).

  18.7.2.3.1 Determination of Pharmacokinetic Constants for the 
Three-Compartment Model 

 Nonlinear regression analysis of plasma concentrations after elimination of many drugs has dem-
onstrated that three exponential terms are necessary to satisfactorily predict plasma concentrations 
after drug administration. The general formula for this relationship is as follows: 

  Plasma concentration at time “ ”t A e B e C et t t� � ��
 �� ��

 (18.22) 

w here,  A ,  B , and  C  represent the extrapolated intercepts on the ordinate of the three exponential terms 
in the equation; 
 and � are fi rst-order distribution rate constants, and � is the fi rst-order elimina-
tion rate constant. This relationship is illustrated in Figure 18.22 .  Derivation of the pharmacokinetic 
constants (volumes of the compartments and intercompartmental diffusion constants, as illustrated in 
Figure 18.21) from plasma–time concentration data requires specialized software that is supported 
by a Fortran compiler. One version of this software is NONMEM 1 , but other programs are available. 
Discussion of the derivation of the constants is beyond the scope of this presentation. An extremely 
useful program is available (STANPUMP 2 ) that allows one to simulate predicted plasma concentra-
tions following administration of a number of anesthetic drugs. The program can simulate drugs that 
demonstrate either two or three pharmacokinetic compartments. The software includes pharmacoki-
netic parameters for approximately 20 important anesthetic drugs, but it also allows the option to load 
an external set of pharmacokinetic constants for other chemicals or drugs. 

   The volumes of the pharmacokinetic compartments and the intercompartmental and elimination 
rate constants can differ greatly among drugs. As examples, compartment volumes for four opioid 
analgesic drugs are presented in Figure 18.23 .  Although presented schematically, the relative areas 
in the drawing are proportional to the compartmental volumes of the actual drugs. 

   An important advance in appreciation of the implication of multicompartmental pharmacokinet-
ics on expected plasma concentrations resulted from the work of Hughes et al. (1992). This work 
introduced the concept of the “context-sensitive half-time.” The context-sensitive half-time is not 
the half-time of elimination of a drug from the body (the  t 

 1/2 
) but is simply the time required for the 

plasma concentration to decrease by 50% following discontinuation of an infusion; the premise is that 
the drug is infused into the central compartment ( V 

 1 
). The “context” referred to in this principle is the 

duration of the infusion, i.e., the total body burden of the drug at the time when the infusion is discon-
tinued. With all drugs that demonstrate multicompartmental pharmacokinetics, the rate of decline of 
the plasma concentration is prolonged progressively as the period of infusion is increased. However, 

1 GloboMax, a Division of ICON plc, 7250 Parkway Drive, Suite 430, Hanover, MD 21076.
2 Address requests for information to Steven L. Shafer, M.D., Palo Alto Veterans Affairs Medical Center, Department 

of Anesthesia, Stanford University, Stanford California. E-mail: steven.shafer@stanford.edu.
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the extent of the prolongation (the context-sensitive half-time) varies considerably among drugs. One 
of the advantages of a drug that has a small infl uence of context (duration of infusion) is that recovery 
from side effects of a drug would be rapid (for example, the respiratory depressant effect of an opioid 
analgesic drug at the end of surgery) when its therapeutic effect is no longer needed. 

 The context-sensitive half-times for a number of drugs are illustrated schematically in Figure 18.24. 
It can be seen that fentanyl shows a large infl uence of the duration of infusion on the time for plasma 
concentration to decrease by 50% (from plasma concentration  C 

 p100  
to  C 

 p50 
). In comparison, sufentanil 

shows a much smaller infl uence of infusion duration on the rate of decrease in plasma concentration 
upon termination of the infusion. The reason for the differences in the behavior of these two drugs has 
to do with the net effects of their relative rates of clearance from the central compartment ( V 

 1 
 �  k 

 10 
), 

and the rate of replenishment of the central compartment from the peripheral compartments ( V 
 2 
 �  k 

 21 

 
and  V 

 3 
 �  k 

 31 
). Thus, the plasma concentration falls relatively rapidly with sufentanil because clearance 

of sulfentanil from the central compartment is somewhat faster, but, more importantly, the peripheral 
compartments give up sufentanil much more slowly back to the central compartment than with fentanyl. 

PERIPHERAL
COMPARTMENT(2)

CENTRAL
COMPARTMENT

PERIPHERAL
COMPARTMENT(3)

ABSORPTION

k12 k21

k13

k31

k10

FIGURE 18.21 Diagram of three-compartment open model.
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Minutes since bolus injection
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tio
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C(t)=Ae-αt

C(t)=Be-βt

C(t)=Ce-γt

C(t)=Ae-αt + Be-βt + Ce-γt

FIGURE 18.22 Representation of distribution and elimi-
nation constants for a three-compartment pharmacokinetic 
model. (From Schwinn and Shafer, 2000. Reproduced by 
permission of Churchill Livingstone.)
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It can be seen that the context-sensitive half-time is a manifestation of intercompartmental redistribution 
of drug when the input of drug into the central compartment is stopped. In fentanyl and sufentanil, this 
is important from a pharmacodynamic (or toxicodynamic) standpoint, because the central compartment 
is in communication with the cerebrospinal fl uid, which is the target site for the action of these drugs. 

   The comparison between fentanyl and sufentanil demonstrates a paradox, which helps to empha-
size the implications of the context-sensitive half-time. Although plasma concentrations of sufen-
tanil fall more rapidly than of fentanyl when drug infusion into the central compartment is halted, 
the rate of drug  elimination  from the body is greater for fentanyl. This is because only the central 
compartment is sampled with the analysis of plasma; peripheral, and thereby total body, amounts of 
sufentanil decrease more slowly than for fentanyl. 

 The primary concept that, for multicompartmental models, the decrease in drug concentra-
tion in the central compartment usually occurs at a faster rate than the ultimate fi rst-order rate of 
elimination of drug from the body (the true  t 

 1/2  
of elimination) was introduced in the discussion of 

two-compartment models. Note that Figure 18.20 shows that the initial rate of decrease in plasma 
concentration after the termination of inhalation exposure was more rapid than the fi nal rate of drug 
elimination from the body. 

COMPARATIVE VOLUMES OF DISTRIBUTION OF OPIOIDS

Remifentanil Vdss=20.5 l

Alfentanil Vdss=24 l

Fentanyl
Sufentanil

Vdss =358 l
Vdss =541 l

k12

k21

k13

k31

Effect site k10

V2 V1 V3

V3V2 V1

V1

V3

V2

FIGURE 18.23 Schematic comparison of the compartmental volume sizes of four 
opioid analgesic drugs, drawn to approximate scale. Vd

ss
, steady-state volume of 

distribution, i.e., total volume of distribution. Data for Vd
ss 

values are from Shafer 
and Varvel, 1991, and Minto et al., 1997.
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 18.7.2.3.2 Clearance 
 Total body clearance in the three-compartment model may be determined as for the one- and two-
compartment models (Equation 18.23): 

  
Cl

Dose

AUC (0 )
�

�∞  
(18.23)

 

 When pharmacokinetic data are available, total body clearance can also be obtained from the 
product of the volume of the central compartment and the rate constant  k 

 10  
( V 

 1 
 �  k 

 10 
). 

 18.7.2.3.3 Determination of “Dose” from Inhalation Exposure in the 
Three-Compartment Open Model 

 The analogies between prolonged inhalation exposure and constant intravenous infusion that were 
developed above for the one- and two-compartment models apply as well to the three-compartment 
model. 

 The options listed above for estimating the inhalation dose in the simpler models can be applied 
for the same purpose in the three-compartment model. Equations (18.13) and (18.14) apply without 
modifi cation. In Equation (18.12) it is more appropriate to substitute total body clearance (Cl) for 
 V 

 d 
 k 

 el
;
  
the equation would then be as follows: 

  Dose per unit of time � Cl �  C  SS  

CONTEXT SENSITIVE HALF-TIMES

INFUSION DURATION (hours)

TA
R

G
E

T
 P

LA
S

M
A

 C
O

N
C

.

1 3 8

Cp100

Cp50

FentanyI

Alfentanil

Sufentanil

Remifentanil

Propofol

Thiopental

FIGURE 18.24 Schematic representation of the context-sensitive half-times of several drugs, following 
the termination of infusion after 1, 3, and 8 h. See the text for explanation. Data from Hughes et al., 1992, 
and Westmoreland et al., 1993.
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 18.8 SUMMARY 

 Factors involved in the absorption of agents from inhalation exposure, and in their distribution and 
elimination from the body, have been discussed in this chapter. Basic principles of pharmacokinetics 
have been reviewed and related to inhalation exposure. A special emphasis has been placed on the 
application of these principles to the determination of the systemic dose received by inhalation. 
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 19.1 INTRODUCTION 

 Pharmacokinetics involves the study of the rate and extent of absorption, distribution, metabolism 
and excretion of chemicals in biota (Wagner 1975). Inhalation pharmacokinetics relates to the 
characterization of the time-course of concentration in tissues, blood or excreta of inhaled chemi-
cals and their metabolites. The pharmacokinetics or the processes of pulmonary uptake, tissue 
distribution, metabolism, urinary and fecal excretion as well as exhalation together determine 
the amount of inhaled chemicals available for interaction in the tissues. The adverse response 
in biota is more closely related to internal dose (e.g., concentration of the toxic chemical in the 
target tissue) rather than inhalation exposure concentration. In fact, dose-response relationships 
that often appear complex at the exposure dose level become simpler when expressed on the basis 
of internal dose of the chemical (Gehring et al. 1978, Andersen et al. 1987, Clewell et al. 2002). 
Figure 19.1 shows an example of refi nement of the dose-response relationship for a volatile 
organic chemical (VOC) resulting from the use of internal dose. Panel A depicts the relationship 
between the exposure concentration and the observed cancer response for a VOC, which is neither 
clearly linear nor nonlinear. However, once the exposure concentration is related to the internal 
dose (e.g., area under the parent chemical concentration vs time in target tissue), the non-linearity 
due to pharmacokinetics is clearly evident (Panel B). Consequently, the relationship between the 
internal dose measures and adverse responses can be established more confi dently (Panel C). 
One of the major advantages of constructing dose-response relationships on the basis of internal 

 19 
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  FIGURE 19.1  Relationship between the exposure concentration 
and adverse response for a hypothetical volatile organic chemical 
(Panel A). Panels B and C represent the relationship between 
exposure concentration and internal dose (area under the parent 
chemical concentration vs time curve in target tissue) as well as 
between internal dose and response. 
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or delivered doses is that it provides a scientifi cally-sound basis for conducting extrapolations 
and for comparing responses observed in various species, exposure concentrations and scenarios 
(Clewell and Andersen 1994, Medinsky 1995). Physiologically-based pharmacokinetic models are 
increasingly being used to simulate the internal dose of inhaled VOCs on the basis of mechanistic 
determinants of uptake and disposition (Ramsey and Andersen 1984, Andersen 1995, 2003, Filser et al. 
1995, Leung and Paustenbach 1995, Andersen and Dennison 2001, Krishnan and Andersen 2001). 

 The internal dose, a key determinant of adverse tissue responses induced by systemically-acting 
inhaled chemicals, is the net result of pharmacokinetics or the processes of absorption, distribution, 
metabolism and excretion. This chapter provides an overview of the mechanistic determinants infl u-
encing the internal dose and pharmacokinetics of inhaled chemicals, as well as scientifi cally-sound 
models for their integration to provide predictions of the pharmacokinetics of inhaled VOCs. 

 19.2  MECHANISTIC DETERMINANTS OF INHALATION 
PHARMACOKINETICS OF VOCs 

 The kinetics of uptake, distribution, metabolism and excretion are determined by a number of factors. 
These factors are either related to characteristics of the exposed organism (e.g., breathing rate, car-
diac output, tissue volumes, tissue blood fl ow rates, tissue content of metabolizing enzymes) or of 
the inhaled VOC (e.g., blood: air partition coeffi cient, tissue: blood partition coeffi cients, metabolic 
rate constants). The relative importance of these determinants as they contribute to an increase or a 
decrease in the internal dose of VOCs, may vary according to the chemical and exposure situations. 
The general features of these determinants of inhalation pharmacokinetics as well as common meth-
ods of assessing them for VOCs are provided in the following paragraphs. 

 19.2.1 Physiological Determinants 

 Physiological determinants of the inhalation pharmacokinetics of VOCs include: alveolar ventilation 
rate, cardiac output, tissue blood fl ow rates, and tissue volumes (Fiserova-Bergerova 1983). The 
ventilation rate not only determines the rate of uptake of VOCs but also the exhalation rate. The rate 
of exhalation or pulmonary clearance is determined by the breathing rate as well as the blood:air 
partition coeffi cients of VOCs. The ventilation rate in mammals, in general, scales to body surface 
or a fractional power of body weight (BW 0.7 ) (Fiserova-Bergerova 1995). The cardiac output or 
the systemic circulation rate determines the speed at which absorbed chemicals are transported to 
tissues. The blood circulation and therefore the delivery of chemicals to tissues is faster in smaller 
animals (e.g., mice) than in larger animals (e.g., humans). 

 Tissue volumes along with their composition determine the extent to which chemicals are 
diluted within the organism (i.e., volume of distribution). The larger the tissue volumes, the larger 
the volumes for distribution of chemicals. In addition, the greater the content of lipids in tissues, 
the larger the volume of distribution, resulting in lower blood concentrations. The tissue blood fl ow 
rates, on the other hand, infl uence the rate at which a chemical in systemic circulation is delivered 
to a tissue. In any given species, organs such as liver and kidney have the greatest blood perfusion 
rate compared to the muscle tissue (Table 19.1). Tissues with greater perfusion rates may attain the 
maximal level of accumulation for a given exposure situation (i.e., steady-state condition) quickly, 
depending upon their volumes and solubility characteristics.   

 Some of the physiological parameters that determine the inhalation pharmacokinetics of VOCs 
can be measured directly in the animal species of interest, whereas others may have to be inferred 
on the basis of body weight. For example, breathing rates can be measured with the use of a spi-
rometer, plethysmograph, pneumotachograph, hotwire anemometer, or nonbreathing valves (ICRP 
1975, Mauderly 1990). Cardiac output has been determined from dye dilution curves using oxim-
eters (Delp et al. 1991). Compilations of physiological determinants and their relationship to body 
weight are available for a number of species including humans (e.g., Caster et al. 1956, Arms and 
Travis 1988, Davies and Morris 1993, Brown et al. 1997). 
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 19.2.2 Physicochemical Determinants 

 The physicochemical determinants such as the blood:air partition coeffi cients and tissue:blood partition 
coeffi cients infl uence the rate of respiratory uptake and distribution of VOCs. Partition coeffi cients, in 
general terms, refer to the relative distributions of chemicals between two phases at equilibrium. 

 The blood:air partition coeffi cient is a critical determinant of the pulmonary uptake of VOCs. The 
absorption of VOCs with a relatively high blood:air partition coeffi cient is limited by alveolar ventila-
tion rate, whereas that of VOCs with low blood:air partition coeffi cients is limited by cardiac output 
(reviewed in Fiserova-Bergerova 1983). The blood:air partition coeffi cient, as described by Henry’s law, 
is the ratio of solubility of a VOC in blood and air. The blood:air partition coeffi cients of VOCs have 
most commonly been determined  in vitro  by vial equilibration technique (Sato and Nakajima 1979b, 
Fiserova-Bergova and Diaz 1986, Johanson and Dynesius 1988, Gargas et al. 1989). Table 19.2 presents 
the blood:air partition coeffi cients as well as n-octanol:air partition coeffi cients for a number of VOCs. 
The variability of blood:air partition coeffi cients among VOCs is not explained solely by the differences 
in octanol or lipid solubility. Rather, the solubility in water should be accounted for, and in some cases 
binding to blood proteins needs to be accounted for additionally (Poulin and Krishnan 1996b). 

 Poulin and Krishnan (1996b) developed the following equation for predicting blood:air partition 
coeffi cients (P

 b 
) of VOCs that do not bind signifi cantly to blood proteins: 

  Pb o:w w:a nl w:a w� �P P F P F[ ] [ ]   (1)  

 where P
 o:w 

 � n-octanol:water or oil:water partition coeffi cient, P
 w:a 

 � water:air partition coeffi cient, 
F

 nl 
 � neutral lipid-equivalent components in blood, calculated as the sum of neutral lipid content 

plus 30% of the phospholipid content (expressed as volume fraction), and F
 w  

� water-equivalent 
components in blood, calculated as the sum of water content plus 70% of phospholipid content 
(expressed as volume fraction). 

 In the above equation, the fi rst term represents the partitioning of VOCs between the blood lipids 
and air whereas the second term represents the partitioning between blood aqueous component and air. 
P

 b 
 of VOCs, according to the above approach, can be calculated with the knowledge of blood com-

position data, P
 o:w 

 and P
 w:a 

. The data on lipid and water content of rat and human blood are available 
in the literature and so are the numerical values of P

 o:w 
 and P

 w:a 
 at 37°C for several VOCs (Poulin and 

Table 19.1 Reference Physiological Parameters for Mice, Rats, and Humans

Physiological parameters Mouse Rat Human
Cardiac output (L/hr) 1.02 4.98 372

Alveolar ventilation (L/hr) 1.5 7.02 300

Tissue perfusions (L/hr)

 Liver 0.258 1.248 97

 Fat 0.09 0.45 18.6

 Organs 0.522 2.538 164

 Muscle 0.156 0.75 93

Tissue volumes (L)

 Liver 0.0014 0.01 2

 Fat 0.0025 0.0175 13

 Organs 0.0013 0.0125 4

 Muscle 0.0175 0.1875 43

Based on Arms and Travis (1988) using typical body weights of 0.025, 0.25, and 70 kg for mouse, rat, and 
human, respectively.

4049_C019_r03.indd   4424049_C019_r03.indd   442 11/15/2005   3:33:05 PM11/15/2005   3:33:05 PM



Inhalation Pharmacokinetics of Volatile Organic Chemicals 443

Krishnan 1995, 1996a,b). For lipophilic low molecular weight VOCs, binding to blood proteins should 
be accounted for, particularly for predicting P

 b 
 in rodents (Poulin and Krishnan 1996b). 

 Tissue:blood partition coeffi cients represent another set of physicochemical characteristics that 
infl uence the pharmacokinetics of inhaled VOCs. These determinants represent the equilibrium ratio of 
concentration of a VOC between the tissues and blood. The tissue:blood partition coeffi cients of adipose 
tissue and muscle are more important than those for smaller tissues, as critical determinants of the blood 
concentration of lipophilic VOCs. The larger the tissue:blood partition coeffi cients, the greater their 
affi nity for tissues. This, of course, is further infl uenced by tissue volumes. For example, the volume of 
adipose tissue represents about 7% and 19%, respectively, in adult rats and humans (Table 19–1). 

 The tissue:blood partition coeffi cients for VOCs have been determined by dividing the tissue:air 
partition coeffi cients by the blood:air partition coeffi cient, determined by vial equilibration method 
(Sato and Nakajima 1979b, Fiserova-Bergova and Diaz 1986, Gargas et al. 1989, Krishnan and 
Andersen 2001). Tissue:blood, tissue:air and blood:air partition coeffi cients can also be determined 
using empirical or semi-empirical methods based on molecular structure information or physico-
chemical characteristics (Poulin and Krishnan 1998, 1999, Basak et al. 2002, Payne and Kenny 
2002, Beliveau et al. 2003, 2005). 

 19.2.3 Biochemical Determinants 

 Biochemical processes such as biotransformation, macromolecular binding, and renal clearance are 
key determinants of the inhalation pharmacokinetics of VOCs. Metabolism and renal clearance 
contribute to decrease in the concentration of a VOC in systemic circulation whereas tissue binding 
may contribute to increased retention in the body. These biochemical processes will likely be the 
rate-limiting step of the kinetics of poorly cleared VOCs. Using time-course data obtained under 
 in vivo  or  in vitro  conditions, the rates of biochemical processes can be estimated (Dedrick et al. 
1972, 1973, Sato and Nakajima 1979a, Reitz et al. 1996, DeJongh and Blaauber 1997, Lipscomb 
et al. 1998). A strategy that has often been used, involves analysis of data obtained under  in vivo  
conditions where pharmacokinetic behavior of a VOC is related to one or two dominant factors and 
thereby derive estimates of these parameters. 

 Closed chamber or gas uptake method has commonly been used for estimation of rates of metabo-
lism of VOCs. This method uses a desiccator-type chamber with recirculating atmosphere for expos-
ing groups of animals to VOCs (Andersen et al. 1980; Filser and Bolt 1981, Dennison et al. 2005). 

Table 19.2 Blood: Air and n-Octanol:Air Partition Coeffi cients of Some VOCs 

Partition Coeffi cient

Chemical Blood: Air Octanol: Air
Vinyl chloride 1.16�0.08 24.4�3.7

Vinyl bromide 2.27�0.16 56�1.5

Methyl chloride 2.48 �0.23 8.57�0.22

Carbon tetrachloride 2.73�0.23 374�11

Chloroform 6.85�0.51 402�12

Trichloroethylene 8.11 �0.17 553�46

Benzene 8.19�0.10 465�5

Tetrachloroethylene 10.3�1.10 2134�159

Toluene 15.6�1.70 1471�69

m-Xylene 32.5�1.60 3245�116

Styrene 51.9�2.00 5465�219

Source: Gargas et al. (1989) and Sato and Nakjima (1979a, 1979b).
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Periodic monitoring of the chamber concentration of VOCs during experimental conditions is 
performed both in the absence and in the presence of animals, for various starting concentrations. 
The net difference between these two sets of data is attributed to uptake and metabolism by the ani-
mals. Since pulmonary uptake is accounted for by the PBPK models, an optimization of metabolic 
parameters (the only unknown) is done until adequate fi t of model simulations to experimental data 
on chamber concentrations is obtained (Andersen et al. 1980; Filser and Bolt 1981, Gargas et al. 
1986). This method has been used successfully to obtain metabolic rate constants of VOCs that 
are biotransformed by a single fi rst-order process, a saturable process, or a combination of both 
(Andersen et al. 1987, Gargas et al. 1990, Krishnan et al. 1992). Any chemical or scenario exhibit-
ing a spontaneous loss in excess of ~2% per hour may not be conducive to the use of gas uptake 
data for the determination of metabolic rate constants. It is also important to monitor the oxygen 
concentration, humidity level, chamber pressure as well as breathing rates during gas uptake studies 
(Johanson and Filser 1992, Dallas et al. 1994, Dennison et al. 2005). Since the gas uptake studies 
involve whole-body exposures, adsorption to fur and dermal uptake may occur. To determine the 
contribution of adsorption to fur to VOC uptake during whole-body exposures, the exposed animals 
should be placed in a clean chamber (following the termination of gas uptake exposures), and the 
time course of the appearance of the chemical characterized (Gargas and Andersen 1989). If the role 
of dermal absorption is important, then it should be additionally taken into account in the PBPK 
model (Krishnan and Andersen 2001). 

 The gas uptake method is not suitable for estimation of metabolic rates of organic chemicals 
that (i) have low vapor pressure, (ii) exhibit high chamber loss rates, or (iii) possess high blood:
air partition coeffi cient (�60). In such cases, the metabolic rate constants have been assessed 
using an alternative method, namely, the exhaled breath chamber method (Gargas and Andersen 
1989). In this approach, the animals are administered the chemical, and then the time course 
of chemical in exhaled air is monitored. The data are then analyzed with a PBPK model that 
contains all parameters except the metabolic constants. By statistical optimization of model 
fi t to experimental data, the metabolism rate constants are determined (Gargas and Andersen 
1989, Gargas 1990). The pharmacokinetic data collected following conventional, constant whole 
body exposures may also be analyzed with a PBPK model to estimate the metabolic constants 
(e.g., Tardif et al. 1993). 

 19.3 MODELING OF INHALATION PHARMACOKINETICS OF VOCs 

 The physiological, physicochemical and biochemical determinants, discussed in the previous section, 
together infl uence the absorption, distribution, metabolism and elimination of VOCs. The internal 
dose of VOCs (parent chemical or metabolite concentration in target tissues) is determined essen-
tially by the interplay among these factors. Mathematical models that integrate information on these 
mechanistic determinants are particularly useful not only in facilitating a better understanding of the 
inhalation pharmacokinetics of VOCs but also in conducting extrapolations essential for risk assess-
ment purposes (interspecies, high to low exposure concentration and exposure scenario extrapola-
tions). In this regard, physiologically-based pharmacokinetic (PBPK) models are important. 

 For simulating the inhalation pharmacokinetics of VOCs, PBPK models describe the organism as 
a set of compartments, each of which is characterized physically, physiologically, and biochemically 
(Figure 19.2, Ramsey and Andersen 1984). Each of the compartments represents an individual tissue 
or a group of tissues with similar characteristics. For example, fat depots such as perirenal, epididymal, 
and omental fat are frequently grouped and represented as a single “fat” compartment (Figure 19.2). If 
necessary, a “fat” compartment may be subdivided into two or more groups according to the perfusion 
rates (e.g., inner and subcutaneous adipose tissues). Another example of lumped compartment is the 
“richly perfused tissues” which consists of adrenal glands, kidney, thyroid, brain, lung, heart, testis, and 
hepatoportal system. Tissues with poor blood perfusion characteristics (muscle, skin)—that have fairly 
similar concentrations vs time profi les—are grouped as “poorly perfused tissues”. Since the skeletal and 
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structural components of the body have only negligible perfusion and do not contribute signifi cantly 
to the pharmacokinetic behavior of VOCs, they have not been routinely included in the PBPK models 
(Krishnan and Andersen 2001).   

 In the PBPK model illustrated in Figure 19.2, the input results from the inspiration of VOC in the 
inhaled air at a fl ow rate equal to the alveolar ventilation rate. The VOC in alveolar air is assumed to 
be in equilibrium with arterial blood which fl ows at a rate equal to the cardiac output, and distributes 
the chemical to liver, fat, richly perfused tissue, and poorly perfused tissue compartments as a function 
of tissue-specifi c perfusion rates. The tissue uptake of VOCs appears to be frequently limited by tissue 
perfusion and therefore has been described according to Fick’s law (Table 19.3). Chemicals in venous 
effl uents of the various tissue compartments contribute to the mixed venous concentration that returns 
to the lung compartment at a fl ow rate equal to cardiac output (Ramsey and Andersen 1984). Examples 
of equations constituting PBPK models of VOCs are listed in Table 19.3.   

 With knowledge of the various input parameters (exposure concentration and duration, physi-
ological parameters, partition coeffi cients, and metabolic constants), the equations of PBPK 
models can be solved to provide predictions of the kinetic behavior of chemicals in the test spe-
cies. Simulation requires solving the set of mass balance differential equations simultaneously by 
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  FIGURE 19.2  Conceptual representation of a physiologically-based pharmacoki-
netic model for inhaled VOC. Based on Ramsey and Andersen (1984). 
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numerical methods. Several commercially-available simulation or programming software packages 
can be used for conducting PBPK model simulations (Menzel et al. 1987, Johanson and Naslund 
1988, Easterling et al. 2000). 

 Table 19.4 presents a list of VOCs for which PBPK models have been developed. Current prac-
tices for PBPK modeling of various VOCs can be found in Reddy et al. (2005). While most of the 
PBPK models for VOCs have been validated in rodents, some models have also been extrapolated 
to humans and validated with limited human pharmacokinetic data. An example of such an effort 
is illustrated in Figure 19.3. This fi gure represents PBPK model simulations of the inhalation phar-
macokinetics of toluene and  m -xylene in human volunteers exposed to 17 ppm and 33 ppm for 7 hr 
(Tardif et al. 1995). 

 One of the advantages of PBPK models relates to their use in the conduct of extrapolations on 
the basis of equivalent internal dose metrics. For example, duration-specifi c inhalation concentra-
tions of a VOC that would give same internal dose metrics can be simulated using PBPK models. 

Table 19.3 Examples of Equations Used in Inhalation PBPK Models for VOCsa

Compartment Equations
Arterial blood

Ca
Qc Cv Qp Cinh
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Poorly perfused tissues dC

dt
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� � �
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Venous blood
Cv

Ql Cv Qf Cv Qr Cv Qs Cv

Qc
l f r s

�
� � � � � � �

Alveolar air
Calv

Ca

Pb
�

a C: Concentration (mg/liter or mmol/liter) , Q: Flow rate (liters.hr�1), V: Volume (liters), P: Tissue:blood 
partition coeffi cient, Pb: Blood:air partition coeffi cient, A Amount (mg), V

max
: Maximal velocity of enzy-

matic reaction (mg.hr�1), Km: Michealis Menten affi nity constant (mg/L); Subscripts: a � arterial blood, 
alv � end-alveolar air, f � fat, inh � inhaled air, l � liver, r � richly perfused tissues, s � slowly perfused 
tissues, v � mixed venous blood, vf � venous blood leaving fat, vl � venous blood leaving liver, vr � venous 
blood leaving richly perfused tissue, vs � venous blood leaving poorly perfused tissue.
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Figure 19.4 depicts an example of 7-hr to 24-hr extrapolation for toluene in humans based on 
equivalent 24-hr area under the curve (AUC � 0.88 mg/L � hr). These simulations suggest humans 
exposed to 17 ppm for 7 hr would receive the same internal dose as the humans exposed to 5.38 
ppm for 24 hr. These kinds of simulations would not only contribute to refi ne/reduce animal use in 
experiments but also help in the design of experiments.   

 In the PBPK model for toluene described above, pulmonary uptake is represented by assum-
ing that the entire chemical disappearing from the inspired air appears in the arterial blood and 
that the chemical in alveolar air and arterial blood are in instantaneous equilibrium. Airways such 
as nasal passages, larynx, trachea, bronchi, and bronchioles are considered as inert tubes that 
carry the chemical to the pulmonary region, where diffusion occurs. There is evidence that the 

Table 19.4 Volatile Organic Chemicals for which 
PBPK Models Have Been Developed in One or More 
Species 

Chemicals Speciesa

Acetone H
Acrylonitrile R, H
Benzene R, M, H
Bromochloromethane R
Bromodichloromethane R
Bromotrifl uoromethane R
Butadiene (1,3) R, M, H
Butanol (2-) R
Carbon tetrachloride R
Chlorobenzene H
Chloroethane R
Chloroform R, M, H
Chloromethane R
Cyclohexane H
Dibromomethane R
Dichloroethane (1,1-, 1,2-) R, M
Dichloroethylene (cis, trans) R
Dioxane (1,4-) R, M, H
Isopropene R, M, H
Methanol R, M, H, Mk
Methyl chloroform R, M, H
Methyl t-butyl ether R
Methylene chloride R, M, H
Methyl ethyl ketone H
m-Xylene R, H
n-Hexane R, H
Tetrachloroethane R
Tetrachloroethylene R, M, H, D
Tetrahydrofuran H
Toluene R, H
Trichloroethylene R, M, H
Trifl uoroethane R
Trimethyl benzene H
Vinyl acetate R
Vinyl chloride R
Vinyl fl uoride R

a R � rat, M � mouse, H � human, Mk � monkey, D � dog
Source: Krishnan and Andersen (2001).
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simple continuous ventilation equilibration models do not adequately predict either total respiratory 
uptake or regional uptake of highly soluble polar solvents and these solvents appear to have com-
plex relationships between uptake and the blood-air partition coeffi cient (Johnason 1991). The 
lower pulmonary uptake of polar solvents is, in part, due to their adsorption and/or dissolution in 
the surface of the respiratory epithelium during inhalation and their desorption during exhalation. 
This adsorption-desorption mechanism is a consequence of both the aqueous solubility of the 
chemicals and the cyclic nature of respiratory exchange. 

 PBPK models for polar solvents, in addition to accounting for the anatophysiological charac-
teristics of the respiratory tract, blood fl ow rates, and partition coeffi cients of the chemical do take 
into account the adsorption of vapors during inhalation and desorption during exhalation. The PBPK 
model for polar solvents developed by Johanson (1991) consists of nine compartments each one 
representing an anatomical level of the respiratory tree, with the last compartment corresponding to 
the gas exchange region of the respiratory tract (respiratory bronchioles, alveolar ducts, and alveoli). 
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  FIGURE 19.3  Comparison of PBPK model simulations (solid lines) 
with experimental data on the venous blood concentrations in humans 
exposed to 17 ppm of toluene (TOL) or 33 ppm of m-xylene (XYL). 
Based on Tardif et al. (1995). 
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Each of the fi rst eight compartments is linked with a peripheral compartment facilitating the descrip-
tion of radial diffusion of solvent from the outermost layer and deeper portions of the airway wall. 
The peripheral compartment of the ninth region corresponds to the rest of body, represented as a 
single or a multicompartmental PBPK model (Johanson 1991). 

 The major advantage of PBPK models is their usefulness in predicting tissue dosimetry of 
chemicals for untested exposure scenarios in laboratory animals, and possibly in humans as well. 
The validated PBPK models have been used to predict the tissue dose of the potential toxic moiety 
of VOCs for various exposure concentrations, scenarios and species. This is particularly important 
since health risk assessments are frequently based on toxicology studies conducted in laboratory 
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  FIGURE 19.4  PBPK model-derived duration extrapolation (7-hr to 
24-hr) of toluene exposures in human based on equivalent 24-hr area 
under the curve. Panel A displays the simulated blood concentration 
profi le in humans exposed to 17 ppm for 7 hr whereas Panel B depicts 
the human blood concentration profi le associated with 24-hr exposure 
to 5.38 ppm. Based on Tardif et al. (1997). 
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animals exposed to high concentrations of VOCs often by scenarios different from anticipated 
human exposures. 

 19.4  PREDICTION AND EXTRAPOLATION OF INHALATION 
PHARMACOKINETICS OF VOC s  

 PBPK models are uniquely useful in facilitating the conduct of extrapolations of inhalation phar-
macokinetics and tissue dosimetry of VOCs from high to low exposure concentrations, species 
to species and one exposure scenario to another (Clewell and Andersen 1994). These extrapola-
tions are conducted on the basis of internal dose simulations (e.g., area under the parent chemical 
vs time curve, amount metabolized per unit time). The following sections highlight the use of 
PBPK models in high dose to low dose and interspecies extrapolations of the inhalation pharma-
cokinetics of VOCs. 

 19.4.1 High Dose to Low Dose Extrapolation 

 At the high concentrations of VOCs to which animals are exposed during toxicology studies, the 
internal dose and adverse responses may not be directly proportional to the exposure concentration 
and could be a result of potentially complex, nonlinear pharmacokinetic processes occurring in the 
organism at such exposure concentrations (Clewell and Andersen 1984, Andersen et al. 1987). 
A scientifi cally-sound extrapolation of internal dose in such cases can be achieved by using PBPK 
models. These models facilitate the extrapolation of internal dose from high exposure concentra-
tion to low exposure concentrations by accounting for the dose-dependency of relevant processes 
(Clewell and Andersen 1987, D’Souza et al. 1988, Krishnan et al. 1992, Tardif et al. 1995). The 
description of hepatic metabolism in PBPK models has often included a capacity-limited process, 
characterized by a maximal velocity and a Michaelis constant, that facilitates simulation of satura-
tion at high exposure concentrations. As such, for the conduct of high dose to low dose extrapola-
tion, no change in the parameters of PBPK model is required, with the exception of the exposure 
concentration. 

 The use of PBPK models in the conduct of high dose to low dose extrapolation is exemplifi ed in 
Figure 19.5. Here, the area under the blood concentration vs time curve (AUC) and the total amount 
metabolized as a function of exposure concentrations of toluene are presented. These simulation 
results are indicative of the nonlinear behavior of toluene in this range of exposure concentrations 
(1 to 10000 ppm). In such instances, the use of models based on the qualitative and quantitative 
information on the mechanism of non-linearity should be sought for conducting extrapolation of 
tissue dose from high exposure concentration to low exposure concentration. 

 19.4.2 Interspecies Extrapolation 

 The tissue dosimetry associated with a given exposure concentration of a VOC may differ between 
species. The interspecies differences in tissue dosimetry may be due to qualitative or quantitative 
differences in absorption, distribution, metabolism or excretion (ADME) processes. Accounting for 
the interspecies differences in the occurrence, the magnitude and rate of ADME processes or their 
parameters allows the prediction of the impact on tissue dosimetry across species. The usefulness 
of PBPK models for this purpose has been demonstrated with a number of VOCs (Andersen et al. 
1991, Reitz et al. 1996, Tardif et al. 1997, Clewell et al. 2002). The procedure initially involves the 
development of an inhalation PBPK in the test animal species, and then scaling of the physiological 
parameters of the model as well as replacement of chemical-specifi c parameters for the species of 
interest (e.g., humans). 

 For conducting rat to human extrapolation of inhalation pharmacokinetics of VOCs, quanti-
tative estimates of chemical-specifi c parameter values (i.e., partition coeffi cients and metabolic 
rate constants) in humans are required. The tissue-air partition coeffi cients of VOCs appear to 
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  FIGURE 19.5  High dose to low dose extrapolation of internal dose 
of toluene using a rat PBPK model. (A) Area under the blood con-
centration vs time curves (AUCs) and (B) total amount metabolized 
associated with 6-hr inhalation exposure to toluene were calculated 
for a period of 24-hr. Simulations were based on PBPK model pub-
lished by Tardif et al. (1997). 
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be fairly constant across species, whereas blood-air partition coeffi cients show some species-
dependency (Gargas et al. 1989, Poulin and Krishnan 1996c). Therefore, the tissue:blood partition 
coeffi cients for humans have been calculated by dividing the rodent tissue:air partition coeffi cients 
by the human blood:air partition coeffi cients (Krishnan and Andersen 2001). The species differ-
ences in tissue:blood and blood:air partition coeffi cients for VOCs may also be predicted using 
species-specifi c data on the content of neutral lipids, phospholipids, protein and water (Poulin and 
Krishnan 1995,1996c). 

 Whereas the adult physiological parameters vary coherently across species, the kinetic con-
stants for metabolizing enzymes do not necessarily follow any type of readily predictable pat-
tern, making the interspecies extrapolation of xenobiotic metabolism rates somewhat diffi cult. 
Therefore the metabolic rate constants for VOCs should preferably be obtained in the species of 
interest.  In vivo  approaches for determining metabolic rate constants are not always feasible or 
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  FIGURE 19.6  Illustration of the use of PBPK models for the conduct 
of rat to human extrapolation of the inhalation pharmacokinetics of 
toluene. The simulation in the rat was obtained for 6 hr exposure to 
100 ppm of toluene and in human for 7 hr exposure to 17 ppm of tolu-
ene. Simulations were obtained using the PBPK model published by 
Tardif et al. (1997). 
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ethical for application in humans. In such cases, metabolism rates in humans may be estimated 
from  in vitro  data or using a parallelogram approach based on in vivo data in rodents and in vitro 
data obtained using rodent and human tissue microsomal fractions (Reitz et al. 1996, DeJongh 
and Blaauber 1997, Lipscomb et al. 1998, 2003). In the case of highly metabolized VOCs, most of 
which are substrates of CYP 2E1, the maximal velocity has been scaled to the 3/4 th  power of body 
weight, keeping the affi nity constant species-invariant. This approach has proved to be an useful 
approximation of metabolism rates across species particularly in the absence of direct measure-
ments of metabolic rates (e.g., Andersen et al. 1987, Tardif et al. 1997). 

 Figure 19.6 illustrates the use of PBPK models in the conduct of rat to human extrapolation of 
the inhalation pharmacokinetics of toluene. In this case, the PBPK model was fi rst developed and 
validated with inhalation pharmacokinetic data in the test species, i.e., rat (Tardif et al. 1995, 1997). 
Subsequently, physiological parameters and blood:air partition coeffi cients for humans were intro-
duced into the model while the metabolic constants were computed on the basis of body weight to 
the power of 0.7. The extrapolated rat PBPK model adequately predicted the inhalation pharmaco-
kinetics of toluene in human volunteers exposed to 17 ppm for 7 hr (Figure 19.6).   

 19.5 CONCLUDING REMARKS 

 The tissue dosimetry and pharmacokinetics of inhaled VOCs are determined by the interplay of 
several physiological, physicochemical and biochemical factors. PBPK models allow the integration 
of these factors specifi c for each chemical and species, thus facilitating the prediction and extrapola-
tion of tissue dosimetry and pharmacokinetics of inhaled VOCs. Using the tissue dose of the toxic 
moiety of an inhaled toxicant in health risk assessment calculations provides a better basis than 
the exposure or atmospheric concentrations of the parent chemical to relate to the observed toxic 
effects. The development of scientifi cally-sound approaches for estimation of the pharmacokinetic 
determinants of VOCs should help  a priori  prediction of their  in vivo  pharmacokinetics in view of 
helping the design of inhalation toxicology studies and better interpretation of toxicity data resulting 
from such studies. 
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  20.1 INTRODUCTION 

 In 1812 John Davy prepared phosgene (COCl
 2
,
 
 MW � 98.92) by mixing equal volumes of carbon 

monoxide and chlorine dried over calcium chloride. During World War I (WWI) phosgene (CAS 
75-44-5) was produced as a result of passing carbon monoxide and chlorine over activated charcoal 
(CO � Cl

 2 
 → COCl

 2 
). Once in solution phosgene produces carbon dioxide and hydrochloric acid 

via the following reaction: 

  COCl
 2  
� H

 2 
O → CO

 2 
 � 2HCl 

 The hydrolysis reaction rate of phosgene is exceptionally rapid with a half-life calculated to be 0.026 
sec at 37ºC. The National Institute for Occupational Safety and Health (NIOSH)– established permis-
sible exposure limit (PEL) and threshold limit values (TLV) are 0.1 ppm and 0.4 mg/m 3 , respectively 
(NIOSH, 1976). The physical characteristics of phosgene can be found in Table 20.1    

 For nearly 80 years, it has been known that phosgene has the capacity to cause severe lung 
injury. Phosgene has been known as an irritant as well as an asphyxiating gas based on the symptoms 

 20 
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observed in soldiers exposed during WWI. It was one of the weaponized respiratory threat agents in 
use during WWI and at times was also mixed with other gases such as chlorine. Battlefi eld exposure 
to gas mixtures was responsible for numerous casualties, approximately one-third of all casualties 
entering the hospital. In one instance, phosgene was directly responsible for more than 1100 casual-
ties when 88 tons of gas was used against British soldiers at Wieltje, Belgium on December 19, 1915 
(Spiers, 1986). Thereafter, it remained the war gas of choice during WWI and was used in shells, 
trench mortar bombs, and projector drums. It has been estimated that phosgene was responsible for 
nearly 85% of all respiratory-related deaths attributable to chemical weapons (Karalliedde et al., 
2000). Based on military service medical records, phosgene gassing during WWI caused servicemen 
to lose 311,000 days due to hospitalization (Jackson, 1933). 

 With the expectation that phosgene would again be used as a chemical warfare gas, the U.S. gov-
ernment sponsored research during World War II on the physiological effects of phosgene poisoning. 
Most of the resulting data were “classifi ed” and therefore did not appear in the literature until the 
late 1940s and early 1950s. These early studies provided the necessary background for future work 
concerning the toxicology of inhaled chemicals. 

 20.2 INDUSTRIAL USES 

 Although phosgene has been a military and potential terrorist threat for many years, it is also an 
occupational and an environmental hazard. Despite its well-publicized toxicity, phosgene gained 
widespread industrial use as a chemical intermediate in the production of pharmaceuticals, dyes, 
pesticides, polycarbonate plastics, and polyurethane for foam rubber products. As of 1998, it was 
estimated that 4.3 million pounds were produced each year in the United States alone (Chemical 

  TABLE 20.1  Physical and Chemical Properties of Phosgene 

Synonyms Carbonyl chloride, chloroform chloride

Chemical formula COCl
2

Formula weight 98.9

Boiling point (1 atm) 7.5�C

Density, liquid, 0�C 1.4187 g/ml

Density, gas, 20�C 4.39 g/l

Specifi c gravity, gas, 20�C 
(air � 1)

3.4

Specifi c gravity, liquid,

19�C/4�C 1.392

Solubility Slightly soluble in water; hydrolyzes to hydrochloric acid and 
CO

2
. Soluble in carbon tetrachloride, chloroform, acetic acid, 

benzene, toluene

Color Colorless

Odor Sweet in low concentrations, sharp, pungent in higher 
concentrations

Flammability Nonfl ammable

(PEL) (NIOSH) 0.1 ppm (0.4 mg/m3)

LD
50

 for humans 500 ppm � min

 Source: Modifi ed from NIOSH (1976). 
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Market Report [CMR], 1999). The Environmental Protection Agency (EPA) has estimated that 
approximately 40 tons of phosgene are released annually into the environment during manufac-
turing processes (EPA-450/4-84-0074) based on data through the 1970s (NIOSH, 1976). These 
data also show that less than 9 tons/year per facility are released during industrial processing. 
Approximately 85% of the U.S.-produced phosgene is used for the manufacture of polymeric 
 isocyanates and toluene diisocyanates by phosgenation reactions with primary amines with 99.9% 
of the phosgene consumed where it is made (CMR, 1999). Dinitrotoluene isomers are reduced to 
toluene diamines that are then dissolved in monochlorobenzene, reacted with phosgene, and heated 
to form toluene diisocyanate. This product then contains approximately 80% of the 2,4-isomer and 
20% of the 2,6-isomer. These compounds are further extended to hard plastics such as those used 
in car bumpers and high-impact-resistant plastic windows. 

 20.3 ENVIRONMENTAL ISSUES 

 Although phosgene is nearly completely consumed during industrial use, it can be released 
through failed processes. Phosgene is an environmental pollutant and has been detected in ambi-
ent air samples taken from the Los Angeles area (Singh, 1976). In Poland, for example, because 
of heavy industrialization and its proximity to densely populated areas, phosgene, along with 
chlorine, ammonia, and sulfur dioxide, has been identifi ed as one of the most signifi cant threats to 
the environment (Krajewski, 1997). In Bhophal, India, in 1984, approximately 150,000–200,000 
people were accidentally exposed to nearly 50,000 pounds of methylisocyanate (MIC) released 
over a 2-h period. Based on the chemical reactions at the site, MIC, phosgene, and hydrogen 
cyanide all played a major role in the possible 3300 deaths that resulted from this catastrophe 
(Schelble, 1990; Rorison and MacPherson, 1997). In an earlier occurrence, on May 20, 1928, 
in Hamburg, Germany, 24,640 lb (11 metric tons) of phosgene was accidentally released from a 
storage tank. The toxic gas plume affected people as far as 6 miles away under light-wind condi-
tions. Three hundred people were reported ill; 195 were seen at local hospitals that evening. There 
were seven deaths (Hegler, 1928). Although it has never been scientifi cally verifi ed, the estimated 
50% lethal concentration over time in humans is 800 ppm � min (3200 mg/m 3 ) for a 2-min expo-
sure (Cucinell, 1974). For a complete review of the chemical reactions of phosgene with organic 
functional groups and inorganic compounds in industrial applications, see the work of Babad and 
Zeiler (1973). 

 20.4 EARLY WORK ON THE PHYSIOLOGICAL 
EFFECTS OF PHOSGENE 

 In 1921 a key publication by Laqueur and Magnus showed that phosgene produces variation in 
breathing patterns of exposed, isolated, and perfused cat lungs. Respiration was frequent and shal-
low and bronchoconstriction was apparent with exposure greater than 200 ppm (800 mg/m 3 ). These 
authors were also the fi rst to determine that HCl liberation, which was considered to be the primary 
chemical mechanism of phosgene toxicity, may actually not be involved at all in this injury. They 
reasoned that when phosgene, in a miscible solvent, is reacted with water the hydrolysis rate is 
extremely rapid (Laqueur and Magnus, 1921). This indicated that HCl has a short-term effect and 
therefore does not explain the long-term adverse physiological effects commonly observed with 
phosgene poisoning. 

 Experiments published after World War II demonstrated that phosgene had wide-ranging 
effects, in particular, on the cellular architecture of the lung, whereas it had no effect on hemo-
dynamic processes. Isolated dog lung experiments showed that doses of phosgene necessary to 
cause desquamation of bronchial mucosa increased fl uid fl ux into the lung and that bronchocon-
striction had no effect on the biochemical or physical state of the blood or pulmonary vascular bed 
(Daly de Burg et al., 1946). In 1948, Gibbon et al., using phosgene-exposed rat lungs, examined 
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the effects of 2.5 mg/l (617 ppm; 2468 mg/m 3 ) phosgene on pulmonary artery pressure and its 
effect on pulmonary edema formation. They concluded that phosgene did not increase pulmonary 
artery pressure and that pulmonary edema formation was not related to increases in hydrostatic 
pressure. 

 Important pharmacological experiments by Trethewie (1947a) demonstrated that isolated guinea 
pig lungs liberated histamine and a slow-reacting substance (SRS) when exposed to phosgene. Lung 
perfusate histamine release was measured from 5 min to 5 h after exposure to 2.5–6.5 ppm·min 
(10–26 mg·min/m 3 ) phosgene. There was an earlier and slightly larger output of histamine when 
guinea pigs were exposed to the higher phosgene concentrations. However, decreased histamine 
release was observed 5 h after exposure to 3.7–6.5 ppm·min (14.8–26 mg·min/m 3 ) phosgene. Five 
days after exposure, lung perfusate effl uent from these experiments was administered to isolated 
jejunum from guinea pigs. It was observed that the magnitude of jejunum contraction increased 
as the concentration of phosgene administered to the guinea pig increased. These effects were not 
observed when phosgene was directly mixed with perfusate and administered to the jejunum. 
Thymoxyethyldiethylamine, a specifi c inhibitor of histamine, was administered to the isolated 
jejunum and blocked the contractile effect of perfusate containing histamine that was liberated by 
phosgene, but it did not block the effect of SRS. It was concluded that a contractile substance was 
released from the lung upon exposure to phosgene (Trethewie, 1947a). 

 In another paper the same year, Trethewie demonstrated that vitamin C did not protect the 
lungs of monkeys or guinea pigs from phosgene toxicity. He also observed a “capillary-damaging” 
substance in the perfusate, which caused the leakage of trypan blue into the perfusate. He lik-
ened this substance to “leukotaxin,” which was described in an earlier paper by Menkin (1937). 
However, he concluded that this was not the substance responsible for damaging the capillaries 
because it was of short duration (Trethewie, 1947b). In the 1970s, leukotaxin was further ana-
lyzed and identifi ed as the leukotrienes, reactive metabolites of the arachidonic acid cascade. 
These were eventually implicated as several of the causative biological compounds responsible 
for increased plasma leakage and pulmonary edema formation in experimental animals exposed 
to phosgene. 

 These early experiments were crucial for two main reasons: (1) they gave clues that a contractile 
substance, and not HCl, may be responsible for pulmonary capillary damage caused by phosgene, 
and (2) they also provided researchers with a mechanistic starting point, i.e., that arachidonic acid 
metabolites such as the leukotrienes could play a crucial role in phosgene toxicity. This was sup-
ported by evidence presented by Potts et al. in 1949, when they examined the chemical properties of 
phosgene in rats. They compared the results of enzymatic reactions in rat lung homogenates mixed 
with phosgene to lung tissue homogenates mixed with ketene, a known acylating agent. Ketene is 
20 times more toxic than phosgene and presents a similar clinical picture. Both ketene and phosgene 
inhibited methylene blue reduction two to fi ve times more than HCl-treated homogenates. They also 
tested 77 substances for their ability to be acylated by phosgene. The extent of acylation depended 
on the presence of amino, mercapto, or hydroxyl groups. Therefore, they demonstrated that the 
lethal action of phosgene is due directly to acylation of essential lung components such as the amino, 
hydroxyl, and sulfhydryl functional groups of proteins. 

 Exposure to phosgene may develop into fulminating and life-threatening pulmonary edema 
1–24 h after initial exposure in both humans and animals (Tobias, 1945; Diller, 1978; Sciuto, 1998). 
Mechanisms related to this “latency” phase have eluded investigators. Research during the past eight 
decades has shown that direct exposure to phosgene does not cause systemic poisoning. Its primary 
effects were observed and measured in the deep-lung compartments (Daly de Burg et al., 1946; Potts 
et al., 1949). While the primary effect of phosgene intoxication is in the deep-lung compartments, 
early research unequivocally demonstrated that if the exposure is of suffi cient duration and concen-
tration the result can be catastrophic. In the dog, postexposure events consist of hypercellular aggre-
gation, hemoconcentration, plugging of the capillaries, reduction in blood volume, and decreased 
heart size (Meek and Eyster, 1920). 
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 20.5 EXPERIMENTAL MODELS AND TECHNIQUES 

 Numerous techniques have been used to determine the mechanisms of toxicity and the development 
of lung injury from exposure to phosgene. These have historically involved large-animal studies. 
As early as 1920 (Meek and Eyster), and in response to the many of the residual phosgene-related 
casualties remaining from WWI, the progression and intensity of phosgene exposure was experi-
mentally determined in dogs, as mentioned earlier. As time passed, animal models included mice, 
rats, guinea pigs, swine, and monkeys. The rationale behind these studies involved the use of models 
that would better predict the temporal effects of the progression and scope of lung injury in humans. 
Many of these models involved the use of inhalation techniques and in past decades focused essen-
tially on the establishment of a lethal concentration ( c , in parts per million) over time ( t , in minutes) 
relationship across species. This is also known as Haber’s Law (Haber, 1924). The product of  c  �  t  
corresponded to a standard to describe a biological end point that could be edema formation or death. 
Conceptually, this product simply meant that the same biological end point would occur whether 
the animals were exposed to 100 ppm (400 mg/m 3 ) phosgene for 10 min, 50 ppm (200 mg/m 3 ) for 
20 min, or 20 ppm (80 mg/m 3 ) for 50 min all resulting in a  c  �  t  of 1000 ppm·min (4000 mg·min/m 3 ). 
However, later experiments have shown that for phosgene and other irritant gases Haber’s Law is 
only applicable over short-exposure times (Rhinehart and Hatch, 1964; Gelzleichter et al., 1998). 
In a subchronic phosgene-exposure study using rats, Kodavanti et al. (1997) examined the effects of 
low concentrations on structural and extracellular alterations. Rats were exposed for 6 h/d to 0.1 ppm 
(0.4 mg/m 3 ) for 5 d/week, 0.2 ppm (0.8 mg/m 3 ) for 5 d/week, 0.5 ppm (2.0 mg/m 3 ) for 2 d/week or 
1.0 ppm (4.0 mg/m 3 ) for 1 d/week for either 4 or 12 weeks. The authors found that phosgene caused 
extensive thickening and infl ammation of the terminal bronchioles as well as the walls of the alveolar 
tissue at 1.0 ppm (4 mg/m 3 ). Much of the damage occurred over the 4-week period with little or no 
additional damage seen after continuous exposure of up to 12 weeks. The conclusion was that the 
actual phosgene concentration rather than the product of the concentration and the time ( C  �  T ) was 
largely responsible for the injury. 

 During WWII, with the thought that chemical agents would be weaponized, much work was 
done to establish battlefi eld doses of phosgene that would cause incapacitation and even death. The 
main problem with these studies was that the doses of phosgene were not very well quantifi ed and 
in many instances only nominal concentrations were described. This presented a serious problem 
when attempting to arrive at doses to extrapolate to humans because a clear species difference exists 
in response to the toxicity of phosgene. A review of the phosgene LCt

 50 
 literature by Diller and 

Zante has shown that cats appear to be the most sensitive to phosgene and goats the least sensitive 
(Diller and Zante, 1982). Guinea pigs, mice, and humans appear to be equally responsive at about 
500 ppm·min (2000 mg·min/m 3 ). More recently, Schroeder and Gurtner (1992) showed that dogs 
are probably not a good animal model to study phosgene toxicity because they are, as Diller and 
Zante (1982) showed, not as sensitive as humans, mice, and guinea pigs. In 1990, Keeler et al. used 
a nose-only exposure method to determine the LCt

 50 
 for sheep, an animal not listed in the Diller and 

Zante review (Keeler et al., 1990). Keeler found that sheep were even more resistant to phosgene 
than dogs based on the data tables from Diller and Zante. The justifi cation behind various animal 
models was to obtain the best and most accurate assessment of exposure dose-and-response effects 
with an attempt to extrapolate these to humans. 

 During the past 20 years many variations in animal models and methods of exposure have been 
used to address the elusive mechanisms of phosgene toxicity especially with respect to its latency 
phase. From the industrial point of view, many early studies focused on low levels of concentra-
tions administered over several hours, days, or weeks and measured biochemical end points out to 
many weeks to more closely mimic a workplace exposure. Models and methods centered on issues 
such as the determination of exposure/responses using low-level concentrations over short-exposure 
durations such as minutes or several hours out to several weeks. Many of these studies also focused 
on histopathological and ultrastructural responses, as well as on the biochemical effects such as in 
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energy metabolism, lung mechanical function, infl ammation, and the signal transduction pathways 
of mediator release. These studies were designed in large part to determine the mechanism responsi-
ble for the latent toxicity observed after exposure, because knowledge of the temporal changes could 
lead to more effi cacious treatments. Although a specifi c need exists to have knowledge of the bio-
chemical effects of phosgene poisoning, the basic physiological response is also very crucial. Brown 
et al. (2002, 2003) have established a state-of-the-art intensive care unit to investigate the effects of 
phosgene exposure on the large anesthetized and mechanically ventilated swine. Pulmonary archi-
tecture in swine is very similar to that of adult humans, which makes these types of studies and 
comparisons vital. In this model it has been demonstrated that swine show a marked decrease in 
pH, P o 

 2 
, O

 2 
 saturation, dynamic compliance, and increased lung wet weight beginning at 6 h after 

a 10-min exposure to 2443 mg·min/m 3  (611 ppm·min) phosgene. This model has been extended to 
show that phosgene causes a decrease in shunt fraction and oxygenation index, with alterations in 
diffusion and respiratory mechanics along with ventilation perfusion mismatches. These animals 
eventually deteriorate into an adult respiratory distress syndrome (ARDS)-like condition by 21 h 
after exposure. It is hoped that the knowledge gained from these studies will ultimately lead to 
therapies that will be effective in counteracting the effects not only of phosgene toxicity, but also of 
ARDS, because their physiological conditions and symptoms largely overlap. 

 20.5.1 Mechanistic Toxicology 

 In 1973, Babad and Zeiler published an extensive report on the various chemical reactions of phos-
gene with industrial compounds as well as important cellular components of biomolecules, such as 
sulfhydryl, amine, and hydroxyl groups. Research related to the mechanistic toxicology of phosgene 
exposure began to emerge in the 1980s. Experimental results regarding the effects of phosgene expo-
sure on lung tissue have ranged over various animal models and exposure conditions. Experimental 
investigators such as Frosolono, Currie, Pawlowski, Burleson, Selgrade, Madden, Ghio, Kennedy, 
and Guo set the stage for investigative mechanistic toxicology of phosgene exposure. Chemically, 
phosgene is extremely reactive. It is believed that phosgene can undergo hetero- and/or homolytic 
cleavage into a reactive carbamoyl monochloride radical, which may be partly responsible for its 
reactivity with lung tissue components (Arroyo et al., 1993). However, these data have not been cor-
roborated. Considering this chemical reactivity, there is little surprise that exposure has been found 
to directly affect type I pneumocytes (Pawlowski and Frosolono, 1977; Diller et al., 1985), increase 
lavage polymorphonuclear phagocytes (Currie et al., 1987a), decrease both cytochrome  c  oxidase and 
ATPase activity (Frosolono and Pawlowski, 1977), and signifi cantly reduce lung ATP concentrations 
(Currie et al., 1987b). Pulmonary host defense systems are also affected by exposure to phosgene. 
The long-term effects of phosgene inhalation are also known to eventually result in immunosup-
pression that may increase mortality via infection and compromised lung function in rats exposed to 
1 ppm (4 mg/m 3 ) for 4 h (Burleson and Keyes, 1989) and female mice exposed to phosgene at 0.1, 
0.25, or 0.5 ppm (0.4, 1.0, or 2.0 mg/m 3 ) for 4 h/d for 5 consecutive days (Selgrade et al., 1989). 

 Recent experimental work in animals has shown that bronchoconstriction, enhanced pulmonary 
edema formation, elevated leukotriene production, increased lipid peroxidation by-products, and 
decreases in both dynamic compliance and lung tissue cyclic adenosine 3,5-monophosphate (cAMP) 
are several of the major responses of the lung to phosgene inhalation (Kennedy et al., 1989; Guo 
et al., 1990; Sciuto et al., 1996a). Phosgene has been found to be toxic through normal metabolic 
detoxifi cation mechanisms unrelated to a direct phosgene inhalation exposure event. In hepatocytes, 
DeCurtis et al. (1994) and Guastadisegni et al. (1996, 1998) have determined that, as the oxidative 
metabolite of chloroform, phosgene forms adducts with phospholipids such as phosphotidylcholine 
(PC) and phosphotidylethanolamine (PE) under hypoxic or normoxic conditions. Adduct formation 
could be mechanistically important during the injury process because alveolar surfactant is largely 
phospholipid in content and alveolar edema causes a locally hypoxic environment. In humans, 50% 
of the lung tissue content is PC, 19% is PE, and surfactant is about 68% PC (Rooney, 1992). 
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 Experimentally, several groups have determined that phosgene exposure causes surfactant 
 dysfunction. In rats exposed to phosgene at 240 ppm·min (960 mg·min/m 3  or 1 ppm for 4 h), phos-
phatidylcholine, phosphatidylethanolamine, and phosphatidylserine were all signifi cantly above 
controls at 1–3 d after exposure (Frosolono and Currie, 1985). Ghio and Hatch also showed in rats 
exposed to 0.5 ppm (2 mg/m 3 ) phosgene for 60 min (3 ppm·min or 12 mg·min/m 3 ) that pretreat-
ment with colchicine, which binds to tubulin to disrupt formation and the transport function of 
microtubules, inhibited the phosgene-induced elevation of surfactant in the lavage fl uid one day 
after exposure (Ghio and Hatch, 1992). In a more recent investigation, rats exposed to an LCt

 30 
 of 

phosgene over 10 min had alterations of surfactant phospholipid composition in the lung as mea-
sured in the lavage fl uid after exposure. Phosphatidylglycerol and phosphatidylcholine along with 
other phospholipids increased from 6 h. The authors concluded that damage to the surfactant system 
could be due to reduced generation or release of free radicals by diseased pneumocytes, the presence 
of plasma proteins known to inhibit surfactant function, increased surfactant secretion by damaged 
type II cells, or the presence of infl ammatory mediators (Jugg et al., 1999). 

 Phosgene exposure has also been shown to alter the respiratory breathing mechanics in rodents. 
Vital capacity, diffusing capacity, and total lung capacity were signifi cantly decreased in rats at 
24 h after exposure to 30 ppm·min (120 mg·min/m 3  or 0.5 ppm for 60 min) phosgene (Ghio et al., 
1991). Lung compliance was also reduced in rabbits exposed to 1500 ppm·min (6000 mg·min/m 3 ) 
phosgene within 1 h of exposure (Guo et al., 1990). More recently Sciuto et al.   (2002) examined 
the effects of phosgene in mice using the whole-body plethysmograph. Male mice were exposed to 
32 mg/m 3  (8 ppm) phosgene for 20 min (640 mg·min/m 3 ). After exposure, conscious mice were 
placed unrestrained in a whole-body plethysmograph where signifi cant differences between phos-
gene and air-exposed controls were measured for inspired and expired times, tidal volume, minute 
ventilation, end inspiratory pause, end expiratory pause, peak inspiratory fl ows, peak expiratory 
fl ows, and a measure of bronchoconstriction (termed Penh) across 12 h. Mice exposed to phosgene 
showed marked increases (approximately double) in Penh across all time points beginning at 5 h, 
when compared with air-exposed mice. These results indicate that exposure to phosgene causes early 
bronchoconstriction, a temporal obstructive-like injury pattern, and disruption of mechanical rhythm 
largely regulated by the progressive production of pulmonary edema that affects airway fl ow. In addi-
tion, exposed mice showed an early-exposure phase of sensory irritation followed by a pulmonary 
irritation effect over time. This is a combination of sensory effects characterized by increased respira-
tory rate and decreased tidal volume followed by pulmonary irritation effects over time. 

 Identifying the mechanistic pathways of toxicity following the inhalation of phosgene is 
important because it allows for rational therapeutic medical countermeasures to be investigated 
based on defects or changes in those pathways. Correction or protection of these pathways by 
certain classes of drugs has been investigated in many animal models. Under these set experi-
mental conditions Food and Drug Administration (FDA)-approved compounds have been found 
to be protective against phosgene-induced acute lung injury as measured by the reduction of 
pulmonary edema. Kennedy et al. (1989) and Sciuto et al. (1996a, 1997b, 1998) have shown 
that the postexposure treatment with compounds that up-regulate cAMP, such as isoproterenol, 
terbutaline, or aminophyline, reduce lung water content in rabbits by lowering vascular pressure, 
decreasing leukotriene production and reducing lipid peroxidation. Guo et al. (1990) have also 
shown reduced lung injury in rabbits using drugs that block specifi c pathways of the arachi-
donic acid cascade. Treatments with drugs that up-regulate glutathione (GSH) have also been 
shown to be protective when administered after exposure to phosgene.  N -Acetylcysteine (NAC), 
in general, considered to be an up-regulator of glutathione, was demonstrated to be highly effec-
tive in reducing lung edema when given as a bolus in the rabbit airway and as an intraperitoneal 
(i.p.) treatment in rats. It is not that NAC increases GSH to any great extent, but that NAC itself 
is a very good antioxidant (Sciuto et al., 1995; van Helden et al., 2004). Current unpublished 
work from our Institute has shown that lung tissue from mice exposed to 32 mg/m 3  phosgene 
had signifi cantly enhanced mRNA expression of the enzymes required to drive the GSH redox 
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cycle (Sciuto et al., 2005). Genetic expressions of GSH reductase, GSH peroxidase, and GSH 
synthetase are signifi cantly up-regulated in a temporal manner and agree very well with those 
same enzymes measured in lavage fl uid (Sciuto et al., 2003b). These data suggest that free radical 
injury is an early and signifi cant mechanism of phosgene toxicity and may indicate that com-
pounds like NAC would be benefi cial as treatments for lung injury. As mentioned earlier, it is 
believed that phosgene and similarly acting edemagenic gases react with the phospholipid content 
to the lung surfactant. Experiments by Currie et al. (1997) and van Helden et al. (2004) have dem-
onstrated that this is indeed the case. In both models, increased rat survival rates were observed 
after treatment with surfactant replacement therapy against toxic gas-induced lung injury. A cru-
cial question of the benefi cial effect of any drug therapy treatment, especially against a gas as 
toxic as phosgene, would be how does treatment affect survival rates? This has been examined 
for NAC, as mentioned above, and for ibuprofen. Ibuprofen has been shown to be highly effective 
in enhancing the 12-h survival rates in mice (Table 20.2) when given intraperitoneally beginning 
at 20 min after exposure (Sciuto, 1997a). Ibuprofen is a known anti-infl ammatory drug, ·OH 
radical scavenger, and free iron chelator, all of which are important components of phosgene-
induced acute lung injury. In addition to the mouse model, ibuprofen has also been shown to be 
an effective postphosgene exposure therapy in the rabbit model (Kennedy et al., 1990) and the 
rat model (Sciuto et al., 1996c). Effective treatments have also been examined in relation to free 
radical scavenging and antioxidant properties. Sciuto and Moran (1999) fed mice two different 
levels of butylated hydroxyanisole (BHA) in rodent chow for 3 weeks and measured survival rates 
(Table 20.3). At both dietary levels of BHA, 0.75% and 1.5%, survival rates were signifi cantly 
higher in phosgene-exposed diet-treated than in phosgene-alone controls at both 12 and 24 h 
after exposure. Although BHA pretreatment was extremely impressive, it is unlikely that preex-
posure treatment of phosgene is a realistic approach to prophylaxis. What needs to be considered 
is the delivery of a NAC/BHA/ibuprofen/isoproterenol/surfactant cocktail directly to the site of 
injury, the airway side of the lung, as soon as possible after phosgene exposure to counteract the 
identifi ed mechanisms that could potentially lead to life-threatening lung injury. Brown et al. 
(2003) have shown that improvement in the pathophysiological response after phosgene inhala-
tion can be achieved not by intervening with drugs, but by using “protective ventilation strategy.” 
After exposing instrumented and anesthetized swine nose-only to phosgene at 2500 mg·min/m 3  
(625 ppm·min) for 10 min, reduction in tidal volume, positive end expiratory pressure, and respi-
ratory rate signifi cantly aided in improving oxygenation and subsequently reducing mortality, 
lung infl ammation, and pulmonary edema.   

 20.5.2 Lavage Studies 

 In earlier experiments using rats exposed whole-body to phosgene, lung tissue levels of ATP 
were signifi cantly decreased immediately after exposure to low levels of phosgene, 0.05–1 ppm 
(0.2–4 mg/m 3 ) given over 4 h. These changes in ATP levels preceded edema as measured by lavage 
protein concentrations and lung wet weight, suggesting that biochemical changes occur much earlier 
and at lower ppm·min levels than the offi cial published threshold limit value (Currie et al., 1987a). 
Currie and workers also observed that when rats were exposed to phosgene for 4 h to 0.125–1 ppm 
(from 20–240 ppm or 120–960 mg/m 3 ), polymorphonuclear lymphocytes (PMNs), lavage fl uid pro-
tein, and wet/dry weight (a measure of pulmonary edema) ratios were all enhanced. The authors 
concluded that elevated lavage protein levels were the best early indication of phosgene-induced 
lung injury. In longer exposure experiments, 17 d at 0.125 ppm (0.5 mg/m 3 ) and 1 ppm (4 mg/m 3 ) 
for 7 h, lung tissue glucose-6-phosphate dehydrogenase levels and nonprotein sulfhydryls were sig-
nifi cantly increased for as long as 14 d after exposure. Madden et al. (1991) measured decreases in 
lung lavage of prostaglandins and leukotrienes concomitantly with increases in PMNs and decreases 
in macrophages after rats were exposed whole-body to phosgene for 4 h in concentrations ranging 
from 0.01 (0.04 mg/m 3 ) to 1 ppm (4 mg/m 3 ). 

464 Inhalation Toxicology
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Inhalation Toxicology of an Irritant Gas 467

 Duniho et al. (2002) examined lung tissue and bronchoalveolar lavage fl uid at 1, 4, 8, 12, 24, 
48, and 72 h after mice were exposed to 32 mg/m 3  (8 ppm) phosgene for 20 min. Over time, the 
histopathological lesions were characterized by acute changes consisting of alveolar and intersti-
tial edema, fi brin, and hemorrhage followed by signifi cant alveolar and interstitial fl ooding with 
infl ammatory cell infi ltrates, scattered bronchiolar and terminal airway epithelial degeneration, and 
necrosis (Table 20.4). From 48 to 72 h, partial resolution of the edema and degenerative changes 
occurred, followed by epithelial and fi broblastic regeneration centered on the terminal bronchio-
lar areas. Bronchoalveolar lavage was processed for cell differential counts, lactic dehydrogenase 
(LDH), and protein determination (see Figures 20.1–20.5). Comparative analysis revealed sig-
nifi cant increases in both postexposure lung wet/dry weight ratios, and early elevations of lavage 
LDH and protein, and later elevations in leukocytes. This work attempted to describe the use of 
histopathology to chronicle the temporal pulmonary changes subsequent to whole-body exposure 
to phosgene, and correlate these changes with lavage constituents and postexposure lung edema in 
an effort to temporally characterize phosgene lung injury and identify early markers of exposure.   

 More recent studies by Sciuto et al. (2003a) analyzed lavage fl uid from mice across a range 
of lavage exposure–response elements. In male mice exposed to 32 mg/m 3  (8 ppm) phosgene for 
20 min, it was shown that for cytokines at 4 h postexposure, interleukin-6 (IL-6) was 15-fold higher 

  TABLE 20.4  Summary of Temporal Histopathology Scores for Mice Lungs

Infiltrates
Time Gas exposure Edema Fibrin Bronchiolar Interstitial

1 h

Air
Phosgene

0 �  0a

0.0 � 0.2
0 � 0b

1.6 � 0.2
0 � 0
0 � 0

0 � 0
0 � 0

4 h

Air
Phosgene

0 � 0c

3.3 � 0.5
0.6 � 0.4a

2.2 � 0.2
0 � 0
0 � 0

0 � 0
0 � 0

8 h

Air
Phosgene

0 � 0c

3.9 � 0.1
1.0 � 0.7a

3.1 � 0.1
0 � 0d

0.5 � 0.17
0 � 0c

1.7 � 0.2

12 h

Air
Phosgene 

0.2 � 0.2c

3.7 � 0.3
0.8 � 0.4c

3.1 � 0.3
0 � 0

0.3 � 0.2
0 � 0c

1.3 � 0.2

24 h

Air
Phosgene

0.2 � 0.2b

3.8 � 0.3
1.0 � 0.6
3.0 � 0.4

0 � 0a

1.0 � 0
0 � 0a

1.0 � 0

48 h

Air
Phosgene

0 � 0a

3.0 � 0.7
0.2 � 0.2a

4.0 � 0
0 � 0a

1.3 � 0.4
0 � 0a

1.7 � 0.4

72 h

Air
Phosgene

0.6 � 0.6
1.5 � 0.7

1.0 � 0.6
2.5 � 0.7

0 � 0d

2.0 � 0
0 � 0d

1.5 � 0.7

  a  Probability air � phosgene,  p  	  0.05. 
  b  Probability air � phosgene,  p  	 0.001. 
  c  Probability air � phosgene,  p  	 0.005. 
  d  Probability air � phosgene, 0.1 	  p  	 0.05.

Source: From Duniho et al. (2002). 
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FIGURE 20.1 Phosgene- and air-exposure induced changes in lung lavage white blood cell population (WBCs) 
over time. (a) There was a signifi cant downward trend in the WBC population in phosgene-exposed mice at 
both 8 and 12 h compared with air-exposed mice, p 	 0.01 (
) and p 	 0.05 (�), respectively. By 24 to 72 h this 
trend reversed with WBCs being signifi cantly higher than in controls, p 	 0.005 (�) and p 	 0.001 () at 24 
and 72 h, respectively. (b) Lavage platelets in phosgene-exposed mice were signifi cantly increased compared 
with air-exposed controls at the early time point of 4 h, p 	 0.01 (
), and then at the later time points from 24 
to 72 h, p 	 0.001 (). As is seen with WBCs and platelets, lymphocytes (c) were signifi cantly elevated from 
24 to 48 h compared with levels in air-exposed controls, p 	 0.05 (�) and p 	 0.005 (�), respectively. However, 
at 8 h, the lavage lymphocyte population was actually marginally lower than that of air-exposed controls, 
0.1 	 p 	 0.05 (�). Sample sizes range from 3 to 10; however, the 72-h time point for the lymphocyte popula-
tion represents an n � 1. All data are plotted as mean � SEM. (Figures adapted from Duniho et al., 2002.) 
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Inhalation Toxicology of an Irritant Gas 469

FIGURE 20.2 Phosgene- and air-exposure induced changes in lung lavage cell counts over time. (a) In gen-
eral, lavage neutrophils exhibit an increasing trend to peak at 48 h, then start decreasing at 72 h. Conversely, 
lavage macrophages exhibit a decreasing trend to a low at 48 h and then begin to increase at 72 h; p 	 0.01 
(
), and p 	 0.05 (�), respectively. (b) However, eosinophils showed a later increase in response at both 
24 and 48 h. At 48 h increases in phosgene-exposed mice were signifi cantly higher than in air-exposed mice, p 	 
0.05 (�). Although eosinophils increase at 24 h, change is only marginally signifi cant, 0.1 	 p 	 0.05 (�). (c) 
Basophils are practically nonexistent in the air-exposed and early phosgene-exposed mice. However, basophils 
begin to increase signifi cantly in number by 24 h p 	 0.001(). The sample size 72-h time point for b and c are n � 1. 
All data are plotted as mean � SEM. (Figure adapted from Duniho et al., 2002.)
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470 Inhalation Toxicology

FIGURE 20.3 Phosgene exposure caused a signifi cant increase in lung lavage LDH over time. Beginning as 
early as 1 h after exposure, LDH is signifi cantly higher than in air-exposed controls, p 	 0.05 (�). This trend 
increased steeply and began to decline and approach control levels by 72 h. LDH in phosgene-exposed mice was 
signifi cantly higher than air-exposed controls at 4 h, p  	 0.005 (�); 8 to 12 h, p  	 0.001 (�); 24 h, p 	 0.01 (
); 
and marginally higher at 72 h, 0.1 	 p 	 0.05 (�). All data are plotted as mean � SEM. (Figure adapted from 
Duniho et al., 2002.)

FIGURE 20.4 Phosgene exposure caused a highly signifi cant, 4- to 10-fold increase in lung lavage protein 
concentration over the entire 72-h study compared with air-exposed controls, p 	 0.001 (�). All data are plotted 
as mean � SEM. BALF, bronchoalveolar lavage fl uid. (Figure adapted from Duniho et al., 2002.)
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for phosgene-exposed mice than for the time-matched, air-exposed control group. At 8 and 12 h, 
IL-6, IL-1
, macrophage infl ammatory protein 2 (MIP-2), and IL-10 were signifi cantly higher in 
phosgene-exposed mice than in time-matched, air-exposed controls, whereas tumor necrosis factor 
� (TNF�) reached peak signifi cance from 24 to 72 h. IL-4 was signifi cantly lower in the phosgene-
exposed mice than in the air-exposed mice from 4 to 8 h after exposure. These data show that lavage 
is an important tool in assessing pro- and anti-infl ammatory markers of phosgene-induced acute 
lung injury and that knowledge of these temporal changes may allow for timely treatment strategies 
to be applied. 

 In a separate but similar mouse exposure model, lavage antioxidant enzymes glutathione per-
oxidase (GPx), glutathione reductase (GR), superoxide dismutase (SOD), total GSH, and protein 
were determined from 1 to 72 h and at 7 d after phosgene exposure (Sciuto et al., 2003b). Phosgene 
exposure signifi cantly enhanced both GPx and GR in phosgene-exposed mice compared with air-
exposed mice from 4 to 48 h. Lavage GSH was also signifi cantly increased between 4 and 24 h 
after exposure when compared with air-exposed mice. Lavage protein, an indicator of air–blood 
barrier integrity, was signifi cantly higher than in air-exposed mice 4 h to 7 d after exposure. In con-
trast, lavage SOD was reduced by phosgene exposure from 4 to 24 h after exposure compared with 
air-exposed mice. Except for protein, all parameters returned to control levels by 7 d postexposure. 
These data indicate that the lung has the capacity to repair itself within 24–48 h after exposure by 
reestablishing a functional GSH redox system despite increased protein leakage. SOD reduction 
during increased leakage may indicate that barrier integrity is affected by superoxide anion produc-
tion (Sciuto et al., 2003b). 

 One interesting aspect of lavage fl uid analysis that has not been examined is the role of electro-
lytes in pulmonary edema formation and tissue injury following exposure to toxic gas. Na � , Cl � , 
K � , and ionized Ca 2�  concentrations were analyzed in lavage fl uid and arterial blood in phosgene-
exposed mice from 1 to 72 h (Sciuto et al., 2003c). Lavage Na �  concentrations were signifi cantly 

FIGURE 20.5 Phosgene exposure increases lung edema as measured by lung wet/dry weight (WW/DW) ratio 
compared with air-exposed controls. At both 4 and 8 h after exposure, WW/DW in the phosgene-exposed mice is 
signifi cantly higher than in controls at matching time points, p 	 0.001 (�). Lung edema begins to resolve by 12 h 
where the signifi cance level remains higher than in controls, p 	 0.005 (�). All data are plotted as mean � SEM. 
(Figure adapted from Duniho et al., 2002.)
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higher in air than in phosgene-exposed mice at 4, 8, and 12 h postexposure, whereas both Ca 2�  and 
K �  were signifi cantly higher in lavage fl uid of phosgene-exposed mice than in that of air-exposed 
mice over 72 h. Signifi cant changes in lavage K �  and Ca 2�  occurred as early as 4 h postexposure 
in phosgene-exposed mice when compared with air-exposed mice. Over time, there no signifi cant 
changes were measured in arterial blood levels for Na � , Cl � , or Ca 2�  for animals exposed to either 
air or phosgene. However, arterial K �  concentrations in phosgene-exposed animals were signifi -
cantly higher in phosgene-exposed mice than in the air-exposed animals across all time points with 
the highest K �  levels of 7 mmol/l occurring at 8 and 24 h after exposure. Phosgene caused a time-
dependent signifi cant increase in lung edema from 4 to 12 h compared with air-exposed mice. It is 
evident from these experiments that blood K �  levels measured as early as 1 h after exposure as well 
as lavage Na � , K � , and Ca 2�  levels could serve as potential indicators of lung injury because both 
K �  in lavage and blood and Ca 2�  in lavage closely follow temporal increases in air–blood barrier 
permeability (edema) as measured by lung wet weight (Sciuto et al., 2003c). 

 20.6 MEDICAL EFFECTS 

 In terms of general population exposure estimates, the most quoted number comes from NIOSH 
where it has been projected that from 10,000 to 15,000 workers may have the potential for acci-
dental exposure to phosgene (NIOSH, 1976). This includes fi refi ghters, who are at risk because 
phosgene can be produced upon the thermal decomposition of chlorinated hydrocarbons (Noweir 
et al., 1973; Brown and Birky, 1980). Painters (Gerritsen and Buschman, 1960), car mechanics 
(Spolyor et al., 1950), and more recently welders (Nieuwenhuizen and Groeneveld, 2000) have also 
become exposed under some conditions. Commonly used industrial degreasers contain chlorinated 
hydrocarbons, such as perchloroethylene, which can form phosgene when heated or subjected to a 
heated surface. 

 Since World War I, the toxic effects of phosgene poisoning have been well documented (Gilchrist, 
1933; Tobias, 1945; Bunting, 1945; Nash and Pattle, 1971). These biological effects have been 
observed in the industries previously described and are observed not only in humans but in vari-
ous animals models as well (Boyland and McDonald, 1948; Rossing, 1964; Diller and Zante ,  1982; 
Frosolono and Currie, 1985). However, little is known about the precise biochemical alterations 
induced by phosgene that lead to its latency and ultimate toxicity. 

 Upon initial exposure to phosgene, individuals may experience a range of symptoms. These 
include a decrease in systemic blood pressure, sinus and cardiac arrhythmias (Tobias, 1945; 
Brunner et al., 1948), shallow and frequent respiration, and decreases in vital capacity, respiratory 

  TABLE 20.5  Concentration–Effect Relationships 
of Phosgene Exposure 
Perception of odor �0.4 ppm

Recognition of odor �1.5 ppm

Signs of irritation in eyes, nose, 
throat, and bronchi

�3 ppm

Beginning lung damage �30 ppm·min

Clinical pulmonary edema �150 ppm·min

L(CT)1 �300 ppm·min

L(CT)50 �500 ppm·min

L(CT)100 �1300 ppm·min

 Source: From Borak and Diller (2000). 
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volume, and arterial oxygen tension (Bunting, 1945; Everett and Overholt, 1968). With inhaled 
phosgene concentration �3 ppm (12 mg/m 3 ) there is a partial hydrolysis of phosgene to HCl that 
presumably is responsible for the initial irritation of mucous membrane surfaces of the eyes, nose, 
throat, and bronchi. A phosgene concentration �200 ppm (800 mg/m 3 ) may produce apnea of 
several seconds duration, bronchoconstriction (Banister et al., 1949), bronchial epithelium des-
quamation, and infl ammation of the bronchi (Daly de Burg et al., 1946). Wells (1985) presents 
data on human exposures that indicate that pulmonary edema, arterial hypoxemia, and decreased 
fractional inspired oxygen (F io 

 2 
)

   
were found. All patients exhibited initial symptoms of cough, 

chest tightness, and some nausea. Lung mechanics and volumes were negatively impacted by 
exposure within 1 d after exposure. Associated metabolic acidosis was treated with NaHCO

 3 
 and 

pulmonary edema was corrected for by treatment with lasix. Borak and Diller (2000) identifi ed 
several stages of graded and progressive physiological dysfunction as the phosgene concentration 
increases (Table 20.5)    . 

 During the past 20 years an immense effort has been made to identify treatments both  preexposure 
and postexposure to ameliorate or reduce the effects of phosgene inhalation poisoning. These treat-
ment therapies for phosgene exposure are used depending, of course, on the severity of exposure, 
because clinically there are no early diagnostic markers of exposure that would allow effi cacious 
therapy to begin. The current dogma is to treat with the intravenous administration of sodium 
bicarbonate (NaHCO

 3 
) and steroids. If severe exposure occurs and artifi cial ventilation is required, 

application of positive end expiratory pressure as well as O
 2 
 therapy have been administered because 

patients have been found to be hypoxemic (Wells, 1985). Indeed, experiments on rodents have shown 
that a clear respiratory acidosis is present with increased P co 

 2 
, and decreased arterial pH and P o 

 2 
 

that in mice lasts from about 4 to 12 h after exposure (Figures 20.6a–c). This effect of phosgene has 
also been seen in large-animal models such as the swine (Brown et al., 2002). The use of O

 2 
 therapy, 

however, could be detrimental if continued for lengthy periods because its effects may exacerbate 
injury in a manner similar to that observed in paraquat poisoning. The current suggested treatment 
with steroids, such as methylprednisolone, involves intravenous (i.v.) therapy. However, in recent 
high-dose experiments in rabbits it was demonstrated that postexposure treatment with i.v. methyl-
prednisolone was not effective (Kennedy et al., 1989). These data supported those of Mautone et al. 
(1985), who treated dogs with oral cortisone following exposure to phosgene and failed to observe 
any benefi t.   

FIGURE 20.6a  Temporal effects of phosgene inhalation on mouse arterial blood pH after a 20-min exposure 
to 32 mg/m3 (8 ppm). Exposure to phosgene caused respiratory acidosis as early as 4 h after the start of expo-
sure. At time points 8 and 12 h postexposure, phosgene-exposed mice had signifi cantly lower arterial blood 
pH, p � 0.05 (*), respectively. Data are plotted as mean � SEM. (Figure adapted from Sciuto et al., 2001.)
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474 Inhalation Toxicology

 20.6.1 Neurological Studies 

 Adverse pulmonary effects caused by phosgene inhalation may not be related to direct injury in 
the pulmonary tissue. Ivanhoe and Meyers (1964) showed that rabbits exposed to phosgene from 
50 ppm (200 mg/m 3 ) for 14 min (700 ppm·min or 2800 mg·mg/min 3 ) to 200 ppm (400 mg/m 3 ) for 25 
min (5000 ppm·min or 20,000 mg·mg/min 3 ) showed marked decreases in neurological sympathetic 
activity. They suggested that pulmonary edema associated with exposure resulted from neuroparaly-
sis or a hypoactive sympathetic condition. This observation has yet to be confi rmed by other inves-
tigators. Although, in an earlier study, Laqueur and Magnus (1921) exposed bilateral vagotomized 
cats to phosgene, and the pathophysiological response was not altered when compared with nonva-
gotomized animals. Anand et al. (1993) have shown in cats exposed through a range of phosgene 

FIGURE 20.6b  Temporal effects of phosgene inhalation on mouse arterial blood oxygen tension, Po
2
, after 

a 20-min exposure to 32 mg/m3 (8 ppm). Exposure to phosgene caused a marginal decrease in Po
2
 beginning 

4 h after the start of exposure compared with control. Similar to blood pH (Figure 6a), the most pronounced 
effect occurred at 8 h when Po

2
 was signifi cantly lower than the control value, p � 0.05 (*). Data are plotted 

as mean � SEM. (Figure adapted from Sciuto et al., 2001.)

FIGURE 20.6c  Temporal effects of phosgene inhalation on mouse arterial blood carbon dioxide tension, Pco
2
, 

after a 20-min exposure to 32 mg/m3 (8 ppm). Arterial blood Pco
2
 begins to rise at 1 h, 47.7 � 3 mmHg, and reaches 

a maximum of 99.7 � 13.6 mmHg at 8 h, p � 0.05 (*), compared with the control levels of 38.4 � 1.4 mmHg. 
Pco

2
 begins to decrease to control levels at 12 h and reaches 47 � 2 mmHg at 24 h. At 12 h Pco

2
 levels remained 

signifi cantly higher than controls, p � 0.05 (*). Data are plotted as mean � SEM. (Figure adapted from Sciuto 
et al., 2001.)
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concentrations (320–1080 ppm or 1280–4320 mg/m 3 ) that C-fi ber activation is enhanced during 
the course of enhanced capillary permeability. Recent work by Bauer et al. (1997) with guinea pigs 
exposed to phosgene for 10 min at concentrations ranging from 50 to 500 mg/m 3  (12.5–125 ppm) 
demonstrated that the tachykinin substance-P contributes not only to the induction of pulmonary 
edema, but also to the location of the lesion. These data suggest that  nonadrenergic/ noncholinergic 
sensory mechanisms are activated by exposure to phosgene. Both the Anand and the Bauer stud-
ies strongly suggest that exposure to phosgene may be regulated through a sensory irritant neural 
pathway, which supports the respiratory dynamics data from Sciuto et al. (2002) in mice. Regarding 
the human exposure situation, few if any reports have appeared on the effects of phosgene exposure 
in the brain. The lone exception was an autopsy on a man who died 11 days after the May 20, 1928 
phosgene exposure in Hamburg, Germany. The usual abnormalities were seen in the lung tissue, as 
would be expected; however, there were additional processes in brain gray matter and spinal cord as 
well as hyperemia and signs of bleeding in the white matter (EPA, 1993). At the time, it was believed 
that these were secondary to phosgene exposure. In recent studies in mice exposed to 32 mg/m 3  
(8 ppm) phosgene for 20 min, brain tissue removed at 1, 4, 8, 12, 24, 48, and 72 h after exposure 
showed no light microscopic histopathological signs of toxicity when compared with brain tissue 
from the air-exposed controls (Sciuto, unpublished results, 2001). 

 20.7 CASE STUDIES 

 Phosgene gas has been and continues to be a potentially serious and occasionally fatal substance 
encountered in everyday life (Polednak and Hollis, 1985; Urbanetti, 1989). Polednak and Hollis did 
an extensive 30-year outcome review of over 800 Tennessee uranium-processing plant workers with 
known levels and duration of phosgene exposure from 1943 to 1945. Standardized mortality ratios 
for white males were assessed. They examined 694 males exposed to phosgene, which on occasion 
exceeded 1 ppm (4 mg/m 3 ) and compared them with 9280 controls. There were 107 respiratory dis-
eases found in the exposed group versus 114 for controls. In an additional group of 106 males with 
a known acute exposure to high levels of phosgene, approximately 50 ppm (200 mg/m 3 ), there were 
41 deaths versus an expected number of 34. Urbanetti (1989) discussed a case of accidental phos-
gene exposure resulting in a fatal outcome caused by a welding accident. This individual had been 
welding on a dipping basket for only one half-hour when symptoms of exposure began to appear. 
Following his release from the clinic, which initially determined that his chest x-rays were within 
normal limits, the patient was readmitted 3 h later when repeat x-rays showed substantial pulmonary 
edema with blood gases revealing a P o 

 2 
 of 30 mmHg and P co 

 2 
 of 55 mmHg. Three days later the 

patient developed pneumonitis and respiratory failure that resulted in death. 
 Several single phosgene-exposure case reports have been published in the literature. Snyder 

et al. (1992) presented a case of possible phosgene exposure in a man who used a heat gun to 
scrape paint remover that contained methylene chloride (dichloromethane) from woodwork. The 
exposure was continuous over an 8-h period in an unventilated room. The patient exhibited all the 
typical signs of a phosgene exposure, i.e., chest discomfort, headache, and cough. Chest radiography 
revealed a slight increase in interstitial markings, and the patient was told to avoid paint remover 
exposure and was released. He returned the next day and examination showed that he suffered from 
diffuse wheezing with rales in all lung fi elds. His blood gases were pH 7.42, P co 

 2 
 � 37 mmHg, and 

P o 
 2 
 was 67 mmHg, and a chest x-ray revealed diffuse interstitial edema and alveolar infi ltrates. He 

improved over 48 h with oxygen supplementation and albuterol, with a chest x-ray showing a reduc-
tion of infi ltrates. After one year the patient had episodic cough with wheezing and breathlessness 
that improved with albuterol. A methacholine challenge showed a hyperactive airway dysfunction. 

 Wyatt and Allister (1995) discuss the case of a welder who was exposed to a phosgene concen-
tration that resulted from using a hot welding torch to cut through a refrigeration pipe that contained 
the freon chlorodifl uoromethane. His symptoms were believed to be consistent with exposure to 
a concentration that exceeded 3 ppm (12 mg/m 3 ) based on the chart for exposure-response effects 
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(Table 20.5). He was dyspneic and tachycardic and suffered from pharyngeal erythema. Otherwise, 
electrocardiogram, chest x-ray, and arterial gases were within normal limits. The patient was dis-
charged after 24 h observation complaining of lethargy and exertional dyspnea until his return to 
work 2 weeks later. 

 Chronic industrial exposure to phosgene is believed to cause reactive airways dysfunction 
 syndrome (RADS) (Alberts and do Pico, 1996) and irritant-induced occupational asthma (Tarlo and 
Broder, 1989) and has been implicated in people suffering from multiple system atrophy (Hanna 
et al., 1999). Hanna and workers reviewed a case involving a chemical plant supervisor who devel-
oped parkinsonian clinical features following a 20-year history of daily exposure to phosgene, 
methyl isobutyl ketone, benzene, formaldehyde, and other solvents. It must be kept in mind that the 
exposure to phosgene cannot be the single causative agent under these multiple-chemical exposure 
conditions. However, the additive or synergistic effect of phosgene along with these other reagents is 
not known and has never been experimentally tested. The Hanna study corroborates an earlier clini-
cal assessment of industrial plant workers by Callender et al. (1993). They provided some evidence 
of toxic encephalopathy and Parkinson disease in workers years after exposure to multiple solvents 
but to phosgene as well. However, caution should be exercised because as in the previous study 
long-term exposure to multiple solvents in an industrial environmental could confound the role of 
phosgene as a single causative agent of neurotoxicity. 

 Accidental phosgene exposure has been reported from international sources; however, these 
reports are few, especially from countries where release of such information is suppressed and where 
proper industrial controls are poorly implemented or nonexistent. Lihua et al. (1998) reported from 
China an analysis of 25 acute gas exposures during occupational accidents. These data cover poison-
ings from the city of Hangzhou between 1984 and 1996. They investigated poisoning from chemical 
industry, light industry, and the mining industry. There were 10 kinds of inhalation poisons with the 
top 5 being hydrogen sulfi de, benzene, carbon monoxide, phosgene, and organophosphorus pesti-
cides. Phosgene accounted for 12% of the accidents and 10% of the industrial poisonings. Although 
no associated mortalities resulted from phosgene exposure, it was the only industrially released gas 
that affected the general population when more than 20 kindergarten children were exposed during 
one accidental release. There was no mention of the outcome of their exposure. The authors stated 
that the top 5 gases released in Hangzhou City refl ected the national picture for accidental industrial 
release. The percentage of industrial phosgene exposures observed by Lihua in China matches that 
described earlier in France by Faure et al. (1970). They showed that of the 99 industrial gas poison-
ings in the Lyon and Grenoble regions of France,12 were due solely to phosgene. 

 As can be seen from the previous discussions, all research was ultimately concerned with assess-
ing mechanisms of toxicity in relation to two important themes: (1) determination of the reason(s) for 
the latency phase between exposure and the clinical appearance of toxicity and (2) development of  
appropriate medical countermeasures to treat victims of exposures. Although there have been some 
successes in the use of FDA-approved clinical drugs to delay or reduce toxicity in experimental models 
(discussed previously), there is limited evidence that these have been tested in cases of human expo-
sure. Many of these studies were involved with postchallenge treatment to more closely mimic real 
case clinical situations observed in exposure-response-treatment approaches. 

 20.8 RISK ASSESSMENT 

 Phosgene is classifi ed as a choking agent and irritant. It is regulated by the federally mandated 
Clean Air Act (1990) Amendment, Title I, Part A Section 112b. The single most diffi cult task 
establishing human risk assessment for phosgene exposures involves observational support backed 
by actual human exposure data. The latter is problematic in that estimation of exposure concentra-
tion and duration are rarely well established. As seen from the case studies, none of these variables 
is known with any degree of certainty, which makes defi nitive assessment of exposure for how 
long, to how much, or even to what very diffi cult to establish and quantify. Obviously, these are 
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extremely important parameters to know because they set the stage for and are directly responsible 
for the progression of acute lung injury from mild effects to even death. Currently, there are no 
early diagnostic markers of phosgene exposure for the emergency room physician to test. One 
recent experimental study in mice by Sciuto et al. (2003b) showed that arterial blood and lavage 
levels of K �  are elevated within 1 h of exposure and may serve as an early marker of exposure, 
although it would not be specifi c for phosgene. Furthermore, Sciuto et al. (1996b) also showed that 
if the exposure is severe enough, phosgene could actually cause erythrocyte hemolysis as measured 
directly in the arterial blood. These results have been supported to a limited extent by showing that 
 in vitro  phosgene can form adducts with amino acid complexes of hemoglobin and albumin (Noort 
et al., 2000). However, all the results from this cited work are from carefully controlled laboratory 
experiments on rodents. If the dose of phosgene tested were based on body mass then an equivalent 
exposure in humans would necessarily have to be quite high. Therefore, caution must be used when 
extrapolating results from animals to humans. Another issue to consider would be minute ventila-
tion of the test animal. The relationship between body mass and the product of the tidal volume 
and the respiratory rate is crucial, because this ultimately determines the amount of gas inhaled and 
therefore the dose. Based on body weight, rodents, especially mice, have a minute ventilation to 
body weight ratio at least fi ve times that of a human, and rats about two to three times greater. Bide 
et al. (2000) raise these issues in their work on minute ventilation allometric estimates in mam-
mals. Mautone and coworkers (1985) also raised this issue when they expressed inhaled phosgene 
concentration as an “exposure index” that took into account the relationship between body weight 
and inhaled gas volume. In earlier experiments, it was clearly demonstrated that when mice, rats, or 
guinea pigs were exposed to precisely equivalent phosgene concentrations, the hemolytic response 
due to exposure was inversely related to the mass of the rodent, i.e., as the mass increased the 
physiological response decreased (Sciuto et al., 1996b). 

 Case reports of actual phosgene exposures are not plentiful and, in many instances, could have 
been misdiagnosed as a genuine phosgene exposure. In the fi rst large-scale human assessment of 
exposure, Gilchrist gave an excellent review of the medical follow-up of soldiers suspected of battle-
fi eld exposures to phosgene during WWI (Gilchrist, 1933). Veterans had presented with many of 
the classic signs of a phosgene exposure. However, the late sequelae described by Gilchrist could 
have been confounded by the possibility of exposure to a mixture of gases such as phosgene and 
chlorine or vesiccating agents as well as by a preexisting history of lung disease such as asthma 
and/or smoking habits. 

 In determining the risk of toxicity for humans following a phosgene exposure event, several 
issues need to be addressed. As has been pointed out, risk assessment in toxicology is a process 
whereby available and relevant biological, dose–response, and exposure data lead to a qualitative or 
quantitative estimate of an adverse outcome from exposure (Scala, 1991). Many of these estimates 
come largely from estimating human cancer risk following chemical exposures. As seen in the case 
studies cited earlier, neither dose–response nor exposure data were determined in nearly all instances 
nor was phosgene identifi ed as the sole causative agent. Another aspect of risk is the characteriza-
tion of the actual risk itself. Basically, this is the estimate of the incidence of an adverse effect of a 
phosgene exposure on a general or specifi c population. In the case of phosgene, although there have 
been few documented accidental releases of phosgene into a neighborhood as cited in the Hamburg 
or Bhopal incidents, it is the industrial worker, welder, fi reman, etc., who are at the greatest risk of 
an accidental exposure. Moreover, exposure to phosgene itself can never be precisely known outside 
of a chemical plant where it is used in production processes and workers wear personal dosimeter 
badges. With regard to possible exposure during fi re, it would be diffi cult to know whether the 
combusting material produces solely phosgene or a mixture of phosgene and other gases such as the 
Tefl on® by-product perfl uoroisobutylene, a gas that causes exposure sequelae nearly identical with 
those of phosgene (Lehnert et al., 1995; van Helden et al., 2004). 

 The issue of risk for phosgene exposure is discussed to some extent in the EPA health assess-
ment document (EPA, 1993). Recently the EPA released data regarding acute exposure guideline 
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levels (AEGLs). AEGLs attempt to characterize the toxicity of one-time exposure limitations for 
the general population ranging from 10 min to 8 h (Bast and Bress, 2002). Data were generated by 
using an estimate published by ten Berge et al. (1986), in which, in place of Haber’s  C  �  T  �  K,  
the data more closely fi t the dose–factor relationship  C n   �  T  �  K . An AEGL level 1 is the airborne 
concentration (mg/m 3  or ppm) that is predicted to cause some level of notable discomfort, irritation, 
or nonsensory effects that are reversible at the cessation of exposure. AEGL level 2 is the airborne 
concentration above which the general population and susceptible individuals could experience irre-
versible long lasting effects. AGEL level 3 is the airborne concentration of a substance above which 
it is predicted that the general population and certain individuals could experience a life-threatening 
event or death. Table 20.6, amended from Bast and Bress (2003), summarizes AEGL levels 1–3. 
They do not recommend establishing AEGL 1 values for phosgene because of the lack of suffi cient 
animal studies. As can be seen from Table 20.6, AEGL values from 10- to 30-min exposures are 
well above the NIOSH established values of an 8-h time-weighted average of 0.1 ppm (0.4 mg/m 3 ). 
AEGL values were based on animal studies, which can be problematic in extrapolation to human 
exposure limits when considering the discussion above about the use of minute volume to body 
weight ratio promoted by Bide et al. (2000). Risk assessments from low-dose animal studies can 
be further confounded not only by the issue raised by Bide et al., but there could be differences in 
metabolism, exposure rates, genetic differences, and ranges of sensitivities as well. Data generated 
from animals consistently come from controlled-exposure conditions and nearly always to a single 
agent, both conditions that are unlikely to be duplicated in accidental environmental exposures. It 
would be diffi cult to assign a valid risk assessment for exposure guidelines for the general popula-
tion for phosgene. At the present time, industry is considering the development of a database of past 
and present industrial exposure accidents. These data may be used in the future to arrive at a realistic 
risk for exposure to phosgene and possibly arrive at statistically based estimates of exposure-effects-
responses that will be ultimately transitioned into benefi cial treatment strategies.   

 20.9 CONCLUSIONS 

 The treatise above has spanned a large knowledge base regarding the history, experimental mecha-
nistic toxicology, limited case summaries, and attempts at a risk assessment for phosgene inhalation. 
Although there remains no actual treatment against phosgene inhalation poisoning, the historical 
record indicates that large-scale exposures of the general public, while possible, are becoming less 
likely as safety controls and industrial processes improve. However, this does not rule out an inten-
tional or terrorist event that could affect many people and cause a triage nightmare for local health 
authorities. Mechanistically, a great deal of recent data suggests that phosgene causes a multitude of 
adverse genetic, cellular, and systemic responses, especially at the air–tissue interface in the periph-
eral regions of the lung. These effects are seen across species and through a range of concentrations. 

  TABLE 20.6  Acute Exposure Guideline Levels (AEGL) Values for Phosgene a  

10-min 30-min 1-h 4-h 8-h End point (Reference)
AEGL-1 NR NR NR NR NR Not recommended (NR) due to lack to appropriate data 

and clinical latency period

AEGL-2 0.60
(2.4)

0.60
(2.4)

0.30
(1.2)

0.08
(0.32)

0.04
(0.16)

Chemical pneumonia in rats (Gross et al., 1965)

AEGL-3 3.6
(14.4.)

1.5
(6.0)

0.75
(3.0)

0.20
(0.8)

0.09
(0.36)

Highest concentration causing mo mortality in the rat
after 30- or 10-min exposure (Zwart et al., 1990)

  a  Values are in ppm (mg/m 3 ). 

 Source: Modifi ed from Bast and Bress (2003).   
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 The singular and most important issue regarding phosgene inhalation is that is it very diffi cult 
to clinically diagnose or assess whether exposure has occurred and the extent of this exposure. As 
pointed out, experimental screening techniques such as blood electrolyte levels may show some 
promise. However, they are unlikely to be phosgene specifi c, because gases with comparable chemi-
cal reactivity and solubility react in a mechanistically similar manner. Assigning a risk of potential 
serious health effects for the general public for a phosgene release at this time is probably not 
practical as evidenced by the massive accidental release in Germany 75 years ago and by the EPA 
defi nitions of AEGLs. From the clinical data above, exposure to phosgene primarily occurs on an 
individual basis with many exposures from home-related activities. In conclusion, limited work will 
continue on the investigation of the early diagnosis of and treatments against phosgene-induced 
lung injury. It is believed that successful medical countermeasures, while not specifi c for phosgene, 
would be useful against any other mechanistically, comparably acting compound. 
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 21.1 INTRODUCTION AND BACKGROUND 

 The Encyclopedia of Chemical Technology lists riot control agents as one of the fi ve categories of 
chemicals used in war (Harris, 1992). They are described as nonlethal tear agents most effective against 
unprotected personnel. The term chemical warfare has been used since 1917. Irritant chemicals such as 
lacrimators and sternutators that were used in World War I are traditional examples of harassing agents. 
The effects of these are briefl y incapacitating and reversible (Harris, 1992). In 1975, U.S. President 
Gerald Ford signed Executive Order 11850 renouncing fi rst use of riot control agents in war except 

 21 
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in defensive military modes to save lives (Boyd, 2003). More recently, the Secretary of Defense must 
ensure that they will not be used unless there is presidential approval in advance (SECDEF, 2003). 

 Riot control agents are those that cause disabling physiological effects when they come into 
 contact with the eyes or skin, or when they are inhaled. They have the capacity to induce intense sen-
sory irritation of the skin and mucous membranes of the eyes and respiratory tract. Riot control agents 
are peripheral sensory irritants that pharmacologically interact with sensory nerve receptors in skin 
and mucosal surfaces at the site of contamination, resulting in local pain and discomfort sensations 
with associated refl exes (Salem et al., 2001). The refl ex most associated with the inhalation exposure 
of irritants is the Kratschmer refl ex, fi rst reported in 1870 (Kratschmer, 1870). He described this refl ex 
response following the exposure of rabbits to chemical irritants such as chloroform and carbon dioxide. 
On exposure, the immediate response was apnea or cessation of  respiration. This refl ex is one of the 
protective refl exes or defense mechanisms programmed to prevent or reduce the amount of the noxious 
chemical reaching the lower respiratory tract and to maintain homeostasis. This effect is accompanied 
by bradycardia and a biphasic fall and rise in aortic blood pressure. The Kratschmer refl ex is medi-
ated by the olfactory (I), trigeminal (V), and glossopharyngeal (IX) cranial nerves and has also been 
demonstrated to occur in humans (Allen, 1928–29). The Kratschmer refl ex also occurred in rodent and 
canine experiments after exposure to volatile solvents (Aviado, 1971). The cardiopulmonary receptors 
involved in the defense mechanisms prevent the absorption and distribution of the inhaled irritant to the 
vital organs and facilitate the expulsion of the irritant, whereas the extracardiopulmonary mechanisms 
promote metabolism and excretion of the absorbed chemicals. These have been described by Aviado 
and Salem, (1968, 1987) and Aviado and Aviado (2001). During apnea or cessation of respiration, 
blood levels of carbon dioxide increase and thus drive the respiratory center to restart the breathing. 
Individuals with compromised immune  systems, nervous system depression as a result of alcohol or 
illicit drug consumption, or a combination of these, may prevent the restarting of respiration, resulting 
in death from asphyxia. This may be responsible, in part, for the over 100 in-custody deaths attributed 
by law enforcement agencies to positional asphyxia after exposure to “pepper” sprays. 

 21.2 RIOT CONTROL AGENTS 

 The Edgewood Chemical Biological Center (ECBC) and its predecessor organizations have more 
than 85 years experience in chemical and biological defense, including being the Nation’s primary 
nonlethal agent development laboratory (Salem, 2003). Although they are considered military chem-
icals, riot control agents are distinct from chemical warfare agents (CWA). Chemical warfare agents 
include nerve agents such as Tabun (GA), Sarin (GB), Soman (GD), Cyclosarin (GF), and VX, 
nontraditional agents (NTA); blister agents such as mustard (HD) and lewisite (L); choking agents/
lung irritants such as phosgene (CG); blood agents such as hydrogen cyanide (AC) and cyanogen 
chloride (CK); incapacitating agents such as adamsite (DM), 3-quinuclidinyl benzylate (BZ); and 
centrally acting anesthetics such as the fentanyls. Riot control agents are also designated as non-
lethal and less-than-lethal agents, as well as incapacitating, immobilizing, and calmative agents. 
Their pharmacological classes include irritants, lacrimators, sternutators, emetics, sedatives, hynot-
ics, serotonin antagonists, hypotensives, thermoregulatory disruptors, nauseants, vision disruptors, 
neuromuscular blockers, and malodorous substances. In addition to all the above, military chemicals 
also include training agents, smoke materials, and herbicides (Salem et al., 2001). The United States 
does not recognize riot control agents as chemical warfare agents as defi ned in the 1925 Geneva 
Convention (Sidell, 1997), and this is still the offi cial U.S.-held policy (Offi ce of the Press Secretary, 
White House, 1994). Riot control agents or water under pressure can be used in civil disturbances to 
distract, deter, incapacitate, disorient, or disable disorderly people, to clear facilities, to deny areas, 
or to rescue hostages. They can also be used in peacekeeping operations (Ballantyne, 1977a). 

 21.3 HISTORICAL 

 Although lacrimatory and irritant chemicals are considered to have a history dating from World War I, 
it appears that the fi rst recorded effort to overcome an enemy by the generation of suffocating and 
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poisonous gases seems to have occurred in the wars of the Athenians and Spartans in 431–404 
BCE. The Spartans, when besieging the cities of Plateau and Beluim, saturated wood with pitch 
and sulfur, and burned it under the walls of these cities in the hope of choking and incapacitating 
the defenders and rendering the assault less diffi cult. Similar uses of poison gases are recorded 
during the Middle Ages. In effect, they were like our modern stinkballs but were  projected by 
squirts or in bottles in a manner similar to the hand grenade (West, 1919; Fries and West, 1921). 
The use of capsaicin as an irritant also predates World War I. When Christopher Columbus and 
his crew landed on Hispaniola in 1492, their behavior brought them into confl ict with the local 
tribe of Arawak Indians. For their protection, Columbus and his men built a stockade. They 
were confronted by the Indians, who fi lled bottle gourds, or calabashes, with a paste of wood 
ash and ground jalapeno peppers, and lobbed them over the fence. The capsaicin-laden smoke, 
which was intended to encourage Columbus and his men to leave, was unsuccessful (Garrett, 
2000). Capsaicin, which is considered the active ingredient of “pepper sprays,” was synthesized 
at Edgewood Arsenal in the early 1920s and tested as an irritant. Following the synthesis of CS 
by British chemists Carson and Stoughton in 1928, the United States abandoned their work on 
capsaicin to develop CS. 

 Chloropicrin (trichloronitromethane) also known as Green Cross and PS, fi rst synthesized 
around 1850, was used both as a harassing agent and lethal chemical in World War I, along with the 
other lethal agents, chlorine, phosgene, and trichlorethyl-chloroformate. Adamsite (diphenylamino-
chlorarsine or DM), an arsenic-based compound, was developed for use in World War I. It is a vom-
iting and sneezing (sternutator) agent and was used as a riot control agent after the war. According 
to Swearenger (1966) ethyl bromoacetate (EBA) was considered the fi rst riot control agent since the 
police in Paris, France used it in grenades in 1912 to temporarily disable lawless gangs. This tear 
gas was again used in the 1970s (Royer and Gainet, 1973). The other tear gases used in World War I 
included acrolein (Papite), bromoacetone (BA, B-stoff), bromobenzyl cyanide (BBC, CA), chloro-
acetone (A-stoff), and xylylbromide (T-stoff). Bromoacetone was the most widely used potent lacri-
matory agent used in World War I (Salem et al, 2001). Chloroacetophenone (Mace) was invented by 
the German chemist, Graebe, in 1869 (Graebe, 1869, 1881). Other sources indicate it was originally 
synthesized in 1871 and 1881. The name MACE TM  is derived from the chemical name methyl chlo-
roacetophenone (methyl chloroacetophenone). This was the original chemical MACE product made 
by Smith and Wesson and was widely regarded as the original “tear gas.” 

 Although MACE was trademarked for CN, it is commonly used as the generic term for riot 
control agents. After the United States entered the World War I, American chemists and the British 
investigated CN and found it to be one of the most effective lacrimators known. Its lacrimatory 
effects and persistence was equal to or slightly better than bromo benzyl cyanide (BBC) and it 
contained the less expensive chlorine instead of bromine. It is very stable under normal conditions 
and does not corrode steel. CN is a crystalline solid and can be dissolved in a solvent or delivered 
in thermal grenades. 

 CN was used as the tear gas of choice for the three decades after its introduction toward the later 
stage of World War I, but because of its relative toxic profi le and the development of the more effective 
and safer tear agent CS, its use markedly declined (CHPPM, 1996). 

O H

H

C C Cl

1 – chloroacetophenone (CN)
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 21.4 CN (CHLOROACETOPHENONE, MACE) 

 Its CAS number is 532-27-4. It is also referred to as �-chloroacetophenone, �-chloroacetophenone, 
phenacyl chloride, 2-chloro-1-phenylethanone, and phenyl chloromethyl ketone. It is a white solid 
with an apple blossom odor and a molar mass of 154.5 corresponding to a molecular formula of 
C

 8 
H

 7 
OCl. The molar solubility at 20°C is 4.4 � 10 �3  mol/l (�68 mg/100 ml). Melting and boiling 

points are 54°C and 247°C, respectively. Density of the solid is 1.318g/cm 3  at 0°C, and density of 
the liquid 1.187g/m 3  at 58°C. The vapor is 5.3 times heavier than air. The vapor pressure of the solid 
is 2.6 � 10 �3  torr at 0°C, 4.1 � 10 �3  torr at 20°C, and 15.2 � 10 �3  torr at 50°C.   

 21.4.1 CN Animal Toxicology 

 The toxicology of riot control agents, including CN, conducted by McNamara and his colleagues 
has been reviewed and summarized by the National Academy of Sciences (1984). In addition many 
reviews have been published on riot control agents (Swearinger, 1973; Ballantyne, 1977a; Verwey, 
1977; Hu, 1992; Sidell, 1997, Olajos and Salem, 2001; Salem et al., 2001). 

 Toxicological studies were conducted on CN dispersed from commercially available thermal gre-
nades or from acetone solutions. Acute and sublethal effects following aerosol exposure in experi-
mental animals were lacrimation, conjunctivitis, copious nasal secretions, salivation, hyperactivity, 
lethargy, and dyspnea, which occurred in all animals. Effects on the skin of exposed animals were 
primarily erythema. The estimated LCt

 50 
 values calculated for CN in the various animal species were 

8878 mg·min/m 3  in the rat, 7984 mg·min/m 3  in the guinea pig, and 7033 mg·min/m 3  in the dog. The 
pathological fi nding reported by Ballantyne and Swanston (1978) in the animals that died of inhalation 
of CN consisted of congestion of the alveolar capillaries, alveolar hemorrhage, and excessive secre-
tions in the bronchi and bronchioles, as well as areas of acute infl ammatory cell infi ltration of the tra-
chea, bronchi, and bronchioles. They also reported that CN was from 3- to 10-fold more toxic than CS 
in mice, rats, rabbits, and guinea pigs. The early deaths exhibited lesions of the upper respiratory tract, 
with marked pseudomembrane formation, excessive salivation, and nasal secretion. The animals that 
died later exhibited edema and hemorrhage of the lungs. In repeated exposures for 10 consecutive days 
in guinea pigs, dogs, and monkeys, the toxicity of CN was considerably less when administered in 
divided doses.   Overall, these studies demonstrated a lack of cumulative toxicity (Salem et al., 2001). 

Kumar et al. (1994) reported changes in biochemical end points measured after multiple expo-
sures of CN and CR in mice for 15 min/d, for 5 and 10 d. They reported a decrease in hepatic 
glutathione and an increase in lipid peroxidation. Hepatic acid phosphatase increased after the 5-d 
exposure to CN, and the glutathione levels decreased after the 10-day CN exposure. CN-induced 
elevation in acid phosphatase levels refl ected the release of lysosomal enzymes from the liver, indic-
ative of tissue injury. CR exposure did not produce signifi cant alterations in hepatic biochemical 
parameters. Additionally, hyperglycemia was observed after exposure to CN, an effect previously 
reported by Husain et al. (1991). Stress-mediated release of epinephrine is known to elevate glucose 
levels and thus may be responsible for the hyperglycemia. Signifi cant decreases in body weight gain 
were also noted on exposure to these compounds, with CN having a more prominent effect on body 
weight. These fi ndings were consistent with results reported by Ballantyne (1977a) on the repeated 
dose effects of orally administered CR in various animal species. Histopathological changes after 
CN exposures included hemorrhage, perivascular edema, and congestion of the alveolar capillaries, 
occluded bronchioles, and alveolitis. Renal histopathology demonstrated congestion and coagula-
tive necrosis in the cortical renal tubules in CN-exposed mice. Hepatic histopathology consisted of 
cloudy swelling and lobular and centrolobular necrosis of hepatocytes after CN exposures. 

 CN is more likely to cause more serious eye effects than CS. At high concentrations, CN may 
result in chemical injury to the eye with corneal and conjunctival edema, erosion or ulceration, che-
mosis, and focal hemorrhages (Hoffman, 1967; Macrae et al., 1970; Leopold and Lieberman, 1971). 
CN-induced ocular effects on the rabbit eye following treatment with various formulations were 
investigated by Ballantyne et al. (1975) and Gaskins et al. (1972). Effects included lacrimation, 
chemosis, iritis, blepharitis, and keratitis, with severity dependent on the formulation. 
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 CN is also a potent skin irritant and is more likely to cause more serious injury to the skin than 
CS. These effects include severe generalized itching, diffuse and intense erythema, severe edema, 
and vesication. CN is considered a more potent skin irritant and sensitizer than CS (Penneys et al., 
1969; Chung and Giles, 1972; Holland and White, 1972). 

 In the two-year carcinogenicity inhalation bioassays in rats and mice, there was no indication 
of carcinogenicity in male rats, whereas equivocal evidence was found in female rats. These fi nd-
ings were evidenced by increased fi broadenomas of the mammary gland. In these two-year studies 
in mice, there was no evidence of carcinogenic activity in males and females (NTP, 1990). See also 
Chapter 9 by Weisburger and Hudson. 

 In the body, CN is converted to an electrophilic metabolite. It is a SN
 2 
-alkylating agent that 

reacts with SH groups and other nucleophilic sites of biomolecules. Alkylation of SH-containing 
enzymes leads to enzyme inhibition with disruption of cellular processes. CN was found to inhibit 
human plasma cholinesterase via a non-SH interaction, and some of the toxic effects may be due to 
alkylation of SH-containing enzymes (Castro, 1968). 

 21.4.2 Human Volunteer Studies 

 The incapacitating effects of CN in human volunteers during exposure included lacrimation, some 
blurring of vision, and conjunctivitis. On the nose and throat, CN causes a tingling sensation, irri-
tation, pain, and some increases in secretions, whereas in the respiratory tract it causes irritation, 
burning, and pain. CN on the skin causes burning in the periorbital area and other areas of tender 
skin, especially where sweating is present. Nausea and gagging occasionally occur during and soon 
after exposure. Most of these effects disappear within 20 min after exposure, but conjunctivitis and 
blepharospasm usually disappear after a few days leaving no after-effect. Incapacitating dosages 
(ICt

 50 
) of CN have ranged from 20 to 50 mg·min/m 3 . The ICt

 50 
 for CN is comparable with that for 

adamsite (DM), which was an early riot control agent that was replaced by CN. The ICt
 50 

 values for 
CN and DM are greater than for CS. The estimate of human LCt

 50 
 values extrapolated from animals 

exposed to CN dispersed from a solvent is 7000 mg·min/m 3 , and when dispersed from commercially 
available grenades is 14,000 mg·min/m 3 . Other estimates range from 8500 mg·min/m 3  to 25,000 
mg·min/m 3 . According to Punte et al. (1962a) the maximum safe inhalation dosage of CN for humans 
is estimated to be 500 mg·min/m 3 . 

 Punte et al. (1962a) tested human volunteers in a wind tunnel at an air speed of 5 mph to 
establish the length of time a subject could remain in the CN-containing airstream. The toler-
ance time varied with the subject. CN aerosols were generated from acetone solutions at a Ct of 
350 mg·min/m 3  with a mass median diameter of about 0.6 µm. The immediate effects of exposure 
were tingling of the nose and rhinorrhea, burning of the eyes and throat, lacrimation and blurred 
vision. Some subjects suffered dyspnea. These effects disappeared rapidly when the subjects left 
the wind tunnel. Acute injuries to the eyes, primarily from effects of blast and missiles may occur 
from tear-gas weapons, such as pen guns. The immediate effects of these injuries include swell-
ing and edema of the lids with penetration of the skin, conjunctivitis, cornea, sclera, or globe by 
gunpowder and CN. Conjunctival ischemia and chemosis, corneal edema, erosion, infl ammation or 
ulceration, and focal hemorrhage were reported by Oaks et al. (1960), Hoffman (1967), Levine and 
Stahl (1968), Laibson and O’Connor (1970), Leopold and Lieberman (1971), Oksala and Salminen 
(1975), Adams et al. (1966) reported three hand injuries resulting from accidental discharges of 
tear gas guns at close range. Surgery was required in all to relieve pain and to remove foreign mate-
rial. They all suffered continuing pain and some loss of sensation, apparently from the toxic action 
of CN on nerves. 

 21.5 CS (CHLOROBENZYLIDENE MALONONITRILE) 

The  CAS number CS is 2698-41-1, and it is also known as �,�-dicyano-ortho-chlorostyrene, 
and 2-chlorobenzalmalononitrile. It is a white solid with molar mass of 188.5 corresponding to 
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molecular formula of C
 10 

H
 5 
N

 2 
Cl. The molar solubility in water at 20°C is 2.0 � 10 �4  mol/l 

(� �4 mg/100 ml). Dissolved in water CS is rapidly hydrolyzed; however, it may persist in the 
environment because its solubility in water is limited. The melting and boiling points are 72°C and 
335°C, respectively. The vapor is several times heavier than air, and the vapor pressure of the solid 
is 0.00034 mmHg at 20°C. 

 In addition to the nonpersistent form of CS, two hydrophobic variations were created, CS1 and 
CS2. CS1 is a micronized powder formulation containing 5% hydrophobic silica aerogel, which can 
persist for up to 2 weeks in normal weather conditions (Ballantyne, 1977a), and CS2 is a siliconized 
microencapsulated form of CS1 with a long shelf life, persistence, resistant to degradation, and  ability 
to fl oat on water which could restrict or deny the use of water for military operations. CS is commonly 
used as a riot control agent and a simulant for training. Members of military organizations and law 
enforcement agencies are routinely exposed to heated CS during training. The heat vaporizes the 
CS for dispersion, which thus condenses to form an aerosol. Estimates of human toxicity for CN is 
7000 mg·min/m 3  and for CS is from 25,000 to 100,000 mg·min/m 3  WHO (1970).   

 Both CS and CN are SN2-alkylating agents with activated halogen groups that react with nucleo-
philic sites and combine with intracellular sulfhydryl groups on enzymes such as lactic dehydroge-
nase to inactivate them. The effect is transient because the enzymes are rapidly reactivated. CS reacts 
rapidly with the disulfhydryl form of lipoic acid, a coenzyme in the pyruvate decarboxylase system. 
It has been suggested that tissue injury may be related to inactivation of certain of these enzyme sys-
tems. Pain can occur without tissue injury and may be bradykinin mediated. CS has been shown to 
cause the release of bradykinin, both  in vivo  and  in vitro , and elimination of bradykininogen  in vivo  
abolishes the systemic response to CS (U.S. Army Medical Research Institute of Clinical Defense 
[USAMRICD], 2000). The release of chlorine atoms on contact with skin and mucous membranes 
which are reduced to hydrochloric acid can cause local irritation and burns (Anderson et al., 1996). 

21.5.1 Animal Toxicology

 Repeat exposures of thermally dispersed CS were conducted in rats and dogs. The animals were 
exposed from 4 to 5 min/d, 5 d a week for 5 weeks. The 25-day cumulative dosage (Ct) to which 
the rats were exposed to was 91,000 mg·min/m 3  (3,640 mg·min/m 3  per day), whereas the dogs were 
exposed to a cumulative dosage of 17,000 mg·min/m 3  (680 mg·min/m 3  per day). No lethality occurred 
in the dogs, but the rats became hyperactive and aggressive, biting the noses and tails of other rats 
and scratching their own noses. No changes were found in blood values for sodium, potassium, 
 protein, albumin, or creatinine throughout the tests. Five of the thirty exposed rats died, two following 
the cumulative dosage of 25,000 mg·min/m 3  and three after 68,000 mg·min/m 3 . Gross pathological 
examination of the rats that died was negative, as were those of six other rats that were sacrifi ced 
after 5 weeks exposure. The exposed rats lost about 1% of body weight, whereas unexposed rats 
gained about 20% during the 5 weeks. There were no signifi cant differences in organ-to-body weight 
ratios for heart, kidneys, lungs, liver, or spleen following the 5-week exposures. It was concluded 

H

C

Cl

C

C

C N

N

2–chlorobenzylidene malononitrile (CS)

4049_C021_r03.indd   4904049_C021_r03.indd   490 11/15/2005   6:03:04 PM11/15/2005   6:03:04 PM



Inhalation Toxicology of Riot Control Agents 491

that repeated exposures did not make the animals more sensitive to the lethal effects of CS. The 
animals that died after exposure to CS showed increased numbers of goblet cells in the respiratory 
and gastrointestinal tracts and conjunctiva, as well as necrosis in the respiratory and gastrointestinal 
tracts, pulmonary edema, and occasionally hemorrhage in the adrenals. Death appeared to result 
from poor transfer of oxygen from the lungs to the blood stream, probably because of edema, hem-
orrhage in the lungs, and obstruction of the airways. Marrs and his coworkers (1983b) also studied the 
effects of repeated exposures to CS. Mice, rats, and guinea pigs were exposed to neat CS aerosols 
for 1 h/d, 5 d/week for 120 days. High concentrations of CS were fatal to the animals after only a 
few exposures, whereas mortality in the low and medium concentrations did not differ signifi cantly 
from the controls. They concluded that CS concentrations below 30 mg/m 3  were without deleterious 
effects. Acute inhalation toxicity of CS was studied in several animal species generated in smoke by 
Ballantyne and Callaway (1972) and as an aerosol by Ballantyne and Swanston (1978). These data 
are presented in Table 21.1. 

 The effects of CS inhalation on embryonic development in rats and rabbits were studied at 
concentrations consistent with those expected in riot control situations (�10 mg/m 3 ). Although 
the concentrations were low and the duration of exposure (5 min) may not have been adequate 
to assess the fetotoxic and teratogenic potential of CS, no signifi cant increase in the numbers of 
abnormal fetuses or resorptions were noted (Upshall, 1973). The mutagenic potential of CS and 
CS2 were studied in microbial and mammalian bioassays. CS was positive in the Ames Assay 
(von Daniken et al., 1981), whereas Zeiger et al. (1987) reported questionable genotoxicity for 
 Salmonella typhimurium,    and those of Reitveld et al. (1983) and Wild et al. (1983) reported CS 
negative when tested in  S. typhimurium  strains TA 98, TA 1535, and TA 1537 with and without 
metabolic activation (National Toxicology Program [NTP], 1990). The mutagenic potential for 
CS and CS2 was investigated in mammalian assays, such as the Chinese hamster ovary (CHO) 
test, for the induction sister chromatid exchange (SCE) and chromosomal aberration (CA) and the 
mouse lymphoma L5178Y assay for induction of trifl uorothymidine (Tfi ) resistance. The results 
of these assays indicated that CS2 induced sister chromatid exchange, chromosomal aberrations, 
and Tfi  resistance (NTP, 1990, McGregor et al., 1988, Schmid et al., 1989). The Committee on 
Toxicology of the National Research Council (National Academy of Science, 1984) reported that, 
taken in their totality, the test of CS for gene mutation and chromosomal damage provides no clear 
evidence of mutagenicity. Although most of the evidence is consistent with nonmutagenicity, in 
the committee’s judgment, it is unlikely that CS poses a mutagenic hazard to humans. CS2 was 
evaluated for carcinogenicity in the NTP (1990) 2-year rodent bioassay. Compound-related non-
neoplastic lesions of the respiratory tract were observed. The pathological changes observed in the 
exposed rats included squamous metaplasia of the olfactory epithelium and hyperplasia and meta-
plasia of the respiratory epithelium. In mice, hyperplasia and squamous metaplasia of the respira-
tory epithelium was observed. Neoplastic effects were not observed in either rats or mice, and it was 
concluded that the fi ndings suggest that CS2 is not carcinogenic to rats and mice (see also Chapter 9 
by Weisburger and Hudson). McNamara et al. (1972) also tested CS in methylene chloride in 
mice and rats for carcinogenicity in a 2-year study. No tumorigenic effects were observed in the 
CS-exposed animals. 

  TABLE 21.1  Acute Inhalation Toxicity LCt 50  (mg·min/m 3 ) 
CS Smoke CS Aerosol

Guinea pig 35,800 67,000

Rabbit 63,600 54,090

Rat 69,800 88,480

Mouse 70,000 50,110
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 21.5.2 Metabolism 

 CS is absorbed very rapidly from the respiratory tract, and the half-lives of CS and its principal 
metabolic products are extremely short (Leadbeater, 1973). The disappearance of CS follows 
fi rst-order kinetics over the dose range studied. CS spontaneously hydrolyzes to malononitrile 
(Patai and Rappaport, 1962), which is transformed to cyanide in animal tissues (Nash et al., 
1950; Stern et al., 1952). Metabolically, CS undergoes conversion to 2-chlorobenzyl malono-
nitrile (CSH2), 2-chlorobenzaldehyde (oCB), 2-chlorohippuric acid, and thiocyanate (Cucinell, 
1971; Feinsilver et al., 1971; Leadbeater, 1973; Leadbeater et al., 1973; Ballantyne, 1977a; 
Paradowski, 1979).   CS and its metabolites can be detected in the blood after inhalation exposure, 
but only after large doses. After inhalation exposure of CS in rodent and nonrodent species, 
CS and two of its metabolites, 2-chlorobenzaldehyde and 2-chlorobenzyl malononitrile, were 
detected in the blood (Leadbeater, 1973; Leadbeater et al., 1973). In the Leadbeater study (1973), 
with uptake by the respiratory tract in humans, only 2-chlorobenzyl malononitrile was detected 
in trace amounts in the blood. CS and 2-chlorobenzaldehyde were not detected, even after high 
doses of CS of up to 90 mg·min/m 3 . This fi nding is consistent with the CS uptake studies in ani-
mals; and with the maximum tolerable concentration in humans, which is below 10 mg/m 3 , it is 
unlikely that signifi cant amounts of CS would be absorbed by the inhalation route at or near the 
tolerable concentrations. Experiments were conducted to determine the CS metabolite thiocya-
nate in humans exposed to amounts of CS that are intolerable. In their previous work, Cucinell 
et al. (1971) reported dogs exposed to 48,000 mg·min/m 3  of CS aerosol showed an unimpressive 
increase in plasma and urine thiocyanate concentration 24 h after exposure. These were lower 
than those observed in human subjects who smoked cigarettes. Smoking and nonsmoking human 
volunteers were exposed to doses up to 1.1 mg·min/m 3  of CS (intolerably CT). Plasma and urine 
levels were signifi cantly higher in smokers than in nonsmokers, and exposure to CS did not cause 
any signifi cant increases in plasma and urine thiocyanate levels. Plasma and urine thiocyanate 
levels were measured in human volunteers following exposure to intolerable airborne concentra-
tions of CS. Because cigarette smoking also increases thiocyanate in body fl uids, levels in non-
smokers, light smokers, and heavy smokers, before and after CS exposure were compared. There 
was no statistical difference in plasma or urine thiocyanate concentration between nonexposed 
and CS-exposed volunteers. However, concentrations were signifi cantly higher for both light 
and heavy smokers than for nonsmokers. Thus it was concluded that plasma and urine levels 
of thiocyanate CS metabolite are not high enough to detect after human exposure to intolerable 
levels of CS. 

 21.5.3 Human Volunteer Studies 

 Human volunteers have been exposed to CS under varying conditions and concentrations to deter-
mine the dosage that will incapacitate 50% of the exposed population in 1 min (ICt

 50 
). Because 

the toxicity in all animal species studied was low, and the potency as a sternutator and lacrima-
tor was high, it was necessary to study effectiveness of CS in humans, whether CS could be a 
replacement for CN and DM as a riot control agent. Both healthy military and civilian personnel 
volunteered for these studies and, following preexposure medical evaluation, were placed in one of 
four groups to establish base lines for comparison with postexposure results. The fi rst two groups 
were of untrained men, one group with masks available, one without; the other two groups were of 
trained men (previously exposed), with and without masks available. Special categories of subjects 
included those with hypertension, those liable to hay fever, drug sensitivity, or bronchial asthma, 
those with jaundice or hepatitis, those with a history of peptic ulcer unaccompanied by gastroin-
testinal bleeding, and those who were between 50 and 60 years of age. Prior to exposure all men 
received instructions in the use of the protective masks (M9A1 or M17). Four subjects at a time 
were exposed in a wind tunnel (eight cubic feet) at a fi xed speed of 5 mph at temperatures from 
0°F to 95°F. 
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 CS was disseminated from a 10% solution in acetone, from a 10% solution in methylene 
dichloride, or from a miniature M18 thermal grenade. CS solution dissemination was accom-
plished by using spray nozzles (Spraying Co., type J)   placed in the air intake. Airborne samples 
of CS were taken isokinetically from before dissemination to 1 min following the exposures. 
Particle-size determinations were made with a six-stage, modifi ed cascade impactor, and airborne 
concentrations were estimated by ultraviolet light absorption of 260 µm using a Beckman DU 
spectrophotometer. 

 The mass median diameter of CS produced was 3.0 µm for the CS in acetone, 1.0 µm for the 
CS in methylene dichloride, and 0.5 µm for the miniature M18 CS thermal grenade. These studies 
revealed the following. Many untrained subjects were unable to don and retain their masks at low 
concentrations of CS, but at high concentrations they were able to mask well enough to remain in the 
contaminated atmosphere. When properly fi tted these masks will fully protect against CS. In those 
who were unable to mask rapidly, panic was evident. Concentrations of 9 to 10 mg/m 3  forced 50% 
of the subjects to leave the chamber within 30 sec, and that 99% left at approximately 17 mg/m 3 , 
and 100% left and were considered incapacitated at 40 mg/m 3  or greater. Persons who had been 
exposed previously to a high concentration developed a fear of the agent, and even though subse-
quently exposed to a lower concentration, the time to incapacitation for trained men was shorter 
than expected. There were no signifi cant differences noted in the time to incapacitation in subjects 
exposed to CS at 0–95°F, although the subjects appeared unable to tolerate the agent as well as those 
exposed at ambient temperature. At 95°F and relative humidity (RH) of 35% and 97% the skin-burning 
effects were much more prominent, possibly because of the excessive diaphoresis. Hypertensive 
subjects reacted similarly to and tolerated CS as well as normotensive individuals. However, their 
blood pressure elevation was greater and lasted longer than in normotensive individuals, possibly 
because of the stress of exposure. The hypertensive subjects recovered as rapidly as the normoten-
sive subjects. Subjects with a history of peptic ulcer, jaundice, or hepatitis and those between the 
ages of 50 to 60 years reacted similarly to healthy subjects. Persons with a history of drug allergy, 
hay fever, asthma, or drug sensitivity were able to tolerate CS exposure as well as the healthy sub-
jects; however, a higher percentage of this group had more severe chest symptoms than the healthy 
subjects. Although many of these lay prostrate on the ground for several minutes, no wheezing or 
ronchi were heard on auscultation, and recovery time was as rapid as for any other group tested. 
Hyperventilating subjects were incapacitated at much lower concentrations than normally breathing 
subjects, and recovery time was slightly prolonged, but only by 1 to 2 min. Although not signifi -
cantly different, subjects exposed to CS disseminated from methylene dichloride appeared to toler-
ate the agent for a slightly longer period that those subjected to CS in acetone solution, nor were 
there many differences from CS disseminated from the miniature M18 CS smoke grenade. A group 
was also exposed to a combination of CS and DM. The effects of DM were negligible when CS was 
effective within 30 sec (Gutentag et al., 1960) 

 Owens and Punte (1963) exposed only the eyes and respiratory tract of six human volunteers 
from a group of fi fty, who were best able to tolerate airborne CS, to small and large particles 
of CS. The mass-median diameter (MMD) for the small particles was 0.9 µm (4% were larger 
than 10 µm) and for the large particles it was 60 µm (4 % were below 20 µm). The ability to toler-
ate and recover from concentrations of 85 and 94 mg/m 3 , respectively, was determined. The small 
particle size was more effective in producing eye irritation. Only two of the fi ve men exposed 
to the 0.9-µm aerosol were able to tolerate the CS for 60 sec, whereas all six men exposed to 
the large size aerosol remained in the cloud for at least 60 sec. Following exposure, all subjects 
had diffi culty in seeing. Recovery times were based on the subject’s ability to sort and arrange 
cards. Recovery following exposure of the eyes to small particles averaged 90 sec, but it took 
approximately 280 sec following exposure to the large particle. The respiratory effects of expo-
sure of the small particles were more dramatic. None of the six men could tolerate the small 
particles for longer than 30 sec, whereas four of the six men tolerated the larger particle exposure 
for at least 60 sec. 
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 21.5.4 Human Clinical Signs and Symptoms 

 In a group of seven volunteers given 10 exposures of from 1 to 13 mg/m 3  of CS in a period of 15 days 
revealed no clinical abnormalities. The dominant effect of the fi rst exposure remained the dominant 
effect on subsequent exposures. None of the volunteers developed a tolerance to CS during the 
10 exposures. 

 The immediate effects upon exposure to aerosols of CS were on the eyes and were demonstrated 
by severe conjunctivitis accompanied by a burning sensation and pain that persisted from 2 to 5 min 
and usually disappeared abruptly rather than gradually. The conjunctivitis remained intense for up 
to 25 or 30 min. Erythema of the eyelids was generally present, persisted for an hour, and was 
occasionally accompanied by blepharospasm. Lacrimation was invariably present and tended to be 
profuse and lingering for up to 12 to 15 min. The occasional “tired feeling” in their eyes lasted for 
about 24 h. Photophobia, which was quite marked in 5–10% of the volunteers remained for up to 
an hour. On repeated exposures, the eye effects were reproduced. Rhinorrhea and salivation were 
profuse and persisted for up to 12 h. 

 The effects on the respiratory system appeared to depend on the duration of exposure and the depth 
of respiration. The fi rst symptom was usually a burning sensation beginning in the nares and throat 
and then progressing down the respiratory tract; it was sometimes associated with coughing. As the 
exposure continued, the burning became painful and was rapidly followed by a “constricting sensa-
tion” throughout the chest, which caused incapacitation for several minutes. Panic usually accompanied 
and accentuated this symptom, and these volunteers appeared unable to inhale or exhale. Fresh air and 
encouragement abated these effects. Auscultation of the chest immediately after exposure did not reveal 
wheezing, rales, or ronchi. Airway resistance measured by the Asthmometer showed no signifi cant 
changes, and a portable breath-recording apparatus measured breathing patterns of exposed individuals. 
The patterns verifi ed that when the aerosol was inhaled, the subjects involuntarily gasped, and then held 
their breath or breathed slowly and shallowly. This was followed by short paroxysms of coughing that 
forced the individual to exit the exposure. An irregular respiratory rhythm was noted for several minutes 
after exposure was terminated. Many of the exposed individuals were aphonic for 1 to 2 min postexpo-
sure, and several were hoarse for 24 h. The authors concluded that the incapacitation caused by CS was 
due to the effects on the eyes, respiratory tract, or both, but they regarded the effects on the respiratory 
system as potentially the most capable of causing incapacitation (Gutentag et al., 1960). This conclu-
sion was followed up Craig et al. (1960), who also exposed a group of volunteers in the wind tunnel, 
wearing a self-contained remotely controlled breath-recording system. They were exposed to 5–150 µg 
of CS per liter for 110–120 sec. Although the breathing patterns were disrupted by the CS exposure, 
adequate ventilation of the lungs was maintained, so they concluded that incapacitation is attributed to 
the unpleasant sensations rather than to any degree of respiratory failure. The apnea and cardiovascu-
lar changes observed after inhalation exposure to CS are not inconsistent with the Kratschmer refl ex. 
These investigators also reported that sneezing was common among the observers exposed to small 
concentrations of CS at some distance from the exposure chamber (Craig et al., 1960). 

 Inhalation toxicity studies of aerosol dispersions of melted agents sprayed in the molten form 
and of dry-powder dispersions, sprayed from solutions of acetone or methylene dichloride or dis-
persed from grenades by liberation of hot gases, have been performed since World War I. Before 
the research on CS in 1958 and 1959, no toxicity studies were performed with munitions. In 1965, 
munitions studies were conducted with CN and DM. All these studies demonstrated that munitions-
dispersed agents were less toxic than dispersion by other methods. The human LD

 50 
 value, based on 

the combined animal species toxicity data, is 52,000 mg·min/m 3  for CS by molten dispersion and 
61,000 mg·min/m 3  dispersed by the M7A3 grenade. 

 21.5.5 Human In-Use Exposures 

 Park and Giammona (1972) reported the fi rst documented case of pneumonia in the pediatric age 
group following an exposure to tear gas. A healthy 4-month old white male infant was exposed to CS 
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gas for 2–3 h. He was in a house into which police fi red CS tear gas canisters to subdue a disturbed 
adult. Immediately when taken from the house to the emergency room he was observed to have copi-
ous nasal and oral secretions, he sneezed and coughed frequently, and he required suction to relieve 
upper airway obstruction. The pneumonitis was treated aggressively and the patient was  discharged 
from hospital on the 12th day because no growth was noted in his blood and urine cultures, his respi-
ratory problems had subsided, and his temperature had also returned to normal. However, within 
24 h the infant was returned to the emergency room and was rehospitalized. A repeat chest roentgen-
ogram demonstrated a progression of the pulmonary infi ltrates. Following treatment with antibiotics 
the chest roentgenogram was clear by the 17th day, and improvement continued and the patient was 
discharged after 28 days of hospitalization. 

 The next reported case of serious intoxication with CS tear gas was by Krapf and Thalmann 
(1981). Eleven days after a thorough internal medical examination that revealed no clinical or patho-
logical fi ndings, a 43-year-old male was in a room in a cloud of fumes from a CS canister that a 
friend had ignited as a joke. He immediately suffered from burning pains in the eyes and in his 
upper respiratory tract, lacrimation, and pains in his chest with dyspnea and coughing. This unusual 
exposure led to serious long-term complications such as toxic pulmonary edema, gastrointestinal 
diffi culties, and indications of liver damage and transient right heart insuffi ciency. After 3 months 
hospitalization, all tests were negative, and the patient was discharged to his home in a condition 
capable of work. 

 Hill et al. (2000) described what they considered to be the fi rst reported case of major hepatitis 
attributable to CS inhalation exposure. They described a case in which a 30-year-old incarcerated 
male was sprayed with CS and was hospitalized later for 8 days with erythroderma, wheezing, pneu-
monitis with hypoxemia, hepatitis with jaundice, and hypereosinophilia. For months he continued to 
suffer from generalized dermatitis, recurrent cough and wheezing consistent with reactive airways 
dysfunction syndrome (RADS), and eosinophilia. Systemic corticosteroids were successful, but 
abnormalities recurred off treatment. Although the dermatitis resolved gradually over 6–7 months, 
the asthma-like symptoms persisted for a year after exposure. Patch testing confi rmed sensitization 
to CS. The mechanism of the prolonged reaction is unknown but may involve cell-mediated hyper-
sensitivity, perhaps to ad\ducts of CS, or a metabolite, and tissue proteins. The investigators reported 
this as the fi rst documented case in which CS apparently caused a severe, multisystem illness by 
hypersensitivity rather than direct tissue toxicity. 

 Hu et al. (1989) reported other human exposures. They reported on the alleged use of tear gas 
in almost every major city in South Korea in June of 1987 ( New York Times , July 1, 1987, Sec. 1:8). 
There were more than 350,000 uses of CS tear gas by the government against civilians who exhib-
ited cough and shortness of breath for several weeks. Hospitalized patients with asthma and chronic 
bronchitis, exposed to CS wafting through hospital wards through open windows, experienced dete-
rioration in lung function. Persons close to the exploding tear gas canisters and grenades sustained 
penetrating trauma from plastic fragments that was exacerbated by the tear gas. The lack of informa-
tion and objective and epidemiological studies was due to fear of serious government reprisals. 

 Hu et al. (1989) also refers to the allegations that exposures to tear gas in Gaza and the West Bank 
of Israel have been associated with increases in miscarriages and stillbirths. Inquiries, by groups such 
as Amnesty International and Physicians for Human Rights, prompted a Government Accounting 
Offi ce (GAO) investigation requested by Congressman Ronald Dellums. The GAO Report (1989) 
concluded that the Physicians for Human Rights fact-fi nding trip could not confi rm any deaths linked 
to tear gas inhalation, nor could they substantiate the rumors of increased miscarriages. There was 
also no verifi able evidence available linking tear gas exposure to fetal deaths. In addition, the U.S. 
State Department reported that they did not have any medical evidence to support a direct causation 
between tear gas inhalation and the number of deaths and miscarriages alleged. The exaggerated 
number of almost 400 deaths attributed to the use of tear gas by the Israeli Defense Forces (IDF) 
has also been repudiated by the State Department. They have concluded that at least four deaths had 
resulted from tear gas use in enclosed areas and that the IDF was using primarily CN at the time. 

4049_C021_r03.indd   4954049_C021_r03.indd   495 11/15/2005   6:03:05 PM11/15/2005   6:03:05 PM



496 Inhalation Toxicology

 The use of CS by the U.S. forces in Vietnam in the years 1964–1972 was to fl ush the enemy 
from bunkers and tunnels, reduce the ability of the enemy to deliver aimed fi re while attacking, and 
to deny fi ghting positions and infi ltration routes for extended periods (Walker, 1970). 

 Interest and possible concern developed about the adverse effects of chemicals used in peace-
keeping operations in the United Kingdom following the use of CS by the Ulster Constabulary in 
Londonderry, Northern Ireland on August 13 and 14, 1969. As a result of the fi rst use of CS for 
crowd control, a three-man Committee of Inquiry was established to determine the medical effects, 
if any, in persons exposed to CS. Their report, published in 1969, recommended an  expansion 
of the committee and the assessment of the evidence regarding CS in the widest possible way 
(Himsworth, 1969, 1971). They reported that on exposure to various concentrations of CS the 
effects vary from a slight prickly or peppery sensation in the eyes and nasal passages to the maxi-
mum symptoms of profuse lacrimation and salivation from the eyes and nose, spasm of the eyelids, 
retching and sometimes vomiting, burning of the mouth and throat, cough, and gripping pain in the 
chest. Even at low concentrations, the onset of symptoms is immediate, and they disappear when 
removed from the exposure (Himsworth, 1969, 1971). Of the many tens of thousands of military 
personnel in the United Kingdom who were exposed to CS in the course of their training, as well 
as those of the U.S. military who undergo similar training, the signs and symptoms were similar to 
those described above, and there were no signifi cant after effects. Of all the U.S. military exposed 
to CS in training, Thomas et al. (2002) reported that approximately 200,000 U.S. Marines were 
exposed to CS from 1996 to 2002 under fi eld conditions with similar effects. They also reported 
that a cluster of nine U.S. Marine Corps Amphibious Reconnaissance students required hospital-
ization with pulmonary edema after strenuous exercise following exposure to CS. These patients 
did not become symptomatic until 36–40 h after the CS exposure and did not demonstrate evidence 
of airway dysfunction. McDonald and Mahon (2002) proposed that these cases attributed to the 
acute pulmonary effects of CS more likely represented a cluster of incidents of either water aspira-
tion or swimming-induced pulmonary edema (SIPE). Water aspiration is a well-described cause of 
pulmonary edema. No details were provided in the report by Thomas et al. (2002) as to whether 
the symptomatic marines aspirated pool or seawater or whether they were breath-hold diving, but 
all became symptomatic immediately after pool or open ocean 1000- to 1500-m swims. Even when 
patients do not recall specifi c aspiration incidents while in the water, pulmonary edema has been 
described in divers and swimmers who have been immersed in cold water, and strenuous swim-
ming alone has been reported as a cause of pulmonary edema. McDonald and Mahon (2002) also 
reported that cases of pulmonary edema associated with immersion occurred at the U.S. Basic 
Underwater Demolition/Seal School (BUDS) and at the Israel Naval Medical Institute. The case 
defi nition of pulmonary edema associated with immersion includes hypoxemia and radiograph air 
space fi lling that occurs during or immediately after swimming, followed by resolution of symp-
toms or radiographic improvement by greater than 50% within 48 h. On exposure, the eyes are 
red, but the redness disappears on leaving the contaminated atmosphere. On the skin CS causes a 
burning sensation on the exposed parts that can be followed by redness or the appearance of small 
blisters or vesicles at the point of friction. These effects are more prevalent in fair-skinned persons 
especially if the skin is hot and moist. Infants asleep in rooms where CS entered via broken win-
dows were suffi ciently distressed to awaken themselves crying from sleep. On being snatched from 
the contaminated atmosphere, they quieted rapidly and required no hospitalization. The authors 
also found no special susceptibility to CS associated with old age. Human volunteers and members 
of the Himsworth committee over 50 years of age were exposed to 35 mg/m 3 , and the symptoms 
experienced and the time to recover from these were no different from those in young adults. 
Exposure to CS was determined not to have had any effect on pregnancy because comparison of 
the 9 months following exposure compared with the 9 months of the previous year demonstrated 
no difference in abortions, stillbirths, or congenital abnormalities. Middle-aged and elderly people 
who had chronic bronchitis and had been signifi cantly exposed to CS did not show exacerbation 
different than that caused by natural causes. Following the riots of 1969, no increase occurred 
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in the death rate from chronic bronchitis and asthma. Individuals with asthma, especially children 
who were exposed to CS, did not show any difference in the number of attacks from their experi-
ence prior to the exposure. The committee reported that there is ample evidence that if CS causes 
unconsciousness in humans, it can do so only rarely and that many, if not all of the cases reported 
are more probably the result of other conditions that occur in riot situations. In animals, uncon-
sciousness does not occur after inhaling CS (Himsworth, 1971). The Himsworth reports (1969, 
1971), considered to be the most extensive independent study of the use of CS agent on humans, 
by U.K. forces in Northern Ireland in the late 1960s, found that no deaths and no long-term injuries 
resulted from the widespread use of CS agent there (U.S. Congress, 1996). 

 On April 19, 1993, CS was used unsuccessfully to induce the residents to leave the structure 
when it was injected through the walls of the Davidian residence in Waco, Texas. Had the building 
been airtight, which was not the case, the total amount delivered into the building would have been 
411.92 mg/m 3 . This concentration is far below the 61,000 mg/m 3  projected to be lethal to 50% of a 
given population of humans. In reality, the concentration of CS inside the Branch Davidian residence 
did not reach even these levels, because the residence was poorly constructed and allowed for air to 
move in and out of the residence continuously. The total amount of methylene chloride mixed with 
the CS inserted into the building was 1,924.87 mg/m 3 . Because a human lethal estimate apparently 
has not been published, this amount was compared with that for rats and found to be far below the 
estimated LCt

 50 
 of 2,640,000 mg·mim/m 3  for rats. Thus the committee concluded that the methylene 

chloride could not have caused the death of any of the Davidians. During the insertion of the CS into 
the Davidian compound, their leader David Koresh did not advise his followers to leave, instead, 
they spread highly fl ammable liquids throughout the compound and set fi re to the whole building. 
In the aftermath of the fi re, the bodies of more than 70 Branch Davidians were recovered. According 
to the autopsy reports from the Tarrant County, Texas, Coroner, 30 people died of asphyxiation due 
to smoke inhalation, two people died of injuries resulting from blunt-force trauma, and 20 people 
including David Koresh and a 20-month-old infant, died of gunshot wounds infl icted at close range 
by themselves or others within the compound. Of the nine Branch Davidians who survived the fi re, 
seven escaped through openings in the walls and windows of the compound created by the combat 
engineering vehicles (CEV). The shoes and clothing of several of those who escaped contained con-
centrations of gasoline, kerosene, and other fl ammable  liquids. CS is not a chemical accelerant or a 
fl ammable agent but will support combustion if ignited. The methylene chloride and carbon dioxide 
used in dissemination of the CS will not burn and will actually inhibit fi re ignition (Union Calender 395). 
On April 12, 1993, the Federal Bureau of Investigation (FBI) presented its tear gas plan to Attorney 
General Janet Reno. Between that date and April 17, she conducted at least eight meetings with 
military and civilian tear gas experts to debate the tear gas plan in a barricade situation, the proper-
ties of the tear gas chosen, and the scientifi c and medical information concerning the toxicity and 
fl ammability of the type of tear gas proposed, and the effect of tear gas on vulnerable populations 
such as children, the elderly, and pregnant women. On April 17, the attorney general approved the 
tear gas insertion plan and informed the president of her decision. 

 As a result of the activities at Waco, Texas, the U.S. Congress initiated an investigation by the 
Subcommittee on Crime of the House Committee on the Judiciary and the Subcommittee on National 
Security, International Affairs, and Criminal Justice of the House Committee on Government Reform 
and Oversight, on the actions of the federal agencies involved in law enforcement activities in late 
1992 and early 1993. As part of the investigation 10 days of public hearings were held in which 
more than 100 witnesses appeared and provided testimony concerning all aspects of the govern-
ments actions. In addition, the subcommittees reviewed thousands of documents requested from and 
provided by the agencies involved in these actions. Included in these documents were many that are 
referenced in this chapter. In the report it is stated that all those consulted who had personal knowl-
edge or professional expertise agreed that the use of tear gas was the only way to compel the Branch 
Davidians to leave the compound without the use of force or loss of life. Evidence and testimony 
during the hearing clearly indicated the CS tear gas was not the direct or proximate cause of the 
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 ignition or acceleration of the fi re. As previously stated, CS is a common riot control agent used in the 
United States and Europe, the purpose of which is to cause irritation of the eyes, skin, and respiratory 
system suffi cient to encourage an individual to leave the premises or any open area. CS is considered 
the least toxic agent in the family of chemical tear gas irritants. To reach a level that would be lethal to 
50% of the population, CS must reach a concentration of 25,000 to 150,000 mg·min/m 3 . The CS gas 
used was in a concentration that would only reach 16,000 mg·min/m 3 , if all the CS used was released 
at the same time in a single closed room and if the residents were exposed continuously for 10 min. 
In reality, at Waco, the CS was released throughout different areas of the building while openings 
were created in the windows and walls. The CS was inserted for a total of 5 min over a 6-h period, 
and the wind velocity was 35 knots during the tear gas delivery. Therefore, given the amount of CS 
used, the presence of high winds, building ventilation, and the delivery of the gas at different areas 
of the compound, it is highly unlikely that anything close to the 50% lethality rate was reached. They 
further state that there are no documented cases in which the use of CS has caused death in humans, 
and the report that Amnesty International linked the use of CS to deaths of Palestinians in the West 
Bank and Gaza of Israel is an extremely biased reading of the report. 

 The report discussed the use of both CS and CN. CN has been reported to be lethal in closed quar-
ters, whereas the overwhelming majority of evidence of ill effects of CS was anecdotal. Therefore, 
no reliable scientifi c data would lead to the conclusion that CS alone was implicated in any of the 
deaths. The Physicians for Human Rights also could not confi rm the reports of deaths from CS 
inhalations. The Congressional Report also refers to the Himsworth Report issued by the British 
Government that found that there is no evidence of any special sensitivity of the elderly, children, or 
women. In addition, the Himsworth Commission chronicled the effects of CS exposure on an infant 
who, after being removed from the affected area, recovered rapidly. The Registrar General studied, 
under a pledge of medical secrecy, the individual health records of the employees who worked for 
at least 11 years at Nancekuke in Cornwall where CS is manufactured and compared them with a 
group of men of the same age from England and Wales.   The results reported in Appendix 12 of the 
Himsworth Report (1971) indicate the workers may undergo multiple exposures to small doses of 
CS without their having any ill effect on them. There was no evidence of increased risk from any 
group of causes such as neoplasms, nervous system, circulatory system, respiratory system, diges-
tive system, genitourinary system, accidents, poisoning, and violence as compared with the control 
group. From all causes there were only 41 deaths compared with the expected deaths of 48.3 over 
a 20-year period. For respiratory diseases and all the other causes except digestive, the mortality of 
workers at Nancekuke was somewhat less than for those in England and Wales.

Thirty-four young adults from 21 to 39 years of age were exposed to CS spray during an altercation 
with the police as they were trapped inside a 72-seat coach. They were exposed intermittently for up to 
3 min and the whole group was out of the coach and into the fresh air within 10 min. Then some were 
sprayed directly on the face, others indirectly. All were interviewed a month after the exposure and 
asked about the adverse effects experienced 1 h postexposure. All but two recalled having respiratory 
(shortness of breath, chest tightness, cough, wheeze, exacerbation of asthma) and oral (pain, ulceration, 
excessive salivation) symptoms; and the symptoms were more severe in the directly exposed group. 
At 1 month, only oral symptoms were signifi cantly more prevalent and at 8 to 10 months, symptoms 
were still reported, but there were no differences between the groups and clinical examinations revealed 
no specifi c abnormality (Karagama et al., 2003; Douglas, 2002). The authors felt that the retrospective 
reporting of symptoms present after 1 h after exposure were probably inaccurate and exaggerated in 
the hope of fi nancial compensations. However, the data were reassuring in that there was no convinc-
ing evidence of long-term physical sequelae from exposure to CS spray in a confi ned space. 

 21.6 CR (DIBENZ (B,F) 1:4-OXAZEPINE) 

 The CAS number for CR is 257-07-8. It is a pale yellow solid with a pungent pepperlike odor and 
a molar mass of 195.3 corresponding to a molecular formula of C

 13 
H

 9 
ON. The molar solubility in 
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water at 20°C is 3.5 � 10 �4  mol/l (� �7 mg/100 ml). The melting and boiling points are 72°C and 
335°C,  respectively. The vapor is 6.7 times heavier than air, and the vapor pressure of the solid is 
0.00059 mmHg at 20°C. CR is a stable chemical and may persist for prolonged periods in the envi-
ronment. It was fi rst synthesized in 1962 and is considered a potent sensory irritant of low toxicity.   

 21.6.1 Animal Toxicology 

 Ballantyne (1977) summarized the mammalian toxicology in various animal species. The acute 
 toxicity of CR (LD

 50 
 and LCt

 50 
) indicates that CR is less toxic than CS and CN by all routes of 

exposure. Animals exposed to CR exhibited ataxia or incoordination, spasms, convulsions, and 
tachypnea or rapid breathing. In the animals that survived, these effects gradually subsided over 
a period of 15–60 min. Increasing respiratory distress preceded death. The animals that died after 
intravenous and oral administration demonstrated congestion of liver sinusoids and alveolar capil-
laries. At necropsy, the surviving animals did not show any gross or histological abnormalities. 
The toxic signs following intraperitoneal administration included muscle weakness and heightened 
sensitivity to handling. These effects persisted throughout the fi rst day of exposure. Some animals 
also exhibited central nervous system effects. Surviving animals did not exhibit any gross or histo-
logical abnormalities at necropsy. Several animal species were exposed to the acute inhalation of 
CR aerosols and smokes for various periods. Rats exposed to aerosol concentrations from 13,050 
to 428,400 mg·min/m 3  manifested nasal secretions and blepharospasm or uncontrollable closure of 
the eyelids, which subsided within an hour after termination of the exposure. No deaths occurred 
during or after these exposures. There were also no deaths in rabbits, guinea pigs, or mice exposed 
to CR aerosols of up to 68,000 mg·min/m 3 . Animals exposed to CR smoke generated pyrotechni-
cally had alveolar  capillary congestion and intra-alveolar hemorrhage, as well as kidney and liver 
congestion. 

 The potential of CR aerosols to produce physiological and ultrastructural changes in the 
lungs was evaluated by Pattle et al. (1974). Electron microscopy of rats exposed to CR aerosol of 
115,000 mg·min/m 3  did not reveal any effects on organelles such as lamellated osmiophilic bodies. 
The studies by Colgrave et al. (1979) evaluated the lungs of animals exposed to aerosols of CR at 
dosages of 78,200, 140,900, and 161,300 mg·min/m 3  and found that they appeared normal on gross 
examination. On microscopic examination, however, the lungs revealed mild congestion, hemorrhage, 
and emphysema. Electron microscopy showed isolated swelling and thickening of the epithelium, 
as well as early capillary damage, as evidenced by ballooning of the endothelium. The authors con-
cluded that these very high dosages of CR aerosols produced only minimal pulmonary damage. 

 In 1975, Lundy and McKay studied the cardiovascular effects of CR when administered intrave-
nously. They found a dose-dependent increase in blood pressure of short duration and an increased 
heart rate and arterial catecholamines. The investigators postulated that the cardiovascular effects of 
CR were related to sympathetic nervous system effects as evidenced by the abolition of CR-induced 
presser effects by phentolamine and 6-hydroxydopamine. 

O

H

N = C

dibenz (b,f) – 1:4 – oxazepine  (CR)
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 Repeated inhalation exposures were conducted by Marrs et al. (1983a), who exposed mice and 
hamsters to concentrations of 204, 236, and 267 mg/m 3  CR for 5 d/week for 18 weeks. The high 
concentrations produced death in both species, but no single cause of death could be ascertained, 
although pneumonitis was present in many cases. Chronic infl ammation of the larynx was observed 
in mice. Although alveologenic carcinoma was found in a single low-dose and a single high-dose 
group of mice, the fi ndings and conclusions were questioned because the spontaneous occurrence 
of alveogenic carcinoma is high in many mouse strains (Grady and Stewart, 1940; Stewart et al., 
1979). Further, this tumor type differs in many respects from human lung tumors. No lung tumors 
and no lesions were found in hamsters exposed to CR aerosols. Histopathology revealed hepatic 
lesions in mice, but these were of infectious origin and not CR related. The authors concluded that 
CR exposures at high concentrations reduced survivability and that CR produced minimal organ-
specifi c toxicity at many times the intolerable human dose, which has been reported as 0.7 mg/m 3  
(IC

 50 
) within a minute (Ballantyne, 1977a) and 0.15 mg/m 3  (IC

 50 
) within a minute (McNamara et al., 

1972; Marrs et al., 1983). 
 Repeated cutaneous administration of CR was conducted in experimental animals by Marrs 

et al. (1982) who applied it to the skin 5 d/week for 12 weeks. The investigators concluded that 
repeated cutaneous applications of CR had little effect on the skin. They further postulated that in 
view of the absence of any specifi c organ effects, absorption of even substantial amounts of CR 
would have little effect. 

 Higgenbottom and Suschitzky (1962) were fi rst to note the intense lacrimation and skin irritation 
caused by CR. Mild and transitory eye effects such as mild redness and mild chemosis were observed 
in rabbits and monkeys after a single dose of 1% CR solution. Multiple doses over a 5-d period of 
1% CR solution to the eye produced only minimal effects. Biskup, et al. (1975) reported no signs of 
eye irritation in animals after single- or multiple-dose applications of 1% CR solutions. Moderate 
conjunctivitis following the application of 5% CR solution to the eyes of rabbits was reported by 
Rengstorff et al. (1975), although histological examination revealed normal corneal and eyelid  tissues. 
Ballantyne and Swanston (1974) also studied the ocular irritancy of CR and arrived at a threshold 
concentration (TC

 50 
) for blepharospasm in several species. Ballantyne et al. (1975) studied the effects 

of CR as a solid, as an aerosol, and as a solution in polyethylene glycol. Aerosol exposures of 10,800 
and 17,130 mg·min/m 3  resulted in mild lacrimation and conjunctival injection that cleared in 1 h, but 
while in solution produced reversible dose-related increases in corneal thickness. The authors con-
cluded that CR produced considerably less damage to the eye than CN and that a much greater degree 
of safety existed for CR than for CN. 

 The effects on skin were reported by Ballantyne (1977a) and by Holland (1974). They found that 
CR produced transient erythema but did not induce vesication or sensitization and did not delay the 
healing of skin injuries. The burning sensation on exposure to CR persists for 15–30 min, and the 
erythema may last for 1–2 h. 

 Upshall (1974) studied the reproductive and developmental effects of CR on rabbits and rats. 
They were exposed to inhalation of aerosolized CR at concentrations of 2, 20, and 200 mg/m 3  for 
5 and 7 min. Groups of animals were also dosed intragastrically on days 6, 8, 10, 12, 14, 16, and 18 
of pregnancy. No dose-related effects of CS were observed in any of the parameters measured and 
the number and types of malformations observed. No externally visible malformations were seen in 
any group and no dose-related effects of CR were noted in any of the fetuses in any group. Based 
on the overall observations, the author concluded that CR was neither teratogenic nor embryotoxic 
to rabbits and rats. 

 Only one study reported on the genotoxicity of CR. Colgrave et al. (1983) studied the mutagenic 
potential of technical grade CR and its precursor (2-aminodiphenyl ether) in the various strains of 
 S. typhimurium,  as well as in mammalian assay systems. CR and its precursor were negative in all the 
assays, suggesting that CR is not mutagenic. Further testing is required to exclude the genetic threat 
to humans and to determine the carcinogenic potential and its ability to cause other chronic health 
effects. Husain et al. (1991) studied the effects in rats of CR and CN aerosols on plasma glutamic 
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oxaloacetic transaminase (GOT), plasma glutamic pyruvic transaminase (GPT), acid phosphatase, 
and alkaline phosphatase. The rats exposed to CR exhibited no change in any of these parameters, 
whereas signifi cant increases occurred in all these parameters in rats exposed to CN, suggesting that 
CN could cause tissue damage. 

 Upshall (1977) reported that CR aerosols are very quickly absorbed from the respiratory tract. 
Following inhalation, the plasma half-life ( t 

 1/2 
) is about 5 min, which is about the same after intrave-

nous administration. French et al. (1983) studied CR metabolism  in vitro  and  in vivo  and supported 
the previous conclusions that the major metabolic fate of CR in the rat is the oxidation to the lactam, 
subsequent ring hydroxylation, sulfate conjugation, and urinary excretion. 

 21.6.2 Human Volunteer Studies 

 Studies at Edgewood Arsenal and other research centers have been conducted to assess the effects 
of CR on humans following aerosol exposures, drenches, and local application (Ballantyne et al., 
1973, 1976; Ballantyne and Swanston, 1974; Holland, 1974, Ashton et al., 1978). The human 
aerosol and cutaneous studies conducted at Edgewood Arsenal from 1963 to 1972 were sum-
marized in a National Academy of Sciences Report (NAS) 1984 on irritants and vesicants. The 
respiratory effects following aerosol exposures included respiratory irritation with choking and 
diffi culty in breathing or dyspnea, whereas the ocular effects consisted of lacrimation, irritation, 
and conjunctivitis. Ballantyne et al. (1973) reported the effects of dilute CR solution on humans 
following splash contamination of the face or facial drench. These exposures resulted in an imme-
diate increase in blood pressure concomitant with decreased heart rate. In subsequent studies by 
Ballantyne et al. (1976), humans were exposed to whole-body drenches, which resulted in the 
same effects of immediate increase of blood pressure and bradycardia. The authors concluded 
that the cardiovascular effects in both studies were not due to the CR, because they theorized that 
there was insuffi cient CR uptake to produce the systemic effects on the heart. However, they did 
not provide an explanation for the cardiovascular changes. Lundy and McKay (1977) suggested 
that these cardiovascular changes resulted from the CR effects on the heart via the sympathetic 
nervous system. Ashton et al. (1978) exposed human subjects to a mean CR aerosol concentration 
of 0.25 mg/m 3  (particle size 1–2 µm) for 1 h. Expiratory fl ow rate was decreased approximately 
20 min after the onset of exposure. The investigators theorized that CR stimulated the pulmo-
nary irritant receptors to produce bronchoconstriction and increasing pulmonary blood volume by 
 augmenting sympathetic tone. 

 The data for acute inhalation toxicity in various animal species from multiple sources for CR, 
CS, and CN generated pyrotechnically and also as an aerosol have been tabulated by Salem et al. 
(2001) and are presented in Table 21.2.    

 Estimates for lethality (LCt
 50 

) and incapacitation (ICt
 50 

) values in humans have been tabulated 
from many sources and reported by Salem et al. (2001). These data demonstrated the very high 
safety ratio and are presented in Table 21.3. 

  TABLE 21.2  Acute Animal Toxicity LCt 50  (mg·min/m 3 ) 

Pyrotechnically Generated Aerosol
CR CS CN CR CS CN

Mouse 203,600 76,000 No data 169,500 67,200 18,200–73,500

Rat 139,000 68,000 23,000 428,400 88,460 3,700–18,800

Rabbit 160,000 63,000 15,800 169,000 54,100 5,840–11,480

Guinea pig — — — 169,500 50,010 3,500–13,140
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 21.7 OC (OLEORESIN CAPSICUM)  AND PAVA (NONIVAMIDE)

 Oleoresin capsaicin is a reddish-brown, oily liquid obtained by extracting dried, ripe fruit of chili 
peppers, usually Capsicum annuum or Capsicum fruitescenes. The oleoresin is a mixture of many 
compounds. Its composition is variable and depends on factors such as maturity of the fruit, the 
environment in which the plants are grown, and the conditions of the extraction. More than 100 
compounds have been identifi ed in oleoresin capsicum. Among the branched- and straight-chain 
alkyl vanillylamides isolated from oleoresin capsicum, capsaicin is the major pungent component 
in many peppers, and it is particularly noted for its irritant properties. Depending on the variety of 
chili pepper, the oleoresin contains from 0.01 to 1.0% capsaicinoids on a dry mass basis. Some of 
the  capsaicinoids found in the oleoresin are capsaicin (�70%) with a CAS number of 404-86-4, 
dihydrocapsaicin (�20%) with a CAS number of 19408-84-5, norhydrocapsaicin (�7%) with a CAS 
number of 28789-35-7, homocapsaicin (�1%) with a CAS number of 58493-48-4, and homodihy-
drocapsaicin (�1%) with a CAS number of 279-0605. Other components of the oleoresin such as 
phenolic compounds, acids, and esters, may also possess irritant properties.   

  TABLE 21.3 Human Estimates (mg·min/m 3 ) 

Agent LCt50 ICt50 LCt50/ICt50Safety Ratio
CN 8,500–25,000 20–50 425–500

CR � 100,000 �1 100,000

CS 25,000–150,000 5 5,000–30,000

DM 11,000–35,000 20–150 550–233

BZ 200,000 112 1786

H  CO
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N
H

O
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3

33

Capsaicin

 OC is considered a highly effective irritant that has received much attention as a less-than-lethal 
agent in civilian, governmental, and military sectors. OC spray or pepper spray has gained popularity 
as a law enforcement weapon in recent years. Because OC is a natural product, it is considered safe—
a viewpoint that is not necessarily accurate. OC has been incorporated into a variety of formulations and 
marketed as “pepper gas,” pepper mace, and pepper spray for self-defense, criminal incapacitation, law 
enforcement, and riot control purposes. OC exposure induces involuntary closing of the eyes and lacri-
mation. It also causes respiratory-related effects such as severe coughing and sneezing, nasal irritation, 
bronchoconstriction, and shortness of breath. It causes burning sensations of the skin and loss of motor 
control. As a result, many exposed individuals can be easily subdued. Acute effects of capsaicin and 
casaicinoids cause edema, hypertensive crisis, and hypothermia. Since 1990, there have been over 100 
deaths reported after the use of OC spray. Although a causal relationship has not been established, most 
of the reported deaths had occurred within 1 h after exposure. Although there is an extensive database on 
capsaicin, very few data are available on the oleoresin capsicum. Studies reporting on capsaicin indicate 
that it is capable of producing mutagenic and carcinogenic effects, sensitization, cardiovascular and pul-
monary toxicity, and neurotoxicity. It also has been reported to induce impairment in thermoregulation 
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against overheating (Obal et al., 1979, 1983; Monsereenusorn et al., 1982; Suzuki and Iwai, 1984; Buck 
and Burks, 1986; Fuller, 1990; Govindarajan and Sathyanarayana, 1991; O’Neill, 1991; Holzer, 1992). 
The causes of these in-custody deaths remain controversial, but the most common explanation is death 
from positional asphyxia. Other suggestions are excited delirium, heat prostration, drug interaction, 
cardiopulmonary sensitization, and the compromised Kratchmer refl ex (Parenti, 1999). 

 Capsaicin was prepared and evaluated in humans as early as the 1920s. However, interest in its 
development waned when CS was synthesized and research efforts were redirected to the develop-
ment of CS. Unlike other riot control agents such as CS, CR, and CN, which have defi nite chemical 
compositions, OC is a mixture of compounds containing capsaicinoids, various acids and esters, 
alcohols, aldehydes, ketones, and carotenoid pigments (Teranishni et al., 1980; Games et al., 1984; 
Govindarajan, 1986; Cordell and Araujo, 1993). Capsaicin as the major component is considered to 
be the active ingredient without consideration as to the activity of the other capsaicinoids. Although 
their activity is similar, they differ in potency (Cordell and Araujo, 1993). 

 21.7.1 Animal  Toxicology

 Not much is known about the toxicology of OC, but because it is a natural product and a much uti-
lized food component, it is considered to be relatively safe, with a low order of toxicity (Clede, 1993). 
The pharmacology and toxicology of capsaicin, on the other hand, have been well characterized in 
both animal and human studies. The pharmacological actions of capsaicin and capsaicinoids were 
characterized in the 1950s (Issekutz et al., 1950; Toh et al., 1955). Glinsukon et al. (1980) studied 
the acute toxicity of capsaicin in several species and found that capsaicin is highly toxic by all routes 
of administration except gastric, rectal, and dermal. The intravenous doses of capsaicin caused con-
vulsions within 5 sec and times to death were from 2 to 5 min. The toxic signs observed included 
excitement, convulsions with limbs extended, dyspnea, and death due to respiratory failure. We 
compared the acute intravenous LD

 50 
s in mice with other well-known chemicals Table 21.4. This was 

done because there were no known comparative inhalation LD
 50 

s in mice for all these chemicals, 
and the intravenous route has been considered very close to the inhalation route of exposure. This 
demonstrates that capsaicin’s acute toxicity in mice is between that of nicotine and strychnine, two 
well-known potent poisons. Additionally, Glinsukon et al. (1980) also compared the intraperitoneal 
acute toxicity of capsaicin with the oleoresin capsicum in female mice and found the extract to be 
four times more toxic than the capsaicin with LD

 50 
s of 1.51 and 6.50 mg/kg, respectively. Guinea 

pigs appeared to be more susceptible than mice and rats, whereas hamsters and rabbits were less 
vulnerable to the toxic actions of capsaicin.   

 The pulmonary pharmacology and toxicology of capsaicin has been studied in some detail. 
Inhalation of capsaicin is consistent with the induction of the Kratschmer refl ex, which is apnea, 
bradycardia, and a biphasic fall and rise in aortic blood pressure. Exposure to capsaicin causes 
bronchoconstriction in animals and humans, the release of substance P, a neuropeptide, from sen-
sory nerve terminals, and mucosal edema (Jansco et al., 1977; Russel and Lai-Fook, 1979; Davis 
et al., 1982; Fuller et al., 1985; Hathaway et al., 1993). The pulmonary effects of capsaicin appear 
to be species related. In guinea pigs, intravenous and intra-arterial administration causes broncho-
constriction (Biggs and Goel, 1985). The bronchoconstriction in the dog and cat after intravenous 
capsaicin depends on a vagal cholinergic refl ex, as does the bronchoconstriction in the cat after 
aerosol  exposure (Adcock and Smith, 1989). In guinea pigs, the bronchoconstriction following aero-
sol exposure suggests both a vagal-cholinergic and noncholinergic local axon refl ex (Buchan and 
Adcock, 1992). The cardiorespiratory effects following intravenous administration resulted in a 
triphasic effect on blood pressure and altered cardiac parameters. The complex effects on the cardio-
vascular system consist of tachypnea, hypotension (Bezhold–Jarish refl ex), bradycardia, and apnea 
(Chahl and Lynch, 1987; Porszasz and Szolesanyi, 1991/1992). 

 If capsaicin or pepper spray is the preferred agent of choice for self-defense or riot control, it 
has been suggested that much research is required, and preferably compared in parallel to CS and 
CR. Alternatively, capsaicin or an analog could be synthesized and evaluated as a single agent, in 
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comparison with CS and CR, rather than as a mixture with undetermined interactions of the multi-
ple components. These components vary qualitatively and quantitatively depending on their natural 
origin (variety, species, maturity of fruit, hydrology, geology, and meteorology). Such a synthetic 
equivalent pelargonyl vanillamide (PAVA or Nonivamide), a potent sensory stimulant, has become 
available and is being used by police forces in the United Kingdom and other countries.

HO

O
NH

O

H3C

PAVA  or Nonivamide

  TABLE 21.4  Mouse Intravenous LD 50 s (mg/kg) a  
Botulinum toxin 0.00001 Fentanylb 11.2

Ricina 0.005 Parathion 13

VX 0.012 DM 35

GB 0.10 CR 37

Nicotine 0.30 CS 48

Capsaicin 0.40 Caffeine 62

Strychnine 0.41 CN 81

Potassium cyanide 2.60 Cocaine 161

Mustard gas 3.30 Isopropyl alcohol 1509

Methamphetamine 10 Ethyl alcohol 1973

  a  Registry of Toxic Effects of Chemical Substances (RTECS). 
  b  Gardocki and Yelnosky (1964). 
  c   Patocka, available at www.asanltr.com/newsletter/01–4/articles Abrin&

RicinRev.htm 

The available data have been reviewed by the U.K. Department of Health (2002) (COT 
Statement on the use of PAVA [nonivamide] as an Incapacitant Spray [COT/0202-April 2002] 
URL: http://www.doh.gov.uk/cotnonfood/pava.htm]. PAVA is also used as a food fl avor in 
 quantities up to 10 ppm, and in human medicine as a topically applied rubifacient, as is capsaicin. 
In the United States, PAVA has been given GRAS (generally recognized as safe) status by the 
Food and Drug Administration as a food fl avor. Following a pilot exercise by the Sussex Police 
Force in the United Kingdom, they and the Northampton Police Force, as well as police forces 
in other European countries and in North America, are now using PAVA spray as an alternative 
chemical incapacitant to CS spray. 

 The spray used is a 0.3% solution of PAVA in 50% aqueous ethanol and is dispersed from hand-
held canisters by a nitrogen propellant. The coarse liquid stream spray pattern is considered to be 
directional and precise. The maximum effective range is 8–15 feet, aimed at the subject’s face, espe-
cially the eyes. Users are cautioned not to use it at a distance of less than 3 feet to avoid pressure 
injury to the eyes. The particle size of the spray indicates that the bulk of the droplets are over 100 µm, 
but a small proportion of 1–2% are in the range of 2–10 µm, with trace amounts below 2 µm. Thus, it is 
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unlikely that large amounts of PAVA will reach the respiratory system. PAVA appears to be more toxic 
when administered parenterally, than when given orally, which suggests poor absorption. Topically 
applied PAVA in hydrophilic (oil-water emulsions) ointments for medical use have demonstrated from 
50 to 70% absorption through rabbit skin in 14 h under occlusive dressing. Percutaneous absorption was 
also demonstrated from aqueous ethanol solution by using  in vitro  rat skin (Fang et al., 1996; Kasting 
et al., 1997). Once absorbed, PAVA is distributed throughout the body and is extensively metabolized 
and rapidly excreted within 24 h. The main route of metabolism is hydrolytic cleavage of the amide 
bond in the liver and other tissues including the skin (Kasting et al., 1997). Aliphatic hydroxylation 
may also occur as it does with capsaicin (Surh et al., 1995).   The data on the toxicology of PAVA are 
limited. The data from the acute inhalation study in which rats were exposed to 3.6 mg/l for 4 h did not 
permit any conclusions to be drawn (Confarma AG. Report 21101618. Test of Inhalation Toxicity of 
Nonivamide/N only acid Capsaicin. Report for Swiss police Technical Commission, 1996). 

 No signs of skin irritancy were observed 3 d after exposure of 3.2% PAVA in polyethylene glycol 
on rabbits with occlusive dressing for 4 h. However, the in-use formulation of 0.3% in 50% aque-
ous ethanol did produce signifi cant eye irritation in rabbits using the standard OECD procedure. 
Evidence of corneal opacity and damage to the iris were observed, but all eyes had recovered by 
7 d postexposure. No data were available on the potential for skin sensitization. 

 21.7.2 Human Volunteer Studies 

 Volunteers were exposed to PAVA by inhalation to study the effects on the respiratory and cardio-
vascular systems. These studies included individuals with mild asthma. The aerosol was generated 
using a nebulizer to provide respiratory particles rather than the spray used by police. Ten healthy and 
10 subject with mild asthma were exposed to a range of concentrations. The healthy subjects were 
exposed to aerosols generated from 0.3% PAVA in aqueous ethanol and the subject with asthma were 
exposed to aerosols generated from 0.1% solution. The healthy subjects experienced transient cough 
on exposure and minimal effects on FEV

 1 
 (forced expiratory volume in one second [1% reduction]), 

heart rate (15% increase), and blood pressure (8% increase). Similar results were noted in the subjects 
with asthma who were exposed to 0.1% PAVA. These results were a 3% reduction in FEV

 1 
, a 5% 

increase in heart rate, and a 5% increase in blood pressure. It was noted that in actual use subjects may 
experience a high level of stress that could lead to clinically signifi cant bronchospasm. 

 21.7.3 Human In-Use Exposures 

 No indication of signifi cant adverse effects were observed, nor did there appear to be any persistent 
harm to skin or eyes in those exposed. However, based on animal experimentation, PAVA is an eye 
irritant and might cause marked effects in subjects wearing contact lenses. In view of the limited 
data available, a complete assessment of its adverse health effects is not possible. 

21.8 DM (ADAMSITE)

 DM (Adamsite) has a CAS Number of 579-94-9 and is also known as diphenylaminochloroarsine 
and phenarsazine chloride. It is a yellowish and odorless solid that is very stable in pure form. The 
melting point is 195°C and the vapor pressure is negligible (2 � 10 �13  mmHg at 20°C). As a solid, 
the rate of hydrolysis is not signifi cant, owing to the formation of any oxide coating. However, 
the rate of hydrolysis is rapid when it is an aerosol. DM has a molecular weight of 277.5 with the 
formula C

 6 
H

 4 
(AsCl)(NH) C

 6 
H

 4
.    

 DM is among the group of compounds including diphenylchloroarsine (DA), diphenylcyanoarsine 
(DC), and chloropicrin, which are classifi ed militarily as vomiting agents. DM has been characterized as 
both a vomiting agent and a sneezing agent (sternutator) and was used in World War 1. (Sidell [1997] 
has reported the estimated human LCt

 50 
 to be 11,000 mg·min/m 3 .) DM effects, unlike those of CN, CS, 

and CR, have a slightly delayed onset and a relatively long recovery period. DM effects occur in about 3 
min after inhalation of exposure and may last for several hours (British Ministry of Defense [BMOD], 
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1972; Ballantyne, 1977a). Also unlike the tear agents, DM is more likely to cause prolonged systemic 
effects. Signs and symptoms of DM exposure include eye irritation, upper respiratory tract irritation, 
uncontrolled sneezing and coughing, choking, headache, acute pain, tightness in the chest, nausea, and 
vomiting as well as unsteady gait, weakness in the limbs, and trembling. Ballantyne (1977a) also indi-
cated that mental depression might follow DM exposure. Exposures to high concentrations can result 
in serious illness as a result of pulmonary damage, edema, and death. (BMOD, 1972). 

21.8.1 Animal Toxicology

 The National Academy of Sciences Report (1984) reported on the toxicology of DM, based on the 
studies by Owens et al. (1967) and McNamara et al. (1969). Various animal species including mon-
keys have been exposed to DM. Following acute exposures the animals exhibited ocular and nasal 
irritation, hyperactivity, salivation, labored breathing, ataxia, and convulsions. Punte et al. (1962a) 
found these same effects at high concentration exposures for up to 90 min, as well as lethargy. 
Histopathology did not reveal any abnormalities at exposure dosages of below 500 mg·min/m 3 . At 
higher dosages, animals that died or were killed demonstrated hyperemia of the trachea, pulmonary 
congestion and edema, and pneumonia. These effects were consistent to exposure to pulmonary 
irritants. DM toxicity values are presented in Table 21.5.  

 Striker et al. (1967) exposed monkeys to varying concentrations and durations. At a Ct dosage of 
2565 mg·min/m 3 , only one animal responded, and that was with oral and nasal discharge and dimin-
ished response to stimuli. A Ct of 8540 mg·min/m 3  resulted in ocular and nasal conjunctival conges-
tion, facial erythema, and decreased responses, all of which were resolved within 24 h. Exposure to 
the high dosage of 28,765 mg·min/m 3  resulted in hyperactivity, copious nasal discharge, conjunctival 
congestion, marked respiratory distress, as well as gasping and gagging in all the exposed monkeys. 
Eight of these exposed monkeys died within 24 h of exposure. Necropsy of these animals revealed con-
gestion and extremely edematous lungs. Microscopic examination revealed ulceration of the tracheo-
bronchial tree and pulmonary edema. Studies were also conducted in which monkeys were exposed 
low-target concentrations of 100 and 300 mg/m 3  DM for 2–60 min and for 2–40 min, respectively. As 
the exposure duration increased toxic signs increased, which is characteristic of exposure to irritants. 
At the maximum dosage of 13,200 mg·min/m 3 , the animals exhibited nausea and vomiting, oral and 
nasal discharge, and conjunctival congestion. Below 1296 mg·min/m 3  the only signs were blinking. 

 The effects of DM on the gastrointestinal tract were suggested as a possible cause of death. Dogs 
were given lethal doses of DM both intravenously and orally, while the following parameters were 
monitored: central venous pressure, right ventricular pressure, cortical electric activity, alveolar CO

 2 
, 

respiratory rate, heart rate, electrocardiogram, and gastric activity. DM caused a marked elevation of 
both amplitude and rate of gastric activity for 15–20 min and then returning to normal. Pretreatment 
with trimethobenzamide, an effective antiemetic for peripheral and centrally acting emetics, did 
not prevent DM gastric activity, but chlorpromazine was effective. The authors  concluded that DM 

Cl

As

N

H

10-chloro-5,10-diphenylarsazine (DM)
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affects the stomach directly and that the primary cause of death following exposure to DM is its 
effects on the lungs as demonstrated in the studies of Striker et al. (1967). 

 The effects of DM on the eyes and skin of rabbits were studied with DM suspended in corn oil 
instilled into the eyes of rabbits in doses of 0.1, 0.2, 0.5, 1.0, and 5.0 mg. No effect was observed at 
0.1 mg, but at 0.2 mg, mild conjunctivitis was observed. At 0.5 mg, mild blepharitis was also seen. 
Corneal opacity persisted over the 14-d observation period in rabbit eyes that were given 1.0 and 5.0 
mg DM. Corn oil suspensions of DM (100 mg/ml) were placed on the clipped backs of rabbits at 
doses of 1, 10, 50, 75, and 100 mg. At 10 mg and higher, necrosis of the skin was observed. Rothberg 
(1969) studied the skin sensitization potential of riot control agents in guinea pigs. For DM, his 
results were negative, indicating that DM does not have the potential for skin sensitization. 

 21.8.2 Human Volunteer Studies 

 The human toxicology of DM was reviewed by Ballantyne (1977). He described the effects of human 
inhalation exposures to DM as beginning with acute pain in the nose and sinuses. This was followed by 
pain in the throat and chest, with sneezing and violent coughing, and also eye pain, lacrimation, blepha-
rospasm, rhinorrhea, salivation, nausea, and vomiting. Recovery is usually complete in 1–2 h after expo-
sure. The onset of signs and symptoms is delayed for several minutes, unlike the onset for CS and CN, 
which is almost immediate. The slow onset of DM allows for the absorption of much more DM before 
a warning is perceived. Threshold doses were estimated for irritation of the throat, lower respiratory 
tract, and initiation of the cough refl ex to be 0.38, 0.5, and 0.75 mg/m 3 , respectively. Punte et al. (1962a) 
and Gongwer et al. (1958) studied the effects of varying concentrations of DM on human subjects and 
agreed that humans could tolerate concentrations of 22–92 mg/m 3  for 1 min or more, and a concentra-
tion range of 22–220 mg/m 3  would appear to be intolerable to 50% of a population for 1 min. 

 Although a dosage of 49 mg·min/m 3  was suffi cient to cause nausea and vomiting, based on stud-
ies in humans exposed to DM at Ct values between 7 and 236 mg·min/m 3 , high confi dence is lacking 
because the estimate is founded on highly variable data. Ballantyne (1977a) estimated a dosage of 
370 mg·min/m 3  was required to cause nausea and vomiting. Inhalation of high concentrations of DM 
has resulted in severe pulmonary damage and death (BMOD, 1972). DM is less effective as a riot 
control or incapacitating agent than CS and CN, and it was conjectured that there might be greater 
differences among peoples’ susceptibility to DM than to the other agents. 

 Castro (1968) found DM and CS to be cholinesterase inhibitors and suggested that this might 
explain their lacrimatory effect. Although DM has a direct effect on gastric activity, Striker et al. 
(1967) found evidence that the lethal effect of DM is respiratory. 

 Some physical characteristics of CS, CR, CN, DM, and Capsaicin are presented in Table 21.6.    

 21.9 FENTANYLS 

 During the Cold War (1945–1991), a great deal of research was directed to chemicals that were not 
necessarily lethal but would merely incapacitate enemy personnel. In particular, the United States and 
the former Soviet Union investigated a wide number of pharmacological agents for their potential 

TABLE 21.5 DM Toxicity
Species LCT5O (mg·min/m3) LD (mg/kg)a

Mice 22,400 17.9

Rats 3,700 14.1

Guinea pigs 7,900 2.4

a Theoretical dose calculated from respiratory volume, LCt
 50 

, and 
estimated percent retention.

4049_C021_r03.indd   5074049_C021_r03.indd   507 11/15/2005   6:03:07 PM11/15/2005   6:03:07 PM



508 Inhalation Toxicology

as incapacitants, such as depressants, hallucinogens, belladonna drugs, and opiate derivatives 
(Chemical Biological Weapons Nonproliferation Treaty [2002]). 

 A major breakthrough in opiate drugs for use in medicine was the synthesis of fentanyl in 
Belgium in the late 1950s; it was fi rst patented by Janssen in France in 1963. Its primary use in 
medicine was alone or in combination for anesthesia. However, its major complication is respiratory 
depression, which can be monitored and reversed in an operating room but can be a problem if used 
operationally in the fi eld. Since 1996, several different analogs of fentanyl have been introduced for 
use in anesthesia, such as carfentanil, sufentanil, alfentanil, and remifentanil. Their pharmacological 
activity is characteristic of opiates and they produce all the effects of heroin, including analgesia, 
euphoria, miosis, and respiratory depression. Because of their high lipid solubility, regardless of 
route of administration, the fentanyls reach the brain very quickly, thus providing a very fast onset 
of action. Some of the analogs have been synthesized specifi cally for sale as Persian white, China 
white, Mexican brown, and synthetic heroin, on the illicit drug market and to circumvent regulations 
on controlled substances. These illicit drugs are also called designer fentanyls and are used by abus-
ers via intravenous injection, or they can be smoked or snorted. 

 Fentanyls are synthetic opiates recognized for their short acting and highly potent narcotic anal-
gesic, anesthetic, and immobilizing properties in both animals and humans (Janssen, 1984; Hess and 
Knakel, 1985). Fentanyl or  N -phenyl- N -[1-(2-phenylethyl)-4-piperidinyl] propanamide is a potent 
narcotic analgesic that has a molecular weight of 336.46. Its CAS Registry Number is 437-38-7. The 
citrate of fentanyl is a crystalline powder with a bitter taste and 1 g dissolves in about 40 ml of water.   
Fentanyl is also used as an adjunct to general anesthesia and as an anesthetic for induction and main-
tenance. It is primarily a mu-opioid agonist. Abuse of this drug leads to habituation or addiction. The 
CAS Registry numbers of some of the analogs of fentanyl are sufentanil, 56030-54-7; carfentanil, 
59708-52-0, and remifentanil, 132875-61-7. 

 The feasibility of dissociating the respiratory depressant effect from the opiate-induced sedative 
activity of alfentanil and fentanyl with naloxone was studied in the rabbit by Brown and Pleuvry (1981). 
They found that naloxone was more effective as an antagonist to alfentanil than to fentanyl. Later studies 
by Mioduszewski and Reutter (1991) also suggested that in the rat and ferret dissociation of the opiate-
induced sedation and respiratory depression was feasible. This was accomplished by coadministration 
of the opiate agonist with antagonists. The opiate-induced effects were akinesia, catalepsy, loss of right-
ing refl ex, light anesthesia, and apnea. The pharmacodynamic mechanism of the coadministration may 
involve competitive displacement of the opiate agonist by the antagonist at their common receptor sites 
within the central nervous system. A pharmacokinetic mechanism may also be involved such that the 
opiate uptake, distribution, and clearance are affected, either directly or indirectly, by the antagonist. 
Changes in respiratory frequency, oxygen consumption, and apnea were monitored in ferrets following 
the intravenous coadministration of the opiate agonist sufentanil and the antagonist nalmefene. These 
studies demonstrated a dissociation of the sufentanil-induced sedation/anesthesia and severe respiratory 
depression. Nalmefi ne coadministration shortened the duration but did not signifi cantly delay the onset 

  TABLE 21.6 Physical Properties of Selected Riot Control Agents 

CS CR CN DM Capsaicin
Molecular weight 188.5 195.3 154.5 277.5 305

Melting point, ºC 93 72 54 195 64

Vapor pressure, mmHg at 20ºC 0.00034 0.00059 0.0054 2 � 10 �13 0.011

Volatility, mg/m3/ºC 0.71/25º 0.63/25º 1.06/52º — —

Solubilitya loc loc loc lo loc

a Solubility: l, limited in water; o, soluble in organics; e, soluble in chlorinated organics.

4049_C021_r03.indd   5084049_C021_r03.indd   508 11/15/2005   6:03:07 PM11/15/2005   6:03:07 PM



Inhalation Toxicology of Riot Control Agents 509

of the opiate-induced sedative/anesthetic effect. Narcotic antagonists such as nalmefene, naltrexone, 
and naloxone have clinical application in the diagnosis of addiction, prophylactic treatment of narcotic 
abuse, and emergency treatment of  narcotic overdosage. These antagonists displace either previously 
assimilated opiates from their receptor sites or, if administered prior to the narcotic, will preclude the 
narcotic agonist from acting at these sites (Langguth et al., 1990). 

 More recently, Manzke et al. (2003) reported that the serious adverse effects of opiate analgesia 
such as depression of breathing are caused by direct inhibition of rhythm-generating respiratory neu-
rons in the Pre-Boetzinger complex (PBC) of the brain stem. Serotonin 4(a) or 5-HT4(a) receptors 
are strongly expressed in these neurons and their selective activation protects spontaneous respiratory 
activity. Rats treated with a 5-HT4 receptor specifi c agonist overcame the fentanyl-induced respiratory 
depression and reestablished stable respiratory rhythm without loss of fentanyl’s analgesic effect. 

 Based on his studies of the dissociation of the sedative/anesthetic effects and respiratory depres-
sion of sufentanil coadministration with nalmefene in ferrets, Mioduszewski (1994) was awarded a 
U.S. patent for an opiate analgesic formulation with improved safety. The invention described is a 
homogeneous mixture of an opiate drug agonist and an opiate drug antagonist suitable for  in vivo  
administration to a patient by intravenous injection or by inhalation as an aerosol. The opiate agonist 
of the fentanyl series (fentanyl, carfentanil, alfentanil, sufentanil), and the antagonist nalmefene, 
naloxone, or naltrexone, are in the ideal ratios so that the duration of agonist and antagonist effects 
are the same, and will not result in renarcotization and the associated respiratory depression if the 
agonist effects outlast those of the antagonist. 

 Opiate effects are mediated via multiple opioid receptors such as the mu, kappa, delta, and sigma 
(Martin, 1983). The mu receptors mediate analgesia, euphoria, physical dependence, and depression 
of ventilation, whereas kappa receptors mediate sedation and dieresis. Drugs may act at more than one 
opiate receptor with varying effect. Traditionally, narcotic antagonists such as naloxone and naltraxone 
have been used to reverse opioid agonists effects, whereas in these studies, naltraxone did not appear to 
have any effect on the potency and onset of carfentanil-induced sedative/hypnotic effects in the ferret. 
When used clinically, longer acting opioids such as fentanyl may produce renarcotization because of 
differences in the pharmacokinetics of agonists and antagonist (McGilliard and Takemori, 1978). 

 21.9.1 Human In-Use Exposures 

 Because fentanyl is not listed in any of the schedules of the Chemical Warfare Convention (CWC),and 
is traditionally characterized by the rapid onset and short duration of 15–30 min of analgesia, it can 
be legally considered a riot control agent according to the defi nition set forth in the CWC (Chemical 
Biological Weapons Non-proliferation Treaty [CBWNP], 2002). 

 On October 23, 2002, at least 129 of the almost 800 hostages died in the Moscow Dubrovka 
Theater Center when authorities subdued the hostage takers (the Chechnian terrorist group) there by 
pumping what many believe was fentanyl into the building (Couzin, 2003), while some believe that a 
mixture of fentanyl and halothane was used (CBWNP, 2002; Mercadente, 2003; Couzin, 2003; Miller 
and Lichtblau, 2003). It was also considered that the Russians might have used remifentanil because 
it is rather unique and extremely potent with relatively fast action and short duration. The chemical 
structure of remifentanil also allows the body to quickly metabolize the substance into nontoxic and 
water-soluble forms, thus minimizing risks for both hostages and hostage takers. Although Russian 
authorities insisted that emergency personnel were prepared with 1000 antidotes in anticipation of the 
raid, controversy still exists about whether local hospitals and physicians were adequately informed 
about the gas used during the operation (CBWNP, 2002; Glasser and Baker, 2002), 

 It has also been suggested that the Russian government revealed that a mixture of fentanyl and 
halothane was used to incapacitate the Chechnian terrorists in the attempt to liberate the hostages in 
Moscow. It was further suggested that it was likely that massive doses of carfentanil were used to 
saturate the theater so that the maximal effect by inhalation could be achieved. Carfentanil is a potent 
opioid used to rapidly immobilize large, wild animals, horses, and goats. It produces rapid catatonic 
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immobilization, characterized by limb and neck hyperextension. Adverse effects include muscle 
rigidity, bradypnea, and oxygen desaturation. Recycling and renarcotization have been reported as 
possible causes of death when low doses of antagonist are used (Miller et al., 1996). 

 Although there were naloxone syringes found in the theater, it is possible that the doses were 
insuffi cient to reverse the respiratory depression (Mercadante, 2003). 

21.10 IN-USE RIOT CONTROL EFFECTS

 The toxicological effects, which are actually the pharmacological effects, of exposure to riot 
control agents, but are perceived as adverse or toxicological, can be local or topical, as well as 
systemic following absorption. In addition the effects can be acute or long term. Also, the expo-
sure can be either, acute, long, or repeated. The disposition of the agent in the exposed individual 
also needs to be considered. That is the absorption, distribution, metabolism ( biotransformation), 
and excretion (ADME). 

 Riot control agents have been described as nonlethal or less-than-lethal agents. Exposures to these 
compounds involve ocular, cutaneous, and inhalation effects and, indirectly, oral or gastrointestinal 
effects. Their primary action is their local or topical effect on the eye, which appears to be the most sen-
sitive target organ. They also act on the skin and respiratory tract. The immediate effects on exposure 
to irritants include intense irritation of the eyes, marked irritation of the nose, throat, and lungs, and 
irritation of the skin. The margin of safety between the dose eliciting the intolerable effect and the dose 
that causes serious adverse effects is large. For example, the estimated lethal human dose is 2600 times 
as great as the dose required to cause temporary disability and that of bromobenzyl cyanide is 3000 
times as great. Riot control agents do not usually cause long-term or permanent toxic effects, although 
the risk for serious toxic effects, long-term sequelae, or even death increases with higher exposure con-
centration, with greater exposure duration, or in susceptible individuals. Overall, however, the toxicity 
of acute and short-term repeated exposures to riot control agents is well characterized. 

 21.10.1 Ocular  

 Exposure to riot control agents causes an immediate stinging sensation in the eyes and tearing, 
resulting in a temporary disabling effect. These effects are reversible and noninjurious at low con-
centrations. At high concentrations, however, some irritants can cause ocular damage. Moderate 
injury to the eye after exposure results in corneal edema, which is reversible. More serious injury 
may include corneal opacifi cation, vascularization, scarring of the cornea, and corneal ulceration. 
The riot control agents that have been associated with ocular injury include chloroacetophenone 
(CN) and bromobenzyl cyanide (BBC). Ocular injuries are more prevalent following use of explo-
sive or thermal type tear gas devices as contrasted with solvent spraytype devices. A description of 
these differences is provided by MacLeod (1969) 

 Ocular injuries have been reported by Macleod, 1969; Midtbo, 1964; Hoffman, 1965; Bregeat, 
1968; Levine and Stahl, 1968; and Grant, 1986 (Table 21.7)  . 

 21.10.2 Cutaneous 

 Riot control agents at low concentrations also produce a tingling or burning sensation and transient 
erythema on the skin. At higher concentrations, agents such as CN, CS, and DM can cause edema 
and blistering. They can also induce an allergic contact dermatitis after an initial exposure. These 
effects are successfully treated with topical steroid preparations and oral administration of antihista-
mines for itching. Appropriate antibiotics can be administered to treat secondary infections. 

 21.10.3 CS 

 Exposure to CS is highly irritating to the mucous membranes that line the tissues of the eyes, nose, 
throat, and respiratory and gastrointestinal tracts. Irritation of the eyes may cause pain, excessive 
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TABLE 21.7 Human Ocular Irritancy

Compound Onset/action

Threshold 
concentration

(mg/m3)

Intolerable
concentration

(mg/m3)

10-min
exposure

lethal
concentration (mg/m3)

CN Immediate 0.3 5–30 850

CR Immediate 0.002 1 10,000

CS Immediate 0.004 3 2,500

DM Rapid 1 5 650

BBC Rapid 0.15 0.8 350

Acrolein Rapid 2–7 50 350

OC Rapid — — —

Source: Ballantyne and Swanston (1973, 1974) and Ballantyne (1977a).
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tearing, conjunctivitis, and blepharospasm (uncontrolled blinking). The nose and mouth may  perceive 
a stinging or burning sensation with excessive rhinorhea or discharge of nasal mucus. Irritation of 
the respiratory tract may cause tightness of the chest, sneezing and coughing, and increased respira-
tory secretions. Severe lung injury and subsequent respiratory and circulatory failure characterize 
death in experimental animals following inhalation of very high dosages of CS. Irritation of the 
gastrointestinal tract may cause vomiting and/or diarrhea. After exposure of the skin, a burning 
sensation may be experienced, with subsequent infl ammation and redness. Six minutes following 
exposure to CS, the irritation during exposure is so intense that the individual exposed seeks to 
escape. The lethal effects in animals following inhalation exposures is caused by lung damage lead-
ing to asphyxia and circulatory failure or bronchopneumonia secondary to respiratory tract injury. 
Pathology involving the liver and kidneys after inhalation of high dosages of CS is also second-
ary to respiratory and circulatory failure. The animal and human toxicological effects have been 
described by Ballantyne (1977a), Ballantyne and Callaway (1972), Ballantyne and Swanston (1978), 
Ballantyne et al. (1976), Beswick et al. (1972), Owens and Punte (1963), and Punte et al. (1962; 
1963). Experimental studies included several animal species as well as human exposures to CS in 
actual use in Northern Ireland and in Waco, Texas, USA. 

 Various experimental animal species were exposed to aerosols of CS generated by various meth-
ods from exposure from 5 to 90 min. The toxic signs observed in mice, rats, guinea pigs, rabbits, 
dogs, and monkeys were immediate and included hyperactivity, followed by copious lacrimation 
and salivation within 30 sec of exposure in all species except the rabbit. The initial level of height-
ened activity subsided, and within 5–15 min after initiation of the exposure, exhibited lethargy and 
pulmonary stress, which continued for about an hour following cessation of the exposure. All other 
signs had disappeared within 5 min following removal from the exposure. When toxic signs were 
observed, they occurred after exposure by all the dispersion methods. 

 Lethality estimates were expressed by calculation of LCt
 50 

s. From acute exposures to CS dispersed 
from a 10% CS in methylene dichloride the LCt

 50 
s were as follows. Mice, 627,000 mg·min/m 3 ; rats, 

1,004,000 mg·min/m 3 ; and guinea pigs, 46,000 mg·min/m 3 . No deaths occurred in rabbits exposed 
to up to 47,000 mg·min/m 3 . CS at dosages of up to 30,000 mg·min/m 3  did not cause any deaths in 
any of the monkeys with pulmonary tularemia. The combined LCt

 50 
 for mice, rats, guinea pigs, and 

rabbits was calculated to be 1,230,000 mg·min/m 3  for CS dispersed from methylene dichloride. 
Goats, pigs, and sheep did not exhibit hyperactivity on exposure to CS, and they were also resistant 
to its lethal effect. Therefore no LCt

 50 
 values could be calculated for goats, pigs, or sheep. However, 

a combined LCt
 50 

 was calculated for all the species tested; for mice, rats, guinea pigs, rabbits, dogs, 
monkey, goats, pigs, and sheep, the combined LCt

 50 
 was estimated to be 300,000 mg·min/m 3 . LCt

 50 
s 

were also calculated for CS dispersed from M18 and M7A3 thermal grenades. These values were 
164,000 mg·min/m 3  for rats and 36,000 mg·min/m 3  for guinea pigs exposed to the M18 thermal 
grenade dissemination. For the M7A3 thermal grenade the values were as follows: rats, 94,000 
mg·min/m 3 ; guinea pigs, 66,000 mg·min/m 3 ; rabbit, 38,000 mg·min/m 3 ; goat, 48,000 mg·min/m 3 ; 
pigs, 17,000 mg·min/m 3 ; dog, 30,000 mg·min/m 3 ; monkey, 120,000 mg·min/m 3 . All the acute expo-
sure results were combined and LCt

 50 
s were calculated for all rodents to be 79,000 mg·min/m 3 ,  for 

all nonrodent species tested to be 36,000 mg·min/m 3 , and for all the species to be 61,000 mg·min/m 3 . 
The LCt

 50 
s for CS2 were also calculated. CS2 is 95% CS, 5% Cal-o-Sil R, and 1% hexamethyldisi-

lazane, and the LCt
 50 

s are the following: rats, 68,000 mg·min/m 3 ; guinea pigs, 49,000 mg·min/m 3 ; 
dogs, 70,000 mg·min/m 3 ; and monkeys, 74,000 mg·min/m 3  (Marrs et al., 1983b). 

 21.11 SUMMARY 

 Riot control agents are usually delivered by aerosol, vapor, or gas and belong to the following 
pharmacological classes: irritants, lacrimators, sternutators, emetics, sedatives, hypnotics, serotonin 
antagonists, hypotensives, thermoregulatory disruptors, neuromuscular blockers, centrally acting 
anesthetics, and malodorous substances. Of the many chemicals used as riot control agents, only 
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some of the most commonly used or those being investigated by law enforcement agencies and 
military around the world are reviewed in this chapter. These include CN, CS, CR, DM, OC and 
capsaicin, and PAVA, as well as the fentanyls. The historical use of irritant chemicals, going as far 
back as 400 BCE is also reviewed in this chapter. 

 Riot control agents are usually dispersed as aerosols, vapors, gases, or sprays, and in unprotected 
individuals, their fi rst contact and effects are topical to the eyes and skin, and then inhaled if in the 
appropriate particle sizes. They induce intense irritation of the mucous membranes of the eyes and 
respiratory tract and the skin, especially in wet or sweaty areas. On the eyes, they produce irritation, 
blepharospasm, lacrimation, blurring of vision, conjunctivitis, and pain. In the nose and throat, they 
cause a tingling sensation, irritation, pain, and increased secretions, whereas in the respiratory tract 
they cause irritation, burning and pain, tightness of the chest, and respiratory refl exes. Occasionally, 
nausea, gagging, and vomiting may also occur. Most of the effects of riot control agents usually 
disappear within 20 min postexposure. 

 CN was used as a tear gas of choice for the three decades after its introduction toward the end of 
World War I. It was trademarked as MACE, but today Mace is used as the generic term for riot con-
trol agents. Because of its toxic profi le, and the availability of CS, the use of CN has been markedly 
reduced. CS has largely replaced CN because it is considered at least as effective and safer. Although 
alleged, to date no human fatalities following exposure to CS has been validated. Extensive studies 
with CS have been conducted in experimental animals and human volunteers. In addition, many 
thousands of military troops have been exposed to CS during mask training, and there have been 
many human in-use exposures. Several overexposures in enclosed spaces have been reported, and 
although severe intoxication with respiratory problems resulted, with hospitalization and aggressive 
treatment, all patients recovered. There did not appear to be any increased sensitivity to what is usu-
ally considered susceptible populations (young, elderly, compromised [asthma, pregnancy]). Both 
CS and CN have been tested in the NCI Bioassay program and were not considered carcinogenic, 
except for CN for which the data from female rats were considered equivocal. 

 The 1990s found “pepper spray” (oleoresin capsicum) popular not only with the general public as 
a defensive spray, but also with law enforcement agencies and the military. This was in part because 
of its availability over the counter and because it was a natural product and therefore erroneously con-
sidered safe. Although capsaicin, considered the primary active ingredient in the oleoresin, has been 
studied extensively, there have been very few well-controlled and objective studies with oleoresin. 
As discussed earlier in this chapter, the U.S. military was evaluating capsaicin as a riot control agent 
in the 1920s, but redirected their efforts to the development of CS when it was synthesized in 1928. 
Since the 1990s over 100 in-custody deaths have been reported within an hour following exposure to 
OC spray. Although a direct cause- and-effect relationship has not been confi rmed, more investiga-
tions are necessary. In addition, and unlike the other riot control agents that are defi ned chemicals, 
OC is a mixture of chemicals that qualitatively and quantitatively depend on many natural factors. 
The participation of these various components in the overall activity of the oleoresin spray has not 
been defi ned. A synthetic capsaicin equivalent, pelargonal vanillamide (PAVA or Nonivamide), a 
potent sensory stimulant, has become available and is being used by some police forces in several 
countries. Very few experimental data are available on this chemical. 

 DM (Adamsite), an arsenical vomiting agent, is also reviewed in this chapter. It is less effective 
as a riot control agent than CS and CN, and its effects are subject to more individual susceptibility. 

 CR is the most recently developed riot control agent that appears to be more potent and less toxic 
by all routes of exposure but does not have the extensive in-use exposures that CS and CN have. 

 During the Cold War, more research was directed at nonlethal or less- than-lethal chemicals 
that are capable of incapacitating enemy personnel and are nondestructive. This included the 
investigations of pharmacological agents with the potential to incapacitate or immobilize, such as 
depressants, hallucinogens, belladonna drugs, and opiate derivatives. The opiate derivatives used 
as short-acting anesthetics in surgery, such as the fentanyls, whose side effects include respira-
tory depression, and can be treated and reversed in an operating room, have also been considered. 
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Experimental studies in animals in the United States and the United Kingdom have been described 
in this chapter, as has the in-use exposure by the Russians against the Chechnian terrorists who held 
800 hostages in the Moscow Dubrovka Theater Center in October 2002. Although the antidote was 
available, at least 129 hostages died. 
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  22.1 INTRODUCTION 

 Chemical warfare agents (CWAs) are chemical substances that rely on their toxic properties to 
produce lethal, incapacitating, or damaging effects on humans, animals, and plants when suitably 
delivered. Since their introduction in World War I by the Germans, they have remained another form 
of weapons to be used by combatant armies. However in recent years, they have been used by armies 

 22 

4049_C022_r03.indd   5214049_C022_r03.indd   521 11/15/2005   6:06:30 PM11/15/2005   6:06:30 PM



522 Inhalation Toxicology 

against rebellious noncombatant civilians and by terrorists against innocent, nonsuspecting citizens, 
as was the case in Japan. The risk of their deployment by terrorists increased signifi cantly after the 
attack on the New York World Trade Center in September 11, 2001, and the anthrax incidents that 
followed. Although the United States and most European countries place greater emphasis and allo-
cate most of their antiterrorist resources to prepare for potential chemical and biological terrorism, 
blasts from explosive detonation remain the single most frequent cause of human death and injury 
and property damage by terrorist attacks. 

 Nuclear weapons are a class of weapons that derive their enormous destructive power from 
energy produced by nuclear reactions that are not generally included when discussing CWAs. 
However, with increased concern of potential nuclear terrorism and the possible deployment of por-
table nuclear weapons or radiological dispersion devices (dirty bombs), it was necessary to include 
nuclear weapons and dirty bombs in the discussion of CWAs in this chapter. Unlike other CWAs, 
they are more destructive to life and property, and highly persistent in the environment long after 
the initial detonation. Nuclear weapons were used only twice on the battlefi eld by the United States 
against Japan during World War II.  

 22.2 BRIEF HISTORY OF CHEMICAL WARFARE 

 The use of chemical weapons dates back to ancient times, when the Chinese in 1000 BCE used 
arsenical smoke in battle. In 600 BCE, in Greece, Solon of Athens poisoned the water supply of the 
city during the siege of Kirrha. In 429 BCE the Spartans used noxious smoke and fl ame against the 
Athenian cities during the Peloponneisian War. Poison-tipped arrows were used during the Trojan 
War. In fact, the English word for toxin or poison comes from the Greek word  toxikon,  which in 
turn is derived from the Greek word  toxon  or arrow. In 184 BCE, Hannibal of Carthage hurled clay 
pots full of vipers onto the deck of enemy ships, and in 1100, Leonardo da Vinci proposed a powder 
of arsenic sulfi de and verdigris as an antiship weapon. 

 Modern chemical warfare was fi rst launched by Germany during World War I when on 
October 27, 1914, in breach of the 1899 International ban; the Germans fi red 105-mm shells 
fi lled with the lung irritant dianisidine chlorosulfate against British troops near the town of 
Neuve-Chapelle. The attack was unsuccessful because the explosives of the shells destroyed 
the chemical. In November 1914 the Germans fi red shells containing xylyl bromide against the 
Russian troops near Balimov, but the cold weather prevented vaporization of the chemical. Then 
on April 22, 1915, under the guidance of a renowned chemist, Fritz Haber, the Germans released 
168 tons of chlorine from 5730 cylinders against French and Algerian troops defending Ypres, 
Belgium, and two days later the German launched another gas attack using 150–200 tons of chlo-
rine gas against the Canadians. The results of these two days were estimated at 5000 dead and 
10,000 disabled. The British Army responded with their fi rst gas attack on September 25, 1915 
and launched an attack at Loos, Belgium, also using chlorine gas. During the course of the war, 
the Germans developed and used phosgene, a more effective gas than chlorine and diphosgene. 
In response, the French used hydrogen cyanide, then cyanogen chloride  ( Smart, 1997 ) . On July 
17, 1917 the Germans launched an attack using a new chemical agent developed by Lommel 
and Steinkopt that caused skin blisters and death upon inhalation of high concentrations. The 
Germans named the chemical LoSt after the two chemists who developed it. However, the British 
called it mustard gas, although it is an oily liquid, because of its mustard or garlic smell and the 
yellow cross identifi cation markings that were used on the canisters containing it. The French 
called it Yprite after the location where it was fi rst used. The mustard gas attack resulted in 
20,000 British casualties after 6 weeks of use. The British retaliated using a combination of 
high explosives and mustard gas. The British used mustard gas again after the war when they 
fi red mustard-fi lled shells against the Bolshevik troops of the newly formed Soviet Union during 
the Russian Civil War of 1918–1921. At the end of World War I, the total number of casualties 
was over 83,000 dead and almost 1.2 million injured. Germany, Britain, and France each suffered 
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8000–9000 fatalities resulting from the gas war, whereas Russia’s losses were the heaviest, 
56,000 dead because they were late in deploying protective masks. The American Expeditionary 
Force suffered 71,345 chemical casualties and 1462 dead (Joy, 1997).   After the war, mustard gas 
continued to be produced and was used in the 1920s and 1930s by the British in Afghanistan, the 
Italians in Ethiopia, and the Japanese in China (Table 22.1)    

 In December 1936, another German scientist, Gerhard Schrader, who was developing new 
pesticides, made an accidental discovery that, when he sprayed insects with a solution of one of 
his new chemicals diluted 1 to 200,000, he succeeded in killing them. In the course of his experi-
ments, he was contaminated in a laboratory accident and developed side effects that included 
pinpoint-constricted pupils, sensitivity to light, shortness of breath, and giddiness. Unlike other 
gases that had to be inhaled to produce toxicity, this chemical was capable of inducing spasms 
and lethality after dermal exposure (U.S. Army Medical Research Institute of Chemical Defense 
[USAMRICD], 2000). The new chemical was later named Tabun (GA) and marked the introduc-
tion of the organophosphates as potent chemical nerve agents. Other G agents were later devel-
oped, including Sarin (GB) and Soman (GD). At the end of World War II, the Soviets captured 
12,000 tons of Tabun and the processing plant that produced them, which was moved to Russia 

  TABLE 22.1  Chronology of Major Military User States of Chemical Weapons a  

Period User Chemical(s) used
1000 BCE Chinese Arsenical smoke

Siege of Kiirha Greece (600 BCE) Solon of Athens Poisoned water supply

Peloponnesian War (429 BCE) Spartan Vs Athens Burning pitch and sulfur

Peloponnesian War (424 BCE) Spartans Burning pitch and sulfur

World War I (1914) France Vs Germany Tear gas

World War I (April 22, 1915) Germany Vs France Chlorine gas

World War I (September 25, 1915) Britain Vs Germany Chlorine gas

World War I (February 26, 1918) Germany Vs US Phosgene and Chloropicrin

World War I (June 1918) US Vs Germany, and 
establishment of the 
Chemical Warfare Service

Russian Civil War (1918–1921) Britain Vs Russian Bolsheviks Adamsite, and Mustard gas 
artillery shells

Spanish Civil War (1922–1927) Spain Vs RIF Rebels in Spanish 
Morocco

Abyssinia (Ethiopia) Conquest 
(1935)

Italy Vs Ethiopians Mustard gas by aerial spray

China (1936) Japan Vs China Mustard gas, phosgene, and 
hydrogen cyanide

Vietnam, Cambodia, Laos 
(1962–1970)

US Vs Vietnamese Defoliants (Agents Orange, 
Blue, Purple, and White), and 
tear gas

Yemen, civil war (1963–1967) Egypt Vs Yemeni Royalists Phosgene and Mustard gas

Afghanistan Soviet Union Vs Afghanistan Alleged use of Yellow Rain 
(mycotoxins)

Iran-Iraq War (1983–1988) Iraq Vs Iran Mustard gas, Tabun

Iraq Anfal campaign (1987–1988) Iraq Vs Kurds Hydrogen Cyanide, Mustard gas

  a  Adapted from Monterey Institute for International Studies (2002). 
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to form the basis of the Soviet chemical weapons program. After the war, the more potent V 
agents including VX, VE, VG, and VS were developed by both the Soviet Union and the United 
States. Table 22.1 presents a chronology of the major state use of chemical weapons in military 
confl icts. 

 22.3 CLASSIFICATION OF CHEMICAL WARFARE AGENTS 

 CWAs can be classifi ed in two ways: fi rst, operationally, based on their lethality and persistence in 
the environment as shown in Figure 22.1; second, categorized by classes according to their mecha-
nism of action or the major target organ they attack. Table 22.2 lists the general characteristics of 
CWAs that are used either to infl ict lethality, incapacitation, or distraction of the enemy in combat 
or for crowd control of civilians during riots. Agents used for incapacitation or distraction have also 
been classifi ed as nonlethal or less than lethal. In general, these include agents used by law enforce-
ment personnel, such as mace, which although ordinarily are nonlethal at effective concentrations, 
could be lethal, especially in confi ned spaces, at very high concentration or  prolonged exposure.     

 22.3.1 Lethal Chemical War Agents 

 22.3.1.1 Pulmonary Agents 

 Pulmonary or choking agents are chemicals that exert their toxicity almost exclusively by inhalation, 
although they can also cause eye and skin irritation. They include chlorine (Cl), phosgene (CG), 
diphosgene (DP), chloropicrin (PS), and toxic pyrolysis products such as nitrogen oxides (NO

 x 
), 

phosphorus oxides (PO
 x 
), sulfur oxides (SO

 x 
), and perfl uoroisobutylene (PFIB). Inhaled pulmonary 

agents readily penetrate the respiratory system, reaching the deep lung (respiratory bronchioles 

FIGURE 22.1 A system for classifi cation of chemical warfare agents by persistence and lethality. Modifi ed 
from Evison et al. (2000). *Novichoks are a class of nerve agents developed by the former Soviet Union with 
very little information available. They are believed to have high lethality and persistence.
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  TABLE 22.2  Characteristics of Some Lethal, Warfare and Nonlethal, Riot Control Chemical 
Agents a,b  

Category/Name Code State 
(20°C)

Odor Inhalation 
Lethalityb

Action Response

Warfare Agents (Lethal)

Pulmonary (Choking)
Chlorine CL Gas Bleach 3,000 Rapid

Phosgene CG Gas New mown hay, 
green corn

3,200 Immediate Lung damage and 
fl ooding

Diphosgene DP Liquid New mown hay, 
green corn

3,200 Immediate Lung damage and 
fl ooding

Chloropicrin PS Liquid Stinging 
pungent

20,000 Rapid Inhalation

Blister (Vesicants)
Sulfur mustard, 
distilled

H, HD Liquid Garlic 1,500 Delayed Blisters, tissue 
burns, blood 
vessels injury, 
necrosis

Nitrogen mustard HN-1 Liquid Fishy or musty 1,500 Delayed Blisters, tissue 
burns, blood 
vessels injury, 
necrosis

Nitrogen mustard HN-2 Liquid Soapy to fruity 3,000

Nitrogen mustard HN-3 Liquid None 1,500 Delayed Blisters, tissue 
burns, blood 
vessels injury, 
necrosis

Phosgene oxime CX Solid or 
liquid

Sharp, 
penetrating

3,200 
(Est)

Immediate Violent irritation 
of mucus 
membranes of 
eyes, nose, lung

Lewisite L Liquid Geranium 1,500 Rapid Blisters, tissue 
burns, blood 
vessels injury, 
necrosis, 
systemic 
poisoning

Mustard-Lewisite HL Liquid Garlic 1,500 Immediate 
stinging, 
delayed 
blistering

Blisters, tissue 
burns, blood 
vessels injury, 
necrosis, 
systemic 
poisoning

Phenyldichloroarsine PD Liquid None 2,600 Immediate eye,
 slower skin 
effects

Irritation, nausea, 
vomiting, 
blisters

Ethyldichloroarsine ED Liquid Fruity, biting; 
irritating

3,000–
5,000

Immediate 
stinging, 
delayed 
blistering

Blisters, death

(Continued)
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  TABLE 22.2  Characteristics of Some Lethal, Warfare and Nonlethal, Riot Control Chemical 
Agents a,b   (Continued)

Category/Name Code State 
(20°C)

Odor Inhalation 
Lethalityb

Action Response

Methyldichloroarsine MD Liquid None 3,000–
5,000

Rapid Blisters, skin, 
eyes, respiratory 
tract damage, 
systemic 
poisoning

Blood
Hydrogen cyanide AC Gas or 

liquid
Bitter 
almond

2,500–
5,000

Very rapid Interfere with 
oxygen uptake, 
accelerate the 
rate of breathing 

Cyanogen chloride CK Gas Bitter 
almond

11,000 Chocking, 
irritating, slow 
breathing

Arsine SA Gas Garlic 5,000 Delayed Damage to blood, 
liver, and 
kidneys

Nerve (Organophosphates)
Tabun GA Liquid None 400 Very rapid Cessation of 

breathing, death

Sarin GB Liquid None 100 Very rapid Cessation of 
breathing, death

Cyclosarin GF Liquid None Sweet, 
musk, peach, 
shellac

35 Very rapid Cessation of 
breathing, death

Soman GD Liquid Camphor 70 Very rapid Cessation of 
breathing, death

VX

VX Liquid None 50

Novichok, 5, 7
(Russian nerve agent)

N/A N/A N/A N/A N/A 5-10 the potency 
of VX. 

Riot Control Agents (Non-lethal)

Tear (Lacrimators)
Chloracetophenone CN Solid Apple 

blossom
14,000 Instantaneous Lacrimation, 

respiratory tract 
irritation

Chloracetophenone and 
chloroform

CNC Liquid Chloroform 11,000 
(Est)

Instantaneous Lacrimation, 
respiratory tract 
irritation

Chloracetophenone in 
chloroform

CNS Liquid Flypaper 11,400 Instantaneous Lacrimation, 
vomiting, and 
chocking
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and alveoli) and the peripheral compartments of the respiratory tree. They may cause nasopharyn-
geal, airway and laryngeal irritation, apnea, chest tightness, capillary and alveolar wall damage, 
delayed pulmonary edema, and extensive fl uid buildup in the lungs that could interfere with oxygen 
uptake and leads to adult respiratory distress syndrome (ARDS) symptoms or noncardiogenic 
 pulmonary edema (USAMRICD, 2000). Because of their reactivity, pulmonary agents are removed 
at the  alveolar-capillary membrane surface or proximally in the respiratory tract and do not diffuse 
 systemically to cause signifi cant clinical response. 

 Chlorine is a lung irritant used during World War I. It was considered ineffi cient and was replaced 
with other more potent pulmonary gases. Exposure to chlorine results in both central airway damage 
and pulmonary edema. Inhalation of 1000 ppm of chlorine will incapacitate the target within few 
seconds and cause death in 2–3 min. The LCt

 50 
 for chlorine is 6000 ppm. 

  TABLE 22.2  Characteristics of Some Lethal, Warfare and Nonlethal, Riot Control Chemical 
Agents a,b   (Continued)

Category/Name Code State 
(20°C)

Odor Inhalation 
Lethalityb

Action Response

Chloracetophenone / 
benzene and carbon 
tetrachloride

CNB Liquid Benzene 11,000 
(Est)

Instantaneous Powerful 
Lacrimation

Bromobenzylcyanide CA Liquid Sour fruit 8–11,000 
(Est)

Instantaneous Lacrimation, eye 
and respiratory 
tract irritation

o-chlorobenzylmalonnitrile CS Solid Pepper � 50,000 Instantaneous Highly 
irritating, less 
toxic

Vomiting
Diphenylchlorarsine DA Solid None 15,000 (Est) Very rapid Cold-like 

symptoms, 
headache, 
vomiting, nausea

Adamsite DM Solid None 15,000 Very rapid Cold-like 
symptoms, 
headache, 
vomiting, 
nausea

Diphenylcyanoarsine DC Solid Bitter almond 
/ garlic 

10,000 (Est) Rapid Cold-like 
symptoms, 
headache, 
vomiting, nausea

Incapacitating 
(Hallucinating) 

3-Quinuclidinyl benzilate BZ Solid None 20,000 Delayed Tachycardia, 
dizziness, 
vomiting, dry 
mouth, blurred 
vision, stupor, 
random activity 

a Sources: Marrs et al. (1996); Ellison (2000); USAMRICD (2000).
b N/A, not available; Est, estimated for a 70-kg man.
c Inhalation lethality expressed as the median lethal exposure (LCt

50
, mg·min/m3) in a 70-kg man.
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 Phosgene is a more effective pulmonary toxicant than chlorine; it was fi rst prepared by John 
Davy in 1812 and was developed as a chemical weapon by the Germans during World War I. It was 
fi rst used against British troops near Ypres, Belgium on December 1915. Four thousand cylinders 
of phosgene released 88 tons, causing 1069 casualties and 120 deaths. Subsequently both sides used 
substantial amounts of phosgene, which accounted for approximately 85% of all chemical weapon 
deaths by the end of World War I. At present, the United States produces over a billion pounds of 
phosgene per year for industrial use. Inhalation of phosgene damages the lungs and produces pulmo-
nary edema (Marrs et al., 1996). Hydrolysis of phosgene leads to HCl formation, which contributes 
to its toxicity (Equation 22.1). 

 

O

Cl Cl

+ 2 H  O2

Hydrolysis

Catalyst
CO2 2 HCl+

 
(22.1)

 The carbonyl group (C � O) of the phosgene molecule can undergo acylation reactions with several 
functional groups such as amino (–NH

 2 
), sulfhydryl (–SH), and hydroxyl (–OH) groups, rendering them 

nonfunctional and thus contributing to the pathophysiological effects (Marrs et al, 2000; USAMRICD, 
2000). No antidote for phosgene intoxication is available. 

 The LCt
 50 

 of phosgene is approximately 3200 mg·min/m 3 , which is twice as toxic as chlorine. The 
former Soviet Union stockpiled phosgene, and it was used by Egypt against the Yemeni Royalists 
during the Yemeni Civil War, 1963–1967 (Table 22.1). The medical management regime includes 
O

 2 
 therapy and high doses of steroids to prevent pulmonary edema. Treatment of pulmonary edema, 

if it occurs, is with pulmonary expiratory end pressure (PEEP) to maintain P AO 
 2 
 above 60 mmHg. 

For more detailed information on phosgene, please refer to Chapter 20. 
 Chloropicrin is a lung irritant and is also a soil fumigant used for its broad biocidal and fungi-

cidal properties, mainly in high-value crops such as strawberries, tomatoes, tobacco, and fl owers; 
it is used to treat timber as well. John Stenhouse fi rst synthesized it in 1848. During World War I, 
chloropicrin was classifi ed as a choking agent or was mixed with sulfur mustard to lower its freez-
ing point. Currently, it is classifi ed as a tear agent in the United States.  On April 9, 2004, the British 
Broadcasting Corporation (BBC) News reported a gas attack using chloropicrin in Sofi a, Bulgaria 
in which 40 people were hurt, one of them seriously, which brings chloropicrin back as a potential 
terrorist chemical weapon.  Chloropicrin is a colorless to light-green oily liquid with an intense pen-
etrating odor. Upon decomposition, chloropicrin can produce phosgene, nitrogen oxides, and chlo-
rine compounds. The inhalation median lethal concentration (LC

 50 
) for 10 min is 30 ppm, whereas 

bronchial or pulmonary lesions are produced at 20 ppm. Dermal and ocular contact with chloropicrin 
can lead to chemical burns or dermatitis and prolonged eye exposure can lead to blindness. 

 There is no antidote available for chloropicrin exposure, and in severe cases of respiratory 
 compromise, if P AO 

 2 
 cannot be maintained above 60 mmHg, then PEEP is recommended to open the 

alveoli (Ellison, 2000). 

 22.3.1.2 Cyanide Agents (Blood Agents) 

 This class of agents was referred to earlier as “blood agents” because of the observed cyanide sys-
temic effects compared with other agents, such as the blister agents, that were thought to produce 
only local effects. However, it has been shown that most chemical agents are equally capable of exert-
ing systemic effects. The blood agents include hydrogen cyanide (AC), cyanogen chloride (CK), and 
arsine (SA). Liquid cyanide delivered in enclosed munitions rapidly vaporizes and is inhaled, forming 
the cyanide anion (CN�    ), which is readily distributed to virtually every organ and tissue in the body. 
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During World War I, cyanide was used by the French who deployed almost 4000 tons without much 
success, possibly because of the small (1–2 lb) caliber munitions used to deliver it. Another potential 
reason for its ineffectiveness is its high volatility and quick dispersal before building up a suffi ciently 
high concentration. Inhalation is the primary route for cyanide toxicity. Cyanides bind to the enzyme 
cytochrome oxidase as a ligand, blocking oxygen uptake and intracellular oxygen utilization, causing 
cyanosis and death. Hydrogen cyanide (HCN) was also used in the United States for execution of 
criminals in the “gas chambers.” The medical management regime includes O

 2 
 therapy and an antidote 

in a two-step process. In the fi rst step, a methemoglobin-forming drug, such as amyl nitrite or sodium 
nitrite, is given to cyanotic patients to oxidize hemoglobin iron from Fe(II) to the Fe(III) state, which 
binds preferentially to cyanide (Equation 22.2). The second step is to provide a sulfur donor such as 
sodium hyposulfi te to convert the toxic cyanide to nontoxic thiocyanate (Equation 22.3). A more effec-
tive antidote with fewer side effects is �-ketoglutaric acid. Decontamination of cyanides is done under 
basic conditions by using hypochlorite (Marrs et al., 1996). For more specifi c details see Chapter 30. 

 
CNHb CNAmyl nitrite (inhalation)

Sodium nitrite (IV)⎯ →⎯⎯⎯⎯⎯⎯ HHb  (22.2)

 
CN SCNSodium thiosulfate

Sulphur donor
� �⎯ →⎯⎯⎯⎯⎯  (22.3)

 22.3.1.3 Blister Agents (Vesicants) 

 Vesicants were the major military threats during World War I. The most common effects of blister 
agents are dermal edema, erythema and blister formation, ocular irritation, conjunctivitis, corneal opac-
ity and eye damage, and upper airway sloughing, pulmonary edema, metabolic failure, neutropenia, 
and sepsis. In addition, they can cause gastrointestinal effects and suppression of bone marrow stem 
cell production (USAMRICD, 2000). The major vesicants in this class include sulfur mustard (H), 
 nitrogen mustards (HN1, HN2, and HN3), lewisite (L), mustard lewisite (HL), and phosgene oxime 
(CX). Sulfur mustard or mustard gas (bis dichloroethyl sulfi de), which is actually a viscous liquid, has a 
long history of use in the battlefi eld as illustrated in Table 22.1. Mustard gas was fi rst used by Germany 
against the Allies during World War I, by Britain against the Bolsheviks during the Russian revolution, 
by Italy in their campaign to occupy Ethiopia, by the Egyptians against the Yemeni Royalists, and by 
the Iraqis against Iran during the Iran-Iraq war, and again against the Kurds to quell their uprising. 
The exact mechanism of action of sulfur mustard injury has not been elucidated with a high degree 
of certainty, and several hypotheses have been proposed (Papirmeister et al., 1985, 1991; Somani and 
Babu, 1989). Figure 22.2 presents the current knowledge of the possible mechanism(s) of action of 
sulfur mustard toxicity (Sidell et al., 1997). It is possible that the application of modern biochemical 
tools such as genomics and proteomics may lead to a more concrete understanding of the process 
of sulfur mustard injury and repair. In recent years, however, numerous reports have been published 
suggesting that antioxidant therapy using  N -acetylcysteine (NAC) and glutathione may potentially 
have a benefi cial effect in the treatment of sulfur mustard injury or accelerating the process of healing 
(Elsayed et al., 1992, Gross et al., 1993; Amir et al., 1998; Atkins et al., 2000, Anderson et al., 2000, 
Kumar et al., 2001; Das et al., 2003; Elsayed and Omaye, 2004).     

 Because no antidote has yet been developed for sulfur mustard, medical management is limited 
to decontamination and supportive therapy. The standard decontamination procedure uses 0.5% 
household bleach (Smith and Dunn, 1991). Other vesicants in this class include the nitrogen mus-
tards (HN1, HN2, and HN3). The “nitrogen mustard group,” HN1 and HN3, is more likely to act 
as effi cient vesicants (Mann, 1948), whereas mechlorethamine or mustine hydrochloride (HN2) has 
been used clinically for many years as a cancer chemotherapeutic agent. Exposure to the vapor of 
nitrogen vesicants for 10 min affects the skin at concentrations as low as 30 ppm, the eyes at 1 ppm. 
The LC

 50 
 for inhalation exposure is 18 ppm, and the median lethal dose (LD

 50
)

  
for skin exposure 
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is 700 mg. Nitrogen mustards are not  detoxifi ed by the body, i.e., the exposures are cumulative 
(Ellison, 2000). HN3 and sulfur mustard comprise another group, the “mustard gas group” because 
they produce similar vesicating effects (Mann, 1948). 

 Lewisite (L) was named after Dr. Wilford Lee Lewis who fi rst synthesized it in 1918, but its 
production was late to join other CWAs used in World War I. Although it is used by itself, some 
countries such as the former Soviet Union combined it with mustard (HL) to lower its freezing point 
for ground dispersal and aerial spraying (USAMRICD, 2000). Inhalation of Lewisite has an LCt

 50 
 

of 1500 mg·min/m 3 , which is similar to that of mustard. Medical management of the exposure to 
Lewisite and the Lewisite/Mustard mixture includes intramuscular injection of British Anti-Lewisite 
(BAL) or Dimercaprol. 

 Phosgene oxime (CX) is not a true vesicant; it is rather an urticant or nettle agent that produces 
corrosive type lesions of the skin and tissues that may not fully heal for 2 months. Inhaled, CX vapor 
is extremely irritating and causes almost immediate tissue damage upon contact (USAMRICD, 
2000). The exposure causes lung membranes to swell and pulmonary edema formation that can be 
lethal (Ellison, 2000). Medical management is limited to immediate decontamination of the exposed 
areas and symptomatic management of the lesions. 

 22.3.1.4 Nerve Agents (Organophosphates) 

 Nerve agents are the most toxic class of known chemical agents. They exhibit high lethality and low to 
high persistence as shown in Figure 22.1. Chemically, they are generally organic esters of  phosphoric 

FIGURE 22.2 A diagram summarizing present knowledge of sulfur mustard mechanism(s) of action leading 
to acute tissue injury. Modifi ed from Sidell et al., 1997.
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acid, or organophosphate, pesticides. They were developed and stockpiled by Germany just before 
and during World War II, but were never deployed in the battlefi eld. The only known military use 
of nerve agents was in the Iran-Iraq war in the 1980s. The “G” agents are more volatile and tend to 
have high lethality and low persistence as illustrated in Figure 22.1. However, some G agents can be 
thickened using different substances to increase their persistence and percutaneous toxicity. The G 
agents are colorless to brownish liquids with a consistency ranging from water to light machine oil, 
and they are hazardous through inhalation, skin, eye, and ingestion exposures. The LC

 50 
 for the G 

series are estimated as low as 1 ppm for a 10-min exposure, and the percutaneous LD
 50 

 is estimated 
as 300 mg per individual. The “V” agents are less volatile and tend to posses both higher lethality and 
persistence than the G agents. They can be either solids or liquids and can be thickened to increase 
their persistence. The LC

 50 
 for inhaled V agents is as low as 0.3 ppm for a 10-min exposure, and the 

LD
 50 

 for skin exposure is estimated as 100 mg per individual. Another subclass of the G agents is the 
“GV” agents that are considered as intermediate volatility agents (IVAs). They combine the attributes 
of both the G and the V agents, i.e., they have greater percutaneous toxicity than the G agents and 
greater inhalation toxicity than the V agents, but they are not as stable as either series. 

 All series of nerve agents pose signifi cant additional hazards upon hydrolysis or combustion 
because they produce hydrogen fl uoride, nitrogen oxides, and phosphorous oxides as well as residual 
toxic organophosphates (Ellison, 2000). 

 Nerve agents are cholinesterase inhibitors that disrupt the functions of the nervous system by 
inhibiting the enzymes butyrylcholinesterase in the plasma and acetylcholinesterase in red blood cells 
at the cholinergic receptor sites in tissues and organs. These sites include smooth and skeletal muscles, 
central nervous system, and most exocrine glands (USAMRICD, 2000). The clinical effects of the 
nerve agents are due to accumulation of excess acetylcholine. A major characteristic associated with 
exposure to nerve gas vapor is bilateral miosis often accompanied by sharp or dull pain around the 
eyeballs, dim and blurred vision, nausea, and occasionally vomiting. Inhalation of the vapor results in 
rhinorrhea, bronchoconstriction, tightness of the chest, and apnea. The effects on the central nervous 
system include loss of consciousness, seizure, and apnea. Medical management includes decontami-
nation, ventilation, administration of antidote, and supportive therapy. The antidotes available include 
atropine and pralidoxime chloride (2-PAMCI). In 2003, the U.S. Food and Drug Administration 
approved the use of pyridostigmine bromide as a pretreatment against the nerve agent Soman (GD). 

 Another class of nerve agents the “Novichok, 5, and 7” was developed by the former Soviet 
Union. Information about the composition, persistence, and human toxicity of this class of agents 
is very scarce. However, available information indicates that the Novichok agents are fi ve to eight 
times as lethal as agent VX, a highly lethal agent in the U.S. arsenal (Ellison, 2000). Novichok 
agents can occur in binary form. These forms can be disguised as harmless agricultural products to 
evade international inspection and verifi cation regimes. 

 22.3.2 Nonlethal, Riot Control Agents 

 Riot control agents or tear gases were the fi rst CWAs deployed during World War I. The French 
police used them to control rioters before World War I and then the French military used them 
during the war with limited success. The use of riot control agents in the battlefi eld decreased as 
more lethal chemicals were developed. They are currently used mostly by law enforcement agen-
cies. In addition to law enforcement application, tear agents are used in many countries for military 
training and were used extensively by the U.S. military in Vietnam for tunnel denial (TM-8-285, 
1956; USAMRICD, 2000). For more detailed information, see Chapter 21. 

 22.3.2.1 Tear Agents (Lacrimators) 

 Tear agents are local irritants that cause transient discomfort and intense eye pain and discomfort, 
forcing closure of the eyes and leading to temporary inability to fi ght or resist arrest. They may 
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also irritate the respiratory tract, causing diffi culty breathing. In high concentration they can irri-
tate the skin, causing temporary burning and itching, nausea, and/or vomiting. These effects are 
transient, persisting no more than a few minutes after the exposure is ended (TM-8–285, 1956; 
USAMRICD, 2000). In an enclosure, very high concentration of tear agents can be lethal (Ellison, 
2000). Lacrimators are mostly solids with low vapor pressure. They are colorless to yellow with a 
fl oral to a pepperlike smell. Tear agents dispersed as aerosols are not persistent. However, release of 
large amounts resulting in signifi cant solid or liquid deposition can pose a persistent hazard. 

 Medical management is not required as casualties of tear agents usually recover within 15 min 
after removal from a contaminated environment. High-level exposures can produce dermatitis and 
superfi cial skin burns similar to thermal burns and are treated similarly. 

 22.3.2.2 Vomiting Agents 

 Vomiting agents were originally developed as sternutators (sneezing agents). They are nonlethal chem-
icals with an estimated inhalation LC

 50 
 of 1000 mg/m 3  for a 10-min exposure and a short persistence 

of approximately 30 min. They produce a pepperlike irritation of the upper respiratory tract and eye 
irritation and lacrimation. They cause coughing, sneezing, nausea, vomiting, and a general feeling of 
malaise. They can produce local infl ammation of the upper respiratory tract, nasal accessory sinuses, 
and eyes. Vomiting agents can be dispersed as aerosols to produce their effect by inhalation or by 
direct action on the eyes (TM 8-285, 1956; USAMRICD, 2000; Ellison, 2000). Agents of this class are 
crystalline solids that are dispersed by heat as fi ne particulate smokes ranging from canary yellow to 
white which become colorless after dilution with air. Medical management is not required, and victims 
usually recover from exposure within 2 h after removal from the contaminated atmosphere. Duration 
of the symptoms can be shortened by vigorous exercise (Ellison, 2000). 

 22.3.2.3 Incapacitating Agents (Hallucinating Agents) 

 Incapacitating agents are nonlethal CWAs designed to create confusion or hallucinations. They are 
anticholinergic agents that act as competitive inhibitors of acetylcholine at postsynaptic and postjunc-
tional muscarinic sites. 3-Quinuclidinyl benzilate (BZ) is a major example of this class of agents and 
is an odorless,  nonirritating solid. It is extremely persistent in soils, water, and most other surfaces. 

 Exposure to BZ results in tachycardia, dry mouth and mucous membranes, fl ushing, delirium, 
and hypertension. Toxicity can occur after exposure to these agents following inhalation, ingestion, or 
absorption through the skin. Medical Management involves administering physostigmine salicylate 
and supportive care. (TM 8-285, 1956; USAMRICD, 2000; Ellison, 2000). 

 22.4 CWA STOCKPILES IN THE USA AND RUSSIAN FEDERATION 

 As stated earlier, knowledge about modern chemical warfare began during World War I when the 
Germans used chlorine gas in 1915. Many countries including the United States prohibited the use 
of CWA. For example, during the Civil War, the U.S. War Department issued General Order 100 in 
April 24, 1863, proclaiming that “the use of poison in any manner, be it to poison wells, or foods, or 
arms, is wholly excluded from modern warfare.” In July 29, 1899, The Hague Convention (II) with 
Respect to the Laws and Customs of War on Land was signed and declared that “it is especially pro-
hibited … to employ poison or poisoned arms.” The Geneva protocol of 1925 (The Avalon Project, 
1998) also prohibited the use of poison in warfare. 

 After World War I, many governments wished to ban the use of chemical weapons in wars 
because of the horrible means by which people were killed and injured. In 1925, at the League 
of Nations (the predecessor of the present United Nations) 38 nations signed the Geneva Protocol 
for “… the prohibition of the use in war of asphyxiating, poisonous, or other gases, and bacterio-
logical methods of warfare”; the protocol has since been signed by over 130 nations. The protocol 
contained large loopholes, including that it does not prohibit the manufacture and threat of use of 
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chemical weapons; it is vague on the term “other gases,” and it has no provisions for the punishment 
of countries that use such weapons illegally. A partial chronology of the major legal frameworks to 
control the use or prohibit the manufacture of CWAs is presented in Table 22.3.   

 During World War II, chemical weapons were not used in battle in the European theater of 
operations although Italy used CW in the invasion of Ethiopia in Africa, and Japan used chemical 
and biological agents in the invasion of China (Table 22.1). After World War II, it was discov-
ered that Germany had developed a new class of chemicals (nerve agents) that included tabun, 
sarin, and soman. The Germans possessed large quantities (20,000–30,000 tons of tabun) that 
the Allies seized. However, the Russians took over most of the manufacturing plants and moved 
them to Volgograd in Russia. With the beginning of the Cold War, a new cycle of research and 
development of new CWAs was underway, and large quantities of chemical agents and weap-
ons were stockpiled. The United States and the Russian Federation (former Soviet Union) were 
the two major producers of CWAs and possessed the largest stockpiles of chemicals. In 1992, 
the “Convention on the Prohibition of the Development, Production, Stockpiling, and Use of 
Chemical Weapons and their destruction” (Chemical Weapons Convention [CWC]) was approved 
by the United Nations and went into effect in 1997 Tables 22.4 and 22.5 show the CWA stockpiles 
of the United States and the Russian Federation after both countries agreed to stop CWA produc-
tion and began destruction of existing stockpiles (Federation of American Scientists [FAS], 2000; 
Russian Munitions Agency, 2003; Harigel, 2003).   

  TABLE 22.3  Partial Chronological Listing of Major Events and Developments of Legal 
Frameworks to Control the Use of Chemical Weapons a  

Date Framework Major Provisions/Achievement

April 24, 1863 The US War Department, General 
Order 100

“The use of poison in any manner, be it 
poison wells, or foods, or arms, is 
wholly excluded from modern warfare.”

July 29, 1899 The Hague Convention (II) with Respect 
to the Laws and Customs of War on Land

“It is especially prohibited … to employ 
poison or poisoned arms.”

June 17, 1925 Geneva Protocol for the Prohibition of 
the Use in War of Asphyxiating, 
poisonous, or Other Gases, and 
Bacteriological Methods of Warfare 

The Protocol was not ratifi ed by the US, 
but was not signed by Japan.

April 10, 1972 Convention on the Prohibition of the 
Development, Production and 
Stockpiling of Bacteriological 
(Biological) and Toxin Weapons and 
on their Destruction.

Biological Weapon Convention Signed 
by the USA, Britain, and the Soviet 
Union.

January 22, 1975 Geneva Protocol (1925) The US ratifi es the Geneva Protocol, 
signed originally by the US on June 
17, 1925.

September 3, 1992 The Convention on the Prohibition of 
the Development, Production, 
Stockpiling, and use of Chemical 
Weapons and their destruction, CWC

The convention was approved by the UN.

April 29, 1997 The Convention on the Prohibition of 
the Development, Production, 
Stockpiling, and use of Chemical 
Weapons and their destruction, CWC

The convention entered into force. As of 
November 1997, 165 nations had 
signed the CWC, of which 104 nations 
had ratifi ed the treaty.

  a  Adapted from the Avalon Project (1998). 

4049_C022_r03.indd   5334049_C022_r03.indd   533 11/15/2005   6:06:32 PM11/15/2005   6:06:32 PM



534 Inhalation Toxicology 

 22.5 NUCLEAR WEAPONS 

 Nuclear weapons (NWs) are the most destructive weapons produced by humans for use on the 
 battlefi eld. Although NWs were used only twice during World War II, their acquisition served to 
deter aggression and coercion by other nations, and the threat of mutual assured destruction served 
as an instrument of policy and diplomacy for a long time. This class of weapons can produce large-
scale destruction such as the destruction of Hiroshima and Nagasaki in Japan. In addition, the chem-
ical species produced (fallout) from NW detonation can linger for many years in the environment, 
causing long-term adverse effects to all living systems and rendering large areas of land “off-limits” 
for use. With mounting global terrorism since the beginning of the twenty-fi rst century, the concern 
of potential nuclear terrorist attacks also increased. Although sophisticated NWs may not be an 
available option to the terrorists for lack of technical expertise or manufacturing facilities, minia-
ture nuclear devices as remnants of the cold war, could potentially be manufactured, purchased, or 
obtained through illegal means. It should be noted that it is possible for rudimentary electromagnetic 
weapons to be developed and used by terrorists determined to infl ict maximum damage. To under-
stand the potential risk from deployment of NWs or radiological devices, it was necessary to include 
a review of NWs. 

  TABLE 22.5  Estimated Stockpiles of Chemical Weapons in the USA a  

Unitary Chemicals Binary Chemicals

Nerve Agents (GA, GB,
 VX, TGA, TGB)

13,352.63b Methylphosphate difl ouride (DF)

Isopropyl alcohol and 
isopropylamine (OPA)

Ethyl 2-diisopropylaminoethyl 
methylphosphate (QL)

680.19b

Blister Agents (H, HD, 
HT, L)

17,2469.948b

Total 30,599.57b 680.19b

  a  Adapted from Harigel (2002). 
  b  Metric tons. 

  TABLE 22.4  Estimated Stockpiles of Chemical Weapons in the Russian 
Federation a  

Chemical Weapons 
Category 1

Chemical Weapons 
Category 2

Chemical Weapons 
Category 3

Nerve Agents 
(GA, GB, VX)

32.2b Chocking agents (CG) 10b NA NA

Blister Agents 
(H, L, HL)

7.8 b artillery shells (122 mm) 
fi lled with (CG)

3,844c Inert chemical 
munitions, discontinu-
ous and propellant 
charges

288,300c

Totalb 40b 10b 0d

  a  Adapted from the Russian Munitions Agency (2003). 
  b  Metric tons � 1000. 
  c  Units � 1000. 
  d  All stockpiles of category 3 chemical weapons have been destroyed as of April 2003. 
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 22.5.1 Major Types of Nuclear Weapons 

 Nuclear weapons can be in the form of bombs, missile warheads, artillery shells, bombs, and other 
devices. This review is limited to bombs, since a potential nuclear terrorist attack, if it material-
izes, most likely will be in the form of a small bomb or an explosive radiological dispersal device 
because the technical expertise and manufacturing facilities are beyond the reach of terrorists. The 
major types of nuclear bombs include: fi ssion bomb, fusion bombs, salted bombs, neutron bombs, 
and some other devices. 

 22.5.1.1 Fission Bombs 

 Fission bombs or atom bombs (A bombs) are weapons that produce energy from nuclear fi ssion 
of heavy elements such as uranium or plutonium bombarded by neutrons, which results in lighter 
elements and more neutrons that can trigger chain reactions. Fission bombs are ignited by forcing 
masses of enriched uranium or plutonium atoms into each other to cause a critical reaction. This is 
generally accomplished by detonating a high-explosives “lens” that surrounds a “pit” of radioisotope 
or by fi ring a uranium “bullet” into a radioactive “pit.” (FM 8-10-7, 1993). 

 22.5.1.2 Fusion Bombs 

 Fusion bombs or thermonuclear weapons are generally known as hydrogen bombs (H bomb). These 
weapons require an extremely high temperature such as a fi ssion core (an A bomb) to trigger chain 
reactions that use lighter elements such as hydrogen or helium and produce heavier elements and 
large amounts of energy (Alt et al., 1989; Rhodes, 1995).   

 22.5.1.3 Salted Bombs 

 These are advanced thermonuclear weapons that apply advanced designs to produce more devasta-
tion. One such design is to vary the material used in the shell of a nuclear device. For example, a 
fusion bomb with an outer shell of neutral (unenriched) uranium upon detonation produces intense 
fast neutrons that can cause the neutral uranium in the shell to fi ssion despite being unenriched, thus 
signifi cantly increasing the explosive yield of the weapon. By using different elements in the shell 
of the nuclear weapon, different fallout durations can be achieved. For example, using cobalt in the 
shell provides long-term (years) fallout duration when the neutral cobalt is converted by the fusion-
emitted neutrons to cobalt-60, a powerful long-term gamma ray emitter (years). Other shell types 
include zinc an intermediate (months) fallout emitter, and gold, a short-term (days) fallout emitter 
(Glasstone and Dolan, 1977). 

 22.5.1.4 Neutron Bombs 

 These are small, enhanced radiation thermonuclear weapons in which the neutrons generated by 
the fusion reaction are not absorbed within the weapon body. These weapons use X-ray mirrors 
and shells made of chromium or nickel to permit the neutron to escape, causing an intense burst of 
high-energy destructive neutrons, hence, the name neutron bomb. However, in contrast to the salted 
bombs, the burst of ionizing radiation occurs only at the time of detonation and is not accompanied 
by additional enhanced residual radiation (Glasstone and Dolan, 1977; Cohen, 1983). 

 22.5.2 Distribution of Energy from Nuclear Detonation 

 Nuclear detonation results in massive release of energy in different forms and magnitudes. The 
major forms of energy from a nuclear detonation are blast overpressure, thermal radiation, ion-
izing radiations (immediate), and residual radiation (delayed fallout), and electromagnetic pulse 
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(Glasstone and Dolan, 1977). The distribution of energy from a moderate size nuclear detonation 
(less than 10 kilotons) is shown in Table 22.6.   

 22.5.2.1 Blast Overpressure 

 Almost 50–60% of the energy produced by nuclear detonation is due to blast overpressure (BOP) 
and the resulting “blast wind.” Blast overpressure is the abrupt change in atmospheric pressure 
above (positive) or below (negative) ambient pressure. Peak overpressure from a 1-kiloton (KT) 
detonation can reach 200–400 kilopascals (kPa); depending on the distance from the center of the 
detonation point, different rates of lethality can occur (Table 22.7). In air, the magnitude of the over-
pressure is proportional to the air density, i.e., the higher the air density, the greater the BOP (static 
overpressure). Another factor that contributes to the destructive power of a nuclear detonation is the 
drag exerted by the blast wind (dynamic pressure). Both of these factors contribute to the physical 
damage produced by a nuclear detonation (Glasstone and Dolan, 1977; FM 8-10-7, 1993; FM 8-9, 
1996). The rapid compression/decompression cycle produced by the impacting BOP waves trans-
mits energy through the human body or solid objects that can be destructive. Three major types of 

  TABLE 22.6  Distribution of Total Energy Produced by Nuclear Weapon 
Detonation a  

Physical Effect Contribution (%) Description

Blast Overpressure (BOP)
 • Standard Fission/Fusion
 • Enhanced Radiation Weapon

50
40

Abrupt changes in atmospheric pressure 
(above or below) ambient level represent-
ing rapid compression / decompression 
waves causing death or non-lethal injuries

Thermal Radiation
 • Standard Fission/Fusion
 • Enhanced Radiation Weapon

35
25

Direct effect of exposure to thermal energy 
(fl ash burns)

Indirect effect of exposure to environmental 
fi res (fl ame burns)

Initial Radiation
 • Standard Fission/Fusion
 • Enhanced Radiation Weapon

 5
30

Neutron, gamma rays, alpha and beta 
particles emitted within the fi rst minute 
after detonation (immediate)

Residual (fallout) Radiation
 • Standard Fission/Fusion
 • Enhanced Radiation Weapon

10
5

Alpha, beta and gamma rays (delayed)

Electromagnetic Pulse (EMP) 1 Broadband, high-intensity, short-duration 
burst of electromagnetic energy caused by 
ionized air molecules.

  a  Adapted from Alt et al. (1989); FM 8-10-7 (1993). 

  TABLE 22.7  Range and Lethality of Exposure to Peak Overpressures 
from a 1-KT Nuclear Detonation a  

Peak Overpressure 
(kPa (psi)

Distance from Detonation 
Point. Meters (feet) Lethality (%)

233–294 (34-43) 150 (492) 1

294–415 (43-60) 123 (404) 50

�415 (60) 110 (361) 100

  a  Adapted from FM 8-10-7 (1993). 
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injuries can occur from exposure to BOP. First, exposure to the shock waves only results in primary 
blast injury, mostly to the hollow organ systems such as the respiratory, gastrointestinal, and audi-
tory systems. The lung, however, is the organ most sensitive to damage, and this injury can be fatal. 
Second, exposure to fl ying missiles results in secondary blast injury, and third, displacement of the 
body by the incoming BOP waves impacting solid objects results in tertiary blast injury (Schardin, 
1950; Rössle, 1950; White et al., 1971; Stuhmiller et al., 1991; Elsayed, 1997). These injuries are 
further affected by the magnitude and frequency of the shock wave, the position and distance of the 
body in relation to the incoming wave, and the potential magnifi cation of the BOP wave in enclo-
sures. A possible mechanism of injury from exposure to the blast was proposed in 1997. In that 
mechanism, incoming blast waves would damage red blood cells, releasing heme iron which would 
initiate free radical-mediated reactions that continue to propagate after the initial blast exposure, 
resulting in delayed death (Gorbounov et al., 1995, 1997; Elsayed et al., 1997).   

 22.5.2.2 Thermal Radiation 

 Surface nuclear detonation emits a large amount (30–40%) of electromagnetic radiation (Table 22.6) 
outward from the fi reball that includes visible, infrared, and ultraviolet lights. Most of the damage 
from thermal radiation is associated with skin burns and eye injury from the intense light, which 
can even start fi res spread by the blast wind further away from the fi reball at the point of detonation 
(ground zero). Thermal radiation can cause burns either directly following absorption of the thermal 
energy by the exposed surface (fl ash burns) or indirectly by fi res in the environment (fl ame burns) 
spread by the blast wind. Several factors modulate the energy available to cause fl ash burns, including 
detonation yield, distance from the fi reball, height of burst, weather conditions, and type of surround-
ing environment. The degree of burn injury depends on the fl ux measured in calories per surface area 
of exposed skin (cal/cm 2 ) and duration of the thermal pulse. For example, thermal radiation from a 
1-KT detonation would produce second-degree burns on exposed skin at a range of 0.78 km, a pulse 
duration of 0.12 sec, and a fl ux of 4.0 cal/cm 2  (Glasstone and Dolan, 1977; FM 8-10-7, 1993; FM 
8–9, 1996). 

 22.5.2.3 Initial Ionizing Radiation 

 Between 4 and 5% of the energy released from a nuclear detonation is in the form of initial neutrons 
and gamma rays. Neutrons are released almost entirely from the fi ssion or fusion reactions, whereas 
initial gamma rays are produced from the same reactions and from decay of short-lived fi ssion prod-
ucts. Nuclear detonation results in four types of ionizing radiation within the fi rst minute (immediate 
radiation) following detonation. They include neutrons and gamma, alpha, and beta radiation. 

 Neutrons are uncharged particles emitted in the fi rst few seconds of detonation that do not ionize 
tissue directly and are not a fallout hazard. However, because of their signifi cant mass, they can inter-
act with other atomic nuclei, disrupting their atomic structure and potentially causing 20 times more 
damage than gamma rays. Neutron emission constitutes 5–20% of the total energy of a nuclear weapon. 
However, enhanced radiation thermonuclear weapons (neutron bombs) produce a much higher yield of 
neutrons to kill people with radiation rather than destroy properties through blast effects. 

 Gamma rays are emitted during detonation and in fallout residual nuclear radiation. They are 
short-wavelength, uncharged high-energy radiation similar to X rays. They are a hazard due to their 
high energy and penetrability, which can result in whole-body radiation. 

 Alpha particles are heavier (four times the neutrons mass), charged particles and a fallout hazard. 
Because of their size, they lack penetrability and can be stopped by dead layers of skin or by a mili-
tary uniform. Alpha particles represent a negligible external hazard but can cause serious internal 
damage if inhaled or ingested. 

 Beta particles are very light, negatively charged particles found primarily in fallout residual 
radiation. They have weak penetrability and can travel a short distance in tissues. However, exposure 
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to large quantities of beta particles can produce damage (beta burn) to the basal stratum of the skin 
similar to thermal skin burns (Glasstone and Dolan, 1977; FM 8-10-7, 1993; FM 8-9, 1996). 

 22.5.2.4 Residual (Fallout) Radiation 

 The major hazard from residual nuclear radiation is radioactive fallout and the neutron-induced 
hazards. 

 22.5.2.4.1 Fission Products 
 The splitting of heavy uranium or plutonium nuclei in fi ssion reactions produces a large number of 
fi ssion products (approximately 60 g/KT yield) with different half-lives, and an estimated activity 
of 1.1 � 10 21  Bq (equivalent to 30 million kg of radium) estimated at approximately 1 min after 
detonation. These products have different decay rates (emission of beta and gamma rays), i.e., envi-
ronmental persistence ranging from very short (seconds) to long (months) to very long (years to 
many years). The fi ssion products with the greatest concern from fallout include strontium-90 ( t 

 1/2 
, 

28 years), cesium-137 ( t 
 1/2 

, 30 years), carbon-14 ( t 
 1/2 

, 5800 years), strontium-89 ( t 
 1/2 

, 51 days), and 
iodine-131 ( t 

 1/2 
, 8 days). 

 Iodine-131 poses the highest risk of internal exposure because it is deposited on the surface of 
vegetation, eaten by meat animals, then secreted in the milk, and ingested by humans. Iodine-131 
concentrates preferentially in the thyroid gland and destroys it. 

 Strontium-90 and strontium-89 are produced in large amounts in nuclear fallout. Similar to 
iodine-131, consumption of contaminated fruits, vegetables, and milk are major health hazards 
because strontium is readily incorporated in the bones. 

 22.5.2.4.2 Unfi ssioned Nuclear Material 
 Nuclear detonation does not consume all the enriched uranium or plutonium in the fi ssion reactions, 
and much of it is dispersed unfi ssioned by the explosion that continues to decay slowly by emitting 
alpha particles. 

 22.5.2.4.3 Neutron-Induced Activity 
 When atomic nuclei exposed to a fl ux of neutrons capture a neutron, they become radioactive and con-
tinue to decay over a long period by emitting beta and gamma radiation that can activate other atoms in 
the environment, thus producing a hazardous area that becomes “off limits” for use by humans. 

 22.5.2.5 Electromagnetic Pulse 

 The electromagnetic pulse (EMP) is a form of radiation produced by nuclear detonation when gamma 
rays (primary photons) collide with electrons and transfer some of their energy to the electrons. They 
can interact with a secondary photon moving in a new direction of motion with respect to the primary 
photon. This results in a Compton interaction changing the direction or scattering of the gamma 
ray photon and in the degradation of its energy. The electron that collides with the primary photon 
recoils in such a manner as to conserve energy and momentum and is called a Compton-recoil elec-
tron (Glasstone and Dolan, 1977; Makoff and Tsipis, 1988). The EMP is broadband, high-intensity, 
short-duration burst of electromagnetic energy distributed throughout the lower frequency spectrum 
between 3 Hz and 30 kHz with no known biological effects. However, the resulting electric and mag-
netic fi elds could couple with electrical or electronic systems and produce current and voltage surges 
that damage electronic equipment, wires, antennas, and metal objects, interfere with radiofrequency 
links, and microcircuits, and could disable satellites. The strength of the EMP depends highly on the 
altitude at which it is released; it is strongest at altitudes above 30,000 feet. The existence of EMP has 
been known since the 1940s when nuclear weapons were developed and tested. However, their effect 
was not fully known until 1962 when the United States conducted a series of high-altitude  atmospheric 
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tests and detonated a nuclear device in the Pacifi c Ocean 800 miles from Hawaii. The resulting EMP 
disrupted radio stations and electric equipment throughout Hawaii (Ricketts et al., 1976). 

 22.5.3 Biological Effects of Ionizing Radiation 

 Ionizing radiation interacting with atoms deposits energy that causes further ionization (electron 
excitation), which could involve critical molecules or structures in the cell and produce damage. 
Direct interaction of radiation with a particular cellular molecule could cause irreparable damage 
and lead to death or malfunction. Indirect interaction causing cell damage occurs when radiation 
interacts with water molecules in the body to create toxic molecules (free radicals) that could in turn 
affect neighboring sensitive molecules. The most radiosensitive organs in the body are the hemato-
poietic and gastrointestinal systems. Direct and indirect cellular radiation damage is a function of 
specifi c tissue sensitivity and radiation dose. Although high doses of radiation can cause cell death, 
lower doses can cause a variety of effects, including delays in the mitotic cycle phases, disruption 
of cell growth, and changes in permeability and motility. In general, radiosensitivity tends to be 
inversely related to the degree of cell differentiation. Prediction of radiation damage is very diffi cult 
because exposed organs are often unknown. The primary medical concern is severe radiation sick-
ness caused by whole-body irradiation. The LD

 50 
 for exposed persons within a period of 60 days 

from radiation exposure (LD
 50 

/60) is approximately 450 centigray (cGY). 
 Cellular recovery is possible if a suffi cient proportion of the stem cell population remains 

undamaged after radiation injury. Although complete recovery from radiation injury seems to occur, 
late somatic relapses have a higher probability of occurring because of radiation-induced damage 
(Glasstone and Dolan, 1977; FM 8–10–7, 1993; FM 8–9, 1996). 

 22.6 RADIOLOGICAL DISPERSAL DEVICES (RDD) (DIRTY BOMBS) 

 Radiological dispersal devices (RDD) or “dirty bombs” as they are also known are weapons that 
combine conventional explosives, such as dynamite, trinitrotoluene (TNT), pentaerythritol (PETN), 
or plastic explosives (C-3 and C-4), with radioactive materials. The radioactivity is then dispersed 
through the initial blast of the conventional explosive producing airborne radiation and contamina-
tion. In general, the conventional explosive detonation associated with RDD produces greater lethal-
ity and damage than the radioactive material. Because the intent of using dirty weapons is to cause 
disruption of services and generate public fear and panic rather than cause heavy casualties, death, 
and destruction, such a low outcome fulfi ls the potential objectives of the terrorist. Dirty bombs can 
be small devices that fi t in a suitcase or as big as a truck. A dirty bomb, however, is not a nuclear 
weapon, because it does not involve nuclear fi ssion reactions or generate destructive blast waves or 
thermal and ionizing radiation. 

 Many types of radioactive materials with military, industrial, or medical application could be 
used to produce dirty weapons by encasing a highly radioactive material in lead and surrounding the 
device with conventional explosives. The resulting explosion, depending on atmospheric conditions, 
would disperse radiation over a wide area and could cause potential health problems. For example, 
weapon-grade uranium and plutonium or spent nuclear fuel could be used and would be the deadli-
est materials. However, they are also the most diffi cult to obtain and handle by a potential terrorist. 
In contrast, medical-grade chemicals used mostly in cancer treatment, such as radium and cesium 
isotopes, could be used with less risk in handling but also with reduced potency. Two nuclear disas-
ters illustrate the potential health hazard of radiological explosions. 

 First is the Chernobyl nuclear disaster in 1986 when the graphite moderators in the core of the 
reactor overheated, causing the graphite to ignite in the air circulated as the coolant. The resulting 
fi re was very hard to fi ght, spreading radioactive material carried off in the smoke over large areas 
(U.S. Naval Academy [USNA], 2001). The accident resulted in a series of explosions that totally 
destroyed one reactor and dispersed radioactive material that contaminated Northern Ukraine, 
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Belarus, Russia, and Scandinavia. Thirty-one were killed and 140 developed signifi cant illnesses 
among the plant personnel and rescue workers. A 30-km exclusion zone was established imme-
diately surrounding the site and farming was prohibited in parts of the radiation fallout area, even 
18 years after the disaster. 

 The second incident occurred in Goiania, Brazil in 1987 when scrap metal scavengers broke into 
a radiological clinic and stole a capsule containing about an ounce of highly radioactive cesium-
137. The capsule was broken into pieces and passed to friends and relatives. This resulted in 4 dead, 
249 contaminated, 14 overexposed, and 114,000 persons subjected to continuous monitoring. In 
addition, 85 houses and truck loads of personal possessions had to be destroyed; large amounts of 
contaminated earth were removed. 

 According to the International Atomic Energy Agency, 370 instances of nuclear smuggling have 
been reported from 1993 to 2000. In April 2001, a truck carrying 10 lead-lined boxes fi lled with 
highly irradiated strontium-90 scrap metal was intercepted by customs offi cers in Uzbekistan. To 
prepare the public, several national and international organizations have issued information sheets 
and public guidance in the event of a dirty-bomb attack (Ford, 1998; USNRC, 2003; CDC, 2003; 
WHO, 2003; OSHA, 2004). 

 22.7 CONCLUSIONS 

 Almost 100 years have passed since the introduction of CWAs in World War I, and signifi cant 
advances have been achieved in understanding the mechanism of action of most of them. However, no 
effective antidotes exist for several of these agents. For example, sulfur mustard continues to be 
produced, stockpiled, and even used by some nations albeit clandestinely, and it could be  possessed 
and possibly used by terrorists. There is no antidote for sulfur mustard available, and only decon-
tamination and supportive treatment are recommended for the victims. Another threat to both mili-
tary and civilian personnel is blast overpressure injury resulting from explosive detonation. In recent 
years, blast research has become limited to the development and improvement of protective vests that 
were indispensable in Iraq and elsewhere, as well as the development of more accurate predictive 
models of blast injury. Current research on chemical and biological terrorism should also include the 
effects of blast injury. Detonation of an explosive device with or without chemicals or biologicals 
has the potential to cause internal primary blast injury, combined with penetrating wounds from sec-
ondary blast injury caused by shattered glass and fl ying missiles, in addition to the adverse effects of 
any chemical or biological agent that survives the explosion. The results of nuclear or radiological 
detonation are even more complicated. They could involve blast injury from the detonation, burn 
injury from thermal radiation, and internal injuries from nuclear radiation. All these adverse effects 
would be further complicated by inhalation injury from the smoke and combustion gases in case of 
a fi re, not to mention the psychological stress in response to the unexpected attack. These events 
suggest that awareness and consideration should be given to the complex multiple injuries that 
may occur simultaneously, and that preparedness and response to potential terrorist attacks should 
include medical management of combined injuries. 
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 23.1 INTRODUCTION 

 Exposure to chromium compounds occurs by ingestion of food and water, by inhalation of airborne 
particulates and by contact with numerous manufactured items containing chromium or its com-
pounds. The World Health Organization (WHO) (2000) has estimated that daily chromium intake 
by humans is �200 µg from foodstuff, 0.8–16 µg from drinking water, and �1 µg from ambient 
air. Gauglhofer   (1991) has reviewed the metabolism of chromium. The absorption, transport, dis-
tribution, and elimination of chromium compounds in humans and animals depends on factors 
such as the solubility and oxidation state of the chromium compound, the route and site by which 
the victim or subject is exposed to the chromium-containing material, and the particle size of the 
chromium-containing material when the route of exposure is by inhalation. The bronchial tree is 
the primary target organ for the carcinogenic effects associated with the inhalation of hexavalent 
chromium. 

 23.2 INHALATION EXPOSURE 

 Inhalation of chromium-containing aerosols is of major concern in the exposure of humans to chro-
mium compounds. The retention of chromium compounds from inhalation, based on a 24-h respira-
tory volume of 20 m 3  in urban areas with an average chromium concentration of 50 ng/m 3  has been 
estimated to be between 3 and 300 ng (WHO, 2000). Individual uptake may vary depending on 
concomitant exposures to other relevant factors such as tobacco smoking and on the distribution of 
the particle sizes in the inhaled aerosol. 

 Chromium absorption in the occupational/industrial environment is usually by inhalation of 
mists, fumes, or airborne particulates containing chromium compounds. Airborne particles vary 
greatly in size. Particles larger than 10 µm rarely enter the respiratory tract. When they do, they are 
deposited in the nose and eliminated by sneezing, blowing, and/or wiping. When airborne particles 
having mean aerodynamic diameters ranging from 0.1 to 10 µm are inhaled, approximately 50% are 

 23 
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deposited in the upper respiratory tract, approximately 25% are deposited in the lower respiratory 
tract, and approximately 25% are exhaled. Particles smaller than 1 µm are either aspirated into the 
mucociliary escalator or engulfed by phagocytes. The phagocytes either migrate to or enter the distal 
end of the mucociliary escalator, or they are absorbed into the lymphatics of the lungs. Particles 
deposited in the upper respiratory tract may be carried by the cilia to the pharynx where they are 
coughed up or swallowed along with the particles inhaled through the mouth. Soluble particles 
may be absorbed through the epithelium into the blood   (Lu, 1985). Absorption from the respiratory 
tract usually takes place at the alveoli. Migration through the alveolar cell membranes is by passive 
 diffusion. The rate of absorption depends on solubility and concentration. 

 Chromium is among the elements concentrated in/on the smaller (�1 µm) particles collected 
from ambient air. Particles having mean aerodynamic diameters smaller than 1 µm are deposited 
predominantly in the alveolar regions of the lungs where absorption effi ciency for most elements 
ranges from 50 to 80%. Larger particles do not enter the lungs but pass by cilial action to the stom-
ach where absorption effi ciency commonly ranges from 5 to 15% for most elements. Lung penetra-
tion can be predicted from cascade impactor data, which classify the collected particles according to 
their aerodynamic dimensions   (Bloom and Noller, 1977) as tabulated in Table 23.1.   

 The highest concentrations of chromium in fl y ash from coal-fi red power stations was found in 
the 1- to 2-µm size fraction, and most of the dust particles from processing chromite ore had diam-
eters in the 0.32- to 0.37-µm range   (U.S. EPA, 1984). 

 23.3 EPIDEMIOLOGY 

 Epidemiological studies have played a key role in identifying some hexavalent chromium com-
pounds as respiratory carcinogens. As early as 1890, Newman   (1890) described an adenocarcinoma 
of the inferior turbinate in the nose of a Scottish chromate pigment production worker. Subsequently, 
Pfeil   (1935) reported lung cancers among German workers who used dichromates to oxidize anthra-
cene and its derivatives for the production of alizarin dyes in 1935, and Alwens and Jonas (1938) 
reported 20 cases of lung cancer among the workers at a chromate-producing facility at Griesheim 
near Frankfurt in 1936. After the Second World War, several retrospective mortality studies were 
reported for workers with histories of occupational exposures to chromium and its compounds. 
Among the industries included in these epidemiological studies were those producing chromium 
chemicals, those producing and/or using chromium pigments, those electroplating with chromium 
on to other metals, those welding stainless steel and other alloys containing chromium, those pro-
ducing ferrochrome, and those using chromium compounds in the tanning of leather. 

  Table 23.1 Predicted Lung Penetrations of 
Airborne Particulates 
Impactor Dimensions (�m) Penetration
Stage 0 11 and above —

Stage 1 7–11 —

Stage 2 4.7–7 Pharyngeals

Stage 3 3.3–4.7 Tracheal/primary bronchial

Stage 4 2.1–3.3 Secondary bronchial

Stage 5 1.1–2.1 Terminal bronchial

Stage 6 0.65–1.1 Alveolar

Stage 7 0.43–0.65 Alveolar
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 In response to the early reports associating the increased incidences of lung cancer with 
 occupational exposures in the German chromate production industry, Machle and Gregoris (1948) 
used insurance company records to compare the 1930–1947 lung cancer mortality rates of nearly 
1500 American chromate workers with those of a control group consisting of American oil refi nery 
workers who died between 1933 and 1948. Of the 156 deaths reported among chromate workers, 
32 were attributed to lung cancer. In the control populations, 10 of the 733 deaths were attributed to 
lung cancer. Baetjer (1950a, 1950b) used Baltimore hospital records to evaluate the 1925–1948 lung 
cancer mortality rates of chromate production workers. She found that the incidence of lung cancer 
mortality was signifi cantly greater among the chromate production workers than it was among the 
members of her control group. Bidstrup (1951) and Mancuso and Heuper (1951) also reported 
higher-than-expected incidences of lung cancer mortalities among chromate production workers in 
the English Midlands and in (Painesville) Ohio, respectively, during the second quarter of the twen-
tieth century. Later epidemiological studies (Hayes et al., 1979; Hill and Ferguson, 1979) confi rmed 
that the incidence of lung cancer mortalities was increased among chromate production workers and 
suggested the risk of lung cancer appeared to decrease as the hygienic standards of the occupational 
environment improved. More recently, Hayes (1988) cited the lack of specifi c evidence confi rming 
that the risks of respiratory cancer among chromate production workers had been reduced from 
10-fold to 3-fold greater than those for non-chromate production workers as a result of improved 
industrial hygiene practices. Davies et al. (1991) reported the mortality rates for chromate produc-
tion workers employed after changes both in the production process and in the industrial hygiene 
practices failed to show excess deaths. Among the changes in the production process was the elimi-
nation of lime additions to the chromite ore. The changes in the industrial hygiene practices included 
improvements to the kiln and fl u gas ventilation system and enclosure of the raw materials and 
fi nished product-handling systems. 

 Proctor et al. (2002) stated, “Studies of chromate production industry workers may provide 
the best evidence, because (1) very few other confounding exposures to chemical carcinogens are 
expected in this industry; (2) exposures to sparingly soluble calcium chromates occurred during 
the process, and because of low water solubility, it is expected that these particles would be better 
transported from the respiratory system to the gastrointestinal tract than freely soluble Cr(VI) 
compounds; (3) historical exposures in these plants were generally measured and known to be 
substantial; (4) there is clear and consistent evidence of a dose-dependent increase in lung cancer 
rates among these workers; (5) many studies provide data for workers with both long exposure 
durations and long follow-up periods . . . .” The data from the original 1930s cohort of chromate 
production workers at Painesville (Ohio) have been reevaluated (Proctor et al., 2003) with inclu-
sion of 800 recently discovered measurements of airborne hexavalent chromium concentrations. 
These measurements allowed the reconstruction of workers exposed at this facility between 1940 
and 1972 and provided the basis for an improved cancer risk assessment. 

 Gibb et al. (2000a) reported that 60% of a  cohort of 2357 chromate production workers showed 
clinical signs of nasal ulceration and nasal irritation. Gibb et al. (2000b) also reported cumulative 
hexavalent chromium exposure showed a strong dose–response relationship for lung cancer. Clinical 
signs of irritation, trivalent chromium exposure, and duration of employment were not found to be 
associated with a risk of lung cancer when included in a proportional hazards model with cumula-
tive hexavalent chromium exposure and smoking. Smoking status did not confound the excess risk 
of lung cancer associated with cumulative hexavalent chromium exposure. Whole-body exposure of 
rats to cigarette smoke for 18 days coupled with daily intratracheal instillations of hexavalent chro-
mium resulted in enhanced frequency of micronuclei in bone marrow polychromatic erythrocytes 
(Balansky et al., 2000). Individual exposures to cigarette smoke and hexavalent chromium enhanced 
the frequency of micronuclei and multiple nuclei in pulmonary alveolar macrophages. The com-
bined exposure produced less than additive clastogenic effects. These fi ndings were interpreted as 
ruling out any occurrence of synergism between cigarette smoke and hexavalent chromium in the 
carcinogenic process. However, measurement of point mutations at critical positions of codons 12, 
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13, and 61 of the  Ha-ras  and  Ki-ras  oncogenes in 38 lung cancer specimens from former Japanese 
chromate workers demonstrated that such activations are rare events (Ewis et al., 2001). These dem-
onstrations led to the conclusion that activation of  ras  oncogenes does not have a major role in the 
tumorgenic process of chromium-related lung cancer. 

 Subsequently, Park et al. (2003) reviewed the 122 deaths caused by lung cancer in this cohort 
of 2357 chromate production workers. Their analysis included airborne hexavalent chromium con-
centrations and pack-years of smoking among the variables. A linear relative rate model gave a 
good and readily interpretable fi t to the data. The estimated rate ratio for 1 mg/m 3 -y in cumulative 
exposure to hexavalent chromium as CrO

 3 
 was 2.44 (1.39 with a lag of 5 years). The excess lifetime 

risk for exposure to respirable hexavalent chromium at the current Occupational Safety and Health 
Administration (OSHA) permissible exposure limit (PEL), 0.1 mg/m 3 , is 255 (116 of 1000). The 
current occupational standards for exposure to hexavalent chromium permit lifetime risks of lung 
cancer in excess of one in a thousand. This perspective is consistent with the fi ndings of Lurie 
and Wolfe (2002) who reviewed 813 measurements of hexavalent chromium exposure made in 
the course of OSHA inspections conducted between 1990 and 2000. They found that the number 
of measurements actually made declined from 127 in 1990 to 67 in 2000, that neither the median 
time-weighted average (TWA) nor the median ceiling exposure declined during the study period, 
and that more than a fi fth of the measurements exceeded the OSHA PEL. From their study, they 
concluded, “U.S. workers continue to be exposed to dangerously high hexavalent chromium levels, 
but . . . .” However, Matos et al. (2000) observed only a small, nonsignifi cant increased risk of lung 
cancer after long-term exposure to chromium among 199 occupationally exposed men compared 
with 393 control subjects in Buenos Aires. The odds ratio for workers in the chemical and plastic 
manufacturing industries was 1.9 compared with 4.8 for workers in saw mills and wood mills. 

 An excess of lung cancer deaths has also been reported for workers in the chromium pigments 
industries. In addition to Newman’s (1890) report of more than a hundred years ago, Langard and 
Norseth (1975) reported three cases of bronchial carcinoma among 24 workers at a small Norwegian 
factory that produced lead and zinc chromate pigments in 1975. On the basis of Norwegian cancer 
registry data, only 0.079 cases of lung cancer should have been observed in this group of workers. 
Davies (1979) reported 18 lung cancer deaths among 175 workers hired at an English zinc chro-
mate–lead chromate pigment plant from 1932 to 1954. The expected incidence of lung cancer for 
175 Englishmen was 8.17 during this period. No lung cancers were observed among 62 workers 
hired after 1955 when the plant underwent extensive renovations to improve the industrial hygiene 
conditions. The expected cancer incidence among these 62 workers was 1.14. As was suggested in 
the case of the chromate production workers, there may have been a relationship between the inci-
dences of lung cancer and the effi ciencies of the industrial hygiene practices. 

 Commercial-scale electroplating of chromium has been a British industry since 1925. The plat-
ing baths typically contained from 15 to 45% CrO

 3 
 and a few percent sulfuric acid. During the 

plating process, both hydrogen ions and dichromate ions were reduced to the elemental states. The 
bursting of the hydrogen gas bubbles generated a chromic acid spray at the surface of the plating 
bath. The addition of fl uorocarbon or organosilicon surfactants to the plating baths and/or improve-
ments to the ventilation systems has been successful in reducing the potential inhalation hazards of 
this spray. 

 In 1975, Royle (1975) reported on a retrospective study of mortality among 1238 chromium 
platers compared with 1284 gender- and age-matched controls employed in and residing in the 
West Riding of Yorkshire between February 20, 1969 and May 31, 1972. Some of the results of his 
study are summarized in (Table 23.2). Subsequent studies by Silverstein et al. (1981), Franchini 
et al. (1983), and Sorahan et al. (1987) also indicated somewhat increased incidences of cancer 
death among chromium electroplaters. Subsequently, Sorahan and Harrington (2000) compared the 
mortality from lung cancer in 1163 Yorkshire chrome platers with that in gender- and age-matched 
industrial workers whose histories showed no occupational exposures to chromium. Although 
Sorahan and Harrington (2000) reported that confi dent interpretation was not possible, it appeared 
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that occupational exposure to hexavalent chromium might well be involved in the increased mortality 
from lung cancer found in this cohort of chrome platers. Actual mortality from cancer of the lung 
and bronchus was 60 in this cohort of chrome platers. The expected mortality was 32.5. The corre-
sponding actual and expected mortalities for the control workers were 47 and 36.9, respectively. 

 Trivalent and hexavalent chromium compounds have been identifi ed in the complex mixture of 
particles, fumes, and chemicals resulting from the manufacture of ferrochrome alloys and stainless 
steels (Koponen et al., 1981; Roberts, 1965a, 1965b). Langard (1980)   reported on the incidences of 
lung cancer for workers in a Norwegian ferrochrome factory where the workplace air contained from 
0.01 to 1.34 mg Cr/m 3  of which from 11 to 33% was in the hexavalent form in some places. Of 325 
workers hired before 1960, seven died of lung cancer between 1928 and 1977. The expected national 
and regional incidences of lung cancer were 3.1 and 1.8, respectively, during this time. Axelsson 
et al. (1980), on the other hand, reported no excess lung cancer deaths among 1876 Swedish ferro-
chrome workers from 1930 to 1975. Airborne chromium concentrations in the Swedish factory were 
estimated to be from 0 to 2.5 mg/m 3  of which as much as 10% could have been in the hexavalent 
form. Moulin et al. (1990) studied mortality among 2269 workers employed for at least one year 
between January 1, 1952 and December 31, 1982 at a French factory producing ferrochrome and 
stainless steel. This factory was opened in 1952, and its production of ferrochromium continued 
until 1982. The production of stainless steel, which began in 1958 at this factory, continued to the 
present. For the period from 1952 to 1982, the mortality study demonstrated “. . . a statistically 
signifi cant excess of deaths from lung cancer among workers in the production of ferrochromium 
and stainless steel considered together. No dose response relationship was seen with the duration of 
exposure, nor with time elapsed since fi rst exposure. The risk of lung cancer, however, seemed to 
be attributable to earlier exposures. An additional case-control study conducted within the cohort 
showed that this risk of lung cancer was related to ferrochromium producing workshops. On the 
other hand, risks seen for the stainless steel production workers were not statistically signifi cant.” 
Moulin et al. (2000) studied the mortality of workers involved in stainless steel production from 
1968 to 1992. Moulin et al. (2000) reported no lung cancer excess was observed in a cohort of 4894 
workers exposed to chromium. 

 The high temperatures associated with the welding process vaporize signifi cant quantities of 
metal, which then condense in the plumes of heated air to produce complex mixtures of vapors, and 
particulates, the compositions and chemistries of which are highly variable. Among the parameters 
associated with these variabilities are (1) the composition and characteristics of the alloy being 
welded, (2) the voltage, current, polarity, and arc time of the welding process, and (3) the ventilation 
and other industrial hygiene and occupational safety practices of the workplace. Stern (1982) has 
reviewed these parameters. 

 In reviewing mortality data for a group of 234 Swedish welders, Sjogren (1980, 1985) observed 
fi ve lung cancer deaths where only two were expected, but the difference was not statistically sig-
nifi cant. Becker et al. (1985) reported indications for excess risk of lung cancer among German 
welders, but no defi nitive relationships were demonstrated. Stern (1983) suggested the slight excess 

  Table 23.2 Chromium Carcinogenicity to 
Electroplaters 

Electroplaters Controls
Number of subjects 1238 1284

Total number of deaths 109 85

Cardiovascular deaths 52 51

Total cancer deaths 39 21

Lung cancer deaths 17 10
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incidences of lung cancers among all welders might refl ect a high incidence of lung cancer among 
a subgroup of welders who worked primarily with stainless steel. In addition to describing the vari-
ous welding processes, Sferlazza and Beckett (1991) reviewed the respiratory effects of acute and 
chronic exposures to welding fumes. Some of their citations of studies on the incidence of lung 
cancer among welders are summarized in Table 23.3.  

 In a follow-up to their earlier study in 1985, Becker et al. (1991) found an increased overall 
cancer mortality, but they concluded, “The risk for lung cancer was not signifi cantly raised, but 
increased with duration of exposure. Mortality from lung cancer only weakly increased after the 
removal of the effects of smoking and a part of the increase must clearly be attributed to exposure 
to asbestos. Hence the increased risk of lung cancer identifi ed in this study is smaller than in the 
international study.” The international study they referred to involved 11,092 welders employed 
by 135 companies in nine European countries (Simonato et al., 1991). One of the outcomes of 
this international study was identifi cation of a statistically signifi cant excess lung cancer mortality 
among welders—116 observed deaths versus 86.8 expected deaths. Another outcome from the pat-
tern of the lung cancer mortalities suggested that the risk was greater for stainless steel welders than 
it was for mild steel welders. 

 23.4 CHROMIUM IN CANCEROUS TISSUES 

 Chromium concentrations in the lung may have a special signifi cance because occupational expo-
sures to some chromium compounds in a number of industrial settings have been associated with 
increased risks of respiratory system cancers. 

 To study possible relationships between pulmonary chromium contents and lung cancers, 
Anttila et al. (1989) measured the concentrations of chromium “… in 53 consecutive male patients 
operated on (f)or lung cancer and in 43 controls, and compared with the smoking habits, grade of 
pulmonary emphysema and occupation.” The controls were selected from cancer-free male corpses 
with documentable smoking habits and work histories. They found the chromium concentration 
in the apicoposterior segments of the upper lobes of the lungs from the cancer patients was 6.4 � 
4.3 mg/kg and that from the controls was 4.0 � 4.0 mg/kg on a dry weight basis with the results 
for nonsmoker controls excluded. The concentrations of chromium in other pulmonary segments 
from the cancer patients did not differ signifi cantly from those from the smoker controls. The chro-
mium concentration in the apicoposterior segments of the upper lobes of lungs from the nonsmoker 
controls was 2.0 � 2.0 mg/kg. 

Table 23.3 Incidence of Lung Cancer among Welders

Populations Observations
 Western Washington (USA): 3247 welders between 
1950 and 1973 compared with nonwelder workersa

Deaths after more than 20 years work activity showed 74% 
excess for lung cancer among the weldersa

Germany 1221 welders in 25 factories compared 
with 1694 nonweldersb

No excess in lung cancer incidence among weldersb

New Mexico (USA): 506 patients with lung  cancer 
compared with 771 controlsc 

Increased odds for lung cancer among weldersc

California (USA): weldersd Welders had 33% excess mortality from lung cancerd 

a Beaumont and Weiss (1981).
  b  Becker et al. (1985). 
  c  Lerchen et al. (1987). 

  d  Singleton and Beaumont (1989). 
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 Akslen et al. (1990) compared the distributions of chromium in the lung tissues, bronchial 
 tissues, and hilar lymph nodes collected from 20 cancer surgery patients with those collected from 
the control group which consisted of 21 cancer-free cadavers representing similar age distributions 
and domiciles. The concentration of chromium in lung tissues from the cancer patients was more 
than twice that from the controls; the median values on a dry weight basis were 3.424 mg/kg and 
1.682 mg/kg, respectively. No signifi cant differences were found between the chromium concentra-
tions in the bronchial or in the lymphoid tissues from these two groups. 

 The concentrations of nine metals including chromium were determined by Aduchi et al. (1991) 
in 1939 autopsy specimens of lung tissue, which included 224 specimens from victims of lung 
cancer. The chromium concentrations in the specimens from 174 male cancer victims were greater 
than those in the other 1094 specimens from control males. The mean values were 4.74 � 9.33 and 
3.47 � 5.41 mg/kg, respectively, on a dry weight basis. The difference between the mean chromium 
concentration for lung tissue specimens from 50 female victims and those for 621 other specimens 
from females was not signifi cant. The respective values for the lung tissue specimens from the 
female populations were 1.93 � 1.92 and 2.11 � 2.42 mg/kg. 

 Chromium was among the nine metals Takemoto et al. (1991) determined in 2274 postmortem 
lung tissue specimens. The cause of death was “malignant neoplasms” in 1396 cases. For chro-
mium, the range of concentrations found in the lung was from 0 to 731 mg/kg on a dry weight 
basis. The mean value was 4.46 � 26.75 mg/kg, the mode was 0.25 mg/kg, and the median was 
1.49 mg/kg. Mean chromium concentration in the lung tissue increased with the age at the time 
of death and with the degree of pulmonary emphysema. Others (Anttila et al., 1989; Akslen et al., 
1990; Aduchi et al., 1991) also reported positive correlations between chromium concentration in 
the lung and severity of emphysema and/or smoking habits. The concentrations of chromium and 
eight other elements were determined in lung tissue of 85 deceased smelter workers. All concentra-
tions were signifi cantly higher when compared with rural references (Gerhardsson and Nordberg, 
1993). Ishikawa et al. (1994a) measured the chromium concentrations in 50 tissue specimens from 
bronchial bifurcations and adjacent regions obtained at autopsy from nine chromate workers. The 
chromium concentrations ranged from 0.04 to 39 � 10 �10  g/µm tissue thickness/mm 2 . In 80% of the 
cases, the chromium concentrations were greater at the bifurcations than at neighboring epithelial 
tissue. These results demonstrate the long-term retention of chromium in the bronchi of chromate 
workers. Ishikawa et al. (1994b) also compared the lung chromium burden of chromate workers 
with tumors to those without. For the former, Ishikaea et al. (1994b) reported from 40 to 15,800 µg 
of Cr/g dry tissue. The range reported for the latter was from 8 to 28 µg of Cr/g dry tissue. 

 Vanoeteren et al. (1982) investigated the distribution patterns for 23 elements in six sets of lungs 
collected at autopsy. On a wet weight basis, the mean chromium concentrations for the six sets of 
lungs were 0.255, 0.032, 0.128, 0.173, 0.062, and 0.087 mg/kg, but the distributions of chromium 
within the lungs were highly heterogeneous. Within a given lung, point-to-point chromium concen-
trations differed by a factor of 21/2. These differences were attributed to the presence of localiza-
tions of inhaled airborne particulates. With Christian and Feldman’s (1970) value of 78.7 as the 
water content of adult human lung tissue, the chromium concentrations determined by Vanoeteren 
et al. (1982) correspond to the approximate range of 0.15 to 1.06 mg/kg dry mass. Koyama (1995) 
reported chromium (and nickel) concentrations were signifi cantly higher in lung tissue specimens 
from 255 cancer patients than in those from 68 noncancer controls. Most of the specimens show-
ing elevated chromium (or nickel) came from men who worked in heavy industry and had been 
diagnosed as having squamous cell carcinoma. Tsuchiyama et al. (1997) reported chromium con-
centrations from 0.41 to 12.7 µg/g (dry mass) in specimens of lung from autopsied urban dwellers. 
The concentrations of chromium were higher in the lungs of men than in women, of smokers than 
in nonsmokers, and in those with occupational exposures than in the unexposed. In his two-part 
review of chromium as an industrial carcinogen, Mancuso (1997a, 1997b) cited analytical data for 
chromium in the tissues of three chromate production workers who died of lung cancer. The results 
for the lungs are summarized in Table 23.4. 
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 23.5 INDUSTRIAL HYGIENE 

 Italian chromium chemical workers exposed to airborne hexavalent chromium concentrations as 
high as 200 µg/m 3  were reported to have elevated urinary chromium levels, and the chromium con-
centrations in the urines of workers exposed to (presumably airborne) chromates in two Indian paint 
factories were found to be 10-fold higher than those of the control population   (International Agency 
for Research on Cancer [IARC], 1990).   The inhalation of mists, fumes, and/or particles containing 
chromium is probably the major contributor to chromium exposure in the industrial/occupational 
setting. Oláh and Tölgyessy   (1985) reported high concentrations of chromium in the aerosols pro-
duced during electric arc welding, and Iqbal et al. (1993) cited airborne chromium concentrations 
of 15,645 µg/m 3  in the fumes from mild steel welding electrodes and from 54 to 1158 µg/m 3  in 
fumes during stainless steel welding. Bonde and Christensen (1991) measured chromium concentra-
tions in urine, whole blood, and seminal fl uid collected from stainless steel welders using either the 
tungsten inert gas (TIG) or the manual metal arc (MMA) and the metal active gas (MAG) methods, 
from mild steel welders, and from metal workers who had never been welders. The median TWA 
exposure to chromium in the welding fume was 11 � 11 µg/m 3  for the stainless steel welders using 
the TIG method. For the mild steel welders, the median TWA exposure was 3 � 8 µg/m 3 . In both 
cases, approximately one third of the airborne chromium was found to be in the hexavalent state. 
The results of these measurements are summarized in Table 23.5.   

  Table 23.4 Chromium Concentrations in the Lungs of 
Lung Cancer Victims 

Chromium� (�g/10 g)
Tissue Case 1 Case 2 Case 3

Left lung, left side, upper lobe 380 � 10 30 � 2

Right lung, upper lobe — — 1480

Left lung, right side, upper lobe 456 � 10 84 � 9 —

Left lung, lower lobe 330 � 10 87 � 9 —

Right lung, lower lobe — — 1920

Tumor in left lung 26 � 0.2 178 � 9 —

Tumor in right lung — — 865

  Table 23.5  Chromium Concentrations in Welders’ Urine, 
Blood, and Semen 

Concentrations

Subjectsa

Urine (nmol 
Cr/mmol 

creatinine)

Blood
(nmol/l)

Semen
(nmol/l)b

Nonwelders 0.72 � 0.54 8.47 � 3.55 22

Mild steel welders 1.33 � 0.53 14.5 � 10.5 22

Stainless steel welders

TIG 2.07 � 1.3 17.3 � 10.4 18

MMA/MAG 1.38 � 1.12 17.3 � 11.9 260

a TIG, tungsten inert gas; MMA, manual metal arc; MAG, metal active gas.
 b  Median.
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 23.6 ABSORPTION, DISTRIBUTION, METABOLISM, AND 
EXCRETION 

 Elevated urinary chromium concentrations have also been reported for electroplaters and welders 
exposed to airborne hexavalent chromium (Källiomäki et al., 1981; Sjogren, et al., 1983; Lindberg 
and Vesterberg, 1983; Welinder et al., 1983). Mutti et al.   (1985) correlated differences between 
start-of-shift and end-of-shift urinary chromium levels (�CrU) with the concentrations of soluble 
hexavalent chromium in the workplace atmosphere (CrA). The correlation coeffi cient was 0.883 
with  p  � 0.01. No correlations between �CrU and the concentrations of insoluble hexavalent chro-
mium or of trivalent chromium in the air were found. The regressions for the �CrU-CrA data are 
presented in Figure 23.1. There is ample evidence for the absorption of soluble hexavalent chro-
mium from the respiratory tract in the human. Biomonitoring of occupationally exposed workers 
has been used successfully to assess high-level inhalation exposures in the workplace, but monitor-
ing low-level environmental exposures by measuring urinary chromium concentrations has been 
 problematic (Paustenbach et al., 1997). 

 The analysis of autopsy/necropsy specimens as well as animal experiments have been used to 
demonstrate the absorption, distribution, metabolism, and elimination of chromium compounds. 

 Bragt and van Dura (1983) reported biphasic blood clearance patterns and biphasic whole-body 
elimination patterns of  51 Cr in rats that received intratracheal doses of either Na

 2 
 51 CrO

 4 
, Zn 51 CrO

 4 
, or 

Pb 51 CrO
 4 
. The half-times for the fast-phase and slow-phase eliminations of chromium from sodium 

chromate were 5.0 and 71.1 d, respectively. For zinc chromate, the results were 2.4 and 30.9 d, 
respectively. For lead chromate, the corresponding half-times were 1.9 and 94.8 d. The half-times for 
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FIGURE 23.1 Urinary chromium–airborne chromium regressions.
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fast-phase blood clearance were 4.6, 6.3, and 2.4 d for the rats that received the Na
 2 

 51 CrO
 4 
, Zn 51 CrO

 4 
, 

and the Pb 51 CrO
 4 
, respectively. The numerical analysis of the whole-body chromium elimination 

was performed by assuming a two-compartment open kinetic model. The biphasic clearance and 
elimination patterns suggest the existence of slow-releasing storage compartments. Evaluation of 
chromium distribution to and from the compartments can be complicated by the possibility of differ-
ent transport mechanisms for hexavalent and trivalent chromium and by the potential for reduction 
of the former to the latter. The  51 Cr tissue concentrations at 50 d postinstillation are summarized in 
Table 23.6. These data refl ect both retention of chromium at the site of instillation and a relation 
between this retention of chromium and solubility of the compound instilled. If it is assumed that 
there is a common product from the biological reduction of hexavalent chromium, this latter aspect 
is important in that it may suggest the long-term stability of hexavalent chromium  in vivo.  The ques-
tion of how and why more chromium was retained in the lungs of rats instilled with lead chromate 
than was retained in the lungs of the rats instilled with more soluble chromium compounds warrants 
further consideration. In these experiments, the blood, spleen, liver, and kidney were among the 
compartments involved in the metabolism and excretion of chromium absorbed from the lung.   

 Salem and Katz (1989) reported on the distribution of chromium in the rat after the intratra-
cheal instillation of Whetlerite dust, a material containing both hexavalent and trivalent chromium. 
Their results indicated that the blood, spleen, liver, and kidneys are involved in the metabolism and 
elimination of chromium absorbed from the lung. Hilaski et al. (1992) did not observe elevations of 
the chromium concentrations in the livers and kidneys of rats 14, 28, and 180 d after 4-h inhalation 
exposures to atmospheres containing 5 mg/l of 3-µm Whetlerite dust particles. Reasons for this fi nd-
ing could include: (1) absorption, metabolism, and elimination of the inhaled chromium compounds 
at rates too rapid to leave signifi cant chromium residuals in the organs on which the measurements 
were made beginning 2 weeks postexposure, and (2) residual chromium concentrations at or below 
the detection limits of the atomic absorption spectrometric techniques they used. 

 Wiegand et al. (1987) studied the distribution and metabolism both of hexavalent and of trivalent 
chromium absorbed from the lungs of rabbits after the intratracheal instillation of either  51 CrCl

 3 
 or 

Na
 2 

 51 CrO
 4 
. The  51 Cr in blood samples from rabbits treated with trivalent chromium showed maxi-

mum concentrations 20 min postinstillation, and radioactivity was found to be “… exclusively con-
fi ned to the plasma compartment.” Four hours postinstillation, 85% of the radioactivity associated 
with the  51 CrCl

 3 
 dose was retained in the lungs, and 8% was excreted in the urine. By contrast, most 

of the  51 Cr radioactivity in the blood of the rabbits intratracheally instilled with Na
 2 

 51 CrO
 4 
 was found 

to be in the red blood cells, and the percentages of the intratracheally instilled dose of Na
 2 

 51 CrO
 4 
 

retained in the lungs and excreted in the urine were 47 and 15.5%, respectively. The fi nding that most 
of the  51 Cr radioactivity in the blood of the rabbits intratracheally instilled with the Na

 2 
 51 CrO

 4 
 indi-

cates that chromium from the lungs entered the blood in the hexavalent form. This is suggestive of 
long-term,  in vivo  stability of hexavalent chromium. The balance of the Na

 2 
 51 CrO

 4 
 dose was 

  Table 23.6  Chromium Concentrations in Rat Tissues 
50 d Postinstillation with Na 2 

 51 CrO 4 , Zn 51 CrO 4 , or 
Pb 51 CrO 4  

Tissue Chromium Content (ng/g wet tissue)

Na2 
51CrO4 Zn51 CrO4 Pb51 CrO4

Lung 1664 � 556 2060 � 543 4231 � 2654

Spleen 385 � 91 717 � 217 19 � 3

Kidneys 69 � 18 68 � 16 9 � 4

Liver 20 � 1 19 � 3 2 � 1

Blood 15 � 1 112 � 20 4 � 1
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 distributed in the livers, kidneys, and other tissues as shown in Table 23.7. O’Flaherty (1993, 1996) 
developed a pharmacokinetic model for chromium compounds. In this model, she considered that 
the reduction rate for hexavalent chromium in the lung was different from that in the gastroin-
testinal tract, and she considered the differences in absorption, transport, and distribution for the 
trivalent and the hexavalent chromium. Her model generated “. . . the observed distributions of 
chromium between plasma and erythrocytes in rats given Cr(VI) intragastrically, intraduedenally, 
and intratracheally.”   

 23.7 ANIMAL STUDIES OF CARCINOGENICITY 

 To complement her (Baetjer, 1950a, 1950b) earlier epidemiological fi ndings of increased incidences 
of lung cancer among chromate production workers, Baetjer et al. (1959) conducted inhalation 
experiments in which 125 mice were exposed in chambers to the airborne dust from a chromate 
production factory. This dust contained both trivalent (4.7%) and hexavalent (7.1%) chromium com-
pounds and the oxides of aluminum, calcium, iron, and magnesium. The mice were exposed to the 
airborne dust at concentrations of 1–2 mg/m 3  for 40 weeks, 5 d per week, 4 h/d. Baetjer et al. (1959) 
reported no increased incidence of lung cancer in the exposed rats relative to the control rats during 
the following 60 weeks. Subsequently, a large number of animal studies were conducted to evaluate 
the carcinogenicity  of chromium and its compounds. In these studies, many chemical forms of chro-
mium were administered by various routes to a variety of laboratory animals. These experiments and 
their results are summarized in Table 23.8. The tabulated data are partially responsible for the indict-
ment of CaCrO

 4 
, SrCrO

 4 
, and PbCrO

 4 
 as carcinogens. Aitio and Tomales (1991) have also tabulated 

the numbers of tumors produced in experimental animals after exposures to chromium compounds 
by intrabronchial implantations (INB). Their tabulation refl ects high incidences of pulmonary carci-
nogenic responses to CaCrO

 4 
 (25 of 100) and to SrCrO

 4 
 (105 of 199). Their tabulated responses to 

some trivalent chromium compounds were 0 of 100 for CrCl
 3 
·6H

 2 
O, 0 of 100 for Cr

 2 
O

 3 
, and 0 of 100 

for Cr(OH)(SO
 4 
)· x H

 2 
O. These data have led to a generalization ascribing carcinogenic properties to 

those hexavalent chromium compounds having moderate or limited solubilities in water.   
 Tadao et al. (1999) reported the production of granulomas in the entire airways with progressive 

fi brotic changes as well as mobilization and destructive changes of macrophages and foamy cells in 
rats following intratrachael instillation of welding fumes containing both hexavalent and trivalent 
chromium. After a 13-week, nose-only inhalation study with two compounds of trivalent chromium, 
Cr

 2 
O

 3 
 and Cr(OH)(SO

 4 
), Dereanko et al. (1999) observed that the principle effects of both materi-

als were primarily to the respiratory tract. Cr
 2 
O

 3 
 caused pathological changes in the bronchial and 

mediastinal lymphatic tissue and lungs consisting of the presence of pigment-laden macrophages, 
lymphoid and septal hyperplasia, and interstitial infl ammation similar to that observed with other 
inert dusts. Cr(OH)(SO

 4 
) produced more severe and widespread effects in the nasal cavity, larynx, 

lungs, and mediastinal lymph nodes. The accumulation of foreign material, infi ltration of alveolar 

  Table 23.7  Distribution of  51 Cr in the 
Rabbit from the Lung 4-h Postinstillation 
of 0.5 mg Dose of Na 2 

 51 CrO 4  

Compartment % Dose
Lung retention 47

Urinary excretion 15.5

Blood 6

Liver 11

Kidneys 13
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  Table 23.8  Carcinogenicity of Chromium Compounds to Laboratory 
Animals 

Chemical and Dose Number of Animals Routea Cancer Incidenceb

Factory dust, 1–2 mg/m3 125 mice INH Same as controlc

Factory dust 75 rats INH Same as controld

CaCrO
4
, 13 mg/m3 136 mice INH 14/372 vs. 5/371e

Na
2
Cr

2
O

7
, 100 �g/m3   20 rats INH 3/19 vs. 0/37f

CrO
3
, 7 mg/m3 50 mice INH 1/19 vs. 2/10g

CrO
3
, 3.5 mg/m3 43 mice INH 1/20 vs. 0/20h

CrO
2
, 25 mg/m3  500 rats INH 2/214 vs. 0/212i

Production residue, 4 mg 100 rats INB 1/93 vs. 0/24j

Production residue, 2 mg 100 rats INB 1/99 vs. 0/100k

SrCrO
4
, 2 mg 200 rats INB 107/198 vs. 0/100k

BaCrO
4
, 2 mg 100 rats INB 0/101 vs.0/100k

PbCrO
4
, 2 mg 100 rats INB 1/98 vs. 0/100k

CaCrO
4
, 4 mg 100 rats INB 8/100 vs. 0/24j

CaCrO
4
, 2 mg 100 rats INB 25/100 vs. 0/100i

CrO
3
 2, mg 100 rats INB 2/100 vs. 0/100i

Na
2
CrO

4
, 2 mg 100 rats INB 0/89 vs. 0/100i

Na
2
Cr

2
O

7
, 2 mg 100 rats INB 1/100 vs. 0/100l

Chromite roast, 2 mg 100 rats INB 0/100 vs. 0/100l

Cr
2
O

3
, 2 mg 100 rats INB 0/100 vs. 0/100m

Cr
2
O

3
, 4 mg 98 rats INB 0/98 vs. 0/24j

Roasted ore, 25 mg 35 rats INP 3/35 vs. 0/35m

Roasted ore, 25 mg 25 rats INP 2/24 vs. 0/25n

SrCrO
4

35 rats INP 17/28 vs. 0/34o

BaCrO
4

35 rats INP 1/31 vs. 0/34o

PbCrO
4

35 rats INP 3/34 vs. 0/34o

Na
2
Cr

2
O

7
35 rats INP 0/26 vs. 0/34o

Cr(CH
3
COO)

3
35 rats INP 1/34 vs. 0/34o

CaCrO
4
, 50 �g 80 rats INT 6/80 vs. 0/80p

CaCrO
4
, 250 �g 80 rats INT 13/80 vs. 0/80p

Na
2
Cr

2
O

7
, 50 �g 80 rats INT 1/80 vs. 0/80p

Na
2
Cr

2
O

7
, 250 �g 80 rats INT 14/80 vs. 0/80p

Roasted ore, 25 mg 35 rats IM 1/34 vs. 0/32o

SrCrO
4
, 25 mg 35 rats IM 15/33 vs. 0/32o

BaCrO
4
, 25 mg 35 rats IM 0/34 vs. 0/32o

PbCrO
4
, 25 mg 35 rats IM 1/33 vs. 0/32o

Na
2
Cr

2
O

7
, 25 mg 35 rats IM 0/33 vs. 0/32o

CaCrO
4
, 25 mg 35 rats IM 9/32 vs. 0/32o

Cr(CH
3
COO)

3
, 25 mg 35 rats IM 1/34 vs. 0/32o
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macrophages, septal cell hyperplasia, and granulomatous and chronic infl ammation characterized 
these effects. 

 The short-term treatment of rats by intratracheal administration of 100 µl of Na
 2 
Cr

 2 
O

 7 
·2H

 2 
O 

solution of a concentration corresponding to 0.25 mg/kg triggered a variety of defense processes 
in the lung. The expression of 56 of 216 genes tested was increased two to three times in the lungs 
as an early response to hexavalent chromium administration. The altered genes are involved in the 
metabolic reduction of hexavalent chromium and in a variety of functions such as multidrug resis-
tance and stress response, protein and DNA repair mechanisms, apoptosis, and cell cycle modula-
tion (Izzotti et al., 2002). Intratracheal administration of Na

 2 
Cr

 2 
O

 7 
·2H

 2 
O solution corresponding to 

a dose of 0.25 mg/kg in the rat caused increased apoptotic indices for both bronchial epithelium 
and lung parenchyma. The expression of 13 of 18 apoptosis-related genes evaluated by cDNA array 
analysis was enhanced. These observations led to the proposal that apoptosis may provide a pro-
tective mechanism at the postgenotoxic stage of hexavalent chromium carcinogenesis (D’Agostini 
et al., 2002). 

 23.8 BIOCHEMISTRY OF CHROMIUM CARCINOGENICITY 

 About 50 years ago, Grogan and Oppenheimer (1955) sought to clarify the role of “. . . form, valency, 
and solubility of such a chromium containing etiologic factor, . . . . ” as it related to “. . . the facts that 

  Table 23.8 Carcinogenicity of Chromium Compounds to Laboratory 
Animals  (Continued)

PbCrO
4
, 30 mg 40 rats SC 26/40 vs. 0/60q

CaCrO
4 
10 mg 52 mice SC 0/31 vs. 0/52r

  a  INH,  inhalation; INB, intrabronchial implantation; INT, intrapleural administration; INT, 
intratracheal instillation; IM, intramuscular injection; SC, subcutaneous injection. 

  b  Experimental vs. control. 

  c  Beatjer et al. (1959). 

  d  Steffee and Beatjer (1965). 

  e  Nettesheim et al. (1971). 

  f  Glaser et al. (1986). 

  g  Aduchi et al. (1986a).

 h Aduchi et al. (1986b).

  i Lee et al. (1988). 

  j  Laskin et al. (1970). 

  k  Levy et al. (1986). 

  l  Levy and Venett (1986). 

  m  Payne (1960a). 

  n  Hueper (1958). 

  o  Hueper (1961). 

  p  Steinhoff et al. (1986). 

  q  Maltoni et al. (1981). 

  r  Payne (1960b).   
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workers employed in the handling and processing of chromite ore, chromates and chromium pigments 
have a highly excessive liability to cancer of the lung; . . . .” Observing that hexavalent chromium com-
pounds were more mutagenic and carcinogenic than were those of trivalent chromium, Kortenkamp 
et al. (1991) investigated the binding of chromium from solutions of chromium (III) glutathione com-
plex and from solutions of sodium chromate either in the presence or absence of reduced glutathione 
by calf thymus cell nuclei. They found that the greatest binding took place from the solutions contain-
ing sodium chromate and reduced glutathione, and they concluded that the reduction of chromate is a 
prerequisite to the formation of chromium adducts with nuclear constituents. The involvement of glu-
tathione in the reduction of hexavalent chromium may offer an alternative explanation to Valentine’s 
(1964) observation of glutathione reductase inhibition; the loss of substrate by oxidation could explain 
the observations. In addition to glutathione (GSH), ascorbic acid (AsA) has been associated with the 
intra- and intercellular reduction of hexavalent chromium (Suzuki and Fukuda, 1990; Suzuki, 1990; 
Lewalter and Korallus, 1989). Wetterhahn’s (Wetterhahn and Hamilton, 1989) uptake-reduction model 
(Figure 23.2) for the carcinogenicity of hexavalent chromium considered glutathione among the cel-
lular components involved in the formation of reactive intermediates. The reduction-uptake model 
postulated the following: (1) hexavalent chromium penetrated cells more readily than did trivalent 
chromium, (2) hexavalent chromium was reduced to trivalent chromium intracellularly by various 
enzymatic and nonenzymatic factors, and (3) reactive intermediates generated during the reduction 
rather than the hexa- or the trivalent chromium alone caused DNA damage that resulted in carcino-
genic transformations of the cells (Stabdever and Wetterhahn, 1991). The hydroxyl radical and pen-
tavalent chromium complexes have been identifi ed by electron paramagnetic resonance spectroscopy 
as reactive intermediates in the reductions of hexavalent chromium with hydrogen peroxide and with 
glutathione, respectively, and these reactive intermediates have been proposed as determinant factors 
in the carcinogenic transformation of cells (Aiyer et al., 1991). Suzuki et al. (1992) isolated, purifi ed, 
and characterized a Cr(VI) reductase. This enzyme reduced hexavalent chromium to the trivalent state 
via a pentavalent intermediate with NADH in a 1:3 ratio. The relationship of the pentavalent intermedi-
ate to the reactive intermediates formed in the nonenzymatic reduction of hexavalent chromium was 
not established. Shainken–Kestenbaum et al. (1991) proposed that oxygen free radicals (OFR) were 
responsible for carcinogenic transformations, and they attributed the carcinogenicity of hexavalent 
chromium to its inhibition of superoxide dismutase. Popper and Woldrich (1991) also proposed that 
the formation of oxygen free radicals was involved in the mechanism of chromium toxicity. Popper 
et al. (1993) subsequently suggested the possibility of an unidentifi ed second pathway of chromium 
toxicity that did not involve oxygen radicals. Sugiyama (1992) suggested that “… physiological anti-
oxidants may play an important role in the induction of biological effects of chromium (VI) com-
pounds, presumably by effecting the generation of chromium (V) or (III) and active oxygen radicals 
during reduction of chromium (VI).” Shi and Dalal (1990a, 1990b) proposed hydroxyl radicals as the 
key species in the mechanism of hexavalent chromium toxicity, and they demonstrated the production 
of hydroxyl radicals from hydrogen peroxide and the pentavalent chromium complexes formed when 
hexavalent chromium was reduced by cellular reductants such as fructose, glucose, ribose, GSH, AsA, 
or nicotinamide adenine dinucleotide phosphate (NADPH).   

 In human and other mammalian systems, the primary transport of chromium is in the blood as 
complexes of the trivalent form with a variety of “biocarriers.” Transferrin (siderophilin) has been 
identifi ed as the primary serum protein carrier for trivalent chromium. Hexavalent chromium that 
escapes reduction in the plasma is able to penetrate erythrocytes (RBC) where subsequent reduc-
tion, binding, and transport may take place. Agents such as the reduced forms of GSH, triphospho-
pyridine nucleotide (TPNH), diphosphopyridine nucleotide (DPNH), NADPH, and nicotinamide 
adenine dinucleotide (NADH), and AsA have been identifi ed as active in the reduction of hexavalent 
chromium to the trivalent form. De Flora et al. (1997) reported quantitative estimates of hexavalent 
chromium reduction in several human body compartments. Some of their values for the adult human 
male are tabulated  in Table 23.9. Dillon et al. (1997) demonstrated the reduction of hexavalent and 
pentavalent chromium complexes to the trivalent state by V79 Chinese hamster lung cells.   
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 In addition to studying the distribution of intratracheally instilled chromium as a function of its 
oxidation state, Wiegand et al. (1987) investigated the reduction of hexavalent chromium by GSH 
 in vitro.  Continuous measurements on the 370-nm absorbance of 100 µ M  chromate at 37°C in pH 7.4 
media containing either 100- or 1000-fold molar excesses of GSH showed two consecutive fi rst-
order processes. The half-times for these two processes were 0.7 and 12 min with 100-fold molar 
excess of GSH, and they were 0.15 and 1.1 min with 1000-fold excess of GSH. The stoichiometry of 
reaction for chromate reduction by GSH  in vitro  was determined to be 1 to 3 from measurements of 
the GSH concentrations in the reaction systems. Obviously, no enzymes are involved in this  in vitro  
reduction of hexavalent chromium. 
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FIGURE 23.2 Reduction-uptake model.

 Table 23.9  Estimated Hexavalent Chromium-Reducing 
Capacities in Some Human Body Compartments

Compartment Hexavalent Chromium-Reducing Capacity

Saliva 0.7–2.1 mg/day

Gastric juice �84–88 mg/day

Intestinal bacteria 11–24 mg daily fecal elimination

Liver 3300 mg

Whole blood 234 mg

Red blood cells 128 mg

Epithelial lining fl uid 0.9–1.8 mg

Pulmonary alveolar macrophage 136 mg

Peripheral lung parenchyma 260 mg
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 Suzuki and Fukuda (1990) conducted  in vitro  and  in vivo  experiments on the reduction of hexava-
lent chromium by GSH and AsA in the lung of the rat. Like Wiegand et al. (1987) they (Suzuki and 
Fukuda, 1990) found the  in vitro  reduction of hexavalent chromium by GSH took place by a two-
phase process. Suzuki and Fukuda (1990) also found the  in vitro  redox reaction between AsA and 
sodium chromate was pseudo fi rst order with respect to the hexavalent chromium concentration. 
In addition, Suzuki and Fukuda (1990) reported on a markedly pH-dependent  in vitro  reduction of 
hexavalent chromium with rat bronchoalveolar lavage fl uid. The  in vivo  reduction of hexavalent 
chromium was evaluated from measurements on AsA, GSH, Cr (IV), and total chromium in the 
lung, liver, kidney, spleen, and blood of rats 4, 10, and 18 min after intratracheal administration of 
1.2 µmol of sodium chromate in 0.6 ml of pH 7.4 saline. The biological half-time for “fast-phase” 
reduction of hexavalent chromium in the rat lung was found to be about 2 min, but 20% of the dose 
remained unreduced in the rat lung after 18 min. Most of the hexavalent chromium was quickly 
reduced. Only small amounts of chromium were released from the lungs. The amounts of chromium 
deposited in the kidney, liver, and spleen were only 10% of the dose administered to the lungs. One 
of the conclusions drawn from these observations proposed that extracellular AsA in the alveolar 
lining played an important role in the antioxidant defense against inhaled hexavalent chromium 
compounds. The distribution of chromium from the lungs to the blood and organs of the rat are 
summarized in Table 23.10. 

 In further studies on the reduction of hexavalent chromium by GSH and AsA at 37°C and pH 7.4, 
Suzuki   (1990) observed a synergistic effect that was more conspicuous in systems containing 2 m M  
GSH and from 0.02 to 0.2 m M  AsA. The apparent importance of AsA to the  in vivo  reduction of 
hexavalent chromium prompted Suzuki   (1990) to suggest, “Suffi cient intake of this vitamin would 
ensure the health maintenance of workers facing the risk of chromium (VI) inhalation.” More than a 
quarter century ago, Samitz et al. (1965, 1968) recommended the use of AsA for protection against 
the inhalation of chromic acid mist, and they proposed a mechanism for the inactivation of hexava-
lent chromium by AsA in which the products of the  in vitro  reduction were a polynuclear Cr(III)-
AsA complex and dehydroascorbic acid. From their considerations of intoxication by hexavalent 
chromium in welding fume and chromate dust, Lewalter and Korallus (1989) supported high doses 
of AsA as the therapeutic choice. GSH was not recommended because of its short biological half-
life in plasma and because “… its capacity of intermediary Cr(VI)-stabilization a supportive therapy 
by GHS is even contraindicated.” 

 Dayan and Paine (2001) reviewed the literature on the carcinogenicity of chromium com-
pounds published between 1985 and 2000. According to  their considerations of the pathogenic 
mechanisms involved, hexavalent chromium appears to be involved in the toxic mechanisms, but 
the underlying molecular damage may be due to the short-lived, highly reactive pentavalent spe-
cies formed during its intercellular reduction. Point mutations in DNA and chromosomal damage 
and oxidative changes in protein and adduct formation are possible biochemical consequences of 
exposure to hexavalent chromium. The importance of these reaction products and the free radicals 

  Table 23.10  Distribution of Chromium in the Rat 
from the Lungs after Intratracheal Administration 
of 1.2 � mol  Na 2 CrO 4    

Postadministration
(min)

Lungs
(�mol)

Organsa

(�mol)
Blood

(mmol)

4 1.13 0.105 0.0072

10 1.07 0.130 0.0069

18 0.95 0.132 0.0044

a Total chromium recovered from liver, kidney, and spleen.
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they may generate in the formation of malignant tumors remains to be demonstrated. Dayan and 
Paine (2001) are of the  opinion that the biochemical studies on the pathogenesis of carcinogenic 
properties of hexavalent chromium have not kept up with advances in understanding the molecular 
basis for other carcinogens. 

 23.9 SUMMARY AND CONCLUSIONS 

 The primary route of occupational exposure to chromium is by inhalation. Absorption from the 
lungs is indicated by elevated concentrations of chromium in urine, serum, and tissues of humans 
occupationally exposed to trivalent and hexavalent compounds in air. The absorption of inhaled 
chromium compounds is infl uenced by biological, chemical, and physical properties such as alveo-
lar macrophage activity, oxidation state, solubility, and particle size. Results from the chemical 
analysis of autopsy specimens show the hilar lymph nodes, lungs, spleens, livers, kidneys, and 
hearts from workers exposed to chromium have elevated chromium concentrations when compared 
with unexposed controls. Lung chromium concentrations increase with age. 

 An increased incidence of lung cancer has been observed among workers both in the chromate-
producing industry and in the manufacture of chromate pigments. Evidence of a similar risk exists 
among chrome platers, chromium alloy workers, and welders of stainless steel. Current occupa-
tional standards for hexavalent chromium exposure permit risks of lung cancer in excess of that 
usually considered acceptable, less than one in a thousand. 

 The numbers of tumors produced in experimental animals after exposures to chromium com-
pounds refl ect high incidences of pulmonary carcinogenic responses to CaCrO

 4 
 (25 of 100) and 

to SrCrO
 4 
 (105 of 199). The responses to some trivalent chromium compounds were 0 of 100 for 

CrCl
 3 
·6H

 2 
O, 0 of 100 for Cr

 2 
O

 3 
, and 0 of 100 for Cr(OH)(SO

 4 
)· x H

 2 
O. These data have led to a 

generalization ascribing carcinogenic properties to those hexavalent chromium compounds having 
moderate or limited solubilities in water. 

 The reduction-uptake model postulates the following: (1) hexavalent chromium penetrates cells 
more readily than does trivalent chromium, (2) hexavalent chromium is reduced to trivalent chro-
mium intracellularly by various enzymatic and nonenzymatic factors, and (3) reactive intermediates 
generated during the reduction rather than the hexa- or the trivalent chromium alone cause DNA 
damage that results in carcinogenic transformations of the cells. 
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 24.1 INTRODUCTION 

 Drugs and medicinal agents administered by the inhalation route include gaseous and vaporous 
anesthetics, coronary vasodilators, aerosols of bronchodilators, corticosteroids, mucolytics, expec-
torants, antibiotics, and an increasing number of peptides and proteins where there is signifi cant 
nasal absorption (Cox et al., 1970; Williams, 1974; Paterson et al., 1977, 1979; Hodson et al., 1981; 
Lourenco and Cotromanes, 1982; Tamulinas and Leach, 2000). Concerns with the environmental 
affects of chlorofl uorocarbons have also led to renewed interest in dry-powder inhalers (DPIs), 
which, in addition, have shown promise for better tolerance and absorption for some new drugs. 

 24 
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  TABLE 24.1  Nasal Delivery Systems 

* Liquid Nasal Formulations

-Instillation and rhinyle catheter -Drops

-Unit Dose Containers -Squeezed Bottle

-Metered Doe Pump Sprays -Airless and Preservative free sprays

-Compressed Air Nebulizers

* Powder Dosage Forms

-Insuffl ators -Mono-dose powder inhaler

-Multi-dose dry powder System 

* Pressurized MDIs (dose inhalers) 

* Nasal Gels

Recent advances have also led to new nasal delivery systems, such as in Table 24.1. Excessive inha-
lation of a drug into the pulmonary system during therapy or manufacturing may result in adverse 
local and/or systemic effects. Consequently, safety assessment of medicinal preparations delivered 
via respiratory routes with respect to local tissue toxicity, systemic toxicity, and the therapeutic-to-
toxicity ratio are essential. The data generated are essential for charting the course of evaluation 
and development of a potential therapeutic agent, the general course of which is summarized in 
Figure 24.1. 

 Different portions of the respiratory system are subjected to specifi c potential patterns of 
damage, as summarized in Table 24.2 (adapted from Davis, 1961; Weibel, 1963; Horsfi eld and 
Cunning, 1968; Weibel, 1983).       
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FIGURE 24.1 Typical pharmaceutical development activities up to the fi rst tests in human (phase I) studies for 
respiratory-route drugs (Gad, 2002).

4049_C024_r03.indd   5664049_C024_r03.indd   566 11/15/2005   6:27:07 PM11/15/2005   6:27:07 PM



Safety Assessment of Therapeutic Agents Administered by the Respiratory Route 567

  TABLE 24.2  Responses of the Lungs to Toxic Injury 

Aveoli
Acute Epithelial injury Examples:

Simple repair O2

Exudation and NO2, SO2, Cd2� fi brosis

Endothelial injury Thrombosis, O2, O2

Interstitial injury Fibrosis, proteolytic enzymes

Chronic Granulomatus injury Tuberculosis, beryllium, etc.

Immunologic injury Farmer’s lung

Bronchi
Acute Mucosal ulceration

Metaplasia
Chronic Atypia

Dysplasia

Neoplasia

Systemic Damage

Central nervous system

Target organ toxicity

Regions

Extrathoracic Head Nasopharynx

Generations

Total Cross
section
(cm2)

Particle size
penetration
limits (µm)

Cell types

Distribution

Mucous
Glands
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Innerv.
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Tracheo-
bronchial

Trachea

Primary
bronchi

Secondary
bronchi

Bronchioles

Respiratory
bronchioles

Terminal
bronchioles

Alveolar Alveoli ducts

Alveoli

0

1

2

3

4

10

11

15

16

17

18

19

10

21

22

23

2.54

2.33

2.13

2.00

2.48

13.4

19.6

113

180

300

534

944

1.60K

3.22K

5.88K

11.8K

60

20

10

6

4

3

<3

<3

Cilliated

Goblet

Brush
Border
Squamus

Columnar

Cuboidal

Less goblet

Non cilicated
clara

Type I

Type II

Less cilliated

FIGURE 24.2 The distribution of cell types in the respiratory tract and lungs.
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 24.2 PENETRATION AND ABSORPTION OF INHALED 
GASES AND VAPORS 

 Pulmonary dynamics, the dimension and geometry of the respiratory tract and the structure of the lungs, 
together with the solubility and chemical reactivity of the inhalants greatly infl uence the magnitude 
of penetration, retention, and absorption of inhaled gases, vapors (Dahl, 1990), and aerosols (Phalen, 
1984). The quantity of an inhalant effectively retained in the pulmonary system constitutes the 
inhaled “dose” that causes pharmacotoxic responses. 

 Highly reactive and soluble gaseous or vaporous drugs react and dissolve readily in the mucosal 
membrane of the nasopharynx and the upper respiratory tract (URT), thereby exerting pharmacological 
effects or causing local irritation and/or adverse effects on the ciliated, goblet, brush border columnar, 
and squamous cells of the epithelium. The dissolved drug is also absorbed into the bloodstream and 
transported to the target organ where it exerts systemic effects. Less reactive and less soluble gaseous 
or vaporous drugs are likely to penetrate beyond the URT and reach the bronchial and alveolar regions 
causing local and systemic effects. The unabsorbed gases or vapors are then exhaled. For example, 
ammonia gas generated from a 10% ammonia water may be inhaled for refl ex respiratory stimulation 
purposes (Budavari, 1989). Ammonia is extremely soluble in water at a concentration of 715 ml of 
ammonia per ml of water (Phalen, 1984), and is readily solubilized in the mucous lining, causing URT 
irritation. By contrast, oxygen is only sparingly soluble in water (0.031 cc of oxygen per ml of water) 
and capable of penetrating deeply into the alveoli where gas exchange takes place. Oxygen that binds 
reversibly with the hemoglobin of erythrocytes is unloaded at the target tissues, whereas the unbound 
oxygen is exhaled. Inhalation of properly humidifi ed oxygen is life supporting, but inhalation of unhu-
midifi ed oxygen may cause a reduction in the mucociliary clearance of secretions in the trachea of ani-
mals (Pavia, 1984) and humans (Lichtiger et al., 1975; Gamsu et al., 1976). Gases or vapors of low lipid 
solubility are also poorly absorbed in the lungs, with much of the inhaled vapor exhaled. Other pharma-
cological gases and vapors, such as the anesthetics (nitrous oxide, halothane, enfl urane, isofl urane, etc.) 
and the coronary vasodilators (amyl nitrite), likewise affect the epithelium of the respiratory tract and the 
lungs. The absorbed drugs exert local effects on various types of epithelial cells of the respiratory tract, 
and on type I and II cells and the alveolar macrophages (AMs) in the alveoli. Repeated inhalation of 
some halogenated hydrocarbon anesthetics will result in accumulation of the vapors and systemic toxic-
ity (Chenoweth et al., 1972). By contrast, vapors such as the fl uorocarbons (FC 11 and FC 12), which 
are used extensively as propellants for bronchodilator and corticosteroid aerosols, are absorbed rapidly 
but are not accumulated in the body even upon repeated inhalation (Aviado and Micozzi, 1981). 

 In general, dissolved gases or vapors at a nontoxic concentration are absorbed and metabolized 
locally by the lungs and systemically by the liver. The unchanged parent drug and its metabolites may 
be excreted to some extent via exhalation but mainly via the renal system. A dissolved gas or vapor 
at a toxic concentration, however, is likely to exert local effects such as altering the surface tension 
of the alveoli linings or disrupting the normal functions of the epithelial cells, the pneumocytes, and 
the AMs. The disrupted AMs in turn release their intracellular enzymes, causing destruction of the 
alveolar septa and contributing to histopathological changes of the respiratory tract and the lungs. 
Again, the magnitude of the adverse effects depends on pulmonary dynamics and the solubilities of 
the inhalants in the mucous membrane of the URT and in the plasma or lipids of the erythrocytes. 

 24.3 DEPOSITION OF INHALED AEROSOLS 

 For inhaled aerosols, particle size is the major factor affecting the penetration, deposition, and hence 
the “dose” and site of pharmacological action (Dautreband, 1962a, 1962b; Agnew, 1984). Particle 
size is expressed in terms of  aerodynamic diameter  (AD), defi ned as the diameter of a spherical 
particle of unit density (lg/cm 3 ) that has the same terminal settling velocity as the particle in ques-
tion, regardless of its shape and density (Marple and Rubow, 1980). The unit for AD is micrometers 
(�m). A sample of aerosol particles having ADs within a narrow size range is considered to be a 
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monodisperse aerosol, whereas a sample of aerosols with a wide range of ADs is a heterodisperse, or 
polydisperse, aerosol. The pattern of particle-size distribution is usually bell shaped, with smaller and 
larger particles on both sides of the mean AD. An aerosol sample with a high proportion of particles 
of similar size has a narrow particle-size distribution, or small geometric standard deviation (GSD). 
An aerosol sample with a GSD of less than 2 is considered to be a monodisperse aerosol. Therefore, 
both the AD and GSD of 2 or less are considered to be optimal for pulmonary penetration and dis-
tribution in the respiratory tract and the lungs. An example follows. 

 In nose breathing, aerosol particles with ADs � 15 �m are likely to be trapped in the nasopharynx 
(extrathoracic, or head, region) by fi ltration and impaction. Particles deposited in the nasopharynx are 
considered to be “noninhalable” (Lippmann, 1970; Miller et al., 1979). 

 In mouth breathing, only 10–15% of 15-�m particles penetrate through the larynx to the intra-
thoracic tracheobronchial (TB) region.   Particles reaching the TB region are considered to be “inhal-
able” (Lippmann, 1970; Miller et al., 1979). 

 In natural nose and mouth breathing, only a negligible proportion of aerosol particles of AD � 
10 �m reach the lungs (Swift and Proctor, 1982). Aerosol particles of 3–4 �m in AD are considered 
to be optimal sizes for TB deposition. The mechanisms of deposition are by impaction along the 
trachea and at bronchial branchings where the direction of airfl ow changes and by gravity settlement 
in the fi ne airways in amounts proportional to the particle-settling velocity and the time available 
for settlement (Hatch and Gross, 1964; Heyder et al., 1980). Aerosol particles of 1–2 �m in AD, 
however, decrease in TB deposition because the particles are too small for effective impaction and 
sedimentation (Lippmann, 1977; Chan and Lippmann, 1980; Lippman et al., 1980; Stahlhofen et al., 
1980)  . Consequently, the majority of the very fi ne particles are exhaled. However, the deposition of 
the ultrafi ne particles of approximately 0.5 �m in AD on the walls of the fi nest bronchioles and the 
alveoli increases again because of molecular diffusion processes. Even so, some 90% of the inhaled 
0.5-�m particles will still be exhaled during quiet tidal breathing and much more under forced exha-
lation (Davis et al., 1972; Taulbee et al., 1978).   Those fi ne particles reaching the fi nest bronchioles 
and alveoli are considered to be “respirable” (Lippmann, 1970). 

 In general, particles of AD � 10 �m deposit mainly in the URT, whereas particles of 1–5 �m 
AD, with a GSD of less than 2, are likely to reach the lower respiratory tract, which includes the TB 
region and the alveoli, with small oropharyngeal loss. 

 The proportion of an aerosol sample suitable for inhalation can also be determined on the basis of 
mass median aerodynamic diameter (MMAD), which is defi ned as the AD which 50% (by weight) of an 
aerosol sample is less than or equal to the stated median AD. For example, a sample with an MMAD of 
5 �m means that 50% by weight of that sample has ADs of 5 �m and smaller. The MMAD is, therefore, 
a good index for determining the proportion of an aerosol sample that is “noninhalable,” “inhalable,” or 
“respirable.” An aerosol sample with an MMAD of 5 �m and a GSD of less than 2 is considered to be 
optimal for pulmonary deposition and retention (Task Group on Lung Dynamics, 1966). 

 In addition to AD and GSD, the pulmonary dynamics of a subject also greatly infl uence the dis-
tribution of aerosol particles in various regions of the respiratory tract (Agnew, 1984). For example, 
the velocity of airfl ow in the respiratory tract signifi cantly infl uences the pattern of TB deposition. 
An increase in airfl ow velocity in the airways increases the effectiveness of particle impaction at 
the bifurcations of the large airways (Dennis, 1961; Hatch and Gross, 1964; Parent, 1991). As a 
result, spots impacted with a high concentration of particles (hot spots) are frequently present at 
the carina and the bifurcations of the airways (Lee and Wang, 1977; Bell, 1978; Stahlhofen et al., 
1981). Furthermore, the depth of each breath (tidal volume) also infl uences the distribution of 
aerosols. A small tidal volume permits greater impaction in the proximal conducting airways and 
less sedimentation in the distal airways. 

 In general, slow, deep inhalation followed by a period of breath holding increases the deposition 
of aerosols in the peripheral parts of the lungs, whereas rapid inhalation increases the deposition 
in the oropharynx and in the large central airways. Thus, the frequency of respiration (the fl ow 
velocity) and the depth of breath (tidal volume) infl uence the pattern of pulmonary penetration and 
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deposition of inhaled aerosols. Therefore, an aerosol of ideal size will penetrate deeply into the 
respiratory tract and the lungs only when the aerosols are inhaled in the correct manner. 

 24.4 ABSORPTION AND CLEARANCE OF INHALED AEROSOLS 

 Soluble aerosols deposited on the epithelial linings of the respiratory tract are absorbed and metabo-
lized in the same way as soluble gases and vapors. 

 Insoluble medicinal aerosols are few in number. Sodium cromoglycate (SCG) is probably the 
only insoluble powder to be administered as a prophylactic antiasthmatic (Wanner, 1979). Insoluble 
particles deposited on the ciliated linings of the URT are removed by a mucociliary clearance mech-
anism. Particles deposited on a terminal airway devoid of ciliated cells may be endocytosed into 
the epithelial cells. At a toxic concentration, the cells die and the debris is then phagocytosed and 
transported into the interstitial space for removal via the lymph or vascular drainages, or reenters the 
ciliated zone of the airway. Particles deposited in the alveolar walls are phagocytosed by the AMs 
and transported from the low surface tension surfactant in the alveolar lining to the high surface ten-
sion bronchial fl uid of the ciliate airways for elimination by the mucociliary clearance mechanism 
(Laurweryns and Baert, 1977). The particle sizes optimal for phagocytosis are 2–3 �m, whereas 
particles smaller than 0.26 �m are less effective in activating the macrophages (Holma, 1967). In 
any case, AMs can phagocytose only a small fraction of a large number of deposited particles. The 
nonphagocytosed particles are translocated to the lymphatic system for elimination (Ferin, 1977). 

 Like the inhaled gases or vapors, soluble and insoluble aerosol particles can directly exert 
 desirable and undesirable local effects at the site of deposition and/or systemic effects after solubi-
lization, absorption, and metabolization. 

 24.5 PHARMACOTOXICITY OF INHALED AEROSOLS 

 The inhalation route for administering drugs into the pulmonary system for treatment of respiratory 
diseases eliminates many bioavailability problems such as plasma binding and “fi rst-pass” metabo-
lism, which are encountered in parenteral or oral administration. Consequently, a small inhalation 
dose is adequate for achieving the desirable therapeutic response without inducing many undesir-
able side effects. Furthermore, the direct contact of the drug with the target site ensures rapid action. 
Nevertheless, the effects from inhaled drug aerosols also depend on the pharmacological properties 
of the aerosols and the location of their deposition in the respiratory system. For example, the clas-
sic experiments on bronchodilation drugs (Dautrebande, 1962a, 1962b) showed that fi ne aerosol 
particles of isoproterenol penetrate deeply in to the lower respiratory airways (LRAs). In this way, 
a high concentration of the drug aerosol can reach the beta-adrenergic receptors of the bronchial 
smooth muscles. Stimulation of the receptors causes relaxation of the smooth muscle fi bers and 
results in bronchodilation (Weiner, 1984; McFadden, 1986; Cherniak, 1988). Such rapid bronchial 
responses can be produced in healthy and asthmatic subjects without inducing any cardiac effects. 
By contrast, the same dose of isoproterenol of large particle sizes deposits mainly along the URT, 
with a minimal amount reaching the smooth muscles of the LRA. The drug is quickly absorbed into 
the tracheal and bronchial veins and delivered immediately to the left ventricle of the heart. A high 
plasma concentration of the drug in the heart causes prominent cardiovascular effects such as tachy-
cardia and hypertension. Other aerosols of beta-adrenergic drugs, such as epinephrine, isoprenaline, 
terbutaline, and salbutamol, induce bronchodilation effects in animals and humans (Pavia, 1984) 
via inhalation and stimulate ciliary beat frequency and mucus production at the site of deposition 
in the trachea (Wanner, 1981). Thus, the tracheobronchial mucociliary clearance mechanism is also 
stimulated. By contrast, anticholinergic bronchodilators, such as atropine and ipratropium bromide, 
cause mucus retention in the lungs (Pavia et al., 1983a, 1983b). Therefore, in pharmacological 
or safety assessments of inhalant beta-adrenergic bronchial dilatation drugs, aerosols should be 
of small particle sizes suitable for deposition in the peripheral airways to minimize side effects. 
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However, anticholinergic agents should be of larger particle sizes suitable for deposition in the large 
airways (Ingram et al., 1977; Hensley et al., 1978). 

 Other therapeutic aerosols, such as beclomethasone dipropionate, betamethasone valerate, and 
budesonide corticosteroid (Williams, 1974); the carbenicillin and gentamicin antibiotics (Hodson et al., 
1981); the 2-mercaptoethane-sulfonate (Pavia et al., 1983b) and  n -acetylcysteine mucolytics; and even 
vaccines for the prevention of infl uenza and tuberculosis (Lourenco and Cotromanes, 1982) are active 
by inhalation and/or oral administration. When these drugs are administered as aerosols, certain particle 
sizes may be targeted to a specifi c region or to multiple regions of the pulmonary system depending 
on the therapeutic target site(s). In any case, when aerosols are delivered as fi ne particles, the rate of 
absorption is increased because of an increase in the distribution area per unit mass of the drug. Thus, 
an effective aerosol dose of corticosteroid for treatment of asthma and bronchitis is merely a fraction of 
an oral dose (Williams, 1974). An aerosol of disodium cromoglycate (DSG) dry powder, a prophylactic 
for preventing the onset of bronchoconstriction in asthmatic attacks (Cox, 1970), is effective mainly 
by local inhibition of the release of chemical mediators from mast cells in bronchial smooth muscle. 
Therefore, DCG particle sizes should be approximately 2 �m in AD for the most effective penetration 
into the bronchial regions (Godfrey et al., 1974; Curry et al., 1975). Likewise, therapeutic aerosols of 
local anesthetics and surfactants may require appropriate particle sizes to be targeted to a specifi c region 
of the pulmonary system. 

 Other than undesirable pharmacological effects, toxic concentrations of soluble or insoluble 
aerosol particles may lead to adverse physiological and/or histopathological responses (Menzel 
and Amdur, 1986; Leong et al., 1987). For example, irritating aerosols cause dose-related refl ex 
depression of the respiratory rate (Alarie 1966, 1981a), whereas phagocytosed particles cause che-
motaxis of AMs and neutrophils to the site of deposition (Brain, 1971).   The maximum response 
usually occurs at 24 h and returns to normal in approximately 3 d postexposure (Kavet et al., 1978). 
Furthermore, a toxic quantity of phagocytosed particles may interact with the lysosomal membrane 
within a macrophage, releasing cytotoxic lysosomal enzymes, proteases, and free radicals that in 
turn damage the adjacent lung tissue (Hocking and Golde, 1979). 

 In general, a specifi c category of drug delivered to a specifi c site of the pulmonary system will 
exert a specifi c pharmacological or toxicological action locally or systemically. Therefore, in safety 
assessments of inhalants, a drug should be delivered to the target sites of the pulmonary system 
according to the toxicological information required. 

 Finally, many drugs in the categories of amphetamines, anorectics, antihistamines, antipsychot-
ics, tricyclic antidepressants, analgesics and narcotics, and beta-adrenergic blocking agents are 
known to accumulate in the lung (Wilson, 1982), even though these drugs are not administered via 
the inhalation route. Therefore, in safety assessments of these drugs, their pulmonary toxicity should 
also be evaluated. There are also  in vitro  techniques that are proposed for use in evaluating inhala-
tion effects on respiratory tissues (Agu, 2002). 

 24.6 NASAL DELIVERY OF THERAPEUTICS 

 The biotechnology revolution in therapeutics has led to renewed interest in the nasal route as 
a means of safely delivering an effective dose of many therapeutics. This, in turn, has lead to 
investigations of new approaches to drug administration by this route which have proved very 
rewarding (Smaldone, 1997; Logemaan and Rankin, 2000; Sharma et al., 2001; Aldridge, 2003; 
Lawrence, 2002). Table 24.3 presents a comparison of this route versus others which point out the 
advantages. These advantages have lead to the development (and successful marketing) of an 
impressive number of new drugs with both topical (Table 24.4) and systemic (Table 24.5) thera-
peutic uses. At the same time, this has also lead to new guidelines on the subject being promulgated 
by the U.S. Food and Drug Administration (FDA) (CDER, 2002) and concerns about end-use safety 
(Kannisto et al., 2002). These guidelines and concerns will have a direct impact on the development 
of new drugs, such as those in Table 24.6.   
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 The target for nasal administration is the nasal cavity, with a volume (in adults) of only 20 ml 
but a total surface area (in humans) of �180 cm 2  (National Academy of Sciences, 1958). The cavity 
surface is covered with a 2- to 4-mm-thick nasal mucosa, composed of both respiratory and olfactory 
components. 

 There are three separate mechanisms for transmucosal transport of potential drugs (and, of 
course, toxicants): 

  a) Simple diffusion—a nonsaturable mechanism with no carrier or energy involvement 
  b) Facilitated transport—saturable, with carrier involvement but no energy directly expen-

ded, and 
  c) Active transport—a saturable mechanism that involves both a carrier and energy 

 expenditure 

 “Nose to Brain” Delivery 

  • Transport of substances from nasal cavity to the central nervous system (CNS) was 
observed in the mid-1900s when it was observed that viruses can move from nose to 
brain via the olfactory pathways. 

  • A number of studies have also reported the transport of heavy metals from nose to brain 
via olfactory pathways. 

  • Studies with tracer materials like potassium ferricyanide, horseradish peroxidase, colloid 
gold, and albumin have shown the transport of these substances from nose to brain. 

  • Various low- molecular-weight drugs like estradiol, cephalexin, cocaine, and certain pep-
tides have been shown to reach the cerebral spinal fl uid (CSF), the olfactory bulb, and 
some parts of the brain after nasal administration. 

 What has increased the utility of the nasal route is the development of strategies for enhancing 
nasal delivery of drugs. The two major categories of such approaches are manipulation of formu-
lation (by either coadministration with an enzyme inhibitor or an absorption enhancer or use of a 

  TABLE 24.5  Marketed Nasal Products (for Systemic Activity) 

Product Drug Indication Manufacturer
Stadol NS® Nasal Spray Butorphanol tartrate Management of pain including 

migraine headache pain
Bristol Myers Squibb

Miacalcin® Nasal Spray Calcitonin-salmon Treatment of hypercalcemia 
and osteoporosis

Novartis

DDAVP® Nasal Spray Demopressin acetate Diabetes insipidus Aventis Pharmaceuticals

Migranal® Nasal Spray Dihydroergotamine mesylate Treatment of migraine Novartis

Medihaler-ISO® Spray Isoproterenol sulfate Treatment of bronchospasm 3M Pharmaceuticals INC

Nitrolingual® Spray Nitroglycerin Prevention of angina pectoris 
due to coronary artery disease

G Pohl Boskamp 
GMBH and Co.

Synarel® Nasal Solution Nafarelin acetate Central precocious puberty, 
endometriosis

Roche Laboratories

Nicotrol® Inhalation Nicotine Smoking cessation Pharmacia

Syntocinon® Nasal Spray Oxytocin Promote milk ejection in 
breast feeding mothers

Novartis

Imitrex® Nasal Spray Sumatriptan Migrane Glaxo SmithKline

Relenza® Powder for 
Inhalation

Zanamivir Treatment of uncomplicated 
acute illness due to infl uenza 
A and B

Glaxo SmithKline
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bioadhesive system) or by structural modifi cation of the drug molecule (that is, a prodrug approach) 
(Ugwoke et al., 2001). 

 Advantage of Formulations 

  • Increase the permeability of the nasal mucosa by interaction of the formulation compo-
nents with the nasal membrane in a safe, effective, and reversible manner 

  • Increase in drug solubility and protection against enzymatic degradation 
  • Increase in the residence time of the drug in the nasal cavity 

 Commonly used formulations include: 

  • Liquid formulations 
  • Aqueous solutions 

  • Synthetic surfactants 
  • Bile salts 
  • Phospholipids 
  • Cyclodextrins 

  TABLE 24.6  Drugs in Development 

Product Indication Manufacturer Development
Nasal Nicotine Spray (NNS) Smoking Cessation Pharmacia Corporation Phase III trials

formoterol, Oxis Tturbuhaler® Asthma Astra Zeneca PLC Phase III trials

Zomig (zolmitriptan)® Migraine Therapy Astra Zeneca PLC NDA Filed

ciches onide Bronchial-Respiratory Aventis Pharmaceuticals Phase III trials

FluMist Vaccine Aiviron Approval Recommended

Inhaled Insulin Diabetes therapy Eli Lilly & Co. Phase II trials

GW Bronchial-Respiratory Glaxo Smith Kline Phase II trials

INS 37217 Intranasal Bronchial-Respiratory Inspire Pharmaceuticals Phase II trials

Beclomethasone Bronchial-Respiratory Mediera Pharmaceuticals Clinical

Salbutanol Bronchial-Respiratory Mediera Pharmaceuticals Clinical

VLA-4 antagonist Bronchial-Respiratory Merck & Co., Inc. Phase II trials

PT-141 Reproductive System 
Therapy

Palatin Technologies, 
Inc.

Phase II trials

PA-1806 Bronchial-Respiratory Patho Genisis 
Corporation

Clinical

Exubera-inhaled insulin Diabetes Therapy Pfi zer Phase III trials

NNS Smoking Cessation Aid Pharmacia Corporation Phase III trials

Iloprost Cardiovascular Agent Schering-Plough 
Corporation

Phase III trials

Salloutanol Bronchial-Respiratory Sheffi eld Pharmaceutical Phase II trials

Pulmicort Bronchial-Respiratory Astra Zeneca PLC New Labeling Approval

Serevent Dis Kus Bronchial-Respiratory Glaxo Smith Kline New Indication Approval

Nicotrol Smoking Cessation Aide Pharmacia New Formation Approval

Flunisolide Severe Asthma and Lung 
Disease

Bausch & Lomb Pharma Approved

Cromolyn Sodium Persistent Asthma Novex Pharma Approved
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576 Inhalation Toxicology

  • Micelles 
  • Liposomes 
  • Emulsions 
  • Polymeric microspheres 

 24.6.1 Excipients Used in Formulation 

 Surfactants: 

 Effect of surfactant on drug absorption across nasal mucosa has been studied since the 1970s. 
Hirai et al.     compared nonionic, anionic, amphoteric synthetic surfactants, and natural anionic sur-
factants for  in vivo  nasal   absorption of insulin: 

  • A majority of surfactants enhances insulin absorption relative to the extraction of mem-
brane components. 

  • Enhancing effects correlate with the extraction effi ciency of the membrane components 
by the surfactants. 

  • Alkyl glycosides constitute a novel class of sugar-derived surfactants used in cosmetics. 
  • Maltoside derivatives with an alkyl chain length between 12 and 14 enhance insulin 

absorption at low sufactant concentrations. 
  • Mechanism involves the loosening of tight junctions and increasing the paracellular 

transport. 
  • Enhancement effect produced by surfactant monomers is related to the ability of the sur-

factant molecules to penetrate and fl uidize the lipid bilayers. 
  • Above the critical micelle concentration (CMC), monomers aggregate into micelles that 

can soulubilize components, particularly cholesterol and phospholipids. 

 Mixed micelles: 

  • Nasal absorption of insulin in the presence of sodium glycocholate (NaGC) and linoleic 
acid increases relative to the increase by NaGC and linoleic acid alone. 

  • Mixed micelles of bile salts and fatty acid appear to have a synergistic effect on the 
absorption of peptides. 

  • Maximal nasal absorption enhancement of [ d -Arg] kyotorphin has been observed with mixed 
micelles of sodium glycocholate and linoleic acid, an effect greater than that with glycochol-
ate alone. 

 Bile salts: 

  • Insulin absorption is enhanced but the effects on the biomembrane are milder. 
  • Absorption-promoting effects appear to arise from an inhibitory effect on the enzyme 

degradation of insulin 
  • Bile salts appeared to be most promising and effective absorption enhancers of peptides 

and proteins and still remain widely used as permeation enhancers. 

 Cyclodextrins: 

  • Cyclodextrins are cyclic oligosaccharides containing a minimum of 6- d -glycopyranose 
units attached by an alpha-1, 4 linkage. 

  • They are produced by enzymatic conversion of prehydrolized starch. 
  • Natural cyclodextrins are designated by a Greek letter—�, �, �. 
  • � form is the most soluble of the three. 
  • The ring structure resembles a truncated cone with characteristic cavity volume. 

4049_C024_r03.indd   5764049_C024_r03.indd   576 11/15/2005   6:27:09 PM11/15/2005   6:27:09 PM



Safety Assessment of Therapeutic Agents Administered by the Respiratory Route 577

  • The internal surface of cavity has slight hydrophobic properties whereas the outer surface 
is hydrophilic. 

  • Cyclodextrins form inclusion complexes with lipophillic molecules. 
  • Generally appear to be less irritating to the nasal mucosa than bile salts and surfactants. 
  • Large increase in solubility through complex formation and protection from enzymatic 

degradation improve nasal absorption of lipophillic drugs. 
  • Very potent absorption enhancers for hydrophilic peptides that are not complexed. 
  • Shao et al. (1992) evaluated several cyclodextrins for their absorption-promoting effect 

on insulin. 
  • Best results for absorption-promoting effect on insulin were obtained with dimethyl-�-

cyclodextrin 
  • Promoting order correlated well with the extent of nasal mucosal perturbation. 

 Formulation and mucosal damage: 

  • Improved absorption involves interactions with the mucosal membrane. 
  • Proposed enhancement mechanisms are: 

 • Extraction of membrane components 
 • Penetration and fl uidization of membrane 
 • Loosening of tight junctions 
 • Perturbation of nasal mucociliary clearance system 
 • Simultaneous transport of environmental toxins 

  • Adverse effects have to be of short duration, mild and rapidly reversible. 
  • Kinetics of lipid and protein extraction from the membrane is measures of the extent of 

damage evaluated by measuring activity of membrane marker enzymes: 
 • Lactate dehydrogenase: cytosolic enzyme related to intracellular damage 
 • 5′-Nucleotidase: membrane-bound enzyme, indicator of membrane perturbations 
 • Alkaline phosphatase: membrane-bound enzyme, related to membrane damage 

  • Ideal enhancers include: 
 • Pharmacological inertness 
 • Nonirritant, nontoxic, and  nonallergenic 
 • Effect on nasal mucosa should be transient and completely reversible 
 • Potent in low concentrations 
 • Compatible with other adjuvants 
 • Possess no offensive odor or taste 
 • Inexpensive and readily available 

  • The factors infl uencing mucosal damage include: 
 • Drug administration 
 • Dose 
 • Frequency 
 • Interspecies difference 
 • Sensitivity toward absorption enhancers 

  • Clinical signs of nasal irritation studies in rats include: 
 • In studies for less than 90 days: 

 • Struggling, sneezing, salivation, head shaking, and nose rubbing 
 • In studies for more than 90 day: 

 • Histological signs of nasal irritation including infl ammation of septal and turbi-
nate mucosal surfaces, epithelial and submucosal infi ltration of infl ammatory cells, 
purulent exudates, and mucosal hyperplasia. 

 Zhang and Jiang (2001) recently characterized specifi c mechanisms for reduction of nasal toxicity 
of drugs. 
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578 Inhalation Toxicology

 Methods to Assess Irritancy and Damage: 

  • Erythrocytes 
 • Used to study the membrane activity of absorption enhancers 

  • Histology 
 • Histological studies of nasal membranes 

  • Intracellular protein release 
 • Index of cellular damage due to exposure to absorption enhancers 

   •  Tolerability 
 • These are subjective studies in which individuals report any effects due to the use of 

enhancers in the formulation. These are blinded studies. 
  • Cilia A Function 

 • Cilia beat frequency is obtained from tissue samples at sacrifi ce by using video capture 
systems. 

 • Tissues used for ciliary function studies include chicken embryo trachea, cryo-preserved 
human mucosa taken from sphenoidal sinus, rat nasal mucosa, and, recently, human 
nasal epithelial cells. 

 Reported Nasal Irritancies Include: 

  • Local irritation, burning, and stinging upon both acute and/or chronic administration were 
reported for Laureth-9, bile salts, and sodium taurodihydrofusidate. 

  • Slight nasal itch was reported when dimethyl-cyclodextrin was used for nasal insulin 
delivery. 

  • Nasal burning and sinusitis were reported during studies involving nasal insulin delivery 
with glycocholate and methylcellulose. 

 24.6.2 Delivery Forms 

 Liquid Nasal Formulation: 

  • Most widely used dosage forms 
  • Mainly based on aqueous formulations 
  • Humidifying effect is convenient because of drying of mucous membranes owing to aller-

gic and chronic diseases. 
  • Major drawback is the microbiological stability. 
  • Reduced chemical stability of the drug and short residence time in the nasal cavity are 

other disadvantages. 
  • Deposition site and deposition pattern are dependent on delivery device, the mode of 

administration and the physicochemical properties of formulation. 
  • Preparations depend on whether administered for local or systemic application. 
  • Patient compliance, cost effectiveness, and risk assessment 

 Instillation and Rhinyle Catheter: 

  • Catheters used for delivery to a defi ned region 
  • Combination of an instillation catheter with a Hamilton threaded plunger syringe was 

used to compare the deposition of drops, nebulizers, and sprays in rhesus monkeys. 
  • Used only for experimental studies 

 Drops: 

  • One of the oldest delivery systems 
  • Low-cost devices 
  • Easy to manufacture 
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  • Disadvantages related to microbiological and chemical stability 
  • Delivered volume cannot be controlled. 
  • Formulation can be easily contaminated by pipette. 

 Powder Dosage Forms: 

  • Dry powders are less frequent in nasal drug delivery 
  • Major advantages include lack of preservatives and drug stability. 
  • Prolonged retention times when compared with solutions 
  • Addition of bioadhesive excipients results in a decreased clearance rate. 
  • Nasal powders may increase patient compliance, especially for children, if the smell and 

taste of the drug are unacceptable. 

 Insuffl ators and Mono-Dose Powder Inhaler: 

  • Many insuffl ators work with predosed powder doses in capsules. 
  • The use of gelatin capsules enables the fi lling and application of different amounts of 

powder. 
  • In a monodose powder inhaler, pushing a piston results in a precompression of air in 

chamber. 
  • The piston pierces a membrane and the expanding air expels air into the nostrils. 

 Pressurized Metered Dose Inhalers (MDIs): 

  • They are manufactured by suspending the drug in liquid propellants with the aid of 
 surfactants. 

  • Physicochemical compatibility between the drug and propellants should be evaluated. 
  • Phase separation, precipitation, crystal growth, polymorphism, dispersibility, adsorption 

of drug infl uence drug-particle size, dose distribution, and deposition pattern. 
  • Their advantages include: 

 • Portability, small size, availability over a wide dose range, dose consistency and accu-
racy, protection of contents 

  • Their disadvantages include: 
 • Nasal irritation by propellants, depletion of ozone layer by chlorofl uorocarbons (CFCs)   

 Nasal Gels: 

  • Nasal administration of gels can be carried out by precompression pumps. 
  • The deposition of gel in the nasal cavity depends on the mode of administration because 

of its viscosity and poor spreading properties. 
  • Nasal gel containing vitamin B12 for systemic administration is available in the market. 

 Patented Nasal Formulations: 

 West Pharma developed nasal technology (ChiSys) based on the use of chitosan as an absorption 
enhancer. Chitosan is a natural polysaccharide with bioadhesive properties. It prolongs the reten-
tion time of the formulation in the nasal cavity, and it may facilitate absorption through promoting 
paracellular transport. 

 24.7 METHODS FOR SAFETY ASSESSMENT OF INHALED 
THERAPEUTICS 

 Methods for evaluation of inhalation toxicity should be selected according to the pharmacological 
and/or the toxicological questions asked, and the design of experiments should specify the delivery 
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route of a drug to the target sites in the pulmonary system. For example, if an immunological response 
of the lungs to a drug is in question, then the lymphoid tissues of the lungs should be the major target 
of evaluation. The following are some of the physiological, biochemical, and pharmacological tests 
that are applicable for the safety assessment of inhaled medicinal gases, vapors, or aerosols. 

 Upper respiratory tract (URT) irritation can occur from inhalation of a medicinal gas, vapor, or 
aerosol. For assessing the potential of an inhalant to cause URT irritation, the mouse body plethys-
mographic technique (Alarie, 1966, 1981a, 1981b) has proven to be extremely useful. This tech-
nique operates on the principle that respiratory irritants stimulate the sensory nerve endings located 
at the surface of the respiratory tract from the nose to the alveolar region. The nerve endings in turn 
stimulate a variety of refl ex responses (Alarie, 1973; Widdicombe, 1974) that result in characteristic 
changes in inspiratory and expiratory patterns and, most prominently, depression of respiratory rate. 
Both the potency of irritation and the concentration of the irritant are positively related to the mag-
nitude of respiratory rate depression. The concentration response can be quantitatively expressed in 
terms of “RD

 50 
,” defi ned as the concentration (in logarithmic scale) of the drug in the air that causes 

a 50% decrease in respiratory rate. The criteria for positive URT irritation in intact mice exposed to 
the drug atmosphere are depression in breathing frequency and a qualitative alteration of the expi-
ratory patterns. Numerous experimental results have shown that the responses of mice correlated 
almost perfectly with those of humans (Alarie et al., 1980; Alarie and Luo, 1984). Thus, this tech-
nique is useful for predicting the irritancy of airborne medicinal compounds in humans. From the 
drug-formulating point of view, an inhalant drug with URT-irritating properties indicates the need 
for an alternate route of administration. From the industrial hygiene point of view, the recognition of 
the irritant properties is very important. If a chemical gas, vapor, or aerosol irritates, it has a “warn-
ing property.” With an adequate warning property a worker will avoid inhaling damaging amounts 
of the airborne toxicant; without a warning property a worker may unknowingly inhale an harmful 
amount of the toxicant. 

 Inhalation of a cardiovascular drug, such as an aerosol of propranolol (a beta-adrenergic recep-
tor agonist), may affect the respiratory cycle of a subject. For evaluating the cardiopulmonary effects 
of an inhalant, the plethysmograph technique using a mouse or a guinea pig model is useful. The 
criteria for a positive response in intact mice or guinea pigs are changes in the duration of inspiration 
and expiration and the interval between breaths (Schaper et al., 1989).   

 Pulmonary sensitization may occur from inhalation of drug vapors such as enfl urane 
(Schwettmann and Casterline, 1976) and antibiotics such as spiramycin (Davies and Pepys, 1975) 
and tetracycline (Menon and Das, 1977). To detect pulmonary sensitization from inhalation of drug 
and chemical aerosols, the body plethysmographic technique using a guinea pig model has been 
useful (Patterson and Kelly, 1974; Karol, 1988; Karol et al., 1989; Thorne and Karol, 1989). The 
criteria for positive pulmonary sensitization in intact guinea pigs are changes in breathing frequency 
and their extent and the time of onset of an airway-constrictive response after induction and after a 
challenge dose of the test drug (Karol et al., 1989). 

 The mucociliary transport system of the airways can be impaired by respiratory irritants, local 
analgenesics and anesthetics, and parasympathetic stimultants (Pavia, 1984). Any one of the agents 
above will retard the beating frequency of the cilia and the secretion of the serous fl uid of the mucous 
membranes. As a result, the propulsion of the inhaled particles, bacteria, or endogenous debris toward 
the oral pharynx for expectoration or swallowing will be retarded. Conversely, inhalation of adrener-
gic agonists increases the activity of the mucociliary transport system and facilitates the elimination 
of noxious material from the pulmonary system. Laboratory evaluation of the adverse drug effects on 
mucociliary transport in animal models can be achieved by measuring the velocity off the linear fl ow 
of mucus in the trachea of surgically prepared animals (Rylander, 1966). Clinically, the transporta-
tion of markers placed on the tracheal epithelium of healthy human subjects can also be observed by 
using a fi ber-optic bronchoscopic technique (Pavia et al., 1980; Mussatto et al., 1988). The criteria 
of a positive response are changes in the transport time over a given distance of markers placed on 
the mucus or changes in the rate of mucus secretion (Davis et al., 1976; Johnson et al., 1983, 1987; 
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Webber and Widdicombe, 1987). More comprehensive discussion on mucociliary clearance can be 
found in several reviews (Last, 1982; Pavia, 1984). 

 Cytological studies on the bronchial alveolar lavage fl uid (BALF) permit the evaluation of the 
effects of an inhaled drug on the epithelial lining of the respiratory tract. This fl uid can be obtained 
form intact animals or from excised lungs (Henderson, 1984, 1988, 1989). Quantitative analyses of 
fl uid constituents such as neutrophils, antibody-forming lymphocytes, and antigen-specifi c immu-
noglobulin G (IgG) provide information on the cellular and biochemical responses of the lungs to 
the inhaled agent (Henderson, 1984; Henderson et al., 1985, 1987). For example, BALF parameters 
were found to be unperturbed by the inhalation of halothane (Henderson and Loery, 1983).   The 
criteria of a positive response are increase in protein content, increase in number of neutrophils 
and macrophages for infl ammation, increase in number of lymphocytes and alteration of lympho-
cyte profi les for immune response, increase in cytoplasmic enzymes (lactate dehydrogenease) for 
cell lysis (Henderson, 1989), and the presence of antigen-specifi c antibodies for specifi c immune 
responses (Bice, 1985). 

 Morphological examination of the cellular structure of the pulmonary system is the foundation 
of most inhalation toxicity studies. Inhalation of airborne drug vapors or aerosols at harmful con-
centrations results mainly in local histopathological changes in the epithelial cells of the airways, 
of which there are two types: nonciliated and ciliated cells. The nonciliated cells are the Clara cells, 
which contain secretory granules with smooth endoplasmic reticulum (SER); the secretory granules, 
which lack SER; and the brush cells, which have stubby microvilli and numerous cytoplasmic fi bers 
on their free surfaces. If the concentration gradient of the drug in the lung is high enough to reach 
the alveoli, the type I alveoli cells will also be affected (Evans, 1982). Drugs that affect the lungs via 
the bloodstream, such as bleomycin (Aso et al., 1976), cause changes to the endothelial cells of the 
vascular system that result in diffuse damage to the alveoli. The criteria of cellular damage are loss 
of cilia, swelling, and necrosis and sloughing of cell debris into the airway lumina. Tissues recover-
ing from injuries are characterized by increases in the number of dividing progenitor cells followed 
by increases in intermediate cells that eventually differentiate into normal surface epithelium. 

 Pulmonary drug disposition studies are essential in research and development of new inhalant 
drugs. Inhaled drugs are usually absorbed and metabolized to some extent in the lungs because the 
lungs, like the liver, contain active enzyme systems. A drug may be metabolized to an inactive com-
pound for excretion or to a highly reactive toxic metabolite(s) that causes pulmonary damage. In most 
pulmonary disposition studies, a gas or vapor is delivered via whole-body exposure (Paustenbach 
et al., 1983) or head-only exposure (Hafner et al., 1975). For aerosols, over 90% of a dose admin-
istered by mouth breathing is deposited in the oropharynx and swallowed. Consequently, the dis-
position pattern refl ects that of ingestion in combination with a small contribution from pulmonary 
metabolism. For determining the disposition of inhaled drugs by the pulmonary system alone, a dosi-
metric endotracheal nebulization technique (Leong et al., 1988) is useful. In this technique, micro-
liter quantities of a radiolabeled drug solution can be nebulized within the trachea using a miniature 
air-liquid-nebulizing nozzle. Alternatively, a small volume of liquid can be dispersed endotrachially 
by using a microsyringe. In either technique, an accurate dose of a labeled drug solution is deliv-
ered entirely into the respiratory tract and lungs. Subsequent radioassay of the excreta thus refl ects 
only the pulmonary disposition of the drug without complication from aerosols deposited in the 
oropharyngeal regions as would be the case if the drug had been delivered by mouth inhalation. For 
example, in a study of the antiasthmatic drug lodoximide tromethamine, the urinary metabolites pro-
duced by beagle dogs after receiving a dose of the radiolabeled drug via endotracheal nebulization 
showed a high percentage of the intact drug. However, metabolites produced after oral administra-
tion were mainly nonactive conjugates. The differences were due to the drug’s escape from fi rst-pass 
metabolism in the liver when it was administered through the pulmonary system. The results thus 
indicated that the drug had to be administered by inhalation to be effective. This crucial information 
was extremely important in the selection of the most effective route of administration and formulation 
of this antiasthmatic drug (Leong et al., 1988). 
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 Cardiotoxicity of inhalant drugs should also be evaluated. For example, adverse cardiac effects 
may be induced by inhaling vapors of fl uorocarbons, which are used extensively as propellants 
in drug aerosols. Inhalation of vapors of anesthetics have also been shown to cause depression 
of the heart rate and alteration of the rhythm and blood pressure (Merin, 1981; Leong and Rop, 
1989). More importantly, inhalation of antiasthmatic aerosols of beta-receptor agonists delivered in 
a fl uorocarbon propellant have been shown to cause marked tachycardia, electrocardiogram (ECG) 
changes, and sensitization of the heart to arrhythmia (Aviado, 1981; Balazs, 1981). Chronic inhala-
tion of drug aerosols can also result in cardiomyopathy (Balazs, 1981). For detection of cardiotox-
icity, standard methods of monitoring arterial pressures, heart rate, and ECGs of animals during 
inhalation of a drug, or at frequent intervals during a prolonged treatment period, should be useful 
in safety assessments of inhalant drugs. 

 Since the inhalation route is just a method for administering drugs, other nonpulmonary effects, 
such as behavioral effects (Ts’o et al., 1975), and renal and liver toxicity should also be evaluated. 
In addition, attention should also be given to drugs that are not administered via the inhalation route 
but that accumulate in the lungs where they cause pulmonary damage (Wilson, 1982). 

 24.8 PARAMETERS OF TOXICITY EVALUATION 

 Paracelsus stated over 400 years ago that “All substances are poison. The right dose differentiates 
a poison and a remedy.” Thus, in safety assessments of inhaled drugs, the “dose,” or magnitude of 
inhalation exposure, in relation to the physiological, biochemical, cytological, or morphological 
response(s) must be determined. Toxicity information is essential to establishing guidelines to pre-
vent the health hazards of acute or chronic overdosage during therapy, or of unintentional exposure 
to the bulk drugs and their formulated products during manufacturing and industrial handling. 

 24.8.1 The Inhaled “Dose” 

 Most drugs are designed for oral or parenteral administration in which the dose is calculated in terms 
of drug weight in milligrams (mg) divided by the body weight in kilograms (kg): 

 
Dose

drug weight (mg)

body weight (kg)
mg / kg� �

 

 For inhalant drugs, the inhaled “dose” has been expressed in many mathematical models (Dahl, 
1990). However, the practical approach is based on exposure concentration and duration rather than on 
theoretic concepts. Thus, an inhaled “dose” is expressed in terms of the exposure concentration ( C ) in 
milligrams per liter (mg/l) or milligrams per cubic meter (mg/m 3 ) or, less commonly, parts per million 
(ppm) parts of air, the duration of exposure ( t ) in minutes, the ventilatory parameters including the 
respiratory rate ( R )   in number of breaths per minute and the tidal volume ( Tv ) in liters per breath, and a 
dimensionless retention factor � (alpha), which is related to the reactivity and the solubility of the drug. 
The product of these parameters divided by the body weight in kilograms gives the dose: 

 
Dose

body weight
mg / kg�

�
�

C t R Tv⋅ ⋅ ⋅ ⋅

 

 The dosimetric method has been recommended in critical evaluation of the effect of a gas, vapor, 
or aerosol inhaled in to the respiratory tract of an animal (Oberst, 1961). However, because of the 
complexity of measuring the various parameters simultaneously, only a few studies on gaseous 
drugs or chemicals have employed the dosimetric method (Weston and Karel, 1946; Leong and 
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MacFarland, 1965; Landy et al., 1983; Stott and McKenna, 1984; Dallas et al., 1986, 1989). For 
studies on liquid or powdery aerosols, modifi ed techniques such as intratracheal instillation (Brain 
et al., 1976) or endotracheal nebulization (Leong et al., 1988) were used to deliver an exact dose of 
the test material into the lower respiratory tract (LRT) while bypassing the URT and ignoring the 
ventilatory parameters. 

 In routine inhalation studies, it is generally accepted that the respiratory parameters are rela-
tively constant when the animals are similar in age, sex, and body weight. This leaves only  C  and  t  
to be the major variables for dose consideration. 

  “Dose” �  C · t  � mg·min/l  

 The product  Ct  is not a true dose because its unit is mg·min/l rather than mg/kg. Nevertheless,  Ct  
can be manipulated as though it were a dose, an approximated dose (MacFarland, 1976). 

 The respiratory parameters of an animal will dictate the volume of air inhaled and hence the 
quantity of test material entering the respiratory system. Commonly used parameters for a number 
of experimental species and humans are given in Table 24.7 to illustrate this point and include the 
alveolar surface area because this represents the target tissue for most inhaled materials. It can 
be seen that by taking the ratios of these parameters and comparing the two extremes, i.e., the 
mouse and humans, that a mouse inhales approximately 30 times its lung volume in one minute 
whereas a man at rest inhales approximately the same volume as that of his lung (McNeill, 1964). 
This can increase with heavy work up to the same ratio as the mouse but is not sustained for long 
periods. This means that the dose per unit lung volume is up to 30 times higher in the mouse than 
in humans at the same inhaled atmospheric concentration (Touvay and Le Mosquet, 2000). The 
minute volume of the mouse is in contact with fi ve times less alveolar surface area than humans; 
hence, the dose per unit area is up to fi ve times greater in the mouse (Akoun et al., 1989). The 
lung volume in comparison with the alveolar surface area in experimental animals is less than in 
humans, meaning that the extent of contact of inhaled gases with the alveolar surface is greater in 
experimental animals. 

 Although it is possible, and common, to refer to standard respiratory parameters for different 
species to calculate inhaled dose and deposited dose with time, it is usually the case that inhaled 
materials infl uence the breathing patterns of test animals. The most common examples of this are 
irritant vapors, which can reduce the respiratory rate by up to 80%. This phenomenon results from a 
refl exive pause during the breathing cycle due to stimulation by the inhaled material of the trigemi-
nal nerve endings situated in the nasal passages. The duration of the pause and hence the reduction 
in the respiratory rate are concentration related, permitting concentration–response relationships to 
be plotted. This has been investigated extensively by Alarie (1981a) and forms the basis of a test 
screen for comparing quantitatively the irritancy of different materials; it has found application in 
assessing appropriate exposure limits for human exposure when respiratory irritancy is the predomi-
nant cause for concern. 

 While irritancy resulting from the refl ex reaction above is one cause of altered respiratory 
parameters during exposure, there are many others. These include other types of refl ex response, 
such as bronchoconstriction, the narcotic effects of many solvents, the development of toxic signs 
as exposure progresses, or simply a voluntary reduction in respiratory rate by the test animal due to 
the unpleasant nature of the inhaled atmosphere. The extent to which these affect breathing patterns 
and hence inhaled dose can only be assessed by actual measurement. 

 By simultaneous monitoring of tidal volume and respiratory rate, or minute volume, and the 
concentration of an inhaled vapor in the bloodstream and the vapor in the exposure atmosphere, 
pharmacokinetic studies on the  C · t  relationship have shown that the effective dose was nearly pro-
portional to the exposure concentration for vapors such as 1,1,1-trichloroethane (Dallas et al., 1983), 
which has a saturable metabolism, found that the steady-state plasma concentrations were dispro-
portionally greater at higher exposure concentrations. 
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 Acknowledging the possible existence of deviations, this simplifi ed approach of using  C  and  t  
for dose determination provides that basis for dose—response assessments in practically all inhala-
tion toxicological studies. 

 24.8.2 The Dose–Response Relationship 

 Often overlooked is that dose–response in toxicology has multiple dimensions. The reader should 
start by recognizing that at least three dimensions are present, and all must be considered to under-
stand a biological system response. As dose increases: 

  • Incidence of responders in an exposed population increases (population incidence) 
  • Severity of response in affected individuals increases (severity) 
  • Time to occurrence of response or of progressive stage of response decreases (lag time) 

 The oldest principle of dose–response determination in inhalation toxicology is based on Haber’s 
rule, which states that responses to an inhaled toxicant will be the same under conditions where  C  
varies in complementary manner to  t  (Haber, 1924). For example, if  C · t  elicits a specifi c magnitude 
of the same response; that is,  Ct  �  K,  where  K  is a constant for the stated magnitude of response. 

 This rule holds reasonably well when  C  or  t  varies within a narrow range for acute exposure 
to a gaseous compound (Rinehart and Hatch, 1964) and for chronic exposure to an inert particle 
(Henderson et al., 1991). Excursion of  C  or  t  beyond these limits will cause the assumption  Ct  �  K  to 
be incorrect (Adams et al., 1950, 1952; Sidorenko and Pinigin, 1976; Andersen et al., 1979; Uemitsu 
et al., 1985). For example, an animal may be exposed to 1000 ppm of diethyl ether for 420 min 
or 1400 ppm for 300 min at a constant rate without incurring any anesthesia. However, exposure 
to 420,000 ppm for 1 min will surely cause anesthesia or even death of the animal. Furthermore, 
toxicokinetic study of liver emzymes affected by inhalation of carbon tetrachloride (Uemitsu et al., 
1985), which has a saturable metabolism in rats, showed that  Ct  �  K  does not correctly refl ect the 
“toxicity value” of this compound. Therefore, the limitations of Haber’s rule must be recognized 
when it is used in interpolation or extrapolation of inhalation toxicity data. 

 24.8.3 Exposure Concentration versus Response 

 In certain medical situations (e.g., a patient’s variable exposure duration to a surgical concentration of 
an inhalant anesthetic, or the repeated exposures of surgeons and nurses to subanesthetic concentra-
tions of an anesthetic in the operating theater) it is necessary to know the duration of safe exposure 
to a drug. Duration safety can be assessed by determining a drug’s median effective time (Et

 50 
) or 

median lethal time (Lt
 50 

). These statistically derived quantities represent the duration of exposure 
required to affect or kill 50% of a group of animals exposed to a specifi ed concentration of an air-
borne drug or chemical in the atmosphere. This is illustrated in Figure 24.3. 

 The graph in Figure 24.4 is the probit plot of cumulative percentage response to logarithm of 
exposure duration. It shows the 1000 mg/m 3  for 10 h or to 10 mg/m 3  for 1000 h, each with a  Ct  
(an approximated dose) of �10,000 h mg/m 3 . Similar to concentration–response graphs, the slopes 
indicate the differences in the mechanism of action and the margins of safe exposure of the three 
drugs. The ratio of the ET

 50 
 or LT

 50 
 of two drugs indicates their relative toxicity, and the ratio of ET

 50 
 

over LT
 50 

 of the same drug is the therapeutic ratio. 

 24.8.4 Product of Concentration and Duration ( Ct ) versus Responses 

 To evaluate inhalation toxicity in situations where workers are exposed to various concentrations 
and durations of a drug vapor, aerosol, or powder in the work environment during manufacturing or 
packaging, a more comprehensive determination of E( Ct )

 50 
 or L( Ct )

 50 
 values are used. The E( Ct )

 50 
 

or L( Ct )
 50 

 values are statistically derived values that represent the magnitude of exposure, expressed 
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as a function of the product of  C  and  t,  that is expected to affect or kill approximately 50% of the 
animals exposed. The other curve represents exposures that kill 50% or �50% of each group of 
animals (Irish and Adams, 1940). 

 The graph in Figure 24.5 illustrates inhalation exposures to a drug using various combinations 
of  C  and  t  that kill 50% of the animals. For example, a 50% mortality occurs when a group of ani-
mals is exposed to drug A at a concentration of 1000 mg/m 3  for a duration of approximately 2 h or 
at a concentration of 100 mg/m 3  for a duration of approximately 20 h. Furthermore, the graph also 
illustrates that the inhalation toxicity of drug A is more than one order of magnitude higher than that 
of drug B. For example, an exposure to drug A at the concentration of 100 mg/m 3  for 100 h kills 
100% of the animals, whereas an exposure to drug B at the concentration of 1000 mg/m 3  for 100 h 
does not kill any animals. 

100

50

0
100 1000 10000

LOG CONCENTRATION (mg/M3)

PROBIT
CUMULATIVE
% RESPONSE

20    5 Hours/Day+
A B C A C B

1 hour

FIGURE 24.3 Dose–response is plotted in terms of the probit 
of cumulative percentage response to logarithm of the exposure 
concentrations, where A, B, and C are agents acting by different 
mechanisms or kinetics.

10 100 1000
0

50

100

PROBIT
CUMULATIVE
% RESPONSE 1000 mg/M3 10 mg/M3

A B C A C B

EXPOSURE DURATION

FIGURE 24.4 Dose–response plotted in terms of the probit 
plot of cumulative percentage response to logarithm of exposure 
duration.
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 24.8.5 Units for Exposure Concentration 

 For gases and vapors, exposure concentrations are traditionally expressed in parts per million (ppm). 
The calculation for the ppm of a gas or vapor in an air sample is based on Avogadro’s law, which 
states that “Equal volumes contain equal numbers of molecules under the same temperature and 
pressure.” In other words, under standard temperature and pressure (STP), one gram-molecular 
weight (mole) of any gas under a pressure of one atmosphere (equivalent to the height of 760 mm 
mercury) and a temperature of 273 K has the same number of molecules and occupies the same 
volume of 22.4 l. However, under ambient conditions, the volume of 22.4 l has to be corrected to a 
larger volume based on Charles’ law, which states that at constant pressure the volume of gas varies 
directly with the absolute temperature. Thus, at a room temperature of 25�C, one mole of a gas 
occupies a volume of 24.5 l. 

 
22 4. l

298 K

273 K
24.5 l	 �

 

 Further correction of volume for an atmospheric pressure deviation from one atmosphere may 
be done by applying Boyle’s Law, which states that the volume of a gas without change of tempera-
ture varies inversely with the pressure applied to it. 

 
24 5. l

758 mmHg

760 mmHg
24.4 l	 �

 

 In practice, atmospheric pressure in most animal experimental environments usually varies only 
a few mm Hg, so little or no correction is required. 

 Using the aforementioned principles, the volume of a vapor generated from a given weight of 
a liquid can be calculated. For example, 1 mole of water weighs 18 g, whereas 1 mole of ethanol 

10 100 1000

100

1000

10000

E(Ct)0

E(Ct)0

E(Ct)50

E(Ct)50

E(Ct)100

E(Ct)100

A

B

LOG CONCENTRATION (mg/M3)

LOG EXPOSURE DURATION (hours)

FIGURE 24.5 Dose–response plotted in terms of logarithms 
of exposure concentration and durations.
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weighs 46 g. When 1 mole of each liquid is totally vaporized, each will occupy the same volume 
of 24.5 l at room temperature (25�C) and pressure (760 mmHg). In an inhalation experiment, if the 
volume of test liquid and the rate of airfl ow being mixed in the animal exposure chamber are known, 
the vapor concentration in the chamber atmosphere can be calculated in parts per million or milli-
grams per liter. A conversion table published by the U.S. Bureau of Mines enables quick conversion 
between parts per million and milligrams per liter for compounds with molecular weights up to 300 
g (Fieldner et al., 1921; Patty, 1958). 

 For aerosols of nonvolatile liquid and powder compounds, the concentration of the mist or dust 
atmosphere must be expressed in terms of milligrams per liter or milligrams per cubic meter (mg/m 3 ) 
of air. With advances in biotechnology, many pharmacological testing techniques are based on specifi c 
receptor bindings, in which the ratio of the number of molecules to those of the receptors are consid-
ered, in which case the exposure concentration may be more appropriately expressed in micromoles 
per unit volume of air (�mol/m 3 ). 

 24.9 RESPIRATORY SAFETY PHARMACOLOGY 

 Pharmaceuticals differ from industrial and environmental chemicals in that the scope of concern for 
their adverse safety effects on the respiratory system extend both to reversible functional degrada-
tions and to effects on the respiratory systems functionality due to systemically distributed agents 
administered by routes other than direct respiratory. This is the realm of the relatively new fi eld of 
safety pharmacology. 

 As early as 1964, it became apparent that beta-adrenergic blocking agents could lead to broncon-
striction (and possible death) in individuals with asthma (McNeill, 1964). Since then, many similar 
adverse effects have been identifi ed. These known effects of drugs from a variety of pharmacological/
therapeutic classes on the respiratory system are summarized in Tables 24.8, 24.9, and 24.10. Resulting 
worldwide regulatory requirements (Tables 24.11 and 24.12) require the conduct of prescribed respira-
tory evaluations prior to drug in humans. The objective of such studies is to evaluate the potential for 
drugs to cause nonintended pharmacological or toxicological effects that infl uence respiratory func-
tion. Changes in respiratory function can result either from alterations in the pumping apparatus that 
controls the pattern of pulmonary ventilation or from changes in the mechanical properties of the lung 
that determine the transpulmonary pressures (work) required for lung infl ation and defl ation. 

 An example set of data for some standard positive controls is shown in Table 24.13. Note that 
each of the different agents has a separate pattern of effects. 

 The respiratory system is responsible for generating and regulating the transpulmonary pressures 
needed to infl ate and defl ate the lung. Normal gas exchange between the lung and blood requires 
breathing patterns that ensure appropriate alveolar ventilation. Ventilatory disorders that alter alveo-
lar ventilation are defi ned as hypoventilation or hyperventilation syndromes. Hyperventilation results 
in an increase in the partial pressure of arterial CO

 2 
 above normal limits and can lead to acidosis, 

pulmonary hypertension, congestive heart failure, headache, and disturbed sleep. Hyperventilation 
results in a decrease in the partial pressure of arterial CO

 2 
 below normal limits and can lead to alka-

losis, syncope, epileptic attacks, reduced cardiac output, and muscle weakness. 
 Normal ventilation requires that the pumping apparatus provide both adequate total pulmonary 

ventilation (minute volume) and the appropriate depth (tidal volume) and frequency of breathing. 
The depth and frequency of breathing required for alveolar ventilation are determined primarily 
by the anatomic deadspace of the lung. In general, a rapid shallow breathing pattern (tachypnea) is 
less effi cient than a slower deeper breathing pattern that achieves the same minute volume. Thus, 
any change in minute volume, tidal volume, or the rate of breathing can infl uence the effi ciency of 
ventilation (Milic-Emili, 1982). The inspiratory and expiratory phases of individual breath rates of 
airfl ow and durations are distinct and independently controlled (Boggs, 1992). Thus, by character-
izing changes in the airfl ow rate and duration of each of these phases, mechanisms responsible for 
changes in tidal volume or respiratory rate can be identifi ed (Milic-Emili, 1982; Indans, 2002). 
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  TABLE 24.8  Agents Known to Cause Pulmonary Disease 

Chemotherapeutic Analgesics

Cytotoxic Heroin*

Azathioprine Methadone*

Bleomycin* Noloxone*

Busulfan Ethchlorvynol*

Chlorambucil Propoxyphene*

Cyclophosphamide Salicylates*

Etoposide

Melphalan Cardiovascular

Mitomycin* Amiodarone*

Nitrosoureas Angiotensin-converting enzyme inhibitors

Procarbazine

Vinblastine Anticoagulants

Ifosfamide Beta-blockers*

Noncytotoxic Dipyridamole

Methotrexate* Fibrinolytic agents*

Cytosine arabinoside* Protamine*

Bleomycin* Tocainide

Procarbazine*

Antibiotic Inhalants

Amphotericin B* Aspirated oil

Nitrofurantoin Oxygen*

Acute*

Chronic Intravenouse

Sulfasalazine Blood*

Sulfonamides Ethanolamine oleate (sodium morrhuate)*

Pentamidine Ethiodized oil (lymphangiogram)

Anti-infl ammatory Talc

Acetylsalicylic acid* Fat emulsion

Gold

Methtrexate Miscellaneous

Nonsteroidal anit-infl ammatory Bromocripitine

Penicillamine* agents Hydrochlorothiazide*

Immunosuppressive Methysergide

Cyclosporin Oral contraceptives

Interleukin-2* Tocolytic agents*

Tricyclics*

l-Tryptophan

Radiation

Systemic lupus erythematosus (drug-induced)*

Complement-mediated leukostasis*

  *  Typically cause acute or subacute respiratory insuffi ciency. 
Sources: Toubay and Mosquet (2000); Akoun et al. (1989); Dorato (1994); Lalej-Bennis et al. (2001); Mauderly (1989); 
Rosnow et al. (1992).
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  TABLE 24.9  Drugs That Adversely Affect Respiratory Function 

Drugs Known to cause or
Aggravate Bronchospasm

Agents Associated with 
Pleural Effusion

Vinblastine Chemotherapeutic agents

Nitrofurantoin (acute) Nitrofurantoin (acute)

Acetylsalicylic acid Bromocriptine

Nonsteroidal anti-infl ammatory agents Dantrolene

Interleukin-2 Methysergide

Beta-Blockers l-Tryptophan

Dipyridamole Drug inducing systemic lupus erythematosus

Protamine Tocolytics

Nebulized pentamidine, beclomethasone, and propellants Amiodarone

Hydrocortisone Esophageal variceal sclerotherapy agents

Cocaine Interleukin-2

Propafenone

Agents Associated with Acute-Onset
Pulmonary Insufficiency*

Agents that Cause Subacute
Respiratory Failure

Bleomycin plus O
2

Chemotherapeutic agents

Mitocycin Nitrofurantoin (chronic)

Bleomycin† Amiodarone

Procarbazine† l-Trytophan

Methotrexate† Drug inducing systemic lupus erythematosus

Amphotericin B

Nitrofurantoin (acute)‡

Acetylsalicylic acid‡

Interleukin-2‡

Heroin and other narcotics‡

Epinephrine‡

Ethchlorvynol‡

Fibrinolytic agents 

Protamine

Blood  products‡

Fat emulsion

Hydrochlorothiazide

Complement-mediated leukostasis

Hyskon (dextran-70)‡

Tumor necrosis factor‡

Intrathecal methotrexate

Tricyclic antidepressants‡

Amiodarone plus O
2

Naloxone

  *  Onset at less than 48 h. 
  †  Associated with hypersensitivity with eosinophilia. 
  ‡  Usually reversible within 48–72 h, implying noncardiac pulmonary edema rather than infl ammatory interstitial 
pneumonitis. 
Sources: McNeil (1964); Borison (1977); Tattersfi eld (1986); Illum (1992); Shao et al. (1992); Shao and Mitra (1992); 
Fariba (2000).
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For example, a decease in airfl ow during inspiration (the active phase) is generally indicative of a 
decrease in respiratory drive, while a decrease in airfl ow during expiration (the passive phase) is 
generally indicative of an obstructive disorder. 

 Mechanisms of ventilatory disorders can also be characterized as either central or periph-
eral. Central mechanisms involve the neurological components of the pumping apparatus that are 
located in the central nervous system and include the medullary central pattern generator (CPG) 
and  integration centers located in the medulla, pons, hypothalamus, and cortex of the brain that 
regulate the output of the CPG (Boggs, 1992). The major neurological inputs from the peripheral 

  TABLE 24.10  Drugs Known to Influence Ventilatory 
Control 

Depressants Stimulants
Inhaled anesthetics Alkaloids

Barbiruartes Nicotine 

Benzodiazepines Lobeline

Diazepam Piperdine

Temazapan Xanthine analogs

Chlordiazepoxide Theophyline

Serotonin analogs Caffeine

Methoxy-(dimethyl)-tryptamine Theobromine

Dopamine analogs Analeptics

Apomorphine Doxapram

Adenosine analogs Salicylates

2-Chloroadenosine Progestrone analogs

R-Phenylisopropyl-adenosine Almitrine

(R-PIA) Glycine analogs

N-Ethylcarboxamide (NECA) Strychnine

B-Adrenergic antagonists GABA antagonists

Timolol maleate Picrotoxin

GABA analogs Bicuculline

Muscimol Serotonin synthesis inhibitors

Baclofen p-Chlorophenylalanine

Opiates Reserpine

Morphine

Codeine

Methadone

Meperidine

Phenazocine

Tranquilizers/analgesics

Chlorpromazine

Hydroxyzine

Rompum (xylazine)

Nalorphine
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nervous system that infl uence the CPG are the arterial chemoreceptors (Boggs, 1992). Many drugs 
stimulate or depress ventilation by selective interaction with the CNS (Eldridge and Millhorn, 
1981; Keats, 1985; Mueller et al., 1982) or arterial chemoreceptors (Heymans, 1955; Heymans and 
Niel, 1958). 

 Defects in the pumping apparatus are classifi ed as hypo- or hyperventilation syndromes and are 
best evaluated by examining ventilatory parameters in a conscious animal model. The ventilatory 
parameters include respiratory rate, tidal volume, minute volume, peak (or mean) inspiratory fl ow, 
peak (or mean) expiratory fl ow, and fractional inspiratory time. Defects in mechanical properties of 

  TABLE 24.11  Required Respiratory System 
Safety Pharmacology Evaluation 

Respiratory functions
Measurement of rate and relative tidal volume in conscious 
animals

Pulmonary Function
Measurement of rate, tidal volume and lung resistance and 
compliance in anaesthetized animals

  TABLE 24.12  Regulatory Documents Recommending Respiratory Function Testing in Safety 
Pharmacology Studies 
U.S.A. FDA Guideline for the Format and Content of the Nonclinical Pharmacology/Toxicology Section of an 

Application (Section IID, p. 12, Feb. 1987)

Japan Ministry of Health and Welfare Guidelines for Safety Pharmacology Studies Required for the Application 
for Approval to Manufacture (Import) Drugs. Notifi cation YAKUSHIN-YAKU No. 4, Jan 1991.

Australia Guidelines for preparation and presentation of Applications for Investigational Drugs and Drug Products 
Under the Clinical Trials Exemption Scheme (STET 12, 15).

Canada RA5 Exhibit 2, Guidelines for Preparing and Filing Drug Submissions (p. 21).

U.K. Medicines Act 1968, Guidance Notes on Applications for Product Licenses (MAL 2, p. A3F-1).

  TABLE 24.13  Functional Respiratory Responses to Standard Pharmacologic 
Agents a  

Parameters
Theophyline
10 mg/kg PO

Pentobarbital
35 mg/kg IP

Diazapam
35 mg/kg IP

Codeine
100 mg/kg IP

F(breaths/min) � � � 
 
 
 
 
 
 No Change

TV (ml) No Change No Change No Change 


Ti (s) 
 
 � � � � �

Te (s) 
 
 � � � � � 


PIF (ml/s) � � 
 
 


PEF (ml/s) � � No Change � 


Penh 
 � � No Change

  a  F, frequency; TV, tidal volume; Ti, inhalation duration; Te, exhalation duration; PIF, pulmonary inhala-
tion fl ow rate; PEF, pulmonary exhalation fl ow rate; Penh, pulmonary effi ciency; �, is an increase; 
, 
decrease; s, seconds.   
Source: Touvay and Le Mosquet (2000).
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the lung are classifi ed as obstructive or restrictive disorders and can be evaluated in animal models 
by performing fl ow-volume and pressure-volume maneuvers, respectively. The parameters used to 
detect airway obstruction include peak expiratory fl ow, forced expiratory fl ow at 25 and 75% of 
forced vital capacity, and a timed forced expiratory volume, while the parameters used to detect lung 
restriction include total lung capacity, inspiratory capacity, functional residual capacity, and compli-
ance. Measurement of dynamic lung resistance and compliance, obtained continuously during tidal 
breathing, is an alternative method for evaluating obstructive and restrictive disorders, respectively, 
and is used when the response to drug treatment is expected to be immediate (within minutes post-
dose). The species used in the safety pharmacology studies are the same as those generally used in 
toxicology studies (rats and dogs) because pharmacokinetic and toxicological/pathological data are 
available in these species. These data can be used to help select test measurement intervals and doses 
and to aid in the interpretation of functional change. The techniques and procedures for measuring 
respiratory function parameters are well established in guinea pigs, rats, and dogs (Murphy, 1994; 
Amdur and Mead, 1958; Diamond and O’Donnell, 1977; King, 1966; Mauderly, 1974). 

 The key questions in safety pharmacology of the respiratory system are: 

  • Does the substance affect the mechanisms of respiratory control (central or peripheral) 
leading to hypoventilation (respiratory depression) or hyperventilation (respiratory 
stimulation)? 

  • Does the substance act on a component of the respiratory system to induce, for example, 
bronchospasm, obstruction, or fi brosis? 

  • Does the substance induce acute effects or can we expect chronic effects? 
  • Are the effects observed dose dependent or independent? 

 24.9.1 Plethysomography 

 The classic approach to measuring respiratory function in laboratory animals is plethysomography. 
It has two basic governing principles (Boggs, 1992; O’Neil Raub, 1984; Palecek, 1969; Brown and 
Miller, 1987). 

  • The animal (mice, rat, or dog), anesthetized or not, restrained or not, is placed in a cham-
ber (single or double) with pneumotachographs. 

  • The variations of pressure in chamber(s) at the time of the inspiration and the expiration 
make it possible to obtain the respiratory fl ow of the animal. 

 There are three main types of body plethysmographs: constant volume, constant pressure, and 
pressure volume. The constant-volume body plethysmograph is a sealed box that detects volume 
change by measurement of pressure changes inside the box. While inside the plethysmograph, inha-
lation of room air (from outside the plethysmograph) by the test animal induces an increase in lung 
volume (chest expansion) and thus an increase in plethysmograph pressure. On the other hand, exha-
lation to the atmosphere (outside the plethysmograph) induces a decrease in the plethysmograph 
pressure. The magnitude of lung volume change can be obtained via measurement of the change in 
plethysmographic pressure and the appropriate calibration factor. The plethysmograph is calibrated 
by injecting or withdrawing a predetermined change in box pressure. To avoid an adiabatic artifact, 
the rate of air injection or withdrawal is kept the same as that of chest expansion, indicated by the 
same dP/ dt.  

 The constant-pressure body plethysmograph is a box with a pneumotachograph port built into its 
wall. This plethysmograph detects volume change via integration of the fl ow rate, ��Flow, which is 
monitored by the pneumotachograph port. There is an outward fl ow (air moving from the plethys-
mograph to the atmosphere) during inspiration and inward fl ow during expiration. Alternatively, in 
place of a pneumotachograph, a spirometer can be attached to the constant pressure plethysmograph 
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to detect volume changes. For detection of plethysmographic pressure and fl ow rate, sensitive pres-
sure transducers are usually employed. It is important that the transducer be capable of respond-
ing to volume changes in a linear fashion within the volume range studied. The plethysmograph 
should have negligible leaks and temperature should not change during all respiratory maneuvers. 
The plethysmograph should also have linear characteristics with no hysteresis. Dynamic accuracy 
requires an adequate frequency response. A fast integrated fl ow plethysmograph, with a fl at ampli-
tude response for sinusoidal inputs up to 240 Hz, has been developed for rats, mice, and guinea pigs 
(Sinnet et al., 1981). Similar plethysmographs can also be provided for use with large mammals. 

 A third type of pressure-volume plethysmograph has the mixed characteristics of the two types of 
body box mentioned above. For a constant-pressure plethysmograph, the change in volume at fi rst is 
associated with gas compression or expansion. This fraction of the volume change can be corrected 
by electronically adding the plethysmographic pressure change to the volume signal. Therefore, the 
combined pressure-volume plethysmograph has excellent frequency–response characteristics and a 
wide range of sensitivities (Leigh and Mead, 1974). 

 If volume, fl ow rate, and pressure changes are detected at the same time, several respiratory vari-
ables can be derived simultaneously from the raw signals. The whole-body plethysmograph method 
can then be used to measure most respiratory variables, such as tidal volume, breathing frequency, 
minute variables, such as tidal volume, breathing frequency, minute ventilation, compliance, pulmo-
nary resistance, functional residual capacity, pressure-volume characteristics, and maximal expira-
tory fl ow-volume curves. Table 24.5 defi nes the parameters that are typically determined by these 
methods, whereas Figure 24.1 shows how they actually appear in tracings. 

 Selection of the proper reference values for interpretation of fi ndings is essential (American 
Thoracic Society, 1991; Drazen, 1984). 

 24.9.2 Design of Respiratory Function Safety Studies 

 The objective of a safety pharmacology evaluation of the respiratory system is to determine whether 
a drug has the potential to produce a change in respiratory function. Because a complete evaluation 
of respiratory function must include both the pumping apparatus and the lung, respiratory function 
safety studies are best designed to evaluate both of these functional components. The total respira-
tory system is evaluated fi rst by testing for drug-induced changes in ventilatory patterns of intact 
conscious animals. This is followed by an evaluation of drug-induced effects on the mechanical 
properties of the lung in anesthetized/paralyzed animals. Together, these evaluations are used to 
determine whether drug-induced changes in the total respiratory system have occurred (McNeill, 
1964) and whether these changes are related to pulmonary or extrapulmonary factors (Touvay and 
Le Mosquet, 2000). 

 The time intervals selected for measuring ventilatory patterns following oral administration of 
a drug should be based on pharmacokinetic data. The times selected generally include the time to 
reach peak plasma concentration of drug ( T 

 max 
), at least one time before and one after  T 

 max 
, and one 

time that is approximately 24 h after dosing to evaluate possible delayed effects. If the drug is given 
as a bolus i.v. injection, ventilatory parameters are monitored for approximately 5 min predose and 
continuously for 20–30 min postdose. One, 2-, 4,- and 24-h time intervals are also monitored to 
evaluate possible delayed effects. If administered by inhalation or intravenous infusion, ventilatory 
parameter would generally be monitored continuously during the exposure period and at 1-, 2-, 3-, 
and 24-h intervals after dosing. 

 The time interval showing the greatest ventilatory change is selected for evaluating lung mechanics. 
However, if no ventilatory change occurred, the  T 

 max 
 would be used. If the mechanical properties of the 

lung need to be evaluated within 30 min after dosing, then dynamic measurements of compliance and 
resistance are performed. Measurements include a predose baseline and continuous measurements for 
up to approximately 1 h postdose. If the mechanical properties of the lung need to be measured at 30 min 
or longer after dosing, then a single time point is selected and the pressure-volume and  fl ow-volume 
maneuvers are performed. 
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 Supplemental studies including blood gas analysis, end-tidal CO
 2 
 measurements, or responses 

to CO
 2 
 gas and NaCN can be conducted to gain after the ventilatory and lung mechanical fi ndings 

have been evaluated. In general, these would be conducted as separate studies. 

 24.9.3 Capnography 

 The measurements of rates, volumes, and capacities provided by plethysmograph measurements 
have a limited ability to detect and evaluate some ventilatory disorders (Murphy, 1994) which mark-
edly affect blood gases. 

 Detection of hypo- or hyperventilation syndromes requires measurement of the partial pressure 
of arterial CO

 2 
 (P co 

 2 
). In humans and large animal models this can be accomplished by collecting 

arterial blood with a catheter or needle and analyzing for Pa co 
 2 
 by using a blood gas analyzer. In 

conscious rodents, however, obtaining arterial blood samples by needle puncture or catheterization 
during ventilatory measurements is generally not practical. An alternative and noninvasive method 
for monitoring Pa co 

 2 
 is the measurement of peak expired (end-tidal) CO

 2 
 concentrations. This tech-

nique has been successfully used in humans (Nuzzo and Anton, 1986) and recently has been adapted 
for use in conscious rats (Murphy et al., 1994). Measuring end-tidal CO

 2 
 in rats requires the use of a 

nasal mask and a microcapnometer (Columbus Instruments, Columbus, OH) for sampling air from 
the mask and calculating end-tidal CO

 2 
 concentrations. End-tidal CO

 2 
 values in rats are responsive 

to ventilatory changes and accurately refl ect changes in Pa co 
 2 
 (Murphy et al., 1994). 

 A noninvasive procedure in conscious rats has been developed for use in helping distinguish 
between the central and peripheral nervous system effects of drugs on ventilation. Exposure to CO

 2 
 

gas stimulates ventilation primarily through a central mechanism (Borison, 1977). In contrast, a 
bolus injection of NaCN produces a transient stimulation of ventilation through a mechanism that 
involves selective stimulation of peripheral chemoreceptors (Heymans and Niel, 1958). Thus, to 
distinguish central from peripheral nervous system effects, our procedure measures the change in 
ventilatory response (pretreatment vs. posttreatment) to both a 5-min exposure to 8% CO

 2 
 gas and a 

bolus intravenous (i.v.) injection of 300 �g/kg of NaCN. In this paradigm, a central depressant (e.g., 
morphine sulfate) inhibits the CO

 2 
 response and has little effect on the NaCN response. 

 The species selected for use in safety pharmacology studies should be the same as those used 
in toxicology studies. The advantages of using these species (rat, dog, or monkey) is that  the phar-
macokinetic data generated in these species can be used to defi ne the test measurement intervals 
(McNeill, 1964) and acute toxicity data can be used to select the appropriate high dose (Touvay and 
Le Mosquet, 2000). Further, the toxicological/pathological fi ndings in these species can be used to 
help defi ne the mechanism of functional change. The rat is the primary choice because rats are read-
ily available, and techniques for measuring pulmonary function are well established in this species. 

 24.10 INHALATION EXPOSURE TECHNIQUES 

 Many inhalation exposure techniques, such as the whole-body, nose-only, mouth-only, or head-
only technique (Drew and Laskin, 1973; MacFarland, 1976; Leong et al., 1981; Phalen, 1984), the 
intranasal exposure technique (Elliott and DeYoung, 1970), the endotracheal nebulization technique 
(Leong et al., 1985, 1988; Schreck et al., 1986), and the body plethysmographic techniques (Alarie, 
1966; Thorne and Karol, 1989) have been developed for inhalation toxicity studies. Table 24.14 
provides a summary of the advantages and disadvantages of each of the major inhalation exposure 
methodologies. 

 The main criteria for the design and operation of any dynamic (as opposed to static) inhalation 
exposure system are: 

  • The concentration of the test atmosphere must be reasonably uniform throughout the 
chamber and should increase and decrease at a rate close to theoretical at the start or end 
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of the exposure. Silver (1946) showed that the time taken for a chamber to reach a point of 
equilibrium was proportional to the fl ow rate of atmosphere passing through the chamber 
and the chamber volume. From this, the concentration–time relationship during the “run-
up” and “run-down” phase could be expressed by the equation 

 
t k

V

Fx �
 

   Where  t
 x 
  � time required to reach  x%  of the equilibrium concentration,  k  � a constant 

of value determined by the value of  x, V  � chamber volume, and  F  � chamber fl ow rate. 
The  t 

 99 
 value is frequently quoted for exposure chambers, representing the time required 

to reach 99% of the equilibrium concentration and providing an estimate of chamber 
effi ciency. Thus, at maximum effi ciency, the theoretical value of  k  at  t 

 99 
 is 4.605, and the 

closer to this that the results of evaluation of actual chamber performance fall, the greater 
is the effi ciency and the better the design of the chamber. 

  • Flow rates must be controlled in such a way that they are not excessive, which might 
cause streaming effects within the chamber, but must be adequate to maintain normal 
oxygen levels, temperature, and humidity in relation to the number of animals being 

  TABLE 24.14  Advantages, Disadvantages, and Considerations Associated with Modes of 
Respiratory Exposure   
Mode of exposure Advantages Disadvantages Design considerations

Head only Good for repeated exposure 
Limited routes of entry 
into animal

More effi cient dose delivery

Stress to animal
Losses can be large
Seal around neck
Labor in loading/unloading

Even distribution
Pressure fl uctuations
Sampling and losses
Air temperature, humidity
Animal comfort
Animal restraint

Nose/mouth only Exposure limited to mouth 
and respiratory tract

Uses less material (effi cient)
Containment of material
Can pulse the exposure

Stress to animal
Seal about face
Effort to expose large 
number of animals

Pressure fl uctuations
Body temperature
Sampling
Airlocking
Animals’ comfort
Losses in plumbing/masks

Lung only (tracheal 
administration)

Precision of dose
One route of exposure
Uses less material (effi cient)
Can pulse the exposure

Technically diffi cult
Anesthesia or tracheostomy
Limited to small numbers
Bypasses nose
Artifacts in deposition and 
response

Technically more diffi cult

Air humidity/temperature
Stress to the animal
Physiologic support

Partial lung Precision of total dose 
Localization of dose
Can achieve very high 
local doses

Unexposed control tissue 
from same animal

Anesthesia
Placement of dose
Diffi culty in interpretation of 
results

Technically diffi cult
Possible redistribution of 
material within lung

Stress to animal
Physiologic support

Source: From Gad and Chengelis, 1998. 
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exposed. A minimum of 10 air changes per hour is frequently advocated and is appro-
priate in most cases. However, the chamber design and housing density also need to be 
taken into account and some designs, such as that of Doe and Tinston (1981), function 
effectively at lower air-change rates. 

  • The chamber or exposure manifold materials should not affect the chemical or physical 
nature of the test atmosphere. 

 For critical laboratory studies on inhaled drugs, a monodisperse aerosol of a specifi ed range of 
MMAD should be used to increase the probability that the aerosol reaches the specifi ed target area 
of the lungs. The Dautrebande aerosol generators (Dautrebande, 1962c) and the DeVilbiss nebulizer 
(Drew and Lippmann, 1978) are the classic single-reservoir generators for short-duration inhalation 
studies. For long-duration inhalation studies, the multiple-reservoir nebulizer (Miller et al., 1981) or 
the continuous syringe metering and elutriating atomizer (Leong et al., 1981) are frequently used. 
The nebulizers generate a polydisperse droplet aerosol either by the shearing force of a jet of air 
over a fi ne stream of liquid or by ultrasonic disintegration of the surface liquid in a reservoir (Drew 
and Lippmann, 1978). The aerosols emerging from a jet nebulizer generally have MMADs ranging 
between 1.2 and 6.9 �m with GSDs of 1.7 to 2.2, and aerosols from an ultrasonic nebulizer have 
MMADs ranging between 3.7 and 10.5 �m with GSDs of 1.4 to 2.0 (Mercer, 1981). 

 For testing therapeutic formulations, the liquid aerosols are usually generated by the pressurized 
MDI (Newman, 1984; Gad and Chengelis, 1998; Newton, 2000). The pressurized MDI generates a 
bolus of aerosols by atomizing a well-defi ned quantity of a drug that is solubilized in a propellant. 
Of concern in such formulations are the propellants (though these are generally inert gases) and 
excipients such as stabilizers (see Table 24.15). The aerosols, thus, consist of the drug particles with 
a coating of the propellant. As the aerosols emerge from the orifi ce, the mean particle size may be as 
large as 30 �m (Moren, 1981). After traveling through a tubular or cone-shaped spacer, the propel-
lant may evaporate, reducing the MMADs to a range of 2.8 to 5.5 �m with GSDs of 1.5 to 2.2 (Hiller 
et al., 1978; Sackner et al., 1981; Newman, 1984) and making the aerosols more stable for inhala-
tion studies. In a prolonged animal exposure study, multiple MDIs have to be actuated sequentially 

  TABLE 24.15  Some Examples of Excipients Used for Dry-
Powder Aerosols 

Active Ingredient Excipient Carrier

Salbutamol sulfate Lactose (63-90 �m): regular, spray-dried, 
and recrystallized

Budesonide Lactose (�-monohydrate 
(�32 �m, 63-90 �m, 125–180 �m))

rhDNase Lactose (50 wt% � 42 and 115 mm)

Mannitol (50 wt% � 43 mm)

Sodium Chloride (50 wt% � 87 mm)

Bovine serum Lactose (a-monohydrate (63–90 mm))

albumin- Fine particle lactose (76 wt% � 10 mm)

maltodextrin (50-50) Micronized polyethylene glycol 6000 
(97.5 wt% � 10mm)

Recombinant human Polyethylene glycol 8000 
(38–75 mm, 90–125 mm)

granulocyte-colony

stimulating factor-mannitol

4049_C024_r03.indd   5974049_C024_r03.indd   597 11/15/2005   6:27:12 PM11/15/2005   6:27:12 PM



598 Inhalation Toxicology

with an electromechanical gadget (Ulrich et al., 1984) to maintain a slightly pulsatile but relatively 
consistent chamber concentration. 

 For generating an aerosol from dry powders, various dust generators, such as the Wright dust 
feed, air elutriator or fl uidized-bed dust generator, and air impact pulverizer, have been developed for 
acute and chronic animal inhalation studies and have been described in many articles (Hinds, 1980; 
Leong et al., 1981; Phalen, 1984; Gad and Chengelis, 1998; Hext, 2000; Valentine and Kennedy, 
2001). For generating powdery therapeutic agents, a metered-dose dry-powder inhaler, spinhaler, or 
a rotahaler is used (Newman, 1984). The particle size of the drug powder is micronized to a specifi c 
size range during manufacture and the spinhaler or the rotahaler only disperse the powders. 

 More recently, another approach for administering dry powders to both humans and test animals 
has arisen. Dry powders, though less frequently used in nasal drug delivery, are becoming more 
popular. Powders can be administered from several devices, the most common being the insuffl ator. 
Many insuffl ators work with predosed powder in gelatin capsules. To improve patient compliance 
a multidose powder inhaler has been developed that has been used to deliver budesonide. These 
devices can also be used for administration to test animals delivery, both in terms of amounts and 
aerodynamic size of the particles. Although early dry-powder inhalers such as the Rotohaler® used 
individual capsules of micronized drug, which were diffi cult to handle, modern devices use blister 
packs (e.g., Diskus®) or reservoirs (e.g., Turbuhaler®). The dry-powder inhalers rely on inspiration 
to withdraw drug from the inhaler to the lung and hence the effect of inhalation fl ow rate through 
various devices has been extensively studied. The major problem to be overcome with these devices 
is to ensure that the fi nely micronized drug is thoroughly dispersed in the airstream. It has been 
recommended that patients inhale as rapidly as possible from these devices to provide the maximum 
force to disperse the powder. The quantity of drug and deposition pattern varies enormously depend-
ing on the device, for example, the Turbuhaler® produces signifi cantly greater lung delivery of 
salbutamol than the Diskus®. Vidgren and coworkers (1987) demonstrated by gamma scintigraphy 
that a typical dry-powder formulation of sodium cromoglycate suffers losses of 44% in the mouth 
and 40% in the actuator nozzle itself. 

 It must also be emphasized that the major mass of a heterodispersed aerosol may be contained 
in a few relatively large particles, because the mass of a particle is proportional to the cube of its 
diameter. Therefore, the particle-size distribution and the concentration of the drug particles in the 
exposure atmosphere should be sampled using a cascade impactor or membrane fi lter-sampling 
technique, monitored by using an optical or laser particle-size analyzer, and analyzed by using opti-
cal or electron microscopy techniques. 

 In summary, many techniques have been developed for generating gas, vapor, and aerosol atmo-
spheres for inhalation toxicology studies. By proper regulation of the operating conditions of the 
nebulizers and the formulation of MDIs, together with the use of spacer or reservoir attachments 
to MDIs, more particles within the respirable range can be generated for inhalation. An accurately 
controlled exposure concentration is essential to an accurate determination of the dose–response 
relationship in a safety assessment of an inhalant drug. 

 Finally, comparisons of various techniques for animal exposures indicate that the whole-body 
exposure technique is the most suitable for safety assessment of gases and vapors and permits simul-
taneous exposure of a large number of animals to the same concentration of a drug; however, this 
technique is not suitable for aerosol and powder exposures because the exposure condition repre-
sents the resultant effects from inhalation, ingestion, and dermal absorption of the drug (Phalen, 
1984; Gad and Chengelis, 1998). 

 24.11 THE UTILITY OF TOXICITY DATA 

 Regardless of the type of test and the parameters to be monitored, the ultimate goal is to interpolate 
or extrapolate from the dose–response data to fi nd a no-observable-adverse-effect level (NOAEL) 
or a no-observable-effect level (NOEL). By applying a safety factor of 1 to 10 to the NOAEL, a safe 
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single-exposure dose for a phase I clinical trial may be obtained. By applying a more stringent safety 
factor, a multiple-exposure dose for a clinical trial may also be obtained. After the drug candidate 
has successfully passed all the drug safety evaluations and entered in the production stage, more 
toxicity tests may be needed for the establishment of a threshold limit value-time-weighted aver-
age (TLV-TWA). A TLV-TWA is defi ned as “the time-weighted average concentration for a normal 
8-hour workday and a 40-hour workweek, to which nearly all workers may be repeatedly exposed, 
day after day, without adverse effect” (American Conference of Governmental Industrial Hygienists 
[ACGIH], 1991). Using TLVs as guides, long-term safe occupational exposures during production 
and industrial handling of a drug may be achieved. Appropriate safety assessments of pharmaceu-
tical chemicals and drugs will ensure the creation and production of a safe drug for the benefi t of 
humans and animals. Furthermore, inhalation toxicity data are needed for compliance with many 
regulatory requirements of the Food and Drug Administration, the Occupational Health and Safety 
Administration, and the Environmental Protection Agency (Gad and Chengelis, 1998). 

 More comprehensive descriptions and discussions on inhalation toxicology and technology 
may be found in several monographs, reviews, and textbooks (Willeke, 1980; Leong et al., 1981; 
Witschi and Nettesheim, 1982; Clarke and Pavia, 1984; Phalen, 1984; Witschi and Brain, 1985; 
Barrow, 1986; McFadden, 1986; Witschi and Last, 2001; Salem, 1986; Gardner et al., 1988; Gad 
and Chengelis, 1998; Valentine and Kennedy, 2001; McClellan and Henderson, 1989; Hext, 2000; 
Pauluhn, 2002). 

 GLOSSARY OF TERMS 

 Acceptance Criteria   Numerical limits, ranges, or other criteria for the test described. 
 Batch   A specifi c quantity of a drug or other material that is intended to have uniform character 

and quality, within specifi ed limits, and is produced according to a single manufacturing 
order during the same cycle of manufacture (21 CFR 210.3(b)(2)). 

 Container Closure System   The sum of packaging components that together contain, protect, 
and deliver the dosage form. This includes primary packaging components and secondary 
packaging components if the latter are intended to provide additional protection to the drug 
product (e.g., foil overwrap). The container closure system also includes the pump for nasal 
and inhalation sprays. For nasal spray and inhalation solution, suspension, and spray drug 
products, the critical components of the container closure system are those that contact either 
the patient or the formulation, components that affect the mechanics of the overall perfor-
mance of the device, or any protective packaging. 

 Drug Product   The fi nished dosage form and the container closure system. 
 Drug Substance   An active ingredient that is intended to furnish pharmacological activity or other 

direct effect in the diagnosis, cure, mitigation, treatment, or prevention of disease or to affect 
the structure or any function of the human body (21 CFR 314.3(b)). 

 Excipients   Any intended formulation component other than the drug substance. 
 Extractables   Compounds that can be extracted from elastomeric or plastic components of the 

container closure system when in the presence of a solvent. 
 Inhalation Solutions, Suspensions, and Sprays   Drug products that contain active ingredients 

dissolved or suspended in a formulation, typically aqueous based, which can contain other 
excipients and are intended for use by oral inhalation. Aqueous-based drug products for 
oral inhalation must be sterile (21 CFR 200.51). Inhalation solutions and suspensions are 
intended to be used with a specifi ed nebulizer. Inhalation sprays are combination products in 
which the components responsible for metering, atomization, and delivery of the formula-
tion to the patient are a part of the container closure system. 

 Insuffl ator   Dry-powder nasal inhaler used with Rynacrom cartridges. Each cartridge contains 
one dose; the inhaler opens the cartridge, allowing the powder to be blown into the nose by 
squeezing the bulb. 
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 Leachables   Compounds that leach into the formulation from elastomeric or plastic components of 
the drug product container closure system. 

 MDI   Metered-dose inhaler, consisti n g of an aerosol unit and plastic mouthpiece. This is currently 
the most common type of inhaler and is widely available. 

 Nasal Sprays   Drug products that contain active ingredients dissolved or suspended in a formulation, 
typically aqueous based, which can contain other excipients and are intended for use by nasal 
inhalation. Container closure systems for nasal sprays include the container and all components 
that are responsible for metering, atomization, and delivery of the formulation to the patient. 

 Nociception   Perception of pain in the nose. 
 Placebo   A dosage form that is identical with the drug product except that the drug substance is 

absent or replaced by an inert ingredient. 
 Pump   All components of the container closure system that are responsible for metering, atomiza-

tion, and delivery of the formulation to the patient. 
 Specifi cation   The quality standard (i.e., test, analytical procedures, and acceptance criteria) pro-

vided in the approved application to confi rm the quality of drug substances, drug products, 
intermediates, raw material reagents, components, in-process materials, container closure 
systems, and other materials used in the production of drug substances or drug products. 

 Specifi ed Impurity   An identifi ed or unidentifi ed impurity that is selected for inclusion in the drug 
substance or drug product specifi cation and is individually listed and limited to ensure that 
reproducibility of the quality of the drug substance and/or drug product. 

 Spinhaler   A dry-powder inhaler used with Intal capsules specifi cally designed for the spinhaler. 
Each capsule contains one dose; the inhaler opens the capsule such that the powder may be 
inhaled through the mouthpiece. 

 Syncroner   MDI with elongated mouthpiece, used as training device to see if medication is being 
inhaled properly. 

 Turbuhaler   A dry-powder inhaler. The drug is in form of a pellet; when body of inhaler is rotated, 
prescribed amount of drug is ground off this pellet. The powder is then inhaled through a 
fl uted aperture on top. 
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 25.1 INTRODUCTION 

 The importance of insulin in the treatment of patients with diabetes mellitus has been recognized 
since the 1920s. Given that diabetes is characterized by an inability to produce or to effectively 
utilize insulin, exogenous administration of insulin has been central to diabetes therapy since that 
time. During the approximately 80 years of use, a number of improvements in insulin therapy have 
occurred. These include the purifi cation and application of animal insulins and the development, 
approval, and clinical use of both recombinant human insulin and insulin analogs. 

 Over this time, subcutaneous injections have been almost exclusively the only therapeutically 
available route of administration of insulin. An exception to this was the development and use of 
implanted intraperitoneal pumps capable of slow, sustained insulin release. A variety of other routes 
have been investigated; most notably, these include pulmonary, oral, nasal, and dermal delivery. 
A review of the nonpulmonary routes is beyond the scope of this chapter; the interested reader is 
directed to other reviews (for example, see Heinemann et al., 2001). The importance of advance-
ments in insulin therapy in diabetes mellitus has been recognized by many commentators given 
the prevalence of the disease, projections for future increases in disease incidence, the incomplete 
glycemic control in many patients, and the societal and economic burden of the disease. 

 This chapter focuses on selected aspects of the pulmonary delivery of insulin. Gansslen (1925) 
investigated the delivery of insulin via the lungs soon after the identifi cation of insulin. However, 
early efforts were hampered in large measure by the inhalation device technology available and an 

 25 
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incomplete appreciation of the relationship between aerosol characteristics and deep-lung deposition. 
As the available literature shows, renewed experimental interest in inhaled insulin dates largely from 
the 1980s and has led to several inhaled-insulin development projects sponsored and performed 
by a variety of researchers and pharmaceutical companies. Many characteristics of the pulmonary 
delivery route have spurred interest in inhaled insulin therapy. These include the relatively large 
area of the alveoli, minimal mucociliary clearance in the deep lung, adequate permeability to mac-
romolecules with relatively low (compared with the gastrointestinal tract) enzymatic activity, and 
extensive vascularization of the lung (Patton, 1996). 

 This chapter provides a selective review of existing data on the absorption of insulin from the 
lungs and published nonclinical safety studies in animal models. The focus here is on the applica-
tion of nonclinical models to investigate aspects of insulin absorption from the lungs. Table 25.1 
provides an expanded presentation of study details for selected studies described more briefl y in the 
text. This chapter is not intended to provide a comprehensive review of all aspects of delivery of 
insulin via the lungs, and in several places, the interested reader is referred to other complementary 
review papers available in the literature.   

 25.2 ABSORPTION OF INSULIN FROM THE LUNGS 

 25.2.1 Mechanisms of Macromolecular Absorption from the Lungs 

 The alveolar barrier, consisting of the alveolar epithelium, basement membrane, and capillary endo-
thelium, is generally accepted as the predominant site for absorption of peptides such as insulin 
(Wolff, 1998). This seems logical because of the relatively high alveolar surface area and the thin 
barrier between the airspaces and blood. However, the dominant contribution of alveolar absorption 
has not been defi nitively proven, nor have there been measurements of the relative contribution of 
absorption (if any) across the thicker epithelial barriers found in the conducting airways. 

 Several studies suggest that deep-lung absorption is the principal way in which insulin gains 
systemic distribution. Patton (1996) noted that the predominant mechanism is thought to be para-
cellular transport, consisting of passive diffusion of insulin across the alveolar epithelium through 
extracellular tight junctions. Although transcytosis has also been demonstrated for the absorption of 
proteins from the lung, this mechanism may involve transport within alveoli and is probably more 
important for proteins of 40 kDa or larger (Patton, 1996; Crandall and Matthay, 2001). It should be 
recognized, however, that the predominance of alveolar absorption over potential airway absorption 
is not necessarily refl ective of fundamental differences in absorption rates through these epithelia. 
Apparent transepithelial rates across alveolar versus airway epithelium were found to be comparable 
for hydrophilic solutes (Mathias et al., 1996), but the low diffusional distance across the alveoli 
compared with airway cells would appear to favor the alveolar route. 

 A number of  in vivo  studies suggest the importance of the alveolar spaces in the absorption of 
inhaled insulin (Colthorpe et al., 1992; Pillai et al., 1996; Laube et al., 1998). These studies, discussed 
in the next section, support the generally held view that absorption of inhaled insulin from the alveolar 
region is the predominant manner in which insulin gains access to the systemic circulation. 

 The alveolar epithelium consists of two morphologically distinct cell types termed type I and 
type II alveolar epithelial cells. Type I cells are relatively large, thin squamous cells, and type II 
cells are smaller cuboidal cells. Both tight junctions and gap junctions join type I and type II cells, 
providing a barrier function (Crandall and Matthay, 2001). Absorption of proteins from the lung is 
dependent on a variety of factors, including molecular size, charge, and site of deposition, whether 
diffusion is active or passive (Byron and Patton, 1994; Patton, 1996), and endogenous host factors 
such as cigarette smoking. Active transport mechanisms for insulin from the airspace lumen to blood 
have not been described in the literature. Thus, passive diffusion down a concentration gradient is the 
mechanism presumed to be responsible for driving systemic absorption of insulin following inhalation 
(Folkesson et al., 1996). Available evidence suggests that inhaled peptides remain in alveolar lining 
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fl uid as they are being absorbed; this has been reported for superoxide dismutase (Welty-Wolf et al., 
1997) and human growth hormone (Patton et al., 1989–1990). 

 25.2.2 Results from Selected Nonclinical Studies 

 Absorption of insulin has been studied in a variety of  in vitro  and  in vivo  model systems. A review of 
the  in vitro  experimentation is beyond the scope of this chapter. An example of  in vitro  research is the 
work of Kim et al. (1993), who measured an apparent permeability coeffi cient of 4.1 � 10 −7  cm sec �1  
for radiolabeled insulin  in vitro  in rat pneumocytes, and further observed fragmentation of insulin 
absorbed through this model system. 

 When considering  in vivo  studies, bioavailability of inhaled insulin following inhalation, as well 
as other proteins and peptides, is often an important parameter of interest in clinical investigations. 
With respect to animal studies, several studies describing either the kinetics or extent of insulin 
absorption can be found in the literature. Farr and Taylor (1997) have described many of the early 
studies. In general, it has been clearly shown that insulin can be absorbed from the lungs and delivered 
to the systemic circulation. 

 When comparing across studies, it is usually diffi cult to compare studies directly by examining 
bioavailability alone. This can be because of differences in the exposure methodology and differ-
ences in dose metrics. For an inhaled dose, bioavailability can be calculated on the basis of the 
amount of material in a starting container, the amount of material inhaled, or the amount of material 
estimated to reach the deep lung. Bioavailability can be described in relation to a subcutaneous 
dose, or absolutely by comparing with an intravenously injected dose. A further complicating factor 
seen in many animal studies is the use of an intratracheal instillation route of exposure. There are 
signifi cant differences in regional and local deposition for the instillation route compared with the 
inhalation route (Driscoll et al., 2000), and thus estimates of absorption are not directly comparable for 
the two routes. 

 As noted in the previous section, several studies have suggested that absorption from the deep 
lung is important in insulin absorption. Pillai et al. (1996) measured the bioavailability of inhaled 
insulin produced by two methods of nebulization that produced differing particle sizes. Gamma 
camera imaging using  99m Tc radiolabel demonstrated that more of a larger-sized aerosol was deliv-
ered than a smaller-sized aerosol. However, at comparable doses, the smaller-sized aerosol, which 
had increased deep-lung deposition compared with the larger-sized aerosol as determined from the 
scintigraphic images, produced a greater bioavailability and a greater bioeffi cacy as determined by 
blood glucose lowering. Using gamma scintigraphy and pharmacokinetic monitoring in rabbits, 
Colthorpe et al. (1992) measured a 10-fold greater bioavailability for inhaled versus intratracheally 
instilled insulin, and demonstrated that the greater bioavailability for inhaled insulin was associated 
with a greater peripheral deposition. Similarly in a clinical setting, Laube et al. (1998) evaluated the 
infl uence of the relative ratio of apical to basal deposition (as determined by gamma camera imaging) 
on blood glucose lowering and determined that relatively greater basal deposition was associated 
with greater percentage decreases in blood glucose levels. 

 Cherrrington et al. (2003) conducted a study in Beagle dogs to determine whether inhalation 
delivery was associated with different distributions of insulin concentrations in arterial, deep venous, 
and portal circulation, compared with subcutaneously administered insulin. Indwelling catheters 
were used to facilitate blood sampling, dogs received somatostatin to suppress endogenous insulin 
production, and euglycemia was maintained by glucose infusion. The maximum plasma concentration 
( C 

 max 
) values for the three blood compartments were reported, and it was determined that arterial 

and venous insulin concentrations were not signifi cantly different following either the inhalation or 
subcutaneous routes of exposure. 

 As has been seen, many species have been used to examine absorption of insulin from the lungs. 
Further, the wide variety of exposure techniques has confounded a comparison of results across studies. 
Nonetheless, the animal studies have provided useful data on some of the parameters that are important 
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in delivering inhaled insulin and have set the stage for more comprehensive pharmacokinetic/
pharmacodynamic studies of inhaled insulin in humans. 

 25.2.3 Role of Pulmonary Enzymatic Activity in Insulin Absorption 

 Numerous studies have demonstrated enzymatic activity in the deep lung or in cultured type II 
alveolar epithelial cells. In addition, some studies have shown the enzymatic degradation of insulin, 
whereas others have shown that enzyme inhibition results in enhanced bioavailability of insulin 
administered to the lungs. Alveolar macrophages are also known to possess a potent array of lytic 
enzymes. 

 Several ectopeptidases were described in rat alveolar epithelial cells, A549 cells, and pulmonary 
macrophages, and aminopeptidase activity in particular was seen as constituting a signifi cant 
metabolic barrier to systemic delivery of peptides via the lungs (Forbes et al., 1999). As noted 
above, cell-associated metabolism of insulin during transport across a cell barrier was described 
in monolayer-cultured rat pneumocytes (Kim et al., 1993); fragmentation of insulin was noted in 
downstream fl uids following apical to basal absorption, demonstrating metabolism of insulin in this 
model system. The biodegradation of insulin was reported in cytosolic or subcellular pellet fractions 
of rat lung homogenate; it was further noted that degradation was less in lung tissue obtained from 
diabetic rats, and that degradation could be inhibited by the enzyme inhibitors bacitracin and sodium 
cholate (Shen et al., 1999). It has been shown  in vitro  in the presence of lung lavage fl uid supernatant 
that alveolar type II cells take up insulin (Mitra et al., 2001), so the uptake and subsequent cytosolic 
degradation of insulin is a likely route of removal of insulin delivered to the deep lung. 

 Okumura et al. (1992) reported relatively weak proteolytic degradation of insulin administered 
to the lungs of rats. Coadministration of nafamostat, a serine protease inhibitor, but not bacitracin, 
increased the relative bioavailability of intratracheally administered insulin by approximately 2-fold; 
the authors concluded that lung proteolytic activity was weaker than in subcutaneous tissues. In a 
follow-up study, these investigators demonstrated that glycocholate, a surfactant-like agent reported 
to suppress aminopeptidase activity, increased relative bioavailability by approximately 5-fold in rats 
receiving intratracheal instillations of aqueous insulin (Komada et al., 1994). 

 Insulin-degrading enzyme (IDE) is a 110-kDa metalloproteinase widely distributed in all cells, 
not only insulin-sensitive tissues (Duckworth et al., 1998). This enzyme has multiple cellular func-
tions in addition to insulin degradation, including binding and regulatory functions. Most IDE is 
localized to the cytosolic compartment of cells, but has also been found on the plasma membrane, in 
endosomes, and in peroxisomes; the multiple cellular locations where IDE is found support a multi-
functional role for this enzyme. Low levels of IDE relative to other tissues have been reported in rat 
lungs (Kuo et al., 1993). However,  in vitro  studies in type II alveolar epithelial cells demonstrated 
that IDE accounted for 81% of their insulin-degrading activity (Hsu and Bai, 1998). These investi-
gators further demonstrated that the enzyme inhibitors  N -ethylmaleimide,  p -chloromercuribenzoic 
acid, and 1,10-phenanthroline not only inhibited IDE activity in crude cell homogenate and cyto-
solic preparations, but also signifi cantly enhanced the bioavailability of intratracheally administered 
insulin in rats, thus leading them to suggest that IDE might be involved in limiting the pulmonary 
absorption of insulin. In a review of IDE, Duckworth et al. (1998) concluded that most evidence 
supports IDE as the primary degradative mechanism for the removal of insulin, but other systems 
(protein disulfi de isomerase, lysosomes, and other enzymes) undoubtedly contribute to insulin 
metabolism. 

 Alveolar macrophages are scavenger leukocytes of the alveolar spaces. These cells are motile, 
able to internalize particles and solutes by phagocytosis and/or pinocytosis, and contain a range 
of lytic enzymes (Schlesinger, 1995). Materials internalized by macrophages can be cleared from 
the alveolar lumen by macrophage translocation and mucociliary clearance, translocation to lym-
phatic drainage, and by  in situ  degradation. Rat alveolar macrophages were shown to contain high 
levels of aminopeptidase activity (Forbes et al., 1999). On the other hand, in reviewing mechanisms 
of absorption and clearance of proteins from the lung, Wolff (1998) concluded that macrophage 
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phagocytosis does not appear to be as important a clearance mechanism as absorption, presumably 
because phagocytosis is more important in clearing relatively insoluble materials from the lung. 
Uptake of the inhaled enzyme superoxide dismutase by primate alveolar macrophages has been 
demonstrated (Welty-Wolf et al., 1997), and it has been concluded that macrophage uptake probably 
plays an increasingly important role as lung residence time increases (Wolff, 1998). 

 Taken together, it appears likely that both IDE and other nonspecifi c proteolytic enzymes are 
involved in the enzymatic degradation of insulin as it is being absorbed across the air–blood barrier, 
although this has not been directly reported  in vivo  for inhaled insulin. 

 25.2.4 Modifi ers of Absorption 

 Animal studies are useful for evaluating various methods of altering insulin absorption from the 
lungs. Broadly, these include both physicochemical and biological techniques. Physicochemical 
modifi cations can include formulation alterations to include molecules such as penetration enhancers 
or also modifi cations to the insulin itself. Biologically, experiments have been conducted in which 
the enzymatic properties of the lung have been modifi ed, as discussed in the previous section. 

 Many experiments have investigated the role of absorption enhancers. Although such agents can 
increase absorption, it has also been noted that many of these agents have historically been associated 
with tissue damage (Patton et al., 1999), and thus long-term safety data would be needed to support 
product registration. Research in this area is continuing. In a recent example, Hussain et al. (2003) char-
acterized two absorption enhancers and further examined the reversibility of absorption enhancement. 
Following intratracheal spray administration to the lungs of rats, concentration-dependent increases 
in plasma insulin concentrations and decreases in plasma glucose concentrations were seen with the 
absorption enhancers tetradecyl-�-maltoside and dimethyl-�-cyclodextrin. When insulin in saline 
alone was administered 2 h after administration of one of these agents, absorption was comparable with 
that seen originally with the insulin controls, indicating the reversibility of absorption enhancement 
over this period. 

 Modifi cations of insulin itself have been investigated. Hinds and Kim (2002) prepared and char-
acterized a variety of insulins conjugated with polyethylene glycol (insulin-PEG) and demonstrated 
that the conjugates remained in the systemic circulation for longer periods than unmodifi ed insulin 
following subcutaneous administration to Beagle dogs. Leach et al. (2003) extended this type of 
approach to the inhalation route and showed that conjugation of human insulin to a 750 molecular 
weight PEG resulted in prolonged serum levels with a concomitant suppression of glucose concen-
trations, when compared with unmodifi ed insulin. 

 25.2.5 Human Data 

 As noted above, clinical interest in inhaled insulin dates from the 1920s (Gansslen, 1925). A number 
of studies in humans have shown that insulin is bioavailable following inhalation and that admin-
istered doses can be biologically effective, as determined by pharmacodynamic effects on blood 
glucose concentrations. Current efforts involve both dry-powder and liquid formulations of insulin, 
and a wide variety of inhalation devices (Selam, 2003). It has been noted that clinical experience 
with inhaled insulin seems promising, and although several limitations and questions have been 
recognized, resolution of these questions and subsequent approval of marketing applications would 
result in a very valuable treatment method for patients with both type 1 and type 2 diabetes mellitus. 
Furthermore, it has been suggested that the noninvasive nature of inhaled insulin administration 
could lead to improved patient satisfaction and convenience, with potentially better glycemic con-
trol (Cefalu et al., 2002). 

 A comprehensive review of the clinical pharmacokinetics, safety, and effi cacy of inhaled insulin 
is beyond the scope of this chapter. For additional discussion, the interested reader is referred to 
recent reviews by Patton et al. (1999), Heinemann et al. (2001), Cefalu et al. (2002), Selam (2003), 
and Patton et al. (2004). In general, and given the numerous caveats in comparing results across 
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studies and across species, the nonclinical data appear consistent with the human data. One potential 
difference between animals and humans regarding the bioavailability of inhaled insulin is related to 
regional differences in deposition. Given that the alveolar spaces appear to predominate as absorp-
tion sites for inhaled insulin (see above), differences across species in alveolar deposition fraction 
could lead to differing fractions of inhaled insulin being absorbed. It is well known that the alveolar 
deposition fraction of an inhaled dose is substantially lower for species such as rats and mice than 
for humans (Schlesinger, 1995). 

 25.3 SAFETY OF INHALED INSULIN 

 25.3.1 Safety/Toxicology Studies of Inhaled Insulin 

 This section contains a review of the literature describing the nonclinical safety/toxicology studies 
conducted with insulin administered to the respiratory tract. Only limited data are available in the 
published literature. Longer-term toxicology studies, which would be necessary to support more 
advanced stages of clinical development, have not been reported. 

 Jendle et al. (1995) performed a multiple-dose study including toxicological end points in piglets. 
A saline solution of porcine insulin with the surfactants polysorbate 80 or lipal-10 LA was nebulized 
to provide six treatments (time between treatments was not specifi ed) at doses of 10, 20, 40, or 80 
units. One animal served as a control, two received the insulin solution alone, two received insulin 
plus polysorbate 80, and two received insulin plus lipal-10 LA. Light microscopic histological evalu-
ation of sections taken from the upper and lower lung lobes and the main bronchi showed no adverse 
effects of insulin inhalation. 

 There are several published reports including safety-related end points following single intratra-
cheal or inhalation exposures of insulin in intact animals. Todo et al. (2001) exposed rats by single 
intratracheal instillation or intratracheal insuffl ation to a variety of aqueous and dry-powder bovine 
insulin formulations and then performed bronchioalveolar lavage (BAL) 24 h later for analysis of 
lactate dehydrogenase (LDH), a marker of cell injury. Rats given phosphate-buffered saline (PBS) 
instillation with a solution of 0.25% Triton X-100 served as a positive control. This group had LDH 
levels severalfold greater than the PBS-treated negative control group. Levels of LDH were the same 
as controls for dry-powder formulations containing insulin and mannitol, or insulin, mannitol, and 
citrate. Levels were slightly greater than controls for dry powders of insulin, mannitol, Span 85, and 
bacitracin. 

 Choi et al. (2001) exposed rats to a single inhalation (10-min exposure; estimated 25 �g deposited 
dose) of a nebulized suspension of bovine insulin in ethanol. Bronchioalveolar lavage was conducted 
at 2, 6, or 24 h on groups of rats. There were no cellular or soluble markers of infl ammatory or allergic 
responses at any time point. 

 Garcia-Contreras et al. (2001) exposed rats by spray-instillation to a porcine insulin solution 
(1.3 units/kg insulin) with and without the absorption facilitator hydroxymethyl aminopropionic 
acid and sacrifi ced groups of animals at 1, 2, or 3 days after exposure for BAL analysis and lung 
histological analysis. There were no toxic effects of insulin with or without the absorption facilitator 
as compared with saline spray-instilled controls. 

 Pillai et al. (1996) monitored several pulmonary function parameters before, during, and after a 
20-min inhalation exposure of two rhesus monkeys to nebulized rhu-insulin, administered at levels 
approximating a therapeutic dose based on glucose response. Compared with baseline values, there 
were no effects of insulin exposure on respiration rate, tidal volume, minute volume, lung resistance, 
or dynamic lung compliance. 

 Edwards et al. (1997) exposed rats by single inhalation exposure (10- to 20-min exposure; esti-
mated inhaled dose not specifi ed) to porous and nonporous particles containing insulin (species and 
formulation percentage were not specifi ed), 50:50 poly (lactic acid co-glycolic acid) and rhodamine. 
Bronchioalveolar lavage conducted 48 h after exposure revealed a greater percentage of neutrophils 
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in the nonporous-treated group versus the porous-treated group; however, no vehicle-alone group 
was included in the study. Particles were found within phagocytes at the 48-h time point, indicating 
that the particles were poorly soluble. 

 Wolff et al. (2000) reported that no changes in pulmonary function parameters were observed in 
dogs inhaling insulin aerosols (2 �m mass median aerodynamic diameter [MMAD]) in a head-dome 
system either during acute exposure or in later repeated exposures (further details were not given). 
In a review of issues related to the safety of inhaled proteins, Wolff (1998) concluded that there is 
little potential for accumulation of inhaled proteins in the lungs and that the short residence time 
decreases the potential for adverse lung effects. Wolff further speculated that if there were to be a 
pathological response in the lungs, it would be expected to involve some type of cellular response to 
the inhaled proteins. Available data from the literature appear to be consistent with the conclusion 
stated by Wolff (1998). 

 Finally, a variety of  in vitro  experiments have been conducted with insulin, but these are not 
generally directed toward investigating the potential toxicity of insulin on lung cells. Farr and Taylor 
(1997), however, conducted 24-h exposures of rat type II alveolar cells to insulin, and measured 
detachment from substrate as a marker of toxicity. Insulin concentrations of up to 1000 �M for 24 h 
did not result in toxicity. 

 A variety of nonclinical studies on the toxicology of insulin using other (i.e., noninhalation) 
routes of exposure have been published. These studies are pertinent to the safety of inhaled insu-
lin, because (1) the lung is exposed to insulin circulating in the vascular bed, and (2) such studies 
often include high multiple doses relative to clinical doses and/or long-term dosing. Relative to the 
fi rst point, lung uptake of circulating radioiodine-labeled insulin has been described (Iozzo et al., 
2002). Relative to the second point, Low and Ferrill (1941) exposed rats daily for their life span via 
subcutaneous injection and observed no pulmonary abnormalities. More recently, no pulmonary 
effects were noted either from subcutaneously injected human insulin or the insulin analog glargine 
in both chronic and life-time carcinogenicity studies in Sprague–Dawley rats and NMRI mice, at 
doses constituting a maximum tolerated dose based on hypoglycemia (Stammberger et al., 2002). 
Thus, rodent lungs appear to tolerate chronic, high insulin concentrations through exposure via the 
vasculature. 

 As noted above, several clinical development programs have previously been conducted or are 
underway. Given the requirement that clinical trials be supported by nonclinical toxicology studies, 
it is clear that additional studies have been conducted, but not yet reported in the scientifi c literature. 
In this regard, Cefalu et al. (2001) reported that 1- and 6-month studies of intrapulmonary insulin 
had been conducted in rats and monkeys and that daily inhalation of powdered insulin was well 
tolerated and did not produce airway or pulmonary lesions. No specifi c methods or details were 
provided. 

 It is not possible to draw integrated conclusions from the scientifi c literature regarding the 
safety of chronic inhalation administration of insulin, because of (1) the limited exposure durations 
reported; (2) the variety of insulins and formulations used; (3) the nonphysiological nature of most 
animal exposure techniques; and (4) the incomplete reporting of study details. It is evident that in 
the only studies in which toxic effects were observed, the effects were attributed to the formulation 
characteristics, the presence of persistent particles, or the inclusion of absorption enhancers. The 
relevance of the available literature to a particular inhaled insulin development program, however, 
should be evaluated on a case-by-case basis. 

 25.3.2 Safety/Toxicology Studies of Other Inhaled Macromolecules 

 As noted above, inhalation delivery of a variety of proteins intended for systemic delivery has been 
evaluated from a pharmacological/pharmacokinetic perspective. Regarding safety, recent reports 
have described the safety of recombinant human growth hormone (hGH) (Carfagna et al., 2003) and 
human interferon beta-1A (IFN beta-1) (Demady et al., 2003). 
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 Absorption of growth hormone from the lungs has been under investigation for some time 
(Patton et al., 1989–90). Carfagna et al. (2003) more recently described the inhalation toxicity of 
a dry-powder formulation of hGH in single-dose and 4-week studies in rhesus monkeys. Standard 
toxicology end points plus respiratory function, bronchioalveolar lavage parameters, and serum 
levels of immunoreactive growth hormone and growth hormone-specifi c antibodies were monitored 
in both studies. Bioavailability relative to subcutaneously injected hGH was approximately 10%. 
A moderate immunogenic response was elicited by 4 weeks, but there was no evidence of neutral-
izing antibodies or an anaphylactic response upon single-dose rechallenge after the 4-week expo-
sure. There were no histopathological or other toxicological effects of the hGH formulation. It was 
concluded that no adverse effects were noted in monkeys exposed daily to inhaled doses up to 5.5 
mg of hGH/kg body weight for 4 weeks, and that the data provided margins of safety well above the 
recommended clinical doses of hGH. 

 Demady et al. (2003) evaluated the safety and absorption of a dry-powder aerosol formulation 
of interferon (IFN) beta-1 in rhesus monkeys at inhaled doses up to 4.5 mg of IFN beta-1 per week, 
with safety assessments conducted at 1 month, 3 months, and 6 months (with a 4-week recovery) of 
treatment. Serum IFN beta-1 and the biological response marker neopterin showed dose-dependent 
concentration increases. Neutralizing titers of anti-IFN beta-1 antibodies were observed, beginning 
at the third week of dosing. The study also showed that IFN beta-1 was not associated with any 
signifi cant changes in safety parameters. In the lung, histological changes consisted of minimal to 
mild subchronic alveolitis, which increased slightly with dose, but did not progress over 6 months 
of exposure. The investigators concluded that the chronic pulmonary administration of IFN beta-1 
was generally safe. 

 Wolff (1998) reviewed issues surrounding safety of inhaled proteins for therapeutic use. The 
author reviewed safety data available at that time and found that, in the animal studies, toxicological 
responses to inhaled proteins were either absent or when present were relatively low. It was further 
noted that the relevance to humans was diffi cult to assess in cases where the human protein differs 
considerably from the animal protein. 

 25.4 CONCLUSIONS 

 A number of studies in both animals and humans have demonstrated the feasibility of insulin delivery to 
the respiratory tract, leading to the absorption of biologically active insulin into the circulation, resulting 
in its well-known biological action to lower blood glucose concentrations. Animal studies have played 
a crucial role, and continue to do so, in (1) demonstrating the importance of deep-lung deposition in 
increasing absorption; (2) demonstrating the role of enzymatic activity in the lung in modulating insulin 
absorption; and (3) characterizing the effects of formulation changes and/or insulin modifi cations on 
insulin absorption. Regarding safety, no long-term toxicology studies have been reported in the litera-
ture, and the available shorter-term exploratory data are consistent with the conclusion that insulin itself 
does not appear to be associated with harmful respiratory tract effects. 
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  26.1 INTRODUCTION 

 26.1.1 General Description and Usage 

 In this chapter the term “alcohol/gasoline” refers to fuels that are composed of mixing methanol or 
ethanol with unleaded gasoline in various proportions. The resultant blends are suitable for use as alter-
native automotive fuels that address, to some extent, environmental concerns and regulatory require-
ments. They are sometimes referred to in abbreviations, e.g., E20 is a fuel consisting of a mixture of 
20% ethanol and 80% gasoline by volume; M85 is a mixture of 85% methanol and 15% gasoline; 
and MEG refers to a mixture containing 33% methanol, 60% ethanol, and 7% gasoline. In addition, 
“gasohol” is marketed in Europe and North America as a mixture of up to 10% ethanol in gasoline. 

 26 
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 As early as 1917, Charles Kettering and Thomas Midgely reported that grain alcohol mixed 
with gasoline produced an automotive fuel that reduced engine knocks (Nadim et al., 2000). It was 
not until the early 1970s that alcohol/gasoline fuels received widespread international attention for 
a combination of environmental, economical, and technical reasons. The need for alternative and 
economical, energy supplies is a major impetus. Ethanol is a renewable energy source that can be 
generated from sugar and corn and methanol is produced from natural gas. In countries such as 
Brazil, where sugar cane is in abundant supply, most automobiles are run on ethanol, or ethanol/
gasoline blends (Ahmed, 2001; Coelho and Goldemberg, 2004). In Canada, ethanol/gasoline blends 
(gasohol) containing up to 10% ethanol are available in many distribution centers (NRCan, 1996). 
In the United States, Alternative Fuel Vehicles are routinely run on E85 fuels (Alternative Fuel 
News, 2003). With rapid biotechnological innovations, production of alcohols from biomasses such 
as cellulose and softwoods likely will become economically feasible in the near future. Concern 
about air quality and health effects is a major factor contributing to the increased use of alcohol/
gasoline. The U.S. Clean Air Act Amendments of 1990 mandated the requirements to change the 
formulation of gasoline, specifi cally to reduce carbon monoxide emission, and also the requirement 
that in regions where the carbon monoxide standard was exceeded, oxygenated fuels containing at 
least 2.7% oxygen by weight must be used. The list of oxygenates included methyl  tert -butyl ether 
(MTBE), ethanol, and methanol, among others. However, with the gradual withdrawal of MTBE 
from the market because of concern over reports of adverse reactions and groundwater contamination, 
use of ethanol as the replacement oxygenate is expected to increase with time. 

 26.1.2 Exposed Populations 

 Over one hundred million people in the United States are exposed to gasoline vapor during refueling 
activities (Wixtron and Brown, 1992). Although the number of people exposed specifi cally to alcohol/
gasoline vapor is not known, it has been estimated that, in the United States, 70 million people live 
in areas where oxygenated fuels are used (Health Effects Institute [HEI], 1996). In Brazil, where 
ethanol and ethanol/gasoline are used exclusively as automobile fuels, exposure to ethanol/gasoline 
vapor is nationwide. Ethanol and ethanol/gasoline are used to varied extents in numerous countries in 
Africa, Asia, Australia, and Europe (Coelho and Goldemberg, 2004) although statistics on exposed 
populations are not available. 

 26.2 COMPOSITION 

 26.2.1 Liquid 

 Ethanol and methanol components within the alcohol/gasoline mixtures are individual, well-defi ned 
chemicals. Recent analysis of anhydrous ethanol stock used to prepare ethanol/gasoline blends 

TABLE 26.1 Composition Ranges of 
European Gasolinea by Hydrocarbon Type
Composition % by volume

Alkanes 30–90

Cycloalkanes 1–35

Alkenes 0–20

Aromatics 5–55

a May contain up to 0.15 g/l lead.
Source: Data adapted from CONCAWE (1992).
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detected some paraffi ns, aromatic hydrocarbons, aldehydes, ketones, and other alcohols (Vilar et al., 
2003). In comparison, the gasoline component of the mixture is much more complex. Gasoline con-
sists of mostly hydrocarbons whose composition varies widely depending on the sources of crude 
oil, the refi nery processes, the product specifi cation, and seasonal adjustment (Wixtrom and Brown, 
1992). At least 150 compounds have been identifi ed in gasoline and, theoretically, 1200–1500 hydro-
carbons are possible (Domask, 1984). The wide range of variation in hydrocarbon types is illustrated 
in the analysis of the composition of European gasoline (Table 26.1). There is signifi cant variation 
in organics even from different batches of gasoline (Kumarathasan et al., 1996). Therefore, any 
toxicological study of alcohol/gasoline must bear in mind that the toxic expressions result from the 
exposure to, and the interaction of, a complex mixture whose composition varied with sources and 
batches. The presence of lead could be a confounding factor. Although North American gasoline is 
unleaded (<0.013 g/l), lead may be present in gasoline sold in Europe at a concentration of <0.15 g/l. 
In this chapter, only the toxicology of alcohol/unleaded gasoline vapor is considered.   

 26.2.2 Vapor 

 The composition of gasoline vapor is governed by the boiling points of the individual liquid compo-
nents and is infl uenced by ambient temperature. As shown in Table 26.2, the relative concentration 
of a hydrocarbon type is more or less inversely proportional to the carbon number. Thus, C4/C5 com-
pounds such as  n -butane, isobutane,  n -pentane, and isopentane are the dominant constituents found in 
gasoline vapor at gasoline-loading facilities and service stations (Halder et al., 1986a; Mckee et al., 
2000; Roberts et al., 2001). Benzene, a C-6 compound and a regular constituent of gasoline, is also 

TABLE 26.2 Composition of Unleaded Gasoline (API 94-02) 
and Unleaded Gasoline Vapor Condensate
Composition Liquid, vol % Vapor, vol %

N-Alkanes 12.3 28.5

Total alkanes 48.4 79.5

Cycloalkanes 5.6 2.3

Total alkenes 9.7 14.1

Total aromatics 34.4 4.0

Benzene 1.4 1.0

Toluene 8.0 2.0

Carbon number

4 5.1 18.9

5 16.8 46.4

6 18.6 23.6

7 19.4 7.8

8 20.7 3.1

9 11 0.2

10 5.2 0.0

11 2.1 0.0

12� 1.0 0.0

Total 99.9 100

 Source: Adopted from Roberts et al. (2001). 
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present in the vapor phase in signifi cant concentration. The mixing of a variable amount of alcohols 
with gasoline will of course add to the complexity of an already complex mixture and in turn the 
complexity of its vapor. However, based on a comparison of the critical physicochemical properties 
of ethanol and methanol with known volatiles in gasoline such as isopentane and benzene (Table 
26.3), it can be predicted that, depending on the alcohol-to-gasoline ratio, these alcohols will form a 
substantial portion of an alcohol/gasoline vapor. In the only published study of vapor composition of 
an alcohol/gasoline fuel, Tsai and Weisel (2000) reported that the vapor composition in a garage due 
to evaporative emission from an M85-fueled vehicle varied from 0.015 ppm for benzene and 0.78 
ppm for methanol at an average fuel tank temperature of 23 o C, to 0.21 ppm for benzene and 1.2 ppm 
for methanol at 37 o C . The higher proportion of methanol to benzene in the vapor certainly refl ected 
the percent methanol in the M85 fuel, and also the lower normal boiling point of methanol. The 
vapor density of ethanol and methanol is much lower than that of benzene and gasoline (Table 26.3), 
which can affect the vapor composition in a well-ventilated area.   

 26.3 STUDIES ON HUMAN AND NONHUMAN PRIMATES 

 Benzene, a regular component of gasoline, is classifi ed a group 1 agent, i.e., a human carcinogen 
(International Agency for Research on Cancer [IARC], 1987). Gasoline is classifi ed as a group 2B 
agent, i.e., a possible human carcinogen (IARC, 1989). Although alcoholic beverages are considered 
as carcinogenic to humans (group 1) (IARC, 1988), ethanol and methanol in liquid or vapor phase have 
not been evaluated for carcinogenicity. No carcinogenicity data are available for alcohol/gasoline. 

 Concerns over the possible health effects have been raised with the realization of the possibil-
ity of a widespread use of alcohols as oxygenates and alternate fuels (HEI, 1987, 1996; Costantini, 
1993; Caprino and Togna, 1998; Ahmed, 2001). However, only a few preliminary exposure and 
health effect studies of alcohol/gasoline have been conducted on humans. An initial study reported 
that the presence of 10% ethanol signifi cantly lowered the odor-detection threshold for one brand 
of gasoline but not for another brand with a different aromatic content (Zhao et al., 1995). Backer 
et al. (1997) analyzed the gasoline-related volatile organic compounds (VOCs) in the blood and in 
the personal breathing zone of persons refueling regular unleaded gasoline or gasoline containing 
10% ethanol (E10). They found a similar pattern of VOCs in the personal breathing zone for the 
two groups, and no signifi cant differences in the VOCs in their blood. Tsai and Weisel (2000) dem-
onstrated that evaporative emissions from an M85-fueled automobile increased the indoor VOCs 
represented by benzene, toluene, and methanol. Based on observations conducted on controls and 
exposed groups of limited sizes, Gattàs et al. (2001) reported that gas station operators exposed to a 

  TABLE 26.3 Molecular Weight, Normal Boiling Point, and Vapor Density of 
Gasoline and Alcohols   

Gasoline Isopentane Benzene Ethanol Methanol

Molecular weight 108a 72.1 78.1 46.1 33.1

Boiling point, °C Initial 39 30 80.1 78.3 64.9

After 10% distilled 60

After 50% distilled 110

After 90% distilled 170

Final 204

Vapor density, g/ml 3–4 2.48 2.77 1.6 1.11

Vapor pressure, kPa 62–103 79 12.7 7.9 6.8

    a  Average molecular weight. 
Source: Data adapted from ATSDR, 1995, and von Burg, 1989.  
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mixed fuel called MEG (33% methanol, 60% ethanol, and 7% gasoline) had signifi cantly increased 
frequency of oral mucosa micronuclei, suggesting a mutagenic hazard of MEG. 

 More studies in humans and monkeys are available on individual methanol and ethanol vapors. 
A summary report (New Energy Development Organization [NEDO], 1987) of a study on monkeys 
exposed to methanol vapor for 21 days indicated the following effects: abnormal cage-side neu-
robehavior at 5000 ppm; acidosis, probably due to accumulation of formic acid, at 5000–7000 ppm; 
increased white blood cell and changes in electroencephalogram at 7000 ppm; and histopathological 
changes in the brain at 5000 ppm. No increase in blood formate, the proximal toxic metabolite during 
acute methanol poisoning, was found in human volunteers following a 6-h inhalation exposure to 
200 ppm methanol (Lee et al., 1992). Osterloh et al. (1996) observed a rapid increase in serum 
and urinary methanol but no signifi cant increase in formate in humans inhaling methanol vapor at 
200 ppm for 4 h. The overall elimination half-life for serum methanol was 3.2 h. Batterman et al. 
(1998) studied volunteers exposed to methanol vapor at 800 ppm for 0.5 to 2 h and estimated the 
half-life in blood, urine, and breath to be approximately 1.5 h. A physiologically based pharmaco-
kinetic (PBPK) model constructed by Pastino et al. (1997) indicated that inhalation of ethanol at or 
above the concentrations expected to occur upon refueling resulted in minimal increase in blood etha-
nol concentration and was unlikely to result in toxicity. Similarly, employing a biologically based 
dynamic model, Bouchard et al. (2001) estimated that an 8-h inhalation of 500–2000 ppm methanol 
vapor is needed to signifi cantly increase blood and urinary formate above the background level. 
A 4-h exposure to methanol vapor at 200 ppm was found to have little effect on several measures 
of neurobehavioral performance (Chuwers et al., 1995) and only a slight excitatory effect (Muttray 
et al., 2001) on humans. Mann et al. (2002) observed that interleukin-1� and interleukin-8 in nasal 
secretions were increased in healthy volunteers following exposure to 200 ppm of methanol vapor, 
suggesting a subclinical irritating effect. 

 Reproductive and developmental studies were conducted on monkeys exposed to 200–1800 
ppm methanol for 2.5 h/d during the premating and mating period and during pregnancy (Burbacher 
et al., 1999a, 1999b). The mean duration of pregnancy was reduced in all methanol-treated groups. 
Two females in the 1800-ppm group demonstrated a wasting syndrome and were sacrifi ced. Some 
possible neurobehavioral effects in the form of reduced performance with the Visually Directed 
Reaching Test and a reduced novelty preference (Fagan Test of Infant Intelligence) were detected 
in infants prenatally exposed to methanol. A follow-up study on the exposed infants using a Simple 
and Choice Reaction Time test and movement time did not reveal a treatment effect (Cardenas et al., 
2000). As with the human study noted above, there was a small increase in maternal blood methanol 
but not formate throughout the exposure. Dorman et al. (1994) showed that short-term (2-h) exposure 
to 900 ppm of methanol vapor did not result in elevation of blood formate above those presented 
endogenously. 

 26.4 TOXICOLOGICAL STUDIES ON ANIMALS 

 26.4.1 Technical Considerations and Dose Ranging 

 26.4.1.1 Generation of Vapors 

 Because of the complexity of the gasoline constituents and the wide ranges of boiling points (Table 
26.3), inhalation toxicity of gasoline and alcohol/gasoline vapors are critically infl uenced by the 
methods of vapor generation. There are at least six modes of generating gasoline or alcohol/gasoline 
vapors for the test animals to inhale. They are summarized below with comments. 

  1.  Closed atmosphere system  (Gargas et al., 1986). A 9.0-l desiccator served as the expo-
sure chamber into which fi ltered air was recirculated as a closed system. Test chemicals 
were introduced as liquids upstream of the chamber and the chamber atmosphere monitored 
by gas-liquid chromatography. Carbon dioxide was removed with barium hydroxide-lime. 
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Water vapor was removed by means of a cold trap. Oxygen was replenished to maintain 
a concentration of 19–21%. This system is suitable for experiments designed for small 
numbers of animals. 

  2.  Atomization  (Kuna and Ulrich, 1984). Gasoline was atomized into a small chamber, 
mixed with incoming air, and drawn by negative pressure into the exposure chamber. 
With this method, incomplete vaporization of gasoline and entry of aerosolized materials 
into the exposure chamber were experimental concerns. Deposition of aerosals on the 
skin may result in entry of test chemicals through the oral and dermal routes in addition 
to the desired inhalation route. 

  3.  Total vaporization  (MacFarland et al., 1984; Tilbury et al., 1993). In this method, gaso-
line was delivered from a metering pump to a heated countercurrent vaporization column 
or a heated stainless steel J-tube containing glass beads and completely volatilized. Dry 
nitrogen or air was used to carry the vapor into the exposure chamber. A drawback of this 
method was that the temperature of the heated vaporization unit was not reported and 
presumably not tightly controlled. 

  4.  Vapor recovery unit condensate  (VRU) (McKee et al., 2000). Some gasoline distribu-
tion terminals have installed VRUs, and the condensate from such units was deemed rep-
resentative of the volatile materials to which workers and consumers are exposed during 
normal production and refueling of gasoline. The condensate was metered into a fl ask 
warmed with an electric mantle and the vapor was mixed with dilution air before intro-
duction into the exposure chamber. It was not known if highly volatile constituents of the 
vapor were lost during the vapor collection and condensation process. 

  5.  Gasoline distillates.  In the methods of Roberts et al. (2001) gasoline was heated to a tem-
perature of 65.5°C, resulting in a vapor temperature of 54°C. The vapor was condensed 
by passing through a series of two receiving vessels chilled with cold water and dry ice, 
respectively, then through additional vapor traps chilled in dry ice/isopropyl alcohol. The 
combined condensate represented 10.4% of the initial gasoline weight. In another method 
(Benson et al., 2003) the light fraction gasoline that consisted of all the components vola-
tilized at 130°C was used for vapor generation. 

  6.  Controlled-temperature vaporization.  There are a variety of methods for generating 
vapors from whole gasoline at a controlled temperature. A dynamic fl ow unit specifi cally 
designed for alcohol/gasoline mixtures (Kumarasathan et al., 1996) is briefl y described 
here. The heart of the unit is a J-tube fi lled partially with glass beads (Miller et al., 1980) 
and warmed with an electrical tape. Methanol and gasoline are delivered into the J-tube 
through a metering device while high-effi ciency particulate air (HEPA)-fi ltered carrier 
air, warmed to 75°C, is introduced into the J-tube at a fl ow rate of 25 l/min. The volume 
delivered per unit time to generate the desired vapor concentration at 1 atmosphere in the 
exposure chamber is calculated as follows: 
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 2 
 (L) is the fi nal volume of the 

chamber,  C  is the vapor concentration (ppm) in the inhalation chamber,  d  is the density 
of the chemical in g/ml,  T  is the chamber temperature in °C, 22.4 l/mol is the ideal gas 
constant, and MW is molecular weight. 

    The methanol/gasoline vapor is mixed with HEPA-fi ltered dilution air (580 l/min) and 
introduced into a 2.5-m 3  inhalation chamber. The gasoline and vapor composition of the 
vapor within the inhalation chamber was monitored by gas chromatography-fl ame ion-
ization detection (GC-FID) and further characterized by gas chromatography-mass spec-
trometry (GC-MS). The condition and dynamic parameters of the inhalation chamber are 
summarized in Table 26.4  . 

4049_C026_r03.indd   6284049_C026_r03.indd   628 11/15/2005   4:05:11 PM11/15/2005   4:05:11 PM



Inhalation Toxicology of Alcohol/Gasoline Fuels—Current Status 629

 26.4.1.2 Dose Range and Exposure Levels 

 The choice of dose levels is a critical consideration in the reliable and realistic assessment of the 
toxicity of alcohol/gasoline vapors. Thus, methanol vapor as high as 20,000 ppm had been employed 
in developmental toxicity studies for maternal exposure (Nelson et al., 1985). For short-term and 
subchronic studies, the highest level of gasoline and methanol used has not exceeded 3000 ppm 
(McFarland et al., 1984; Halder et al., 1984, Kuna and Ulrich, 1984; Andrews et al., 1987; Poon 
et al., 1994, 1995a, 1998). To study the effect of occupational and industrial exposure, the dose range 
should be adjusted to refl ect the likely exposure levels. For example, the mean gasoline vapor con-
centrations can be as high as 400 ppm during truck loading (Smith et al., 1993). Presented as the 
8-h time-weighted average, the mean gasoline exposure level was 5.0 ppm for refi nery workers, 
7.7 ppm for service station attendants, and 13.2 ppm for truck drivers (Weaver, 1988). The current 
industrial exposure guidance levels should also be taken into account, e.g., the threshold limit value-
time-weighed average (TLV-TWA) for ethanol, methanol, and gasoline are set at 1000 ppm, 200 ppm, 
and 300 ppm, respectively (American Conference of Governmental Industrial Hygienists [ACGIH], 
2003). When the effects of long-term, low-level exposure are investigated, the dose levels should be 
pertinent to the levels present in the environment, households, and consumer settings. A person may 
be exposed to gasoline vapor as low as 0.26 ppm at the vicinity of a service station, and from 0.3 to 
100 ppm during refueling (Halders et al., 1986a; Roberts et al., 2001). There are only limited data 
on alcohol/gasoline exposure. U.S. EPA has estimated a worst-case scenario of 16–44 ppm methanol 
emitted by a methanol-fueled vehicle in a parking garage (HEI, 1987). Gold and Moulis (1998) esti-
mated that the ambient methanol concentration among hot engines being turned off, 10% of which 
are malfunctioning, to be as high as 114 ppm. On the other hand, Tsai and Weisel (2000) reported 
that the evaporative emission of methanol from an M85-fueled vehicle in the garage and an adjacent 
area was 1.2 and 0.28 ppm, respectively. Backer et al. (1997) found that volatiles such as benzene and 
toluene in a E10 fuel can reach 1 ppm in the personal breathing zone during refueling. 

  TABLE 26.4  Inhalation Chamber Conditions 
and Parameters for a Toxicity Study on 
Methanol/Gasoline Vapor 
Parameters Values

Temperature of carrier gas 75°C

Temperature of vapor (within J-tube) 60°C

Chamber volume, V 2.5 m3

Chamber temperature 23 ± 2°C

Chamber humidity 45–50%

Flow rate, F (HEPA-fi ltered air)

Vapor carrier 25 l/min

Chamber inlet 580 l/min

Number of air changes per houra 14

Calculated t99b 13 min

Actual time to approach equilibrium 15–20 min

Agreement of measured with nominal 
methanol levels (5000–50 ppm)

±1%–7%

  a  Number of air change � 60 min/( V / F ). 
  b   Time to achieve 95% of the equilibrium concentration, 

t
 99 

 � 4.605 ×  V / F  (MacFarland, 1986). 
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 26.4.1.3 Exposure Modes 

 The whole-body inhalation exposure mode has been used in most of the studies on gasoline vapor. 
In small-scale and acute-exposure studies, the closed-chamber system was often used (see section 
26.4.1.1). For studies involving a larger number of animals and longer exposure periods, specially 
constructed inhalation chambers with dynamic airfl ow and real-time monitoring of test atmosphere 
should be employed. For regulatory testing, various guidance documents have been promulgated 
to ensure the quality and profi ciency of the results. For studies of alcohol/gasoline vapors, the per-
tinent specifi cations include: number of changes of air (10–15 per hour), total volume of test ani-
mals (< 5% of test chamber volume), oxygen content (at least 19%), continuous or intermittent 
in-chamber measurement of the test atmosphere, and uniform distribution of test vapor (U.S. EPA, 
1998; Organization for Economic Co-operation and Development [OECD], 2002). 

 With the increasing availability and validation of the multiport systems (Pauluhn, 1994), the 
nose/head-only mode of exposure will be increasingly used in the study of the toxicity of gasoline 
and alcohol vapors. This type of system is particularly useful for studies in which the supply of test 
materials is limited and when the inhalation route alone is needed to characterize the disposition, 
metabolism, and pharmacokinetic parameters. A nose-only exposure system, for example, was used 
to study the metabolism of  14 C-MTBE vapor alone and in combination with gasoline vapor (Benson 
et al., 2003) and for the physiologically based pharmacokinetic model prediction of inhaled ethanol 
(Pastino et al., 1997). 

 A lung-only method has also been used for the precise delivery of  14 C-methanol to Cynomolgus 
monkeys for pharmacokinetic studies (Dorman et al., 1994). 

 26.4.2 Animal Toxicity 

 26.4.2.1 Alcohol/Gasoline and Gasoline Vapors 

 Neurobehavioral testing 
 Because of the neurobehavioral effects of gasoline and alcohols at high vapor concentrations (Reese 
and Kimbrough, 1993; Ritchie et al., 2001), neurobehavior testing should be an integral part of any 
comprehensive toxicity study on alcohol/gasoline vapors. A large array of functional observation 
battery (FOB) tests, including cage-side observations, open-fi eld tests, and manipulative tests, is now 
available for this purpose (Moser, 1988; Moser et al., 1998). In the subchronic studies where rats 
were exposed to methanol/gasoline vapor at 570/3200 and 2500/3200 ppm (Poon et al., 1995a) and 
ethanol/gasoline vapor at 6130/500 ppm (Chu et al., 2005), a limited suite of cage-side behaviors 
was employed : arousal, ataxia, clonic movement, gait score, handling reactivity, home-cage posture, 
chromodacryorrhoea, salivation, cyanosis, alopecia, piloerection, and vocalization. Subjective ratings  
of 1 (frequent), 2 (occasional), 3 (infrequent), and 4 (not observed) were used to assess the presence 
or absence of an effect. No remarkable treatment-related changes were observed. 

 In a subchronic study in which rats inhaled methanol/gasoline vapor at a maximum concentra-
tion of 5000/300 ppm (Poon et al., 1998), cage-side observations were done daily, and a limited number 
of quantitative and semiquantitative neurobehavioral screening tests (Moser, 1988), open-fi eld 
activity, righting refl ex, grip strength, were performed at the termination of the treatment period. 
Except for a small but signifi cant decrease in the forelimb grip strength in females exposed to the 
high-dose methanol/gasoline, no other treatment-related changes were detected. Decreased fore-
limb or hindlimb strength has been reported in a number of studies after exposure to alkylbenzene, 
benzene, and hexane (Dempster et al., 1984; Tegeris and Balster, 1994; Spencer et al., 1980). All 
three compounds are regular constituents of gasoline. Thus, although acute exposure to high levels 
of gasoline vapor is known to produce severe neurological and behavioral effects in humans (Poklis 
and Burkett, 1977), cage-side and neurobehavioral tests so far employed, with the possible excep-
tion of forelimb and hindlimb grip strength, have not been able to detect a treatment effect following 
repeated exposure to gasoline/alcohol vapors. 
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 Body weight gain 
 Male but not female rats exposed to gasoline at 3200 ppm gasoline or methanol/gasoline at 570/3200 
ppm and 2500/3200 ppm had reduced food consumption and depressed body weight gain over the 
4-week exposure period. On the other hand, no signifi cant change in growth curves were observed 
in rats of both sexes exposed to methanol vapor alone at 2500 ppm for 4 weeks (Poon et al., 1995a) 
or methanol/gasoline vapor at 5000/300 ppm for 13 weeks (Poon et al., 1998). In another study 
depressed body weight gain was observed in female rats exposed for 4 weeks to ethanol/gaso-
line at 6130/500 ppm, but not to 500 ppm gasoline or 6130 ppm ethanol alone (Chu et al., 2005). 
Earlier studies also reported depressed weight gain in male rats exposed to 20,000 mg/m 3  (670 
ppm) for 2 months (Vyskočil et al., 1988) and in rats of both sexes at 2056 ppm for 103–113 weeks 
(MacFarland et al., 1984), but no changes at 300 ppm for 50 weeks (Short et al., 1989). Exposure 
to methanol at 5000 ppm had no effect on body weight gain (Andrews et al., 1987). Taken together, 
high levels of gasoline vapor appeared to be the primary cause of depressed body weight gain. At 
lower levels of gasoline vapor of 500 ppm or less, depressed weight gain was seen only when a high 
level of ethanol was also present. 

 Organ weights 
 Both male and female rats had increased relative liver weight following a 4-week exposure to gaso-
line at 3200 ppm alone or in the presence of 570 ppm or 2500 ppm methanol (Poon et al., 1995a). 
On the other hand, hepatomegaly was not observed in rats of both sexes when exposed to a vapor 
mixture of higher methanol and lower gasoline concentrations (5000/300 ppm) (Poon et al., 1998).
In male rats inhaling a mixture of ethanol gasoline at 6130/500 ppm, the relative liver weight was 
signifi cantly decreased but recovered after a 4-week recovery period (Chu et al., in press). Increased 
relative liver weight was also observed in male rats exposed to 570 ppm gasoline vapor for 30 
days (Vyskočil et al., 1988) and in mice to 2056 ppm gasoline for 13 weeks (Tilbury et al., 1993, 
Standeven et al., 1994). 

 Male but not female rats showed increased kidney weights following a 13-week exposure to gas-
oline vapor at 500 ppm, whereas ethanol vapor at 6130 ppm had no effect on male and female kidney 
weights (Chu et al., 2005). This observation is consistent with the well-known male-specifi c renal 
toxicity of gasoline (Halder et al., 1984; McFarland et al., 1984, Short et al., 1989). Relative kidney 
weights were increased in rats of both sexes exposed to methanol/gasoline vapor at 570/3200 and 
2500/3200 ppm but not to 2500 or 3000 methanol alone (Poon et al., 1994, 1995a). It is, therefore, 
possible that a combination of methanol and gasoline may have an effect on the kidney that is inde-
pendent of a male-specifi c effect that is associated with hyaline-droplet nephropathy (see below). 

 Histopathology 
 The most common histological alteration following inhalation of methanol, gasoline, methanol/
gasoline, methanol/toluene, or ethanol/gasoline was the mild and reversible changes occurring at the 
epithelial lining of the nasal cavity and upper respiratory tract (Poon et al., 1994, 1995a, 1998; Chu 
et al., 2005; Andrews et al., 1987; NEDO, 1987). In humans, there is a biochemical indication of 
irritation to the nasal passage even though histopathological evidence is lacking (Mann et al., 2003). 
Figure 26.1 depicts typical infl ammatory changes occurring at the nasal cavity after methanol/toluene 
exposure, which can also be detected in milder degrees following alcohol/gasoline inhalation.   

 Hyaline droplet nephropathy in male rats is a typical treatment effect of gasoline. The etiology 
of this male-specifi c effect has been described. The liver of young and mature male rats produces 
a large amount of �

 2µ 
-globulin, which is reabsorbed in the proximal tubules and phagocytized and 

digested by lysosomes. Branch-chain paraffi n components of gasoline interfered with this process. 
For example, 2,2,4-trimethylpentane, a typical branch-chain paraffi n, is metabolized to 2,4,4-trimethyl
l-2-pentanol, which binds to �

 2µ 
-globulin and interferes with the lysosomal catabolism of this pro-

tein. Abnormal accumulation of this protein complex caused the lysosomes to disintegrate, inducing 
cytotoxicity, cell death, and eventually the typical hyaline-droplet nephropathy. With chronic expo-
sure, renal neoplasia may be the ultimate adverse expression (Swenberg et al., 1989). In a series of 
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  FIGURE 26.1  Nasoturbinate, level B of female rats exposed to 300 ppm methanol (upper panel) showing 
normal submucosal structures consisting of thin-walled veins and no subepithelial lymphoid proliferation; 
and to 300 ppm methanol and 30 ppm toluene (lower panel) showing laminar thickening of the submucosa 
due to edema and infi ltration of mononuclear cells lying between the respiratory epithlelium and the large 
venous sinuses. 
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studies (Poon et al., 1994, 1995a, 1998; Chu et al., in press) this typical histopathological change in 
the proximal tubules was not a prominent observation in the male rats exposed to vapors of gasoline, 
gasoline/methanol, or gasoline/ethanol, even though subtle male-specifi c changes in terms of ele-
vated urinary excretion of albumin and ß

 2 
-microglobulin were evident at the time (Poon et al., 1998). 

In contrast, hyaline-droplet nephropathy was readily induced in male rats in other inhalation studies 
(Halders et al., 1984; Short et al., 1989) and when gasoline was administered orally (Garg et al., 
1989). This difference in toxic effect is likely related to the concentrations of isoparaffi ns delivered 
to the rats. When gasoline is administered orally or a test atmosphere is generated at such a tempera-
ture that 2,2,4-trimethypentane (b.p. 98–99°C ) is vaporized, a high concentration of isoparaffi n will 
be delivered to the animals, producing the typical kidney effects. When vapor is generated under a 
control temperature of 60°C, much lower concentrations of isoparaffi ns will be present in the test 
atmosphere and kidney effects will be minimal. The critical role of vapor composition on male rat-
specifi c nephropathy was fi rst demonstrated by Halders et al. (1986a, 1986b). 

 Exposure to gasoline (3200 ppm) and methanol/gasoline (570/3200 ppm) appears to produce a 
subtle change in the rat uteri in the form of reduced submucosal and myometrial eosinophilia, sug-
gesting a perturbed estrus cycle (Poon et al., 1995). Uterine changes consisting of decreased severity 
of cystic endometrial hyperplasia and increased incidence of uterine atrophy have been observed 
in mice following lifetime inhalation of gasoline vapor at 2056 ppm (MacGregor et al., 1993). 
Decreased uterine weight was observed in mice exposed to approximately 2000 ppm of two differ-
ent unleaded gasoline vapors for as little as 3 d (Moser et al., 1996). Enhanced clearance of estrogen 
due to increased hepatic metabolism has been proposed as a possible mechanism for the observed 
uterine changes (Standeven et al., 1994; Moser et al., 1996). A cross-sectional retrospective study 
of over 3000 women who worked in a petrochemical company suggested a signifi cant association 
between benzene exposure and abnormal menstrual cycle length (Thurston et al., 2000). 

 Hematology and clinical chemistry 
 The hematology parameters appeared not to be a major target of unleaded gasoline (Kuna and 
Ulrich, 1984; MacFarland et al., 1984) or alcohol/gasoline. Decreased serum glucose and choles-
terol were found in male rats inhaling gasoline (3200 ppm) with or without methanol at 570 and 
2500 ppm (Poon et al., 1995), but the values were within the normal physiological variation. 

 Hepatic enzymes 
 Both gasoline at 3200 ppm and gasoline/methanol at 3200/570 and 3200/2500 ppm increased the 
activities of hepatic ethoxyresorufi n-O-deethylase, aniline hydroxylase, aminopyrine demethylase, 
and UDP-glucuronosyltransferase (Poon et al., 1995). Gasoline is responsible for these treatment 
effects because methanol alone did not produce changes in any of the enzymes (Poon et al., 1994, 
1995), while increased activities in hepatic ethoxyresorufi n O-deethylase, pentoxyresorufi n dealkyl-
ase, and UDP-glucuronosyltransferase were commonly observed in rodents treated with gasoline 
(Standeven et al., 1994; Moser et al., 1996; Chu et al., 2005). 

 Bronchoalveolar fl uid analytes 
 Analysis of the bronchoalveolar lavage fl uid is a useful tool in the study of changes affecting the 
lung, specifi cally the bronchoalveolar lining (Henderson, 1984; Henderson et al., 1988). Table 26.5 
describes a procedure routinely used for the preparation of cells and cell-free bronchoalveolar fl uids. 
Cells and biochemical analytes that were affected at early stages of injury to the lung and bronchoal-
veolar lining are also summarized in the table. A limited amount of data is available pertaining to the 
effect of gasoline and alcohol/gasoline vapors. Le Mesurier et al. (1980) reported that rats inhaling 
extremely high concentration (74 g/l or approximately 24,900 ppm 1 ) of a leaded gasoline 8 h/d for 
15 days had decreased pulmonary surfactants. White et al. (1983) examined the lung tissues and cells 
and analytes from bronchoalveolar fl uids of rats after inhalation of 10,000 ppm of methanol vapor 

  1  Gasoline vapor concentration in mg/m 3  is converted to ppm by dividing with a factor of 2.967 (Reese and Kimbrough, 
1993; IARC, 1989) .
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for up to 6 weeks and detected no signifi cant changes. Exposure to methanol/gasoline at 570/3200 
and 2500/3200 ppm produced a small decrease in ascorbic acid in male but not female rats. No other 
treatment-related changes were observed in the bronchoalveolar fl uid analytes, including protein, 
lactic dehydrogenase, γ-glutamyltranspeptidase, and alkaline phosphatase (Poon et al., 1995).   

 Brain neurotransmitters 
 Male rats inhaling gasoline at 330 ppm for 2 months had increased hypothalamic noradrenaline 
(Vyskcoil et al., 1988). A 4-week exposure to ethanol (6130 ppm) or gasoline (500 ppm) resulted 
in altered levels of neurotransmitters which were brain-region and sex specifi c (Chu et al., 2005). 
Ethanol decreased mediodorsal thalamus 5-hydroxy indoleacetic acid and hippocampal serotonin, 

  TABLE 26.5  Bronchoalveolar Lavage Fluid—Procedure and Analysis 

Lavage Procedure

1. Anesthetize animal with pentobarbital (50 mg/kg) and keep animal warm under a tungsten lamp.

2. Completely bleed animal by withdrawing blood from the abdominal aorta.

3. Cut open thoracic cavity, expose lung and trachea.

4. Cut loose the tongue to expose the laryngeal opening.

5. Insert a silicon-tipped animal-fl eeding needle (20 gauge) into the trachea and ligate.

6.  Instill saline (6.5 ml/100 g rat) at 37°C into the lungs. The lungs are massaged by gently 
pressing and releasing on the ribcage fi ve times over a 10 sec period. The lavage fl uid is 
slowly withdrawn. This step is repeated three times. Care must be taken to avoid 
contamination with blood.

7. The lavage step is repeated two more times with the same volume of fresh warm saline.

8. The pooled lavage fl uid is centrifuged at 500 ´ g for 5 min.

9.  The supernatant is collected as the cell-free bronchoalveolar lavage fl uid and stored at–70°C 
until further biochemical analysis.

10.  The cells are resuspended in phosphate-buffered saline or Dulbecco’s modifi ed Eagle’s 
medium and used immediately for cell counts.

Biochemical Analysis

N-Acetylglucosaminidase

Albumin

Alkaline phosphatase

Al-antitrypsin

Ascorbic acid

Glucose

Lactic dehydrogenase 

Pulmonary surfactant

Cytokines

Total protein

Cellular analysis

Total cell count

Mononuclear cell count

Polymorphonuclear cell count

  Sources: Le Mesurier et al. (1980); White et al. (1983); Henderson et al. (1984, 1988); Hatch et al. (1986); 
Nambu et al. (1991); Poon et al. (1995b); Nomiyama (1995); Xie et al. (1995). 
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and gasoline increased entorhinal serotonin in female rats only. On the other hand, coexposure with 
ethanol/gasoline (6130/500 ppm) appeared to decrease dopamine in nucleus accumbens of both 
male and female rats. 

 In studies where leaded gasoline was used, there was added complexity in interpreting the neu-
rotoxicity because of the presence of organic lead, a human neurotoxin (Robinson, 1978; Seeber 
et al.,1990). However, many components within unleaded gasoline, e.g., benzene and hexanes, are 
also known neurotoxins (see reviews by Burbacher, 1993; Ritchie et al., 2001). As described in sec-
tion 26.4.2.2, inhaled ethanol also modulated the level of neurotransmitters in the brain. With such 
paucity of data, future investigations on the effect of alcohol/gasoline on neurotransmitters and their 
correlation to neurotoxicity, addictive behavior, etc., should be an area of fruitful research. 

 Urinary biomarkers 
 Urinary biomarkers are among the most sensitive biomarkers of gasoline and alcohol/gasoline 
effects. Increased urinary albumin excretion was detected following inhalation exposure to methanol/
gasoline vapor at levels from 50/3 ppm to 5000/300 ppm (Figure 26.2) (Poon et al., 1998). The 
albumin effect was male specifi c and was likely related to the male-specifi c, gasoline-induced hyaline-
droplet nephropathy (see section 26.4.2.1, Histopathology). Urinary albumin is a more sensitive 
biomarker of renal effect because the increases occurred in the absence of microscopic evidence of 
accumulation of hyaline droplets in the renal tubular cells. Increased urinary ascorbic acid excre-
tion in rats of both sexes is also a sensitive biochemical marker of exposure to gasoline, whether by 
the inhalation or oral route (Poon et al., 1995a, 1998, 2001; Chu et al., in press). The toxicological 
signifi cance of this increase is not yet established but is likely related to a xenobiotic activation of 
the hepatic glucuronic acid pathway (Burns et al., 1960; Poon et al., 1995b). Urinary hippuric acid 
(Ogata and Taguchi, 1987; Poon et al., 1995a; Chu et al., 2005), and  trans , trans -muconic acid 
(Popp et al., 1994; Hotz et al., 1997) have been proposed for use as biomarkers of exposure to the 
toluene and benzene components, respectively, of gasoline.    

 Developmental and reproductive toxicity 
 No data are available for alcohol/gasoline vapors. Female rats inhaling gasoline vapor up to 9000 
ppm during gestation days 6–19 did not produce any evidence of developmental toxicity (Roberts 
et al., 2001). Although histological examination pointed to subtle uterine changes in rodents exposed 
to gasoline vapor (section 26.4.2.1, Histopathology), a two-generation study on rats indicated that 
exposure to gasoline vapor at up to 20,000 mg/m 3  did not affect the reproductive parameters measured 
and the offspring survival and growth (McKee et al., 2000). 

 26.4.2.2 Methanol and Ethanol Vapors 

 A 52-week continuous inhalation study on rats and mice (NEDO, 1987) suggested that the no-
observed-effect-level (NOEL) 2  for methanol is 100 ppm. At high methanol concentrations (10,000 ppm) 
methanol but not ethanol produced maternal toxicity and congenital malformations in rat fetuses 
(Nelson et al., 1985). Stanton et al. (1995) observed little effect on a broad battery of behavioral 
tests in offspring of rats exposed to 15,000 ppm of methanol vapor. On the other hand, Stern et al. 
(1997) indicated that exposure to 4500 ppm methanol vapor was associated with subtle behavioral 
changes in both neonates and adults. Developmental toxicity was also observed in mice fol-
lowing maternal exposure to methanol from 2000 ppm to 15,000 ppm (Bolon et al., 1993; Rogers 
et al., 1993; Dorman et al., 1995). Exposure to 800 ppm methanol vapor for 13 weeks had no effect 
on testicular morphology on 8-week old rats regardless of whether the rats were folate reduced or 
not (Lee et al., 1991). Decreased serum testosterone was observed in mature male rats following 
exposure to 200 ppm methanol vapor for 2 to 6 weeks (Cameron et al., 1984), but acute exposure to 

  2  No-observed-effects level (NOEL) is the highest dose level at which no statistically signifi cant effects of any kind were 
detected in the treated animals as compared with the control. In regulatory toxicology, this value is used together with the 
appropriate safety factors to calculate the minimal risk level or tolerable daily intake. 
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5000 ppm methanol yielded an increase in serum prolactin but no changes in testosterone (Cooper 
et al., 1992). Andrews et al (1987) subjected rats to up to 5000 ppm methanol vapors for 4 weeks 
and found no effects on body and organ weights and no changes upon histopathological and oph-
thalmoscopic examinations. 

 Many of the studies on ethanol vapor were focused on neurological effects. Administration of 
ethanol to weanling rats by inhalation to achieve an average blood alcohol level of 239 mg/dl resulted 
in loss of Purkinje and granule cells in the cerebellar cortex (Bauer-Moffett and Altman, 1977). 
Signifi cant changes in brain neurotransmitters were observed in offspring of rats after prenatal or 

  FIGURE 26.2  Effect of methanol/gasoline vapor on urinary albumin. Mean ± SD of fi ve rats; * denotes 
signfi cant difference from the control at  p  � 0.05. From Poon et al. (1998). 
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paternal exposure to 10,000 and 16,000 ppm ethanol vapor (Nelson et al., 1988). On the molecular 
biology level, prolonged ethanol inhalation resulted in decreased gamma-aminobutyric acid A receptor 
alpha subunit mRNAs in the rat cerebral cortex (Montpied et al., 1991). 

 26.4.3 Interactive Effects 

 The biological effects of gasoline are dependent largely on its composition, which is complex and 
variable in its own right. Investigating the  in vivo  biological interaction of alcohol and gasoline will 
no doubt involve a level of complexity that is beyond that of a simple binary mixture. A study in 
humans reported that the presence of 10% ethanol signifi cantly lowered the odor detection threshold 
of one brand of gasoline but not another brand (Zhao et al., 1995). In rat studies, infl ammation of the 
nasal passage was more prevalent in those inhaling methanol/toluene vapor than in those exposed 
to individual vapors (Poon et al., 1994). Mixture effects may also be present because exposure to 
ethanol/gasoline, but not to ethanol or gasoline alone, produced decreased liver weight in male rats 
and decreased body weight gain in female rats (Chu et al., 2005). Coexposure with gasoline vapor 
has been found to reduce tissue disposition and enhance metabolism of inhaled methyl tertiary-butyl 
ether (MTBE) in rats (Benson et al., 2003). 

 Although  in vivo  studies have so far failed to provide unequivocal evidence of the presence of an 
interactive effect between alcohol and gasoline, there are a number of studies on volatile hydrocarbons 
that have strongly indicated interactions between alcohol and individual hydrocarbons present in gaso-
line. Studies with rodents have clearly demonstrated that ingested ethanol increased hematotoxicity and 
myelotoxicity of inhaled benzene (Baarson et al., 1982; Nakajima et al., 1985; Marrubini et al., 2003). 
This enhancement of toxicity can be attributed to ethanol as a potent inducer of hepatic cytochrome 
P450 2E1, which is responsible for the conversion of benzene to its toxic metabolites (Kalf, 1987; Koop 
et al., 1989; Guengerich et al., 1991; Medinsky et al., 1994). Inhibition of cytochrome P450 2E1 in 
rodents markedly increased the concentration of exhaled hexane, suggesting that this cytochrome may 
be intimately involved in the metabolism of hexane (Mathews et al., 1997). Inhaled methanol has also 
been reported to increase the metabolism of  n -hexane to the neurotoxic metabolite 2-hexanol (Aarstad 
et al., 1984), and the interactive effect has been attributed to an inducer effect of methanol on cyto-
chrome P450 (Aarstad et al., 1984; Pankow and Jagielki, 1993; Allis et al., 1996). Methanol vapor has 
also been reported to reduce the biological half life of toluene in blood (Ishidao et al., 2000). Figure 26.3 
is a schematic representation of the possible role played by enzyme induction in metabolic interaction 
by which a mechanism of toxicological interaction between alcohols and gasoline may be explored.   

 All these studies were conducted with test compounds that were administered orally or as vapors 
at concentrations ranging from 200 to 10,000 ppm. However, coexposure of mice with liquid ethanol 
and benzene vapor at 0.44 ppm for 6 weeks did not produce changes in immunotoxicity markers 
in the spleen. Further coexposure with liquid ethanol and benzene at 4.4 ppm for 11 weeks did not 
elicit signifi cant alterations in the bone marrow and spleen cell genotoxic markers (Daiker et al., 
2000). The disparate results obtained in the studies above are likely related to the levels of exposure 
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  FIGURE 26.3  A proposed mechanism of interaction between alcohol and gasoline vapors .
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and, therefore, highlighted the importance of the selection of doses levels that are environmentally 
and occupationally relevant in future studies. 

 26.5 RISK ASSESSMENT—EXISTING INFORMATION AND 
DATA GAP 

 The risk assessment of alcohol/gasoline follows a model process applicable to environmental 
contaminants: 

Identification of potentially
hazardous substance

Toxicity characterization

Exposure characterization

Risk assessment

 The study of alcohol/gasoline vapors as an environmental hazard is a relatively recent phenom-
enon and there is not enough toxicity and exposure data to afford a comprehensive and in-depth risk 
assessment. Following is a list of data gaps and points to consider. 

 26.5.1 Identifi cation of Alcohol/Gasoline in Use 

 The fi rst step in risk assessment is the identifi cation and characterization of the hazardous substances. 
It is uncertain at this time which alcohol/gasoline will be the alternate fuels of choice and hence the 
dominant presence in the environment. E85, M85, and E10 are the fuels currently in use in Brazil, the 
United States, Canada, and Europe, although other fuel mixtures such as methanol/isobutanol/gasoline 
(Kushneva et al., 1986), and methanol/ethanol/gasoline (Gattas et al., 2001) have been explored as 
alternate fuels. Although the complexity of gasoline is well known, there is very little information 
concerning the impurities in the methanol or ethanol blending stocks. A recent study indicated that 
anhydrous ethanol stock derived from sugar canes contained a variety of impurities such as saturated 
and aromatic hydrocarbons, aldehydes, ketones, and other alcohols (Vilar et al., 2003). 

 26.5.2 Characterization of Alcohol/Gasoline Vapors 

 It is clear from section 26.4.1.1 that there are many methods for generating vapors. It must be empha-
sized that the condition of vapor generation is a critical determinant of toxic expressions. Alcohol/
gasoline delivered by atomization and aerosol results in the availability of almost all components of 
alcohol/gasoline for inhalation and hence their related toxic expressions. Higher temperature of vapor 
generation results in the presence of higher-molecular-weight compounds in the vapor, e.g., aromatics. 
Vapors generated below 65–75°C contain hydrocarbons of C8 or less (Table 26.2). 

 26.5.3 Long-Term Low-Level Exposure 

 Much of the available toxicity data are derived from short-term studies conducted at vapor levels that 
are many folds higher than those encountered occupationally or in the environment. Comprehensive 
chronic studies involving exposure to vapor concentrations from about 0.01 ppm (service station 
exposure settings) to 200 ppm (present occupational exposure level) are needed. 

 26.5.4 Species Differences 

 Rodents (males only) are highly susceptible to gasoline-induced hyaline droplet nephropathy. As 
discussed in section 26.4.2.1, Histopathology, this is a species- and sex-related effect due to the pres-
ence of high concentrations of �

 2µ 
-globulin in male rodents but not in female rodents or in humans. 
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Therefore, this particular gasoline-induced effect bears very little weight in the risk assessment of 
alcohol/gasoline in humans. 

 Humans, nonhuman primates, and pigs are more susceptible to acute methanol poisoning than 
rodents. The typical symptoms of methanol poisoning involve metabolic acidosis, ocular toxicity, and, 
in severe cases, coma and death. Formic acid has been identifi ed as the proximal toxicant, and the spe-
cies difference in susceptibility can be attributed to the more effi cient folate-dependent formate oxida-
tion pathway of the rodents (Makar et al., 1990; Tephly, 1991). Studies with humans and monkeys 
indicated that exposure to methanol vapor commonly encountered in the consumer and occupational 
settings will most likely not result in signifi cantly elevated blood formic acid levels (section 26.3). 
However, it is not known if acute exposure to methanol/gasoline, as in the case of gasoline sniffi ng, 
can achieve a formic acid level high enough to cause acidosis and ocular damage in humans. Future 
pharmacokinetic and epidemiological studies may provide some answers in this area. 

 The fi rst enzymic step for methanol metabolism involved alcohol dehydrogenase in humans and 
nonhuman primates, and catalase in rodents (Tephly, 1991). Although an earlier review has sug-
gested that the initial metabolic step proceeds at similar rates in nonhuman primates and rats (Kavet 
and Nauss, 1990), more recent pharmacokinetic modeling predicts that the ability to metabolize inhaled 
methanol was in the order mouse 	 rat 		 human (Perkins et al., 1995a, 1995b). The comparative 
toxicokinetics of clearance of inhaled methanol and gasoline in various species is an important area 
of study because the data will complement fi ndings on the differential toxicity and susceptibility 
exhibited by different species. 

 26.5.5 Mechanisms of Toxicity 

 Very little is known about the underlying basis of observed alcohol/gasoline toxicity. Several studies 
have explored possible associations between the ability of gasoline vapor to promote preneoplastic 
lesions in mouse liver to induction of the microsomal drug-metabolizing enzyme CYP2B (Standeven 
and Goldsworthy, 1993). 

 Uterine effects of gasoline on mice (MacGregor et al., 1993) and gasoline and methanol/gasoline 
on rats (Poon et al., 1995a) remain unexplained, although the study of Standeven et al. (1994) has 
suggested that a direct antiestrogenic effect of gasoline may not be the cause. 

 It is well established that acute exposure to methanol through the oral route produces meta-
bolic acidosis and ocular toxicity in humans and that the proximal toxicant in this case is formic 
acid. There is debate as to whether methanol or formic acid is the proximal toxicant responsible 
for the developmental toxicity observed in rodents following methanol inhalation (Dorman et al., 
1995; Medinsky and Dorman, 1995; NTP-CERHR, 2002; Clary, 2003) or methanol treatment of 
whole-embryo culture (Andrews, et al., 1995). In addition, a recent study comparing the activities 
of alcohol dehydrogenase, formaldehyde dehydrogenase, and catalase activity in mouse concep-
tuses has raised the possibility that the ability to remove formaldehyde may play a role in the 
sensitivity of mouse embryos to methanol (Harris et al., 2003). Studies incorporating a broad 
dose range, pharmacokinetic and tissue distribution of methanol, formaldehyde and formic acid 
in dams and offspring, and general and developmental toxicity end points are needed to resolve 
this issue. 

 A biochemical mechanism of the ocular toxicity of methanol involves the inhibition of cytochrome 
oxidase activity by formic acid, thereby interrupting the electron transport process and mitochondrial 
function (Liesivuori and Savolainen, 1991). This inhibitory mechanism has been proposed as a cause 
of the mitochondrial swelling observed in the retina and optic nerves of methanol-intoxicated rats 
(Eells et al., 1996, 2000). Similarly, depletion of ATP after methanol administration has been pro-
posed as the mechanism behind Müller cell (retinal glial cell) toxicity (Garner et al., 1995). Another 
proposed mechanism was that optic neuropathies observed following chronic methanol administra-
tion were associated with accumulation of aspartate, an excitotoxic amino acid, in the optic nerve 
(Gonzalez-Quevedo et al., 2002). 
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 26.5.6 Vulnerable Populations 

 Acetaldehyde, the immediate metabolite of ethanol, is further converted to acetic acid by aldehyde 
dehydrogenases (ALDHs), with ALDH2 being the most active isozyme. Genetic polymorphism in 
ALDH2 leads to partial or complete loss of enzyme function in persons carrying the heterozygote 
(ALDH2*1/2) and homozygote (ALDH*2/2) variants in comparison with the wild type (ALDH2*1/1). 
The results of the enzyme defi ciency include a buildup of acetaldehyde in the blood and a fl ush 
reaction following ethanol intake. The role of ALDH2 polymorphism in human risk assessment, 
including that of cancer risk, is currently under review (Vasiliou and Pappa, 2000; Ginsberg et al., 
2002). Because of the potential widespread exposure of the population to ethanol/gasoline vapor, 
effort should be directed at studying the effect of inhalation exposure on persons that are defi cient in 
ALDH2. 

 In rodent studies, there is ample evidence that folic acid defi ciency, achieved chemically or by 
dietary means, increased the accumulation of formic acid and enhanced methanol-induced toxicity 
(Eells et al., 1981, 1996; Lee et al., 1994; Sakanashi et al., 1996; Aziz et al., 2002). There is also 
some indication that monkeys that were folic acid defi cient (Dorman et al., 1994; Eells et al., 1983) 
had signifi cantly higher blood formate levels. Much toxicological study remains to be done to char-
acterize the potential risk of methanol/gasoline vapor posed on the part of the population that are 
folic acid defi cient. 
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27.1 INTRODUCTION 

 Asbestos has been known for centuries. The Romans used it in cremation cloths and lamp wicks, the 
Greeks also wove the material into cloth, and, in the Middle Ages, asbestos was used for insulating 
suits of armor. Asbestos was used because it is strong, insulates well, and resists fi re and corrosion 
(Browne and Murray, 1990; Ross and Nolan, 2003). 

 It was not until the late 1800s, however, that asbestos was mined commercially, starting in Italy 
and England. In Canada, the fi rst mine was opened in 1879 at Thetford, in the Quebec province. This 
was followed shortly thereafter with commercial asbestos mining in Russia. 

 The term “asbestos” is a generic term used to describe a group of mineral families that have over-
lapping properties. The two most common mineral families that the term asbestos is used to describe 
are the serpentines and the amphiboles. Although the distinction between these two minerals has been 
well described mineralogically since the 1930s, until more recently, little if any differentiation has 
been made in addressing the potential health effects of these two types of minerals. 

 The toxicological differences between chrysotile asbestos, a serpentine mineral, and the 
amphibole asbestos, such as amosite, crocidolite, and tremolite, have more recently been debated 
extensively. Although many studies have shown that chrysotile is not of the same potency as the 
amphiboles and is cleared from the lung more rapidly than amphibole, this issue still is mired in 
controversy. 

 Both serpentine and amphibole asbestos are naturally occurring minerals that are extracted 
from the earth in surface, open-pit, or underground mines. The fi bers are intertwined with adja-
cent rock and are separated through crushing and milling with subsequent fi ltration/separation 
steps. Although the production of chrysotile asbestos has probably always exceeded that of amphi-
bole asbestos by more than 10:1, the amphibole minerals are more abundant and are frequently 
 constituents of igneous rocks and often major components of metamorphic rocks; they are thought 

 27 
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to account for approximately 20% of the shield area of the earth. However, fortunately for us, most 
of these rock-forming amphiboles are not at all asbestos like (Whittaker, 1979). 

 The serpentine minerals mainly occur in serpentinized ultramafi c rocks, which have a wide 
 distribution throughout the world, occurring in mountain chains, in Precambrian shield areas, in 
island arcs, and in midocean ridges. Although concentrations of chrysotile asbestos large enough to 
mine are rare, serpentinized ultramafi c rocks almost inevitably contain chrysotile and some of this 
will be chrysotile asbestos (Wicks, 1979). 

 Most asbestos fi bers were formed under unique conditions when the rock formations were 
undergoing intense deformation characterized by folding, faulting, shearing, and dilation. These 
deformations were often accompanied by the intrusion of magmatic fl uids forming dikes and sills. 
The fi bers crystallized in these high-strain environments, such as within folds, shear planes, faults, 
and dilation cavities and at intrusion boundaries (Ross and Nolan, 2003). 

 27.2 CHRYSOTILE CHARACTERISTICS 

 In 1930, Pauling (1930) reported that if serpentine had a kaolinite-type crystal structure, it would 
have a tendency to curve because of the misfi t of the octahedral tetrahedral layers of the unit cell. 

 The chrysotile fi ber is a sheet silicate, monoclinic in crystalline structure, and has a unique 
rolled form. The chemistry of chrysotile is composed of a silicate sheet of composition (Si

 2 
O

 5 
)

 
 
n
 
 
 �2 n  , 

in which three of the O atoms in each tetrahedron are shared with adjacent tetrahedra and a non-
silicate sheet of composition [Mg

 3 
O

 2 
(OH)

 4 
]

 
 
n
 
 
 �2 n  . In chrysotile the distances between apical oxygens 

in a regular (idealized) silicate layer are shorter (0.305 nm) than the O–O distances in the ideal 
Mg-containing layer (0.342 nm), which may account for the curling of the layers that results in the 
rolling up like a carpet to form concentric hollow cylinders (Skinner et al., 1988). This structure is 
illustrated in Figure 27.1 (adopted from Skinner et al., 1988) and transmission electron micrographs 
of chrysotile are shown in Figure 27.2 (Kiyohara, 1991). The Mg molecule is on the outside of the 
curl and is thus exposed to the surrounding environment. This layered construction of chrysotile is 
illustrated in Figure 27.3. 

 Table 27.1 summarizes the chemical composition of typical serpentine and amphibole asbestos. 
The chemical composition and the structure of chrysotile are notably different from that of amphi-
boles such as tremolite or amosite (Hodgson, 1979). 

 Commercial chrysotile is usually subdivided into groups by using the Canadian Quebec 
Screening Scale (QSS). These groups are determined by using an apparatus with a nest of four 
rotating trays superimposed one above the other. A known quantity of fi ber is placed on the top tray 

FIGURE 27.1 Schematic representation of the chemical structure of chrysotile showing the Mg mol-
ecule is on the outside of the curl. Adapted from Skinner et al. (1988).
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and the trays are rotated for a fi xed time to produce a sifting action. The longest/thickest fi bers stay 
on the top screen (tray), which has the largest openings, and the shorter/thinner fi bers fall though to 
lower screens. The grade is determined based on the weight fractions deposited on each screen and 
ranges from 3 to 9 with 3 being the longest (Cossette and Delvaux, 1979). 

 Nagy and Bates (1952), reporting on the stability of chrysotile, showed that it has a high solubility 
in hydrochloric acid. They also observed that chrysotile has a relatively low thermal stability com-
pared with other hydrous silicate minerals. The heat of the electron beam of an electron microscope 
caused a very rapid change in the morphology of the fi bers, and prolonged exposure to electron bom-
bardment resulted in complete disintegration of the material (Noll and Kircher, 1952). Hargreaves 
and Taylor (1946) reported that if fi brous chrysotile is treated with dilute acid, the magnesium can 
be completely removed, and the hydrated silica remaining, though fi brous in form, completely lost 
the elasticity characteristic of the original chrysotile and gave an x-ray pattern of one or perhaps two 
diffuse broad bands, indicating that the structure is “amorphous” or “glassy” in type. 

 FIGURE 27.2  Transmission electron micrograph of chrysotile showing the curled sheet-like form of 
the fi bers (Kiyohara, 1991).

FIGURE 27.3 Illustration of the layered structure of chrysotile (reproduced from Speil and Leineweber, 
1969).
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 27.3 AMPHIBOLE CHARACTERISTICS 

 In contrast to chrysotile, with amphiboles, the basic structure is in the form of a double-silica chain, 
which appears as an I-beam with corner-linked (SiO

 4 
) �4  tetrahedra linked together in a double- tetrahedral 

chain that sandwiches a layer with the Ca
 2 
Mg

 5 
. These chains are paired, “back-to-back,” with a layer 

of hydrated cations in between to satisfy the negative charges of the silica chains. The fi nal structure is 
formed by stacking these sandwich ribbons in an ordered array (Speil and Leineweber, 1969). This is 
illustrated in Figure 27.4. Each of the blue boxes represents a double chain of tetrahedral (SiO

 2 
). (The 

tetrahedra are illustrated in the middle chains.) With tremolite, the circles represent the magnesium and 
calcium cations that effectively glue one chain to its neighbor (Figure 27.4A). 

 Fewer shared cations bond the chains together along the broad sides of the chains than along the 
narrow sides, resulting in these broad surfaces being bonded less strongly. As shown in Figure 27.4B, it 
is along these weakly bonded surfaces, shown in red dashed lines, that the mineral will most likely break. 
With tremolite, these weak bonds are associated with the Mg. Figure 27.4C simplifi es the picture and 
shows that the double-chain silicates can break into a set of fragments with a potentially regular shape. 

 Figure 27.4D shows the same situation in three dimensions. The potential breakages run along 
the chains and it can be seen how the fi ber shape is formed. The chains themselves do not break 
easily because the bonds between the silica tetrahedra are very strong compared with the bonds 
gluing one chain to the next. 

 Depending on the type of amphibole, the principle cations are magnesium, iron, calcium, and 
sodium. The principle types are: 

 Crocidolite (Na
 2 
Fe

 3 
 2� Fe

 2 
 3� )Si

 8 
O

 22 
(OH)

 2 
 

 Amosite (Fe 2� ,Mg)
 7 
Si

 8 
O

 22 
(OH)

 2 
 

 Tremolite Ca
 2 
Mg

 5 
Si

 8 
O

 22 
(OH)

 2 
 

 Actinolite Ca
 2 
(Mg, Fe 2� )

 5 
Si

 8 
O

 22 
(OH)

 2 
 

 Anthophyllite (Mg, Fe 2� )
 7 
Si

 8 
O

 22 
(OH)

 2 
 

  TABLE 27.1 Typical Chemical Composition (Percent) 

Compound Chrysotilea Tremoliteb Amositeb

SiO
2

40.6 55.10 49.70

Al
2
O

3
0.7 1.14 0.40

Fe
2
O

3
2.3 0.32 0.03

FeO 1.3 2.00 39.70

MnO  — 0.10 0.22

MgO 39.8 25.65 6.44

CaO 0.6 11.45 1.04

K
2
O 0.2 0.29 0.63

Na
2
O  — 0.14 0.09

H
2
O�  — 3.52 1.83

H
2

 — 0.16 0.09

CO
2

0.5 0.06 0.09

Ignition loss 14.0   —  —

Total 100 99.93 100.26

  a   Typical chemical analysis of Canadian chrysotile from the Quebec Eastern 
Townships (LAB Chrysotile, Inc., Quebec, Canada). 

  b  Hodgson (1979), pp. 80–81. 
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FIGURE 27.5 Schematic representation of the chemical structure of tremolite showing the Mg that is 
locked within the I-beam structure. Adapted with permission from: Department of Geology and Geophysics, 
University of Wisconsin, Crystal Structure Movies. Available at http://www.geology.wisc.edu.

FIGURE 27.4  The structural formation of the double-chain silica tremolite asbestos is illustrated. (A) The 
amphiboles shown schematically with the slice directly across the chains. Each of the blue boxes represents 
a double chain of tetrahedral (SiO

2
). (The tetrahedra are illustrated in the middle chains.) With tremolite, the 

circles represent the magnesium and calcium cations that glue one chain to its neighbor. Fewer shared cations 
bond the chains together along the broad sides of the chains than along the narrow sides. These broad sur-
faces are, therefore, bonded less strongly. (B) It is along these weakly bonded surfaces, shown in red dashed 
lines, that the mineral will most likely break. With tremolite, these weak bonds are associated with the Mg. 
(C) Simplifi cation of the picture; the double-chain silicates can break into a set of fragments with potentially 
regular shape. (D) The same situation in three dimensions. The potential breakages run along the chains and it can 
be seen how the fi ber shape is formed. The chains themselves do not break easily because the bonds between the 
silica tetrahedra are very strong compared with the bonds gluing one chain to the next. 
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 The exterior surfaces of the amphiboles are tightly bound silica-based structures. This is illustrated 
with tremolite in Figure 27.5.

    27.3.1 Factors Infl uencing Fiber Toxicology 

 Mineral fi ber toxicology has been associated with three key factors: dose, dimension, and durability. 
The dose is determined by the fi ber’s physical characteristics/dimensions, how the fi brous material 
is used, and the control procedures that are implemented. In addition, the thinner and shorter fi bers 
will weigh less and thus can remain suspended in the air longer than thicker and longer fi bers. Most 
asbestos fi bers are thinner than commercial insulation fi bers; however, they are thicker than the new 
nanofi bers that are currently being developed. 

 The fi ber dimensions govern two factors, fi rst, whether the fi ber is respirable and, second, if it is 
respirable, whether the fi ber will produce a response in the lung milieu once inhaled. Shorter fi bers 
of the size that can be fully engulfed by the macrophage will be cleared by mechanisms similar to 
those for nonfi brous particles. These include clearance through the  lymphatics and macrophage 
phagocytosis and clearance. It is only the longer fi bers that the  macrophage can not fully engulf, 
which if they are persistent will lead to disease. 

 This leads to the third factor, that of durability. Those fi bers whose chemical structure renders 
them wholly or partially soluble once deposited in the lung are likely to either dissolve completely 
or dissolve until they are suffi ciently weakened focally to undergo breakage into shorter fi bers. The 
remaining short fi bers can then be removed though successful phagocytosis and clearance. 

 These factors have been important determinants for synthetic mineral fi bers (Hesterberg et al., 
1998a, 1998 b; Miller et al., 1999; Oberdoester, 2000; Bernstein et al., 2001a, 2001b). 

 27.3.2  In Vitro  Toxicology 

  In vitro  toxicology studies are often very helpful in elucidating possible mechanisms involved in 
pathogenesis. However, as used in the assessment of fi ber toxicology, they are diffi cult to interpret. 
This stems from several factors. The  in vitro  test system is a static system and thus is not sensitive 
to differences in fi ber solubility. High doses of fi bers are used to obtain a positive response and 
it is  diffi cult to extrapolate from these large short-term cellular exposures to lower-dose chronic 
exposures that occur  in vivo . In addition, the number of fi bers and size distribution are often not 
quantifi ed. Most important, however, is that these end points have not been validated as screening 
assays that are predictive of long-term pathological effects  in vivo . Although  in vitro  tests may be 
useful tools to identify and evaluate possible mechanisms, with fi bers, these  in vitro  test systems are 
of limited use in differentiating different fi ber types (Olin et al., 2005). 

 27.3.3 Biopersistence 

 A fi ber is unique among inhaled particles in that the aerodynamic diameter of fi bers is largely related 
to three times the fi ber diameter. Because of this, long thin fi bers can penetrate into the deep lung, 
effectively bypassing the fi ltration that occurs for nonfi brous particles. Within the lung, fi bers that 
can be fully engulfed by the macrophage can be removed as with any other particle. However, those 
fi bers that are too long to be fully engulfed by the macrophage can not be cleared by this route. 

 Fibers less than 5 �m in length are effectively no different than nonfi brous particles and are 
cleared with kinetics and mechanisms similar to particles. Although longer fi bers may also be 
cleared effectively by the macrophage and as a result not be different kinetically than particles, the 
5-�m cutoff was chosen to mirror the use by the World Health Organization (WHO) of a 5-�m 
cutoff in their counting schemes for fi bers. As is discussed later, recent reviews of these size fi bers 
have concluded that they present very little or no risk to human health (ATSDR, 2003). 

 Fibers between 5 and 20 �m in length represent the transition range between those fi bers that are 
cleared as particles and the longer fi bers that the macrophage can not fully phagocytize. The actual 
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limit as to what length fi ber can be fully phagocytized has been proposed for the rat as ranging from 
15 �m (Miller, 2000) to 20 �m (Luoto et al., 1995; Morimoto et al., 1994). 

 In the lung, extensive work on modeling the dissolution of synthetic vitreous fi bers (SVFs) by 
using  in vitro  dissolution techniques and inhalation biopersistence has shown that the lung has a 
very large fl uid buffer capacity (Mattson, 1994). These studies have shown that an equivalent  in vitro  
fl ow rate of up to 1 ml/min is required to provide the same dissolution rate of SVF as that which 
occurs in the lung. This large fl uid fl ow within the lung results in the dissolution of the more soluble 
fi bers. Recent publications have shown that the biopersistence of the fi bers longer than 20 �m is an 
 excellent predictor of the pathological response to fi bers following chronic inhalation studies and 
chronic intraperitoneal studies (Bernstein et al., 2001a, 2001b; Hesterberg et al., 1998a, 1998b). The 
value of 20 �m is used as an index for fi bers that can not be fully phagocytized and cleared by the 
macrophage. The protocol used in these biopersistence studies was developed by a working group 
for the European Commission and involves a 5-d inhalation exposure followed by analysis of the 
lungs at periodic intervals up to 1 year postexposure (Bernstein and Riego-Sintes, 1999). 

 For synthetic vitreous fi bers, the clearance half-time of fi bers longer than 20 �m ranges from 
a few days to less than 100 days. This is illustrated in Table 27.2. Highlighted in this table are 

  TABLE 27.2     Inhalation Biopersistence Clearance Half-Times of Natural and Synthetic 
Fibers (Length > 20 �m)

Fiber Type

Weighted t1/2 
Fibers l � 20 �m 

(days) Reference
Calidria chrysotile Serpentine asbestos 0.3 Bernstein et al., 2005b

Brazilian chrysotile Serpentine asbestos 2.3 Bernstein et al., 2004

Fiber B B01.9 2.4 Bernstein et al., 1996

Fiber A Glasswool 3.5 Bernstein et al., 1996

Fiber C Glasswool 4.1 Bernstein et al., 1996

Fiber G Stonewool 5.4 Bernstein et al., 1996

MMVF34 HT stonewool 6 Hesterberg et al., 1998

MMVF22 Slagwool 8 Bernstein et al., 1996

Fiber F Stonewool 8.5 Bernstein et al., 1996

MMVF11 Glasswool 9 Bernstein et al., 1996

Fiber J X607 9.8 Bernstein et al., 1996

Canadian chrysotile Serpentine asbestos 11.4 Bernstein et al., 2005a

MMVF 11 Glasswool 13 Bernstein et al., 1996

Fiber H Stonewool 13 Bernstein et al., 1996

MMVF10 Glasswool 39 Bernstein et al., 1996

Fiber L Stonewool 45 Bernstein et al., 1996

MMVF33 Special purpose glass 49 Hesterberg et al., 1998a

RCF1a Refractory ceramic 55 Hesterberg et al., 1998a

MMVF21 Stonewool 67 Hesterberg et al., 1998a

MMVF32 Special purpose glass 79 Hesterberg et al., 1998a

MMVF21 Stonewool 85 Bernstein et al., 1996

Amosite Amphibole asbestos 418 Hesterberg et al., 1998a

Crocidolite Amphibole asbestos 536 Bernstein et al., 1996

Tremolite Amphibole asbestos  � Bernstein et al., 2005b
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those studies performed on chrysotile and amphiboles with the same protocol. For synthetic vitreous 
fi bers, the European Commission has established a Directive which states that if the inhalation biop-
ersistence clearance half-time of a fi ber is less than 10 days then it is not classifi ed as a carcinogen.   

 Clearly there is a large difference in biopersistence between serpentine asbestos and amphi-
boles. In addition, because serpentine is a naturally occurring mined fi ber, there seem to be some 
differences in biopersistence, depending on where it was mined. However, chrysotile lies on the 
soluble end of this scale and ranges from the least biopersistent fi ber to a fi ber with biopersistence 
in the range of glass and stonewools. It remains less biopersistent than ceramic and special purpose 
glasses and more than an order of magnitude less biopersistent than amphiboles. 

 The rapid clearance of chrysotile is thought to be characterized not by congruent dissolution as 
with many SVFs but rather with the loss of structural integrity of the serpentine sheet silicate and 
the subsequent disintegration into smaller pieces. 

 This difference between chrysotile and amphiboles is better illustrated with the actual lung burden 
data for the fi bers longer than 20 �m from the inhalation biopersistence studies. In Figure 27.6, the 
number of fi bers remaining in the rat’s lungs is shown as a function of the time in days following 
 cessation of the 5-d exposure (Bernstein et al., in press; 2005). Included are the two amphiboles, 
tremolite and amosite, a SVF fi ber, HT, which has a clearance half-time of 6 days and which showed 
no tumors or fi brosis in a chronic inhalation toxicology study, and the three chrysotile fi bers from 
Brazil, the United States (Calidria), and Canada. The inhalation exposure aerosol in terms of the 
number of fi bers longer than 20 �m was in the range of 150–200 fi bers (length � 20 �m) per cm 3  for 
all fi bers except the Brazilian chrysotile, which was 400 fi bers (length � 20 �m) per cm 3 .   

  FIGURE 27.6   The number of fi bers remaining in the rat’s lungs is shown as a function of the time in 
days following cessation of the 5-day exposure (Bernstein et al., 2003a, 2005b). Included are the two 
amphiboles, tremolite and amosite, a soluble synthetic vitreous (SVF) fi ber, HT, which has a clearance 
half-time of 6 days and which showed no tumors or  fi brosis in a chronic inhalation toxicology study and 
the three chrysotile fi bers from Brazil, the United States (Calidria), and Canada. 
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 The amphiboles are very durable with only a small amount of clearance after cessation of 
exposure followed by virtually no further clearance. In the tremolite biopersistence study the 
 histopathological response of the lungs was examined following the 5-day exposure. A pronounced 
infl ammatory response with the rapid development of granulomas was seen at day 1 postexposure, 
followed by the development of fi brosis characterized by collagen deposition within these granulo-
mas and by 90 days even mild interstitial fi brosis. In the same study, chrysotile showed no infl am-
matory or pathological response following the 5-d exposure (Bernstein et al., 2003b, 2005). 

 Although all the chrysotiles cleared relatively quickly, differences were observed among the 
three types studied. The Calidria chrysotile, which is known to be a short-fi ber chrysotile, cleared 
the fastest with a clearance half-time for the fi bers longer than 20 �m of 0.3 days. 

 The clearance half-time of the Brazilian chrysotile was 2.3 days. At the end of 12 months, two 
to three long fi bers were measured following the lung digestion procedure. However, the exposure 
concentration for the Brazilian chrysotile was 400 fi bers (length � 20 �m) per cm 3  rather than the 
150 to 200 fi bers (length � 20 �m) per cm 3  for the other fi bers evaluated, thus resulting in a very 
high aerosol concentration of 7 million WHO fi bers per cm 3  and more than 32 million total fi bers 
per cm 3 . It certainly is possible that this extremely high total exposure resulted in a response very 
 different from what might be expected at lower exposure concentrations. Even so, the number of 
fi bers observed at 12 months was not statistically different than that which was observed for the 
HT fi ber, which had a 6-d clearance half-time for the long fi bers. 

 For the Canadian chrysotile study textile-grade chrysotile was evaluated. This grade was chosen 
because it was specifi cally produced to have thin long fi bers, which facilitated the production of 
textiles. The clearance of the Canadian chrysotile long fi bers was 11.4 days. By 365 days there were 
no long Canadian chrysotile fi bers remaining in the lung. 

 27.3.3.1 Clearance Mechanism of HT and Chrysotile 

 Kamstrup et al. (2002) described possible mechanisms that could account for the rapid clearance half-
time of the long HT fi bers. They stated that “The HT fi ber is characterized by relatively low silica and 
high alumina content, with a high dissolution rate at pH 4.5 and relatively low rate at pH 7.4 (Knudsen 
et al., 1996). Apart from possible exposure to the acidic environment of the  phagolysosomes within 
the macrophages (Oberdörster, 1991), measurements have shown that the microenvironment at the 
surface of activated macrophages is acidic with pH � 5 between attached macrophages and a non-
porous glass surface (Etherington et al., 1981). It is therefore  probable that long HT fi bers, highly 
soluble at pH 4.5, are subject to extracellular dissolution and consequent breakage when exposed to 
the acidic environment of attached macrophages without being engulfed completely.” 

 As mentioned above, at acidic pH chrysotile also becomes less stable and a similar mechanism 
may help accelerate the clearance/disintegration of the long chrysotile fi bers. 

 27.3.3.2 Short-Fiber Clearance 

 For all fi ber exposures, there are many more shorter fi bers less than 20 �m in length and even 
more less than 5 �m in length. The clearance of the shorter fi bers has in these studies been shown 
to be either similar to or faster than the clearance of insoluble nuisance dusts (Stoeber et al., 1970; 
Muhle et al., 1987). In a recent report issued by the Agency for Toxic Substances and Disease 
Registry entitled “Expert Panel on Health Effects of Asbestos and Synthetic Vitreous Fibers: The 
Infl uence of Fiber Length,” the experts stated that “Given fi ndings from epidemiological studies, 
laboratory animal studies, and in vitro genotoxicity studies, combined with the lung’s ability to clear 
short fi bers, the panelists agreed that there is a strong weight of evidence that asbestos and SVFs 
(synthetic vitreous fi bers) shorter than 5 �m are unlikely to cause cancer in humans” (ATSDR, 
2003; U.S. Environmental Protection Agency [EPA], 2003). In addition, Berman and Crump (2003) 
in their technical support document to the EPA on asbestos-related risk also found that shorter fi bers 
do not appear to contribute to disease. 
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 27.3.4 Chronic Inhalation Toxicology Studies 

 The studies presented above indicate that a large difference exists in the biopersistence between the 
serpentine chrysotile and the amphiboles, tremolite, and amosite. These differences appear to be 
related to the differences in chemical structure between the serpentines and amphiboles and possibly 
the infl uence of the acidic pH associated with the macrophage on the chrysotile fi ber. Yet when the 
chronic inhalation studies that have been performed on chrysotile and amphiboles are examined 
these differences are not always apparent. 

 Berman et al. (1995) and Berman and Crump (2003), in an analysis of 13 inhalation studies that 
have been performed on nine different types of asbestos, concluded that: 

  • short fi bers (less than between 5 and 10 �m in length) do not appear to contribute to 
cancer risk; 

  • beyond a fi xed, minimum length, potency increases with increasing length, at least up to 
a length of 20 �m (and possibly up to a length of as much as 40 �m); 

  • the majority of fi bers that contribute to cancer risk are thin with diameters less than 0.5 �m 
and the most potent fi bers may be even thinner. In fact, it appears that the fi bers that are 
most potent are substantially thinner than the upper limit defi ned by respirability; 

  • identifi able components (fi bers and bundles) of complex structures (clusters and matrices) 
that exhibit the requisite size range may contribute to overall cancer risk because such 
structures likely disaggregate in the lung. Therefore, such structures should be individually 
enumerated when analyzing to determine the concentration of asbestos; 

  • for asbestos analyses to adequately represent biological activity, samples need to be 
 prepared by a direct-transfer procedure; and 

  • based on animal dose–response studies alone, fi ber type (i.e., fi ber mineralogy) appears 
to impart only a modest effect on cancer risk (at least among the various asbestos types). 

 Concerning the lack of differentiation seen in the dose–response studies, the authors stated that this 
may be due at least in part to the limited lifetime of the rat relative to the biodurability of the asbestos 
fi ber types evaluated in these studies. 

 Perhaps more important in understanding these results are the specifi cs in the study design 
of theses studies in light of the more recent understanding of the effect of high concentrations of 
insoluble particles on the rat lung. 

 The chronic inhalation studies that have been performed on asbestos are summarized in Tables 27.3 
and 27.4. The exposure regime was similar in most studies and ranged from 5 to 7 h/d, 5 days per 
week for either 12 months or 24 months. Although it is diffi cult to determine how this was derived, 
the exposure concentration was set for most studies based on mass concentration at 10 mg/m 3 . 
Davis et al. (1978) referencing Wagner et al. (1974) states that 10 mg/m 3  was considered to be high 
enough to cause signifi cant pathological change; however, no rationale is given in the Wagner paper 
as to why 10 mg/m 3  was chosen.   

 The issue of using equivalent fi ber numbers for exposure was approached in a study reported 
by Davis et al. (1978) where chrysotile, crocidolite, and amosite were compared on an equal-mass 
and equal-number basis, but the fi ber number was determined by phase-contrast optical micros-
copy (PCOM) and thus the actual number of especially the chrysotile fi bers was probably greatly 
underestimated. As an example, by PCOM, the 10 mg/m 3  exposure to chrysotile was reported by 
PCOM as approximately 2000 fi bers/cm 3  (length greater than 5 �m), whereas when a similar mass 
concentration of another chrysotile was measured by scanning electron microscopy (SEM) 10,000 
fi bers/cm 3  (length greater than 5 �m) were reported with a total fi ber count of 100,000 fi bers/cm 3  
(Mast et al., 1995).   There are few quantitative data presented in these publications on the nonfi brous 
particle concentration of the test substances to which the animals were exposed. Pinkerton et al. 
(1983) presented summary tables of length measurements of Calidria chrysotile by SEM in which 
the number of nonfi brous particles counted is stated; however, from the data presented, the aerosol 

4049_C027_r03.indd   6564049_C027_r03.indd   656 11/15/2005   5:53:19 PM11/15/2005   5:53:19 PM



Asbestos 657

exposure concentration of nonfi brous particles can not be extracted. In all studies, the asbestos was 
ground prior to aerosolization, a procedure that would produce a lot of short fi bers and dust. Most 
of the studies prior to Mast et al. (1995) used for aerosolization of the fi bers an apparatus in which 
a rotating steal blade pushed/chopped the fi bers off a compressed plug into the airstream. As some 
of the authors state, the steal used in the grinding apparatus and the aerosolization apparatus often 
wore, resulting in sometimes considerable exposure to the metal fragments as well. These factors 
contribute signifi cantly to the diffi culty in interpreting the results of the serpentine chrysotile and the 
amphibole inhalation exposure studies. 

 In these studies a tumorigenic response to amphiboles response is observed as would be expected 
from the biopersistence results; however, as mentioned, there is also a tumorigenic response to some 
of the chrysotile exposures even though the biopersistence results would suggest otherwise. Eastes and 
Hadley (1996) developed a model that related the dose of fi bers in the lung to potential pathogenicity. 

 However, as many studies have now shown, in the rat another factor can also infl uence the 
infl ammatory and pathological response. High concentrations of insoluble nuisance dusts have been 
shown to compromise the clearance mechanisms of the lung, cause infl ammation and a tumorigenic 
response in the rat, a phenomenon often referred to as lung overload (Bolton et al., 1983; Muhle 
et al., 1988; Morrow, 1988; Oberdorster, 1995). 

 The biopersistence studies elucidate two kinetic patterns with chrysotile. They show that the 
long fi bers are not biopersistent. From the fi ber chemistry, the longer fi bers are likely falling apart 
or disintegrating into the smaller pieces. The biopersistence studies also show that these smaller 
pieces clear at a rate that is similar to the rate of clearance of insoluble nuisance dusts. Chrysotile 
has also been shown to split longitudinally. In most of the chronic inhalation studies the total aerosol 
concentration was probably on the order of 10 6  particles and fi bers per cm 3  and if the fi bers upon 
contact with the lung begin to split and break apart, the effective dose in terms of the total number 
of particles would be increased even further. 

 With such a breakdown of chrysotile into shorter particles, the question remains as to whether the 
resulting concentration of particles can result in a nonspecifi c infl ammatory reaction and an overload 
effect in the rat lung. In a recent study, Bellmann et al. (2003) reported on a calibration study to evalu-
ate the end points in a 90-d subchronic inhalation toxicity study of man-made vitreous fi bers with 
a range of biopersistence and amosite. One of the fi bers was a calcium-magnesium-silicate (CMS) 
fi ber for which the stock preparation, due to the method of preparation, had a large concentration of 
particulate material in addition to the fi bers. The aerosol exposure concentration for the CMS fi ber 
was 286 fi bers/cm 3  (length � 5�m), 990 fi bers/cm 3  (length � 5 �m), and 1793 particles/cm 3 , a 
distribution that is not observed in manufacturing. The total CMS exposure concentration was 3069 
particles and fi bers per cm 3 . The authors point out that “The particle fraction of CMS that had the 
same chemical composition as the fi brous fraction seemed to cause signifi cant effects.” The number 
of polymorphonuclear leukocytes (PMNs) in the bronchoalveolar lavage fl uid (BALF) was higher 
and interstitial fi brosis was more pronounced than had been expected on the basis of biopersistence 
data. In addition, interstitial fi brosis persisted through the 14-week recovery period following the 
90-day exposure. In a separate study on X607, a fi ber chemically similar to CMS, but with consider-
ably fewer particles present in the aerosol, was evaluated in a chronic inhalation toxicity study and 
produced no lung tumors or fi brosis at any time point (Hesterberg et al., 1998b). 

 This effect attributed to particles in the rat CMS study was observed with an exposure concen-
tration of 3069 particles and fi bers per cm 3 , 50% of which were particles or short fi bers. It would 
follow directly from this and the many publications on overload to expect that a dramatically more 
pronounced effect would occur if the exposure concentration was 1,000,000 particles and fi bers per 
cm 3 , 90% of which were particles or short fi bers, as was the case with chrysotile. 

 These discrepancies in study design put in question the value of especially the chrysotile studies 
listed in Table 27.3. The only well-designed multiple-dose study that was performed on any asbes-
tos where particle and fi ber number and length were controlled was that for amosite in the hamster 
(McConnell et al., 1999) as shown in Table 27.4. In this study the aerosol concentration ranged from 
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10 to 69 fi bers/cm 3  (longer than 20 �m) and was chosen based on a previous, multidose 90-day 
subchronic inhalation toxicology study (Hesterberg et al., 1999). 

 27.3.4.1 Fiber Length 

 In an analysis that provided the basis for the European Commission’s directive on synthetic  mineral 
fi bers, Bernstein et al. (2001a, 2001b) reported that an excellent correlation exists for SVF between 
the biopersistence of fi bers longer than 20 �m and the pathological effects following either chronic 
inhalation or chronic intraperitoneal injection studies. This analysis showed that it was possible 
using the clearance half-time of the fi bers longer than 20 �m as obtained from the inhalation 
 biopersistence studies to predict the number of fi bers longer than 20 �m remaining after 24 months 
of chronic inhalation exposure. These studies, however, only included synthetic mineral fi bers. 

 As mentioned above, Berman et al. (1995) analyzed statistically nine different asbestos types 
in 13 separate studies. Because of limitations in the characterization of asbestos structures in the 
original studies, new exposure measures were developed from samples of the original dusts that were 
regenerated and analyzed by transmission electron microscopy. The authors reported that although 
no univariate model was found to provide an adequate description of the lung tumor responses in the 
inhalation studies, the measure most highly correlated with tumor incidence was the concentration 
of structures (fi bers) greater than or equal to 20 �m in length. However, by using multivariate tech-
niques, measures of exposure were identifi ed that do adequately describe the lung tumor responses. 

 The potency appears to increase with increasing length, with structures (fi bers) longer than 
40 �m being about 500 times more potent than structures between 5 and 40 �m in length. Structures 
�5 �m in length do not appear to make any contribution to lung tumor risk. As discussed above, 
this analysis also did not fi nd a difference in the potency of chrysotile and amphibole toward the 
induction of lung tumors. 

 27.3.4.2 Purity of the Samples 

 In most inhalation studies on both amphiboles and serpentines, there was no analytical confi rmation 
reported that the fi bers that were aerosolized were uniquely of the type stated. 

 In addition, an issue that has been discussed at length is whether the presence of tremolite in 
the chrysotile samples can account for some of its carcinogenic potential as well. This is especially 
pertinent to the mesotheliomas that have been observed in some of the rat inhalation studies (Churg, 
1994; McDonald et al., 1999; Roggli et al., 2002). Using microscopic analysis, Frank et al. (1998) 
reported the absence of tremolite in the UICC chrysotile sample that has often been used in the 
chronic studies. However, when present with chrysotile, tremolite is usually found in very low con-
centrations that could be missed when using microscopic analysis. 

 To resolve this issue of method sensitivity, Addison and Davies (1990) developed a method of 
chemical digestion of chrysotile in which the chrysotile is dissolved away by using an acid digestion, 
leaving behind the amphiboles such as tremolite. This method was applied to a sample UICC chryso-
tile obtained from Dr. Fred Pooley who has a repository of the original UICC preparation. In conjunc-
tion with Gesellschaft fuer Schadstoffmessung und Auftragsanalytik GmbH (GSA, Neuss, Germany), 
2.13 g of UICC chrysotile were digested in acid after a procedure similar to that of Addison and Davies 
(1990). Following digestion, the bivariate size distribution was determined for all residual fi bers by 
transmission electron microscopy and the chemical composition of each fi ber determined by energy-
dispersive analysis of x-rays (EDAX) to clearly identify it as amphibole, chrysotile, or other. 

 In the 2-mg sample analyzed, the results indicated that there were 3400 tremolite fi bers per mg of 
UICC chrysotile. These fi bers ranged in length from 1.7 to 14.4 �m and had a mean diameter of 0.65 
�m. Forty-one percent of the fi bers were longer than 5 �m with 1394 WHO tremolite fi bers per mg 
of UICC chrysotile. These results indicate that tremolite is present in the UICC sample at low concen-
trations. Because no dose–response studies have been performed at low amphibole concentrations, 
quantifi cation of the effect of these fi bers is not possible in the rat. However, as discussed above, 
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amphibole asbestos fi bers are very biopersistent in the lung and will persist once inhaled. Davis et al. 
(1985) performed a chronic inhalation toxicity study on tremolite to determine the effect of commer-
cial tremolite in comparison with other asbestos types. The authors reported that tremolite was the 
most dangerous mineral that they have studied, producing 16 carcinomas and 2 mesotheliomas in a 
group of 39 animals. As described above, even short exposure to tremolite produces a notable response 
in the lung. Bernstein et al. (2003b) reported that after a 5-d exposure to  tremolite, a  pronounced 
infl ammatory response was observed with the rapid development of granulomas,  collagen deposition 
within these granulomas, and, by 90 days, even mild interstitial fi brosis. 

 27.3.5 Epidemiology 

 Many studies have shown that chrysotile is not of the same potency as the amphiboles and is cleared 
from the lung more rapidly than amphibole (Howard, 1984; Churg and DePaoli, 1988; Mossman 
et al., 1990; Morgan, 1994; Churg, 1994; McDonald et al., 1995, 1997, 1999, 2002, 2003; McDonald, 
1998; Rodelsperger et al., 1999; Hodgson and Darnton, 2000; Berman and Crump, 2003). Still, 
other studies have stated the opposite. 

 Two studies have provided a quantitative review of the potency of chrysotile and amphiboles 
based on the statistical analysis of currently available epidemiology studies. 

 Hodgson and Darnton (2000) conducted a comprehensive quantitative review of potency of 
asbestos for causing lung cancer and mesothelioma in relation to fi ber type. They concluded that 
amosite and crocidolite were, respectively, on the order of 100 and 500 times more potent for caus-
ing mesothelioma than chrysotile. They regarded the evidence for lung cancer to be less clear cut, 
but concluded nevertheless that amphiboles (amosite and crocidolite) were between 10 and 50 times 
more potent for causing lung cancer than chrysotile. 

 Berman and Crump (2003) have recently reviewed and analyzed as part of a technical support 
document for the U.S. EPA an epidemiology database consisting of approximately 150 studies of 
which approximately 35 contained exposure data suffi cient to derive quantitative exposure/response 
relationships. 

 Using this database of epidemiological studies, the authors determined estimates of lung cancer 
or mesothelioma from asbestos exposure with mathematical models that express risk as a function 
of exposure. The models contain parameters ( K 

 L 
 for lung cancer and  K 

 M 
 for mesothelioma) that 

gauge the potency of asbestos for causing these health effects. Using their reanalysis of this dataset, 
they determined that for disease in humans the important fi bers are longer than 10 �m and thinner 
than 0.4 �m. The authors concluded that the corresponding coeffi cients for pure fi ber types were, 
for lung cancer, 0.6 and 3 for chrysotile or amphibole, respectively, and for mesothelioma, 0.04 and 
30 for chrysotile or amphibole, respectively. They also noted that, without adjustments for fi ber 
size, the lung cancer exposure–response coeffi cients ( K 

 L 
 values) estimated from 15 studies vary 

by a factor of 72 and these values are mutually inconsistent (based on nonoverlap of uncertainty 
intervals). However, when the studies were adjusted for fi ber size and type, the overall variation 
in  K 

 L 
 values across these studies was reduced to a factor of 50. Similarly, without adjustments, the 

mesothelioma exposure–response coeffi cients  K 
 M 

 values varied by a factor of 1089, and that these 
values are likewise mutually inconsistent. However, when the studies were adjusted for fi ber size 
and type, the overall variation in  K 

 M 
 values was reduced to a factor of 30. 

 Direct comparison between these two analyses is diffi cult because the Hodgson and Darnton 
(2000) potency estimates are based on WHO fi bers, whereas the Berman and Crump (2003) potency 
estimates are based on fi bers longer than 10 �m and thinner than 0.4 �m, which they found as the 
determinant fi bers for disease. Berman and Crump (2004) also stated in their report that, based on 
their review, the supporting literature suggests that the optimum cutoff for increased potency occurs 
at a length that is closer to 20 �m than to 10 �m (the latter of which is the cutoff in the exposure 
index provided in this study). However, they found that not enough data currently exist to improve 
quantitatively on this latter cutoff. 
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 27.4 SUMMARY 

 The mineralogy of the serpentine chrysotile fi bers and amphiboles fi bers shows distinct differences 
in the structure and chemistry of these two minerals. In contrast to the curled layered construction 
of the sheet silicate chrysotile, which appears to result in greater susceptibility to degradation, the 
amphibole fi bers are rigid impermeable structures that are resistant to degradation. These differ-
ences are refl ected in the inhalation biopersistence studies that clearly differentiate chrysotile from 
the amphiboles and show that longer chrysotile fi bers rapidly disintegrate in the lung whereas the 
longer amphiboles, once deposited, remain. There is an excellent correlation between the biopersis-
tence of the longer synthetic vitreous fi bers and chronic toxicity data. Because of the diffi culties in 
study design and the large particle/fi ber exposure concentrations used, the chronic inhalation studies 
with asbestos are diffi cult to interpret due in part to the nonspecifi c effects of the very large particle 
concentrations in the exposure aerosols. 

 Recent quantitative reviews that analyzed the data of available epidemiological studies to deter-
mine potency of asbestos for causing lung cancer and mesothelioma in relation to fi ber type also 
 differentiated between chrysotile and amphibole asbestos. The most recent analysis also concluded 
that it is the longer, thinner fi bers that have the greatest potency. The quantitative experimental 
results provide additional support for this differentiation. 

 There is no question that amphibole asbestos is highly carcinogenic. Both animal studies and 
epidemiology studies indicate the potency of amphibole asbestos. Recent studies on tremolite show 
that even short exposure can produce a pathogenic response in the lung. 

 With chrysotile asbestos, indeed, there is evidence that humans can and do develop lung cancer 
when the exposure is high and sustained for long periods. The weight of evidence suggests that at 
low exposure pure chrysotile is probably not hazardous. It also suggests that the hazard may be low 
if even high exposures were of short duration. 

 It would be most helpful if future studies on chrysotile and amphiboles, whether  in vitro  or 
 in vivo , could be performed using size distributions and at doses approaching those to which humans 
have been exposed. 

 REFERENCES   

 Addison, J. and Davies, L.S., Analysis of amphibole asbestos in chrysotile and other minerals,  Ann. Occup. 
Hyg ., 34, 159–175, 1990. 

 ATSDR (Agency for Toxic Substances and Disease Registry), Report on the Expert Panel on Health Effects of 
Asbestos and Synthetic Vitreous Fibers: The Infl uence of Fiber Length, Atlanta, GA, Prepared for: Agency 
for Toxic Substances and Disease Registry, Division of Health Assessment and Consultation, 2003. 

Bellmann, B., Muhle, H., Creutzenberg, O., Ernst, H., Muller, M., Bernstein D.M., and Riego Sintes, J.M., 
Calibration study on subchronic inhalation toxicity in man-made vitreous fi bers in rats, Inhalation 
Toxicol., 15, 1147–1177, 2003.

 Berman, D.W. and Crump, K.S., Technical Support Document for a Protocol to Assess Asbestos-Related Risk, 
Offi ce of Solid Waste and Emergency Response, U.S. Environmental Protection Agency, Washington, 
DC, 2004. 

 Berman, D.W., Crump, K.S., Chatfi eld, E.J., Davis, J.M., and Jones, A.D., The sizes, shapes, and mineralogy 
of asbestos structures that induce lung tumors or mesothelioma in AF/HAN rats following inhalation, 
 Risk Anal ., 15, 181–195, 1995. 

Bernstein, D.M., Chevalier, J., and Smith, P., Comparison of Calidria chrysotile asbestos to pure tremolite: 
inhalation biopersistence and histopathology following short-term exposure, Inhalation Toxicol., 15, 
1387–1419, 2003.

 Bernstein, D.M., Chevalier, J., and Smith,. P., Comparison of calidria chrysotile asbestos to pure tremolite: fi nal 
results of the inhalation biopersistence and histopathology examination following short-term exposure, 
 Inhalation Toxicol ., 17, 427–449, 2005. 

Bernstein, D.M., Morscheidt, C., Grimm, H.-G.,  The venaz, P., and Teichert, U., Evaluation of soluble fi bers using 
the inhalation biopersistence model, a nine-fi ber comparison, Inhalation Toxicol., 8, 345–385, 1996.

4049_C027_r03.indd   6644049_C027_r03.indd   664 11/15/2005   5:53:21 PM11/15/2005   5:53:21 PM



Asbestos 665

 Bernstein, D.M., Riego Sintes, J.M., Ersboell, B.K., and Kunert, J., Biopersistence of synthetic mineral fi bers 
as a predictor of chronic inhalation toxicity in rats,  Inhalation Toxicol ., 13, 823–849, 2001a. 

 Bernstein, D.M., Riego Sintes, J.M., Ersboell, B.K., and Kunert, J., Biopersistence of synthetic mineral fi bers as 
a predictor of chronic intraperitoneal injection tumor response in rats,  Inhalation Toxicol ., 13, 851–875, 
2001b. 

 Bernstein, D.M. and Riego-Sintes, J.M.R., Methods for the determination of the hazardous properties for human 
health of man made mineral fi bers (MMMF), Vol. EUR 18748 EN, April 93, European Commission 
Joint Research Centre, Institute for Health and Consumer Protection, Unit: Toxicology and Chemical 
Substances, European Chemicals Bureau, 1999. Available at http://ecb.ei.jrc.it/DOCUMENTS/Testing-
Methods/mmmfweb.pdf. 

Bernstein, D.M., Rogers, R., and Smith, P., The biopersistence of Canadian crysotile asbestos following inhala-
tion, Inhalation Toxicol., 15, 1247–1274, 2003.

 Bernstein, D.M., Rogers, R., and Smith, P., The biopersistence of Canadian chrysotile asbestos following 
 inhalation: fi nal results through 1 year after cessation of exposure,  Inhalation Toxicol ., 17, 1–14, 2005. 

 Bolton, R.E., Vincent, J.H., Jones, A.D., Addison, J., and Beckett, S.T., An overload hypothesis for pulmonary 
clearance of UICC amosite fi bres inhaled by rats,  Br. J. Ind. Med ., 40, 264–272, 1983. 

 Browne, K. and Murray, R., Asbestos and the Romans,  Lancet , 336, 445, 1990. 
 Churg, A., Deposition and clearance of chrysotile asbestos,  Ann. Occup. Hyg ., 38, 625–633, 424–425, 1994. 
 Churg, A. and DePaoli, L., Clearance of chrysotile asbestos from human lung,  Exp. Lung Res ., 14, 567–574, 1988. 
 Cossette, M. and Delvaux, P., Technical evaluation of chrysotile asbestos ore bodies, in  Short Course in 

 Mineralogical Techniques of Asbestos Determination , Ledoux, R.C., Ed., Mineralogical Association 
of Canada, 1979. 

 Davis, J.M., Addison, J., Bolton, R.E., Donaldson, K., Jones, A.D., and Miller, B.G., Inhalation studies on the 
effects of tremolite and brucite dust in rats,  Carcinogenesis , 6, 667–674, 1985. 

 Davis, J.M., Addison, J., Bolton, R.E., Donaldson, K., Jones, A.D., and Smith, T., The pathogenicity of long 
versus short fi bre samples of amosite asbestos administered to rats by inhalation and intraperitoneal 
injection,  Br. J. Exp. Pathol ., 67, 415–430, 1986. 

 Davis, J.M., Beckett, S.T., Bolton, R.E., Collings, P., and Middleton, A.P., Mass and number of fi bres in the 
pathogenesis of asbestos-related lung disease in rats,  Br. J. Cancer , 37, 673–688, 1978. 

 Davis, J.M. and Jones, A.D., Comparisons of the pathogenicity of long and short fi bres of chrysotile asbestos 
in rats,  Br. J. Exp. Pathol ., 69, 717–737, 1988. 

 Eastes, W., and Hadley, J.G., A mathematical model of fi ber carcinogenicity and fi brosis in inhalation and 
intraperitoneal experiments in rats,  Inhalation Toxicol ., 8, 323–342, 1996. 

EPA (Environmental Protection Agency), Report on the Peer Consultation Workshop to discuss a proposed 
protocol to assess asbestos-related risk. Prepared for U.S. Environmental Protection Agency, Offi ce of 
Solid Waste and Emergency Response, Washington, DC, EPA Contract 68-C-98-148, Work Assignment 
2003–05 by Eastern Research Group, Inc., Lexington, MA, Final Report May 30, 2003.

 Etherington, D.J., Pugh, D., and Silver, I.A., Collagen degradation in an experimental infl ammatory lesion: 
studies on the role of the macrophage,  Acta Biol. Med. Ger. , 40, 1625–1636, 1981. 

 Frank, A.L., Dodson, R.F., and Williams, M.G., Carcinogenic implications of the lack of tremolite in UICC 
reference chrysotile,  Am. J. Ind. Med ., 34, 314–317, 1998. 

 Gross, P., DeTreville, R.T., Tolker, E.B., Kaschak, M., and Babyak, M.A., Experimental asbestosis. The devel-
opment of lung cancer in rats with pulmonary deposits of chrysotile asbestos dust,  Arch. Environ. 
Health , 15, 343–355, 1967. 

 Hargreaves, A. and Taylor, W.H., An X-ray Examination of decomposition products of chrysotile (asbestos) 
and serpentine,  Mineral. Mag ., 27, 204–216, 1946. 

 Hesterberg, T.W., Axten, C., McConnell, E.E., Hart, G.A., Miiller, W., Chevalier, J., Everitt, J., Thevenaz, P., 
and Oberdorster, G., Studies on the inhalation toxicology of two fi berglasses and amosite asbestos in 
the syrian golden hamster. Part I. Results of a subchronic study and dose selection for a chronic study, 
 Inhalation Toxicol ., 11, 747–784, 1999. 

 Hesterberg, T.W., Chase, G., Axten, C., Miller, W.C., Musselman, R.P., Kamstrup, O., Hadley, J., Morscheidt, C., 
Bernstein, D.M., and Thevenaz, P., Biopersistence of synthetic vitreous fi bers and amosite asbestos in 
the rat lung following inhalation,  Toxicol. Appl. Pharmacol ., 151, 262–275, 1998a. 

 Hesterberg, T.W., Hart, G.A., Chevalier, J., Miiller, W.C., Hamilton, R.D., Bauer, J., and Thevenaz, P., The 
importance of fi ber biopersistence and lung dose in determining the chronic inhalation effects of X607, 
RCF1, and chrysotile asbestos in rats,  Toxicol. Appl. Pharmacol ., 153, 68–82, 1998b. 

4049_C027_r03.indd   6654049_C027_r03.indd   665 11/15/2005   5:53:21 PM11/15/2005   5:53:21 PM



666 Inhalation Toxicology

 Hodgson, A.A., Chemistry and physics of asbestos, in  Asbestos: Properties, Applications and Hazards , L.M. 
and Chissick, S.S., Eds., John Wiley & Sons, New York, 1979. 

 Hodgson, J.T. and Darnton, A., The quantitative risks of mesothelioma and lung cancer in relation to asbestos 
exposure,  Ann. Occup. Hyg ., 44, 565–601, 2000. 

 Howard, J.K., Relative cancer risks from exposure to different asbestos fi bre types,  N. Z. Med. J ., 97, 646–649, 
1984. 

 Ilgren, E. and Chatfi eld, E., Coalinga fi bre—A short, amphibole-free chrysotile. Evidence for lack of fi brogenic 
activity,  Indoor Built Environ ., 6, 264–276, 1997. 

 Ilgren, E. and Chatfi eld, E., Coalinga Fibre—A short, amphibole-free chrysotile part 2: evidence for lack of 
tumourigenic activity,  Indoor Built Environ ., 7, 18–31, 1998. 

 Kamstrup, O., Ellehauge, A., Collier, C.G., and Davis, J.M., Carcinogenicity studies after intraperitoneal injection 
of two types of stone wool fi bres in rats,  Ann. Occup. Hyg. , 46, 135–142, 2002. 

 Kiyohara, P.K., Estudo da interface crisotila-cimento Portland em compósitos de fi bro-cimento por métodos 
óptico-eletrônicos, Tese de Doutorado, apres. EPUSP, São Paulo, 1991. 

 Le Bouffant, L., Daniel, H., Henin, J.P., Martin, J.C., Normand, C., Tichoux, G., and Trolard, F., Experimental study 
on long-term effects of inhaled MMMF on the lungs of rats,  Ann. Occup. Hyg ., 31, 765–790, 1987. 

 Lee, K.P., Barras, C.E., Griffi th, F.D., Waritz, R.S., and Lapin, C.A., Comparative pulmonary responses to 
inhaled inorganic fi bers with asbestos and fi berglass,  Environ. Res ., 24, 167–191, 1981. 

 Luoto, K., Holopainen, M., Kangas, J., Kalliokoski, P., and Savolainen, K., The effect of fi ber length on the 
dissolution by macrophages of rockwool and glasswool fi bers,  Environ Res ., 70, 51–61, 1995. 

 Mast, R.W., Hesterberg, T.W., Glass, L.R., McConnell, E.E., Anderson, R., and Bernstein, D.M., Chronic inha-
lation and biopersistence of refractory ceramic fi ber in rats and hamsters,  Environ. Health Perspect ., 
102 (Suppl. 5), 207–209, 1994. 

Mast, R.W., McConnell, E.E., Anderson, R., Chevalier, J., Kotin, P., Bernstein, D.M., Thevenaz, P., Glass, L.R., 
Miller, W.C., and Hesterburg, T.W., Studies on the chronic toxicity (inhalation) of  four types of refrac-
tory ceramic fi ber in male Fischer 344 rats, Inhalation Toxicol., 7, 425–467, 1995.

 Mattson, S.M., Glass fi bres in simulated lung fl uid: dissolution behavior and analytical requirements, 
 Ann. Occup. Hyg ., 38, 857–877, 1994. 

 McConnell, E.E., Axten, C., Hesterberg, T.W., Chevalier, J., Miiller, W.C., Everitt, J., Oberdorster, G., 
Chase, G.R., Thevenaz, P., and Kotin, P., Studies on the inhalation toxicology of two fi berglasses 
and amosite asbestos in the Syrian golden hamster. Part II. Results of chronic exposure,  Inhalation 
Toxicol ., 11, 785–835, 1999. 

 McConnell, E.E., Kamstrup, O., Musselman, R., Hesterberg, T.W., Chevalier, J., Miiller, W.C., and Thievenaz, P., 
Chronic inhalation study of size-separated rock and slag wool insulation fi bers in Fischer 344/N rats, 
 Inhalation Toxicol ., 6, 571–614, 1994. 

 McDonald, J.C., Mineral fi bre persistence and carcinogenicity,  Ind. Health , 36, 372–375, 1998. 
McDonald, J.C., Harris, J., and Armstrong, B., Cohort mortality study of vermiculite miners exposed to fi brous 

tremolite: an update, Ann. Occup. Hyg., 46 (Suppl 1), 93–94, 2002.
McDonald, J.C., Harris, J., and Armstrong, B., Mortality in a cohort of vermiculite miners exposed to fi brous 

amphibole in Libby, Montana, Occup. Environ. Med., 61, 363–366, 2004.
 McDonald, J.C. and McDonald, A.D., Chrysotile, tremolite, and mesothelioma,  Science , 267, 776–777, 1995. 
 McDonald, J.C. and McDonald, A.D., Chrysotile, tremolite and carcinogenicity,  Ann. Occup. Hyg ., 41, 699–705, 

1997. 
 McDonald, J.C., McDonald, A.D., and Hughes, J.M., Chrysotile, tremolite and fi brogenicity,  Ann. Occup. 

Hyg ., 43, 439–442, 1999. 
 Miller, B.G., Jones, A.D., Searl, A., Buchanan, D., Cullen, R.T., Soutar, C.A., Davis, J.M., and Donaldson, K., 

Infl uence of characteristics of inhaled fi bres on development of tumours in the rat lung,  Ann. Occup. 
Hyg ., 43, 167–179, 1999. 

 Miller, F.J., Dosimetry of particles: critical factors having risk assessment implications,  Inhalation Toxicol ., 12 
(Suppl. 3), 389–395, 2000. 

 Morgan, A., The removal of fi bres of chrysotile asbestos from lung,  Ann. Occup. Hyg ., 38, 643–646, 1994. 
 Morimoto, Y., Yamato, H., Kido, M., Tanaka, I., Higashi, T., Fujino, A., and Yokosaki, Y., Effects of inhaled 

ceramic fi bers on macrophage function of rat lungs,  Occup. Environ. Med ., 51, 62–67, 1994. 
 Morrow, P.E., Possible mechanisms to explain dust overloading of the lungs,  Fundam. Appl. Toxicol ., 10, 

369–384, 1988. 

4049_C027_r03.indd   6664049_C027_r03.indd   666 11/15/2005   5:53:21 PM11/15/2005   5:53:21 PM



Asbestos 667

 Mossman, B.T., Bignon, J., Corn, M., Seaton, A., and Gee, J.B., Asbestos: scientifi c developments and implica-
tions for public policy,  Science , 247, 294–301, 1990. 

 Muhle, H., Bellman, B., and Heinrich, U., Overloading of lung clearance during chronic exposure of experi-
mental animals to particles,  Ann. Occup. Hyg ., 32 (Suppl. 1), 141–147, 1988. 

 Muhle, H., Pott, F., Bellmann, B., Takenaka, S., and Ziem, U., Inhalation and injection experiments in rats to 
test the carcinogenicity of MMMF,  Ann. Occup. Hyg ., 31, 755–764, 1987. 

 Nagy, B. and Bates, T.F., Stability of chrysotile asbestos,  Am. Mineral ., 37, 1055–1058, 1952. 
 Noll, W. and Kircher, H., Veranderungen von Chrysotilasbest,  Elektronenmikroscop. Naturw ., (Historical 

Archive), 39, 188, 1952. 
 Oberdörster, G., Deposition, elimination and effects of fi bers in the respiratory tract of humans and animals, 

 Ver. Dtsch. Ing. Ber ., 17–37, 1991. 
 Oberdorster, G., Lung particle overload: implications for occupational exposures to particles,  Regul. Toxicol. 

Pharmacol ., 21, 123–135, 1995. 
 Oberdorster, G., Determinants of the pathogenicity of man-made vitreous fi bers (MMVF),  Int. Arch. Occup. 

Environ. Health , 73 (Suppl.), S60–S68, 2000. 
 Olin, S., Testing of fi brous particles: short-term assays and strategies, Report of an ILSI Risk Science Institute 

Working Group,  Inhalation Toxicol ., 17, 497–537, 2005. 
 Pauling, L., The structure of chlorites,  Proc. Natl. Acad. Sci. USA , 16, 578–582, 1930. 
 Pinkerton, K.E., Brody, A.R., McLaurin, D.A., Adkins, B., Jr., O’Connor, R.W., Pratt, P.C., and Crapo, J.D., 

Characterization of three types of chrysotile asbestos after aerosolization,  Environ. Res ., 31, 32–53, 
1983. 

 Rodelsperger, K., Woitowitz, H.J., Bruckel, B., Arhelger, R., Pohlabeln, H., and Jockel, K.H., Dose-response 
relationship between amphibole fi ber lung burden and mesothelioma,  Cancer Detect. Pre v., 23, 
183–193, 1999. 

 Roggli, V.L., Vollmer, R.T., Butnor, K.J., and Sporn, T.A., Tremolite and mesothelioma,  Ann. Occup. Hyg ., 46, 
447–453, 2002. 

 Ross, M., and Nolan, R.P., History of asbestos discovery and use and asbestos-related disease in context with 
the occurrence of asbestos within ophiolite complexes, in  Ophiolite Concept and the Evolution of 
Geological Thought , Dilek, Y. and Newcomb, S., Eds., Geological Society of America, Boulder, CO, 
2003. 

Skinner, H.C.W., Ross, M., and Frondel, C., Eds., Asbestos and Other Fibrous Minerals, Oxford University 
Press, Oxford, pp. 30–31.

 Smith, D.M., Ortiz, L.W., Archuleta, R.F., and Johnson, N.F., Long-term health effects in hamsters and rats 
exposed chronically to man-made vitreous fi bres,  Ann. Occup. Hyg ., 31, 731–754, 1987. 

 Speil, S. and Leineweber, J.P., Asbestos minerals in modern technology,  Environ. Res.,  2, 166–208, 1969. 
 Stoeber, W., Flachsbart, H., and Hochrainer, D., Der Aerodynamische Durchmesser von Latexaggregaten und 

Asbestfassern,  Staub-Reinh. Luft , 30, 277–285, 1970. 
Wagner, J.C., Berry, G., Skidmore, J.W., and Pooley, F.D., The comparative effects of three chrysotiles by injec-

tion and inhalation in rats, IARC Sci. Publ., 30, 363–372, 1980.
 Wagner, J.C., Berry, G., Skidmore, J.W., and Timbrell, V., The effects of the inhalation of asbestos in rats, 

 Br. J. Cancer , 29, 252–269, 1974. 
 Whittaker, E.J.W., Mineralogy, chemistry and crystallography of amphibole asbestos, in  Short Course in 

 Mineralogical Techniques of Asbestos Determination , Ledoux, R.C., Ed., Mineralogical Association 
of Canada, Toronto, 1979. 

 Wicks, F.J., Mineralogy, chemistry and crystallography of chrysotile asbestos, in  Short Course in Mineralogical 
Techniques of Asbestos Determination , Ledoux, R.C., Mineralogical Association of Canada, Toronto, 
1979.   

         

4049_C027_r03.indd   6674049_C027_r03.indd   667 11/15/2005   5:53:21 PM11/15/2005   5:53:21 PM



4049_C027_r03.indd   6684049_C027_r03.indd   668 11/15/2005   5:53:21 PM11/15/2005   5:53:21 PM



669

  The Inhalation Toxicity 
of Benzene 
 Robert Snyder and Marcel Van Raaij 

 CONTENTS 

 28.1 Introduction ..........................................................................................................................669
28.2 Acute Toxicity of Benzene ...................................................................................................671

28.2.1 Lethality ...................................................................................................................671
28.2.2 Acute Nonlethal Effects ...........................................................................................672

28.3 Chronic Toxicity of Benzene ...............................................................................................674
28.4 Hematotoxicity and Bone Marrow Function ........................................................................676
28.5 Immunotoxicity ....................................................................................................................678
28.6 Carcinogenesis and Leukemogenesis ...................................................................................680
28.7 Benzene Metabolism ............................................................................................................682
28.8 Mechanism(s) of Benzene Toxicity/Leukemogenesis ..........................................................684
28.9 Closing Comments ...............................................................................................................686
References ......................................................................................................................................686 

 28.1 INTRODUCTION 

 Benzene, which was discovered early in the nineteenth century, came into heavy use in Europe 
around 1870–1880 as a solvent for rubber used to make tires for bicycles and automobiles. The pro-
cess involved dissolving rubber latex in benzene, pouring the solution into molds, and allowing the 
benzene to evaporate, thereby leaving the formed tire. The workers recognized the smell of benzene, 
which at low concentrations was aromatic and not necessarily unpleasant, without realizing the inher-
ent dangers in exposure to the solvent. 

 Early reports of acute benzene toxicity were, in general, poorly documented with respect to the 
air concentrations of benzene that resulted in central nervous system (CNS) depression. There was 
better documentation of exposures leading to chronic toxicity. The fi rst report describing the results 
of chronic industrial exposure to benzene was published by Santesson in 1897. However, little ben-
zene was produced in this country and exposure to benzene was not signifi cant in the United States 
during that time. Benzene was heavily used in Germany and to a lesser extent in Britain (Hamilton, 
1922). Benzene required for specifi c industrial purposes was imported from Germany and was quite 
expensive. Therefore, petroleum-based solvents were used in the United States in preference to ben-
zene. With the advent of World War I the picture changed dramatically. Benzene, along with toluene, 
which was required for the manufacture of munitions, was no longer available from Germany and 
large-scale production became a requirement. 

 Several reports appeared in the early literature that documented measurements of benzene in the 
air of factories where benzene was used as a solvent. Greenburg (1926a, 1926b) described a survey 
conducted by the U.S. Public Health Service that focused initially on 78 facilities of which ulti-
mately 18 rooms in 12 plants were studied. The data in Table 28.1, selected from Greenburg (1926b), 
show examples of the amount of benzene used for various operations in each of several rooms per 
week. The air levels of benzene were estimated by a method in which room air was passed through 

 28
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TABLE 28.1 Industrial Benzene Exposure and Abnormal Blood Findings in Early Twentieth 
Century Industry

Process 
Gallons of Benzene 

Used per Week

Average Air 
Concentration 

of Benzene, ppm
No. of Workers 

Exposed

No. of Workers 
with Abnormal 

Blood Observations

Painting 4,200 340 6 2

Insulating Wire 300 210 12 6

Coating 4,200 2.640 1 1

Compound mixing 4,200 410 10 1

Cement mixing 10,000 860 9 6

Dry cleaning 1,800 4,140 — —

Cementing  50 120 9 2

Source: Data taken from Greenburg (1926b).

charcoal-containing tubes at a defi ned rate and time. The vapors in the air were trapped on charcoal, 
and the trapped vapor was determined by weighing the charcoal tubes. In retrospect we can question 
the accuracy of the gravimetric technique. Furthermore, in some of the rooms other chemicals were 
used with benzene and would be trapped by the charcoal. Nevertheless, the table provides a gen-
eral picture of the levels of exposure to benzene in several factories in the early twentieth century. 
Clearly, large amounts of benzene were used. Individual area concentrations ranged from zero to 
as high as 4140 ppm with mean values estimated at 70–1800 ppm. Of 81 workers studied 26 (32%) 
displayed evidence of decreases in circulating blood cells (a characteristic of benzene toxicity which 
will be covered when chronic benzene toxicity is discussed.   

 A readily available source of benzene and toluene was identifi ed in the process by which coal 
was converted to coke. The production of steel involves the solution of pure carbon in molten iron. 
Coke is produced by heating coal to high temperatures in the absence of oxygen in an enclosed space 
called a coke oven. During the heating many components of coal other than carbon are either vapor-
ized or melted. Molten chemicals derived from coal are collected at the bottom of the coke oven 
and processed to isolate many chemicals, including aniline and its derivatives, which were the basis 
of extensive industrial uses, such as the synthesis of dyes. The more volatile compounds, including 
benzene and the alkylbenzenes, were recovered from the emitted vapors in relatively pure form. 
With benzene then available in considerable quantities at more reasonable prices its use increased 
signifi cantly in the United States, as did the incidence of benzene toxicity. 

 In this chapter we will examine the effects of acute exposure to high concentrations of benzene, 
which are expressed as CNS depression, and chronic exposure, which may result in depressed bone 
marrow function leading to aplastic anemia or myelodysplasia, a precursor to some forms of leuke-
mia. We will also discuss some thoughts on the mechanism(s) by which benzene causes its adverse 
effects. Mechanistic studies should clarify the impact of benzene on fundamental cellular processes 
and should help in establishing acceptable limits to benzene exposure in various environments. 

 Agencies are often required to set acceptable exposure levels for benzene in various situations in 
the absence of a complete understanding of mechanism. For example, Table 28.2 (Agency for Toxic 
Substances and Disease Registry [ATSDR], 1995) shows threshold limit value (TLV)–time-weighted 
average (TWA) exposure for benzene for an 8-h work day and permissible short-term exposure limits 
(STEL) (15 min) established by the American Conference of Governmental Industrial Hygienists 
(ACGIH) and by the Occupational Health and Safety Administration (OSHA) of the U.S. Department 
of Labor. Note that the ACGIH and OSHA differ by a factor of 2. The Spacecraft Maximum 
Allowable Concentrations for Selected Airborne Contaminants (SMAC Committee) of the National 
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Research Council (NRC) designed exposure limits based on benzene’s bone marrow toxicity and 
effects on the immune system, recognizing that exposure may extend to days, weeks, and months 
under conditions of microgravity. The SMAC values published by the NRC range from 10 ppm/1 h 
to 0.02 ppm/180 d. Thus, it is clear that the mode of exposure, the duration of exposure, and the 
atmosphere in which exposure occurs play key roles in determining acceptable exposure levels. 
Note the signifi cant contrast in exposures to benzene between Tables 28.1 and 28.2. Here we will 
review key features of the toxicology of benzene that have been used to establish these and other 
acceptable exposure standards.   

 28.2 ACUTE TOXICITY OF BENZENE 

 28.2.1 Lethality 

 Because of the pattern of benzene production most of the early cases of acute benzene poisoning 
were reported in Germany. Greenburg (1926a) described a report by Dr. J. Rambousek at the 1910 
International Congress of Industrial Hygiene, in which 22 cases of acute benzene poisoning due to 
inhalation were discussed. Many similar reports described acute lethality due to high concentrations 
of benzene. In some cases the deaths were thought to have been caused by asphyxiation. When 
workers entered tanks in which the air was virtually saturated with benzene vapor there may have 
been insuffi cient oxygen to support respiration. In other cases air may have been blown through the 
vessel to reduce the level of benzene vapor, but the residual air contained enough benzene to over-
come the workers by virtue of its CNS-depressant activity. 

 It has been suggested (Bass, 1970; Reinhardt et al., 1971; Litovitz, 1988) that benzene may lead 
to fatal cardiac arrhythmias in workers exerting vigorous activity, such as attempting to remove a 
fallen comrade during a rescue operation, by sensitizing the myocardium to catecholamines. The 
mechanism is similar to the mechanism thought to cause cardiac arrhythmias by a number of halocar-
bons used as anesthetics. However, the data are insuffi cient to permit the conclusion that induction of 
cardiac arrhythmias by benzene is a demonstrated mechanism of acute benzene toxicity .  

 Hamilton (1922) described some examples of benzene-induced lethality in Germany in 1912. One 
man using a benzene-based paint was overcome by the vapors while painting the inside of a barrel. 
Another worked in a dry - cleaning establishment where benzene was used as the solvent. He climbed 

  TABLE 28.2 TLV-TWA and SMAC Values for Benzene

Agency

TLV-
TWA 
(8 his) 
ppm

STEL (short-
term exposure 

limit) 
(15 min) ppm

Maximum 
Peak 

(10 min) 
ppm SMAC ppm Time

ACGIH 0.5 2.5 — — —

OSHA (For industry segments 
covered 29 CFR 1910 1028)

1 5 — — —

OSHA (For industry segments not 
covered 29 CFR 1910, 1028)

— 25 50 — —

NASA — — — 10 1 h

— — — 3 24 h

— — — 0.5 7 d

— — — 0.1 30 d

— — — 0.02 180 d
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into a washing machine and was overcome by vapors of residual benzene. A third was in charge of a 
distilling operation in which benzene was being collected. He succumbed when he neglected to turn 
on the cold water that fed the condenser, which resulted in accumulation of high levels of benzene 
vapors in his breathing zone. These were events in which a single individual was exposed because of 
a combination of lack of understanding of the dangers of benzene and lack of safety procedures in 
industry; they are examples of the many reports of acute benzene toxicity published in the early years 
of the twentieth century .  

 Flury (1928) estimated that in people exposure to benzene vapor at a concentration of 20,000 
ppm for 5–10 min would be fatal. Exposure to 7500 ppm for 30–60 min would result in the toxicity 
described by Hunter (1962) as excitement, incoherent speech, fl ushed face, headache, giddiness, 
nervousness, insomnia, nausea, paresthesia of the hands and feet, and fatigue. Over the same period 
3000 ppm was considered to be without immediate effects. 

 Lethality studies have been reported in rabbits (Carpenter et al., 1944), rats (Carpenter et al., 
1944; Smyth et al., 1962; Drew and Fouts, 1974; Bonnet et al., 1982), and mice (Lazarew, 1929; 
Svirbely et al., 1943; Bonnet et al., 1982) (Table 28.3). Data suffi cient to calculate LC

 50 
 values were 

reported by Drew and Fouts (1974) and Bonnet et al. (1982) in rats and by Lazarew (1929) and 
Bonnet et al. (1982) in mice. The exposure concentrations ranged from 4980 to 15,000 ppm and the 
exposure times from 4 to 7 h. Although performed in three different laboratories over a span of 30 
years the resulting LC

50
 values, i.e., 13,700 and 9536 ppm in rats and 14,122 and 9980 ppm in mice, 

are reasonably consistent. (See Table 28.3.)   

 28.2.2 Acute Nonlethal Effects 

 Several types of nonlethal effects of benzene have been reported. Acute benzene exposure is able to 
induce various toxicologically important effects such as CNS depression, irritation of the eyes and 
airways, effects on the hematopoietic system, and genotoxic events. The most prominent effect of 
acute benzene exposure is CNS depression, a property shared by many other solvents. Although these 
effects have been recognized for over 100 years, detailed exposure–response data are limited. For 
example, in contrast to the rich database for toluene, no neurobehavioral studies in human volunteers 
exist with benzene. Gerarde (1960) estimated that 50–150 ppm for 5 h results in headache, lassitude, 
and weariness whereas 500 ppm for 1 h induces symptoms of illness. Fishbein (1984) suggested that 
CNS effects would be initially seen at exposures above 250 ppm. In a case study, one of four male 
workers showed major CNS effects after working in a confi ned space for fi ve intermittent periods of 
2–3 h spread over 2 d. Area levels up to 600–1500 ppm were measured in a simulation experiment 
(Drozd and Bockowski, 1967). Workers exposed to benzene vapors in fuel tanks for 1 d to 3 weeks, 
where their exposure averaged 60 ppm but may have reached a maximum of 653 ppm, reported diz-
ziness/light headedness, nausea, headache, and drowsiness (Midzenski et al., 1992). CNS-related 
effects were also reported in occupational studies (Kellerova, 1985; Yin et al., 1987; Kraut et al., 
1988; Greenburg, 1939), although in most of these occupational studies repeated benzene exposure 

  TABLE 28.3  LC 50  Values for Benzene in Rats and Mice

Species
Range of Exposures 

ppm Exposure Duration LC50 ppm Reference

Rat 11,500–5,500 4 13,700 Drew and Fouts (1974)

Rat 7,000–15,000 6 9,536 Bonner et al. (1982)

Mouse 7,000–15,000 6 14,122 Bonner et al. (1982)

Mouse 4,980–14,600 7 9,980 Svirbely et al. (1943)
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may have resulted in accumulation in fat-rich tissues while coexposure to other solvents cannot be 
excluded. 

 Animal data related to CNS effects involve two categories: information on narcotic effects (e.g., 
Engelhardt and Estler, 1935; Carpenter et al., 1944) and neurobehavioral changes. Neurobehavioral 
changes follow a specifi c pattern for this type of solvent: at subnarcotic levels hyperreactivity and 
increased locomotor behavior is observed (similar to stage II anesthesia observed in humans) and at 
higher levels decreased activity and lethargy may result (e.g., Molnar et al., 1986; Evans et al., 1981). 
Changes in neurological responses (e.g., hind limb grip strength) were reported by Dempster et al. 
(1984) and Frantik et al. (1994). 

 Von Oettingen (1940) described a study by Lehman (1910) on the narcotic action of benzene 
in cats. The data permit an examination of “Haber’s rule” with respect to the inhalation toxicology 
of benzene. Haber had postulated that for a number of war gases  C  ×  T  =  K , i.e., the concentration 
of the gas multiplied by the time over which the gas was administered yields a constant value. For 
example, if the concentration was 100 ppm and gas was administered for 10 min the constant would 
be 1,000 ppm·min. If the concentration were reduced to 50 ppm and the time of administration 
increased to 20 min the product would again be 1000 ppm·min. Although the rule was intended 
to describe a limited number of gases the concept has been extrapolated in toxicology not only to 
other gases, but also to all forms of chemicals, given at a variety of routes and for longer periods 
than envisioned by Haber. Nevertheless, for short-term exposures to gases, ten Berge et al. (1986) 
proposed that the rule should be modifi ed to 

   C n   ×  T  =  K . 

 Lehman (1910) exposed animals at various exposure times (3 min to 7 h) and exposure concentrations 
(10–170 mg/l, equivalent to 3080–52,360 ppm) were performed to determine a time–concentration–
response pattern for light narcosis and deep narcosis. From this experiment it was shown that for 
slight CNS depression, the exposure concentration is more important than exposure duration because 
the  C  ×  T  product becomes greater with increasing duration of exposure. When the data are fi tted to 
 C n   ×  T  =  K , the time–concentration–response curve for slight CNS depression yields an  n -value of 
2.2, light narcosis yields a  n -value of 1.08, whereas the curve for deep narcosis yields an  n -value of 
0.93. Together, these results in cats indicate that the CNS-depressing effects of benzene within a time 
frame of 3 min to 7 h and concentrations up about 50,000 ppm can be described by using  n  = 1. 

 The CNS effects of benzene are normally rapidly reversible and persistent structural damage is 
not likely to occur. Benzene is less or about equipotent to toluene, xylenes, and other alkylbenzenes 
to induce CNS effects in animals (Molnar et al., 1986; Tegeris and Balster, 1994; Frantik et al., 
1994). High concentrations of benzene are irritating to mucous membranes of the eyes, nose, and 
respiratory tract (Wolf et al., 1956; Gerarde, 1960). Skin burns and blistering may occur after acute 
exposure to vapors with high levels of benzene (Avis and Hutton, 1993). Lehman (1910) reported 
that exposure of three volunteers to about 3400–4900 ppm for 5–15 min caused airway irritation. 
Volunteers ( n  = 23) exposed to levels up to 110 ppm for 2 h reported no subjective symptoms 
(Srbova et al., 1950). In several occupational studies involving benzene exposure, irritative effects 
of the upper airways were reported (Yin et al., 1987; Kraut et al., 1988; Midzenski et al., 1992), 
but exposure levels in these cases were not known with certainty and coexposure to other organic 
substances could not be ruled out. Von Oettingen (1940) reported corneal damage in rabbits exposed 
to about 12,000 ppm for 1 h/d for several days. Grayish white turbidity of the cornea was apparent 
after 6–8 d but fi rst changes were noted after 25 min of exposure. Furthermore, exposure of rats to 
1000–2440 ppm (duration not provided) resulted in irritation of the mucous membranes. 

 Repeated benzene exposure causes bone marrow toxicity (see elsewhere in this chapter). However, 
a single inhalation exposure to benzene may induce effects on some circulating cells (Uyeki et al., 
1977; Dempster et al. 1984; Cronkite et al., 1989). It is important to separate effects on circulating cells, 
progenitor cells, and the pluripotent stem cells. In quantitative terms the dose–effect relationship of 
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acute benzene exposure and hematotoxic effects is poorly described and no data are available to show 
what level of benzene is able to affect the pluripotent stem cells in a single dose. 

 Benzene is a genotoxic, clastogenic agent that induces chromosome aberrations, sister chromatid 
exchanges, and micronuclei (Zhang et al., 2002). In various animal studies, inhalation of benzene 
for short periods (30 min to 6 h) induced clastogenic effects (Ranaldi et al., 1998; Tice et al., 1980; 
Erexson et al., 1986; Styles and Richardson, 1984) at levels starting from about 10 ppm. The impor-
tance of such acutely induced genotoxic effects for the carcinogenic risk assessment is not yet clear. 
It appears that some of these effects are readily reversible (Cirranni et al., 1991; Fuije et al., 1992). 

 28.3 CHRONIC TOXICITY OF BENZENE 

 Unlike acute benzene toxicity, which is manifested as depression of the central nervous system, 
chronic benzene toxicity is a disease of the bone marrow. The literature is replete with examples of 
chronic benzene toxicity ranging from individual case studies to large-scale epidemiological exami-
nation of exposed cohorts. A limited sampling of some of those that have had a major impact on the 
study of benzene toxicity and/or on the regulation of benzene in the workplace will be presented 
here. Chronic exposure to benzene results in decreases in numbers of circulating blood cells as a 
result of damage to the bone marrow. Hemopathies have been described in many reports. Table 28.4 
shows the results of blood studies on Finnish workers (Savilahti, 1956) who had been chronically 
exposed to benzene at 400 ppm. Of 107 workers 31 displayed decreases in red blood cells (anemia), 
white blood cells (leukopenia), and platelets (thrombocytopenia). When all three blood cell types 
are decreased the result is termed pancytopenia and is usually the result of bone marrow aplasia, i.e., 
a replacement of normal bone marrow with fat and scar tissue, and a nonfunctioning hematopoietic 
system. Other workers showed leukopenia and thrombocytopenia but not anemia. The table shows 
that any combination of these effects may be seen. Clearly, the more cell types that are affected, the 
more serious the disease. It is likely that the severity of the hemopathy is related to the dose and the 
time of exposure. Furthermore, the data suggest that removal from exposure results in some degree 
in the reversal from the effects of exposure. Reexposure can intensify the effects again. Furthermore, 
the bone marrow damage shown here may lead, after some latency period, which may extend from 
5 to 20 years, to some forms of leukemia (see below).   

 The fi rst report on the hematotoxic effects of benzene was presented at the Twelfth International 
Medical Congress in Moscow by Santessen (1897). He described nine cases of purpura hemorrhagica 
in young women who used a benzene-based cement in their work. The outstanding feature that he 
observed both in the four women who died and the fi ve survivors was evidence of purpura, i.e., bleed-
ing under the skin and in the internal organs, associated with inhibited blood clotting. He also reported 
decreases in circulating erythrocytes and leukocytes. He was unsuccessful in reproducing these effects 
in animals injected with benzene because the high doses he used killed the animals. However, he was 
the fi rst to specifi cally claim that exposure to benzene in the workplace resulted in hematological 
abnormalities, referring to benzene as “. . . das wesentlich toxische Princip . . . ” (i.e., the intrinsic toxic 
principle). 

 Selling (1910) of Johns Hopkins University reported that 14 girls between the ages of 14 and 16 
worked in a room where benzene-based rubber cement was applied to seal cans and allowed to dry 
by the release of benzene into the air. Approximately 10 gallons of benzene evaporated into the air 
of the room each day. Three of the girls were admitted to Johns Hopkins Hospital displaying various 
degrees of purpura. Two died and were shown to have aplastic bone marrows. Blood studies in the 
fatal cases demonstrated severe depression of the numbers of circulating erythrocytes and leukocytes 
and dramatically impaired blood clotting. Selling (1916) went on to treat rabbits with benzene by 
injection and by using repeated doses, smaller than those employed by Santessen, and succeeded in 
reproducing the disease. 

 H.G. Weiskotten was a pathologist at Syracuse University Medical School who examined ben-
zene toxicity in rabbits, in most instances injecting the benzene in oil subcutaneously. He followed 
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decreases in erythrocytes, the various forms of leukocytes and thrombocytes during repeated daily 
administration of benzene (1320 or 1760 mg/kg) (Weiskotten et al., 1915–16, 1916–17; Weiskotten 
and Steensland, 1918–19; Brewer and Weiskotten, 1916; Weiskotten and Steensland, 1917; 
Weiskotten et al., 1924). Weiskotten et al. (1920) performed the fi rst study of benzene toxicity in rab-
bits in which benzene vapor was administered by inhalation. Although the concentration of benzene 
was not reported the paper contains a detailed description of the inhalation apparatus, the amount of 
benzene used, and the fl ow rate. By using these data it was possible to demonstrate that the concen-
tration of benzene in the air of the chamber was approximately 240 ppm (Snyder and Kocsis, 1976). 
Among a group of fi ve animals in which mean total leukocytes equaled 11,892/µl prior to exposure, 
subsequent exposure for 10 h/d, for a mean time of 6.4 d, resulted in a mean decrease to 1768 µl. Two 
animals died but the remainder demonstrated total leukocyte levels of 6166/µl one year later, suggest-
ing signifi cant but incomplete recovery. 

 During the ensuing half-century numerous reports appeared demonstrating that exposure of 
workers to benzene vapor resulted in progressive decreases in erythrocytes, the various forms of 
leukocytes, and platelets. In its most severe form, aplastic anemia, the marrow ceased to produce 
mature circulating cells. One of the best studied cohorts in the pre-World War II era was New York 
City Rotogravure printers (Greenburg et al., 1939). Benzene was used to dissolve the inks used to 
print colored newspapers in high-speed printing presses because of its excellent solvent properties 
and the rapid rate at which it evaporated, leaving a dry newspaper. The evaporated benzene created 
a benzene-laden atmosphere in the printing plant and all the symptoms of benzene toxicity could 
be observed among the workers. The concentration of benzene in the air varied upon the location 
and the operation in which the workers were involved. Greenburg estimated that exposure ranged 
between 11 and 1060 ppm. His study group included 81 controls and 235 exposed printers. He exam-
ined a number of hematological end points, of which two will be cited here. Assuming that mild 
anemia can be defi ned as having fewer than 4.49 million red blood cells/µl of blood, 2.4% of the 
controls displayed mild anemia, whereas 48% of the benzene-exposed workers ranged from mildly to 

  TABLE 28.4 Effect of Chronic Benzene Exposure 
(400 ppm) in Finnish Workers at Initial Examination 
(0) and at 1-, 3-, 6-, 9, and 12-Month Follow-Up 
Studies a  

Hemopathy 0 1 3 6 9 12

Anemia, leukopnia, 
thrombocytopenia 
(i,e, pancytotenia)

31 30 22 15 13 11

lekopenia 
thrombocytopenia

8 6 3 2 2 1

Anemia 
thrombocytopenia

11 7 5 3a 3 2

Anemia leukopnia 1 1 1 1 1 1

Anemia 8 — — 3 3 3

Leukopenia 
thrombocytopenia

7 — — 2 2 1

Thrombocytopenia 41 17 2 3 2 2

Total 107 61 33 29 26 21

  a One worker died. 
Source: Data taken from Savilahti (1956).
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severely anemic. Assuming that total leukocyte levels below 5000/µl defi ne mild leukopenia, among 
the  controls 8.6% were defi cient in white blood cells, whereas among the benzene-exposed workers 
31% displayed mild to severe leukopenia. 

 Before 1955 rubber cement used in shoe making in Turkey was prepared by dissolving rubber in 
petroleum-based solvents. Benzene replaced petroleum solvents because it was cheaper. Subsequently 
numerous cases of aplastic anemia were seen in the hematology departments at the University 
of Istanbul and Cerrahpasa Medical schools (Aksoy and Erdem, 1978). M. Aksoy, Director of 
Hematology, initiated a series of studies among the 28,500 shoe workers in the Istanbul area between 
1967 and 1975 and his work was summarized in his book,  Benzene Carcinogenicity  (1988). In a 
study of 217 workers (Aksoy et al., 1971) engaged in shoe manufacturing using a benzene-based 
cement, in which exposure was estimated to range from 30 to 210 ppm, 23% displayed hematologi-
cal abnormalities indicative of benzene poisoning, i.e., leukopenia, thrombocytopenia, leukopenia 
and thrombocytopenia in the same individuals, pancytopenia (decreases in all three circulating blood 
cell types), etc. He reported on 32 patients who had been exposed to benzene at 150–650 ppm for 4 
months to 15 years and were found to be pancytopenic. The most common feature observed in these 
patients was arrested maturation of bone marrow cells. Thus, bone marrow samples demonstrated 
excessive immature cells in the myeloid and erythroid series. The picture of the bone marrow under-
lying pancytopenia ranged from complete aplasia to hyperplasia. 

 Yin et al. (1987) evaluated benzene toxicity among 508,818 workers in 19,969 factories in China. 
The airborne concentration of benzene in 50,255 workplaces within these factories was found to 
be less than 40 mg/m 3  (12.5 ppm). Overall the geometric mean concentration was 18.1 mg/m 3  with 
a range of 0.06–844.74 mg/m 3 . In 1.3% of the workplaces benzene concentrations exceeded 1000 
mg/m 3  (312.5 ppm). The overall prevalence of benzene poisoning, defi ned as leukopenia, was given 
as 0.5%, but industry-specifi c values included 0.54% in the painting industry and 1.25% in the shoe-
making industry. In all, 24 cases of aplastic anemia were observed, primarily where benzene concen-
trations exceeded 93–1156 mg/m 3  (29–361 ppm). 

 28.4 HEMATOTOXICITY AND BONE MARROW FUNCTION 

 Both functional and mechanistic studies of benzene-induced hemopathies require a basic under-
standing of bone marrow structure and function. The term bone marrow refers to the hollow space 
within all bones where cells destined for the circulation can be made. In the neonatal period when 
most of the marrow is engaged in blood cell production, the marrow has a red appearance because 
the majority of developing cells belong to the erythroid line. With age less of the marrow is normally 
required to satisfy the body’s need for blood cells and, except in certain disease states, the require-
ment can be met by the red marrow of the vertebrae, ribs, sternum, and pelvis, and to some degree 
the ends of the long bones. Thus, much of marrow contains fat and has a white to yellow appearance. 
Microscopic evaluation of both circulating blood and bone marrow has been used from the earliest 
studies to evaluate the effects of benzene. With the evolution of the fi eld of cell biology newer tech-
niques have been employed in studying benzene toxicity, some of which will be discussed here. 

 The idea that circulating blood cells arise from a common precursor in the marrow called the 
pluripotential stem cell, plus the concept that damage to the hematopoietic environment, or stroma, 
of the marrow could impair bone marrow function, helped to redefi ne the fi eld of hematology and 
also permitted people studying benzene toxicity to evaluate loci within the marrow which might be 
targets at which benzene toxicity might be initiated. Thus, microscopic evaluation of circulating 
cells in the blood or in samples of bone marrow have been supplemented with (1) studies of bone 
marrow cell colony-forming units, and (2) advances in immunology have led to the identifi cation of 
cells at various stages of differentiation leading to mature circulating cells on the basis of antibody 
responses to specifi c sites on cell membranes. 

 We now know that the process by which circulating blood cells develop is initiated when a 
pluripotential stem cell undergoes cell division to yield an identical stem cell and a cell that is now 
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receptive to cytokines which drive differentiation through stages described as multilineage progenitor 
cells, unilineage progenitor cells, indentifi able precursor cells, and ultimately, maturation to circulat-
ing cells. Figure 28.1 shows a commonly accepted scheme for these events. The process involves 
differentiation and maturation to cells, which, in theory, should be identifi able either morphologically 
or via the use of appropriate biological markers. However, the other physiological function associ-
ated with the marrow is amplifi cation. From a single stem cell it is necessary to derive a specifi ed 
number of mature circulating cells, a task that is accomplished by mitosis of cells at various stages of 
development. As cells undergo morphological and physiological changes aimed at eventually defi n-
ing specifi c cell types at the most mature stage, they also undergo mitoses that serve to increase their 
numbers. Each mitotic event, beyond that of the pluripotential stem cell, can yield two daughter cells. 
Thus, the amplifi cation of cell numbers refl ects a geometric progression controlled by the number 
of mitotic events at each stage. For example, among the erythroid cells there must be a suffi cient 
number of mitotic events to provide 5 million mature red blood cells per microliter of blood; leuko-
cytes of various types are present in much smaller numbers, but they have a shorter lifetime in the 
circulation. A great many mitotic events are required in each pathway from primitive to mature cells. 
Therefore, a bone marrow cell sample will have predominantly more differentiated and mature cells 
than early precursor cells, which serves to complicate the identifi cation of earlier cells. The techno-
logical solution to the problem involved the development of a system in which each cell type serves 
as the original cell in a colony-forming unit (CFU). Whereas it may be diffi cult to observe a primi-
tive unilineage red blood cell precursor, we can grow colonies of cells, which we call CFU-E, each 
of which derives from one erythroid cell and thereby permits us to determine the number of these 

FIGURE 28.1 Scheme for differentiation of bone marrow cells from pluripotential stem cells to mature, cir-
culating blood cells. Nomenclature is based on studies using the “colony forming unit” technique.
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specifi c erythrocyte precursors in each preparation. By the same token colonies of each of the cell 
types indicated in Figure 28.1 can be grown and will indicate the number of those cells in any given 
bone marrow sample. 

 CFU-S was fi rst demonstrated by Till and McCulloch (1961), who irradiated mice to render 
the bone marrow nonfunctional. Upon injecting bone marrow cells from a normal mouse into the 
irradiated mouse they found that the spleen of the recipient mouse could give rise to colonies of 
either erythroid or myeloid cells. The cells that gave rise to the spleen colonies are considered to 
be pluripotential stems cells and because they were fi rst identifi ed using the spleen colony-forming 
assay they are called CFU-S (colony-forming unit-spleen). The signifi cance of this approach to the 
study of benzene-induced bone marrow damage was emphasized by Uyeki et al. (1977) and Gill 
et al. (1980), who reported on the reduction of CFU-S in bone marrow of mice exposed on several 
occasions to benzene at 4000–5000 ppm. Green et al. (1981), Harigaya et al. (1981), and Cronkite 
et al. (1982) also observed decreases in pluripotential stem cells during chronic benzene exposure, 
albeit at much lower benzene doses, i.e., 100–400 ppm. Sensitivity to benzene exposure has been 
observed in early erythroid cells, e.g., CFU-E, BFU-E, and in early myeloid cells, e.g., CFU-C, 
CFU-GM (Hildebrand and Murphy, 1983; Seidel et al., 1989). Indeed the addition to the hydroqui-
none, catechol, 1,2,4-benzenetriol, or muconaldehyde at appropriate doses may be toxic to each of 
the CFUs indicated in Figure 28.1. 

 The processes described in Figure 28.1 relate to those cells that undergo differentiation, 
 maturation, and amplifi cation in the bone marrow. However, these events cannot proceed in the 
absence of a viable hematopoietic microenvironment, otherwise termed the stroma. Weiss (1976) 
described the hematopoietic microenvironment as “. . . branching vascular sinuses lying in a fi bro-
blastic stroma which supports hematopoiesis.” Reticuloendothelial cells and monocytes/macro-
phages, fi broblasts, and fat cells, plus key structural features, i.e., the bone itself and the sinusoids, 
constitute the hematopoietic microenvironment. Dexter and his coworkers (1977, 1979) developed 
an  in vitro  system in which stroma was grown as an adherent layer of cells and served to support 
the growth of stem cells. 

 Thus, Garnett et al. (1983) demonstrated that bone marrow stromal cultures from benzene-
treated mice were structurally altered and failed to support the growth and differentiation of stem 
cells from untreated mice. Longacre et al. (1981a) reported that DBA/2 mice were more susceptible 
to benzene toxicity than C57Bl/6 mice. Gaido and Wierda (1985) suggested that the differential 
sensitivity was based on effects of benzene metabolites on stromal cells. Addition of hydroquinone 
or  p -benzoquinone to stromal cell cultures reduced their ability to support stem cell development 
(Gaido and Wierda, 1984). Evidence supporting the requirement for the oxidation of hydroquinone 
to  p -benzoquinone in stromal cells for the production of benzene toxicity came from studies show-
ing that the inhibition of the peroxidatic activity of prostaglandin synthase reduced hydroquinone 
oxidation and was protective of stromal cell function (Gaido and Wierda, 1987; Schlosser et al., 
1990; Renz and Kalf, 1991). Ross et al. (1990) proposed that the “ . . . activation and deactivation of 
quinones . . . ” by DT-diaphorase (NQO1) in bone marrow stroma modulated the toxicity of hydro-
quinone in stromal cells. Thomas et al. (1990) narrowed the range of specifi c targets for hydroqui-
none within the stroma by demonstrating that the stromal macrophage was more sensitive to the 
toxic effects of hydroquinone than the fi broblastoid stromal cells. They suggested that the basis of 
the differential sensitivity was that the fi broblastoid cells were 4-fold higher in DT-diaphorase than 
the macrophages. The accumulated evidence suggests that damage to the stroma may be a signifi -
cant cause of bone marrow depression and aplastic anemia. 

 28.5 IMMUNOTOXICITY 

 Many components of the immune system are represented in the contents of circulating blood. As a 
result it is expected that bone marrow depression would lead to impairment of the immune system. 
The increased susceptibility to infection as a result of bone marrow depression is of major signifi cance 
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and may well be the leading cause of death related to chronic exposure to benzene (e.g., Young and 
Maciejewski, 2000; Greenberg, 2000). 

 Immunology as a separate discipline began in the period immediately preceding World War I and 
several early immunologists, in response to the reports of Selling, examined the impact of benzene on 
immunocompetence. Hirschfelder and Winternitz (1913) used a rabbit model for lobar pneumonia, 
found that treatment with benzene at levels which Selling found to produce bone marrow depres-
sion caused a marked reduction in the capacity to survive the infection. White and Gammon (1914) 
proposed that benzene-treated rabbits were more susceptible to tuberculosis than controls. Camp 
and Baumgartner (1915) in an early study on the infl ammatory reaction used three test systems in 
rabbits made leukopenic by benzene treatment, i.e., rubbing croton oil into a needle scratch on the 
ear of a rabbit;   application of heat to the rabbit ear; intramuscular injection of granular “carmine.” 
Each of these normally produce signs of infl ammation including infi ltration of polymorphonuclear 
leukocytes. In benzene-treated animals there was no leukocyte infi ltration and large numbers of 
bacteria were found at the site of injury. Simonds and Jones (1915) and Hektoen (1916) noted 
that blood from benzene-treated animals demonstrated reductions in red blood cell lysis, bacterial 
agglutinins, opsonin activity, and phagocytosis. More recently it was demonstrated that among the 
functions inhibited following benzene exposure is impairment of the immune response to  Listeria 
monocytogenes  (Rosenthal and Snyder, 1985)  .  

 There has been general but not unanimous agreement in the literature that the fi rst cells to 
be shown to decrease in numbers in response to benzene exposure are the leukocytes. However, 
which of these is most vulnerable has been debated. Earlier literature suggested that granulocytes 
decrease fi rst, whereas recent evidence has focused on lymphocytes (Svirbely et al., 1944; Snyder, 
et al., 1978, 1980, 1982; Rozen et al., 1984; Ayoma, 1986; Farris et al., 1997). All reported 
decreases in circulating B and/or T lymphocytes following exposure to benzene. Irons and Moore 
(1980) examined the effects of injected benzene in rabbits and reported a selective decrease in 
circulating B lymphocytes. In a series of papers Irons and coworkers (Pfeifer and Irons, 1981, 
1982; Wierda et al., 1981; Wierda and Irons, 1982) reported on the inhibition of lectin-stimulated 
proliferation of lymphocytes and suggested that the mechanism, in part, was related to the ability 
of benzene or hydroquinone to cause the cells to begin to cycle. Once in cycle, however, the cells 
failed to proliferate because hydroquinone caused the disaggregation of microtubule assembly 
during mitosis. 

 Recent studies on the interaction of benzene and its metabolites with lymphocytes have focused 
on the effects on growth factors. For example, the benzene metabolites hydroquinone or  p -benzoquinone 
added to mouse spleen lymphocytes resulted in an inhibition of the formation of interleukin 2 (IL-2), 
a T-cell growth factor, probably as a result of inhibition of RNA synthesis (Post et al., 1985, 1986). 
 p -Benzoquinone also inhibited the processing of preinterleukins IL-1α and IL-1β to active interleukins 
(Niculescu and Kalf, 1995; Kalf et al., 1996; Renz and Kalf, 1991). The lack of IL-1 may have profound 
effects on bone marrow function including immune suppression. Pyatt et al. (1998) showed that 1 
µ M  hydroquinone reversibly inhibited tumor necrosis factor α (TNF-α)-induced activation of NF-κB 
in CD34 +  T lymphocytes and the production of IL-2.These authors suggest that NF-κB may be a 
signifi cant mediator of benzene-induced immunotoxicity. 

 The mononuclear phagocyte system (MPS) is another target for benzene (Lipton, 1995). The 
MPS develops in the bone marrow (Figure 28.1) by way of the CFU-GM. Further differentiation sep-
arates the monocyte/macrophage line from the granulocytes. Sequential differentiation through the 
CFU-M, the monoblast, and the promonocyte lead to the formation of the monocyte. The monocytes 
leave the marrow and travel via the blood to various organs where they become the resident macro-
phages of each organ. In the liver they are called Kupfer cells, in the lung they are called pulmonary 
alveolar macrophages, in the brain they are called microglial cells, etc. Their roles are to consume 
dying cells and to provide defense against infections and other foreign challenges. Macrophages are 
unique in that they can exist in a given organ in a quiescent state but can be activated by antigens 
(North, 1978; Karnovsky and Lazdins, 1978; Cohn, 1978). Activation is demonstrated by increases 
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in the capacity of macrophages for chemotaxis, phagocytosis, cytotoxicity, and the production of a 
variety of mediators (Laskin and Pendino, 1995). Indeed, excessive increases in these activities have 
been associated with acetaminophen-induced hepatotoxicity (Laskin and Pilaro, 1986). 

 Treatment of mice with benzene display increased activation and/or maturation of bone marrow 
macrophages (Laskin et al., 1989; MacEachern and Laskin, 1992; MacEachern et al., 1992), coin-
cidental with increases in the production of TNF-α, IL-1, and hydrogen peroxide. TNF-α and 
IL-1 have been shown to increase the levels of the inducible nitric oxide synthase resulting in an 
increase in nitric oxide production (Laskin and Laskin, 1999). Benzene treatment also resulted in 
increased expression of the mRNA for the inducible form of nitric oxide synthase and higher nitric 
oxide production (Punjabi et al., 1994). Nitric oxide had been shown to decrease bone marrow 
cell proliferation (Punjabi et al., 1992). When bone marrow leukocytes were exposed to benzene, 
hydroquinone, 1,2,4-benzenetriol, or  p -benzoquinone at bone marrow-depressive doses, the cells 
were more sensitive to stimulants of NO production such as lipopolysaccharide or interferon-
gamma than controls (Laskin et al., 1995). Thus, the impact of benzene on the immune system via 
activation of macrophages may provide an alternative mechanism by which benzene reduces bone 
marrow function. 

 Lewis and coworkers (Lewis et al., 1988; Klan et al., 1990; Manning et al., 1994) have focused 
on the effects of benzene and its metabolites on the MPS. Benzene and several of its metabolites 
were examined for their ability to inhibit a number of macrophage functions. These studies were 
performed using   peritoneal macrophages from mice immunized with bacillus Calmette-Guerin to 
increase macrophage yield. The resulting cells appeared to be activated macrophages. The cells 
were subsequently cultured and the effects of benzene and several of its metabolites evaluated 
with respect to their effects on macrophage function. Whereas benzene itself was ineffective, 
 p -benzoquinone inhibited the release of hydrogen peroxide, Fc receptor-mediated phagocytosis, 
interferon-gamma priming for tumor cell cytolysis, and bacterial lipopolysaccharide (LPS) trig-
gering of cytolysis. Hydroquinone inhibited hydrogen peroxide release and priming for cytolysis, 
benzenetriol inhibited phagocytosis and priming for cytolysis, and catechol only inhibited peroxide 
release. Whereas the results quoted above may appear to be in confl ict, the source of the macro-
phages and the mechanism of activation may account for the differences in response. Macrophages 
taken directly from the bone marrow may respond differently from peritoneal macrophages acti-
vated by bacterial antigens. 

 28.6 CARCINOGENESIS AND LEUKEMOGENESIS 

 Should we distinguish between carcinogenic activity and leukemogenic activity of chemicals? 
Maltoni and Scarnato (1979) administered benzene at doses of 50 or 250 mg/kg/d, orally, 4–5 d per 
week for 52 weeks to rats and observed 8 of 35 rats with tumors in the high-dose group and 2 of 30 
in the low-dose group. The major form of tumor was carcinoma of the Zymbal gland. They later per-
formed inhalation studies (Maltoni et al., 1982, 1983) and reported similar effects. Bioassays by the 
National Toxicology Program (Huff et al., 1989) confi rmed the results of Maltoni and found Zymbal 
gland tumors in the mouse, as well as malignant tumors of the mouth and skin, plus malignant lym-
phoma and mammary carcinoma. The National Toxicology Program, while studying short-term car-
cinogenesis assays using the Tg.AC transgenic mouse, found that application of benzene to the skin 
resulted in pappilomas as well as myelogenous leukemia (Spaulding et al., 1999). Because only those 
cancers that are classifi ed as leukemias have been related to benzene exposure in humans, as opposed 
to laboratory animals, this discussion will be restricted to the leukemogenic activity of benzene. 

 When Santesson announced that benzene was the cause of hematotoxicity and aplastic anemia 
in exposed workers the medical community accepted his conclusions because a signifi cant per-
centage of workers in benzene-related industries displayed the signs of the disease after relatively 
brief exposure; the observations turned out to be consistent from facility to facility and Santesson 
was a credible authority. When the issue of benzene-induced leukemia arose, following the  initial 
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case report by LeNoir and Claude (1897), acceptance of the cause-and-effect association was 
slower in developing because fewer authorities supported the concept and few cases were observed. 
Furthermore, studies of workplace populations exposed to benzene (e.g., Greenburg, 1939; Helmer, 
1944; Hamilton-Patterson and Browning, 1944; Savilahti, 1956) emphasized descriptors of bone 
marrow depression. Nevertheless, Selling who had reproduced benzene toxicity in rabbits 20 years 
earlier, stated in 1935, “There is evidence in the literature that benzol may be a causal agent in the 
production of leukemia.” He cited the reports of Delore and Borgomano (1928) and of Falconer 
(1933), who had observed cases of acute leukemia in people who worked with benzene. He also dis-
cussed the controversial paper of Lignac (1933) who treated mice with benzene and claimed to have 
observed the development of leukemia. For many years shadows were cast on this work because, 
despite a number of attempts, it was not possible to reproduce the results. The issue was raised again 
in a report by Mallory et al. (1939) who cited a case of leukemia among the benzene-exposed roto-
gravure workers described by Greenburg (1939). 

 On the basis of his clinical observations Vigliani, who was Direttore, Instituto di Medicina 
Industriale di Torino dell ′E.N.P.I., categorized benzene toxicity into four subtypes: (1) typical 
aplastic anemia, (2) typical cases of aplastic anemia except that the bone marrow appeared to be 
quite active in the formation of undifferentiated cells, (3) atypical aplastic anemia in which the 
marrow appeared to be either “hyperplastic” or “metaplastic,” and (4) frank aleukemic leukemia 
(Penati and Vigliani, 1938). Unfortunately the journal in which his paper was published was obscure 
and unavailable to most investigators and his report was largely ignored. His attempts to further his 
arguments were cut short by World War II. Following the war he became Director of the Institute 
of Occupational Medicine at the University of Milan and proceeded to report on retrospective stud-
ies in France and Italy that involved 77 fatalities resulting from occupational exposure to benzene, 
in which it was demonstrated that approximately half died of aplastic anemia and half of leukemia 
(Vigliani and Saita, 1964; Vigliani and Forni, 1969). He subsequently reviewed data from Italian 
benzene-exposed workers between 1928 and 1938, where 60 cases of aplastic anemia and 10 of 
leukemia were observed (Vigliani and Forni, 1976). 

 The bulk of the cases of benzene-related illness in Italy were associated with the shoemaking 
industry where benzene was used as a solvent for rubber cement. A similar industry fl ourished in 
Turkey where shoemaking was to some extent a cottage industry with families engaged in making 
shoes in their poorly ventilated homes using materials collected from a central point of distribution. 
A petroleum-based solvent had been used as a base for the glue in Turkey up to about 1955–60, 
when a change was made to a benzene-based glue (Aksoy, 1988). Subsequently, Aksoy, who headed 
the Department of Hematology at the University of Istanbul, recognized that among the patients 
in his clinic were an unusual number of cases of aplastic anemia and leukemia. Because he was 
aware of the work of Vigliani, both from his publications and through personal contacts, he studied 
the shoemakers of Istanbul, a cohort which he estimated to number 28,500, and found widespread 
bone marrow depression as cited above. However, he also described several cases of “preleukemia,” 
which today would be classifi ed as myelodysplastic syndrome, and subsequently reported that of 51 
cases of pancytopenia, 13 developed leukemia (Aksoy et al., 1972). 

 In the early 1970s benzene was one of the earliest problems investigated by the newly estab-
lished Occupational Safety and Health Administration (OSHA) and its research arm, the National 
Institute for Occupational Safety and Health (NIOSH). Although the work of Vigliani and Aksoy 
strongly suggested that tighter controls on benzene exposure in the workplace were required, the 
database was fl awed because the reported results were not based on well-founded epidemiological 
studies and there were no acceptable data on exposure assessment. As a result NIOSH and OSHA 
focused on a well-defi ned cohort of workers in Ohio who were engaged in the manufacture of a rub-
berized material termed Pliofi lm (Infante et al., 1977) where benzene was used as a solvent for the 
rubber. The cohort was made up of white men who worked in the factory between 1940 and 1949. 
They reviewed death certifi cates for those who had died and accounted for all but 25% of the cohort. 
Seven cases of leukemia associated with benzene exposure in the Pliofi lm operation were  identifi ed. 
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The standardized mortality ratio (SMR) for benzene-exposed Pliofi lm workers was 560 for the group 
at large and 2100 for workers exposed for more than 5 years (Rinsky et al.,   1981, 1987). They went 
on to develop an argument based on cumulative exposure using the metric “ppm-years of exposure” 
and suggested that, given an exposure range of 40 ppm-years to 400 ppm-years the projected SMR 
values for an excess of benzene-associated leukemia would range from 109 to 6637. It is notable 
that an internal study at the Dow Chemical Company (Ott et al., 1978) also reported an excess of 
leukemia among workers exposed to benzene. 

 The studies of Rinsky et al. (1981, 1987) and of Ott et al. (1978 )  demonstrated an association 
between benzene exposure and leukemia but theirs were relatively small-scale studies. An opportu-
nity to examine a larger cohort arose as a result of efforts by S.-N. Yin of the Institute of Health of the 
Chinese Academy of Medical Sciences who initiated a study of Chinese workers exposed to benzene 
(Yin et al., 1987, 1996) or benzene-containing mixtures in 28 provinces of China between 1979 and 
1981. Of the 528,729 workers in the cohort, 96.23% were examined. The report indicated an overall 
prevalence of so-called “benzene poisoning” of 0.51%. Twenty-four cases of aplastic anemia and 
nine of leukemia, most of which were of the acute nonlymphocytic variety, were reported. Studies in 
55,255 workplaces demonstrated an average benzene concentration of 18.1 mg/m 3  (5.6 ppm); how-
ever, in those workplaces where most of the leukemia and aplastic anemia were observed the benzene 
air concentrations were estimated to range between 93 and 115 mg/m 3  (29–361 ppm) over varying 
periods. A follow-up study (Yin et al., 1989) focused on an exposed cohort of 28,460 workers that 
were compared with a group of controls of approximately the same size. An SMR value for leukemia 
(undifferentiated) of 5.74 was calculated for the group occupationally exposed to benzene. 

 Over the past 60-70 years benzene exposure has been associated with a wide range of different 
types of leukemia/lymphoma. Eventually it was realized that the predominant form was acute myelog-
enous leukemia (AML). The report of by Yin et al. (1996) summarized a study involving 73,000 
benzene-exposed workers in China compared with 35,000 controls. Statistical examination of the 
results showed a signifi cant association between benzene exposure and the development of leukemia 
in general, AML specifi cally, aplastic anemia, and myelodysplasia. The data did not show an increase 
in chronic myelogenous leukemia (CML) (a form of leukemia not observed among the Chinese popu-
lation) or acute lymphocytic leukemia (AAL). They also reported, for the fi rst time, increases in mul-
tiple myeloma and non-Hodgkin’s lymphoma (NHL). This was the largest study ever performed to 
investigate benzene-induced leukemia. The Australian Health Watch (Consensus Documents, 2000, 
2001), a university-based program supported by the Australian Institute of Petroleum which surveys 
leukemia in the petroleum industry in Australia, found an increased incidence of AML and CML 
among these workers. This was the fi rst time that benzene had been implicated in CML. They found 
no evidence for either lymphatic cancer (NHL and multiple myeloma) or multiple myeloma alone. 

 The fact that CML is commonly seen in western countries (25–30% of all cases of leukemia in 
the United States are CML) suggests an ethnogenetic basis for the disease. Epidemiological stud-
ies in Europe or the United States have not been large enough to fi nd an association with benzene 
although there is a great deal of NHL in this country unrelated to benzene (about 4% of all leuke-
mias). The Chinese study detected NHL in a Chinese population but it was not observed in a large 
study in Australia (albeit smaller than the Chinese study). Furthermore, multiple myeloma was 
increased in the Chinese study but not in the Australian study. There are many other reports in the 
leukemia literature suggesting ethnogenetic links of susceptibility. Thus, it would not be surpris-
ing if there is a benzene-sensitive population in China susceptible to NHL that cannot be found in 
Western countries. More data are required, especially in the western countries, to determine whether 
benzene exposure is linked to NHL. 

 28.7 BENZENE METABOLISM 

 It has been well established that animals in which benzene metabolism has been impaired are 
protected against benzene-induced bone marrow damage (Snyder et al., 1982). It was concluded, 
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therefore, that one or more benzene metabolites must play a role in initiating benzene toxicity, and 
by extension, benzene-induced leukemogenesis. The pathway of benzene metabolism has been 
well explored (Snyder et al., 1993; Snyder and Hedli, 1996) and Figure 28.2 summarizes the major 
pathways of benzene metabolism. CYP 2E1 is the enzyme primarily responsible for the hydrox-
ylation of benzene. The intermediate oxide-oxepin undergoes a spontaneous, nonenzymatic rear-
rangement to form phenol. Phenol is further hydroxylated to form hydroquinone, catehol, and 
1,2,4-benzenetriol, the latter being largely derived from hydroquinone. Alternatively, epoxide 

FIGURE 28.2 Pathways of benzene metabolism.
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hydrolase may add water to benzene oxide to yield the dihydrodiol, which can be oxidized to 
catechol via the enzyme dihydrodiol dehydrogenase. The benzene ring may be opened to yield  t ,  t -muco-
naldehyde and 6-OH- t ,  t -hexadienoic acid. The ring opening is postulated to be the result of an 
attack by an as-yet-unidentifi ed reactive oxygen species (Zhang et al., 1995a). Further metabolism 
results in muconic acid, a well-described urinary metabolite. Glutathione can react with benzene 
oxide to yield 1-glutathionyl-1,2-OH-cyclohexadiene, which in the kidney is converted to the phen-
ylmercapturic acid. The phenolic compounds appear in the urine as sulfates and glucuronides. Other 
metabolites that have been observed in urine include a  N -acetyl- S -(2,5-dihydroxyphenyl)- L -cysteine, 
N7-phenylguanine (thought to be an end product of the breakdown of DNA containing a benzene-
related adduct), and two protein-adduct-related end products,  S -phenylcysteine and  N -phenylvaline 
(Medieros et al., 1997). 

 Apparently, several reactive metabolites are formed during benzene metabolism. Hydroquinone, 
catechol, and 1,2,4-benzenetriol can be oxidized to highly reactive, bone-marrow-toxic quinines 
(probably via myeloperoxidase in bone marrow) which could covalently bind to DNA or proteins. 
 t, t -Muconaldehyde, and 6-OH- t ,  t -2,4-hexadienal have been shown to be bone marrow depressants. 
Furthermore, there is evidence for synergistic effects of ring-opening products and hydroxylated 
metabolites of benzene (Eastmond et al., 1987; Guy et al., 1990, 1991; Robertson et al., 1991; Amin 
and Witz, 2001). 

 28.8 MECHANISM(S) OF BENZENE TOXICITY/LEUKEMOGENESIS 

 The mechanism of benzene toxicity/leukemogenesis has been the subject of many studies over the 
past 50 years. The fi rst, and one of the most important, was the suggestion by Parke and Williams 
(1953), as a result of their studies of benzene metabolism, that it was likely that one or more of the 
benzene metabolites might be important in the mechanism of toxicity. The observation that inhibi-
tion of benzene metabolism by toluene (Andrews et al., 1977) or partial hepatectomy (Sammett et al., 
1979), which both reduced the production of benzene metabolites and protected against benzene 
toxicity, supported the Parke and Williams (1953) hypothesis. It is clear that after inhalation benzene 
is carried to the liver where it undergoes a series of metabolic reactions (Hedli et al., 1997; Hoffmann 
et al., 1999). Metabolites leave the liver and travel to the bone marrow where secondary metabolites 
are formed which are probably the direct cause of impaired bone marrow function. Metabolites 
viewed as most likely to play a role in benzene-induced hematotoxicity are hydroquinone, catechol, 
and 1,2,4-benzene triol (each of which can be oxidized in the bone marrow to respective quinones) 
and  t ,  t -muconaldehyde. 

 The concept that metabolites of xenobiotic chemicals can lead to toxicity was strengthened by 
the demonstration that metabolically generated, chemically reactive intermediary metabolites can 
covalently join with macromolecules, such as proteins and DNA, with the result that macromolecular 
functions are changed. (The demonstration of these events and discussions of their implications has 
been the subject of a series of international symposia, the proceedings of the most recent of which 
can be found in Dansette et al., 2001.) The metabolites, referred to as biological reactive interme-
diates (BRIs), react nonenzymatically and with less overall specifi city than might be observed in 
enzymatically driven reactions. Thus,  in vitro  benzene oxide, a product of the epoxidation of benzene 
by CYP 2E1, and  p -benzoquinone, an oxidation product of the benzene metabolite hydroquinone, 
can covalently bind to both proteins and DNA. However,  in vivo  greater specifi city of bonding sites 
occurs than  in vitro  (Snyder, 2002) and binding to proteins is more reproducible and extensive that 
binding to DNA. 

 The proposed mechanism of carcinogenesis of so-called “genotoxic carcinogens” that has arisen 
over the past several decades is that BRIs react covalently with DNA with the result that the genetic 
code is misread during DNA replication or mRNA synthesis, or attempts to repair covalently bound 
DNA result in repair error. The resultant impairment of DNA function could result in mutation-based 
cell transformation to a cancer cell. It has been argued that a single covalently bound BRI could 
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initiate this series of events. It is more likely, however, that several mutations, refl ective of genetic 
instability, are required to elicit a carcinogenic response (Fearon and Vogelstein, 1990; Finlay, 1993; 
Arends, 2000; Bronchud, 2002; Nowak et al., 2002). 

 The dogma suggests that, unlike other toxicological effects, there cannot be a threshold dose for 
a genotoxic carcinogen. Attempts to regulate exposure to benzene have employed risk assessment 
techniques directed to genotoxic carcinogens. If the key event, however, is a series of reactions 
involving binding to proteins, molecules that turn over quickly and can be readily replaced when 
damaged, it is necessary to reevaluate the “no threshold” concept. Consequently it is of both theo-
retical and regulatory interest to fully understand the mechanism of both benzene-induced aplastic 
anemia and leukemia. 

 Inhalation of benzene at a suffi ciently high dose for a suffi ciently long period of time leads to 
bone marrow depression and eventually marrow aplasia. The route of administration plays a sig-
nifi cant role in determining the effectiveness that a given dose will display in producing toxicity. 
Benzene given to mice benzene (200 mg/kg) intradermally displayed signifi cantly higher levels of 
benzene metabolites in bone marrow than animals given the same dose by gavage (Hoffmann et al., 
2001). The oral route permitted loss of benzene in the expired air at a greater rate than when given 
in the skin. The pattern of metabolites was not affected by the route of administration. Inhalation 
of benzene permits absorption of a signifi cant percentage of the inspired vapor. Recent studies in 
humans confi rm the frequently stated suggestion that short peaks of high exposure during chronic 
lower-dose exposure seem to be more effective in damaging bone marrow leading to a leukemogenic 
response than long-term exposure at constant levels (Collins et al., 2003). 

 In the bone marrow benzene metabolites have a variety of effects depending on concentra-
tion. For example, in both human and mouse bone marrow stem/progenitor cells hydroquinone at 
concentrations below 5 µ M  causes proliferation of granulocytic precursors (Stillman et al., 2000; 
Hazel et al., 1995, 1996a, 1996b; Hazel and Kalf, 1996; Hoffmann et al., 2001). At higher concen-
tration, e.g., 10 µ M  or higher, the cells commence apoptosis (Moran et al., 1996). At suffi cient doses 
animals treated with benzene display decreased bone marrow cellularity and reductions in various 
bone marrow CFUs (Snyder, 2002). The growth of specifi c CFUs  in vitro  can also be inhibited by 
benzene metabolites. Benzene metabolites have been shown to interfere with the normal function-
ing of several bone marrow cytokines necessary for growth and differentiation of specifi c bone 
marrow cell types. Furthermore, benzene treatment appears to render the bone marrow stroma 
(hematopoietic microenvironment) inactive in the support of growth and differentiation of bone 
marrow cells. 

 Whereas the death of critical cells and/or the inhibition of their function can be accepted as a 
probable cause of benzene-induced aplastic anemia, leukemogenesis appears to be a somewhat more 
complex process. The prevailing opinion is that in cases where exposure to benzene does not lead 
to marrow aplasia, cells may survive but may be inherently damaged. The resulting bone marrow 
appears dysplastic, with aberrant cells and chromosome damage. Chronic exposure to benzene leads 
to chromosome aberrations, which have been related to leukemogenesis. Chromosome damage has 
not been excluded as a factor in the production of aplastic anemia. 

 It has been postulated that covalent binding of reactive metabolites of benzene to cellular mac-
romolecules could be the basis of chromosome damage and subsequent leukemogenesis. However, 
covalent binding of benzene metabolites to DNA has been found to be of a low order and erratic  in 
vivo.  There is extensive binding to proteins but it appears to be nonspecifi c. Any number of proteins 
and specifi c enzymes may be shown to be bound by reactive metabolites of benzene but sorting out 
those specifi c to toxicity requires further work. A more recent hypothesis suggested that benzene 
metabolites alter the activity of topoisomerase II, an enzyme that can both assist in DNA repair, or 
when inhibited, contribute to DNA damage leading to chromosomal aberrations and cell transforma-
tion. The role of benzene metabolites in stimulating differentiation of myeloblasts to myelocytes, 
the inhibition of further maturation to neutrophils, coupled with inhibition of apoptosis at the myelo-
cyte stage, could act as a mechanism for promoting the growth of the transformed cells (Hazel et al., 
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1995, 1996a, 1996b, 1996c).   Thus, the combined effects of benzene metabolites at various stages in 
cellular function could lead to eventual leukemogenesis. 

 Benzene metabolites have been shown to interfere with cellular processes, each of which may 
contribute to the ultimate toxic/leukemogenic effects. There is no well-developed road map that 
leads from benzene exposure, through benzene metabolism, to aplasia or leukemia. Part of the prob-
lem lies in the lack of an animal model that can reproduce the benzene-induced leukemia most 
 frequently seen in humans. The nearest to a model has been the Tg.AC mouse, which when treated 
with benzene by skin application gives rise to both papillomas and myelogenous leukemia. The trans-
genic animal results from the insertion of v Harvey  ras  oncogene into the mouse genome. The insertion 
may render the animal more susceptible to leukemia than animals that do not carry the extra  ras  
gene. Further studies with these and other models are needed before we fully understand the mecha-
nism of benzene-induced leukemia. 

 28.9 CLOSING COMMENTS 

 The study of the mechanism of benzene toxicity and leukemogenesis is entering a new phase. Several 
laboratories are engaged in studying the effects of benzene inhalation on the genome in animal 
models by using a variety of array technologies. There is intensive work in the areas of the mecha-
nism and the interpretation of the formation of chromosome aberrations. Examination of the effects 
of benzene in humans is continuing in several studies including those in China and Australia. It is 
already possible to suggest that susceptibility to benzene toxicity/leukemogenesis may be related 
to differences between individuals in the expression of CYP 2E1, NQ01, and glutathione transfer-
ases. Other factors in the bone marrow may also vary genetic susceptibility to benzene. Genomic 
information may, in the future, provide a method for identifying those people most susceptible to 
benzene-related diseases. 
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 29.1 INTRODUCTION 

 Carbon monoxide (CO), a gas produced by the incomplete combustion of carbon-based fuels includ-
ing oil, gasoline, wood, charcoal, and coal, is the most ubiquitous pollutant in the lower atmosphere 
(Jaffee, 1970). Although CO was present in large quantities in the earth’s primitive atmosphere 
(Hart, 1979) and produced and consumed by microorganisms long before early humans discovered 
fi re, it was the use of fi re and the concomitant production of CO in confi ned areas that made CO 
an environmental hazard. Although they could not, of course, identify CO, the ancient Greeks and 
Romans were aware of the toxic phenomenon associated with fi re and lack of ventilation and used 
CO to both execute criminals and commit suicide. 

 Carbon monoxide poisoning is unique in its close association with the evolution of technology. 
Poisoning from CO increased drastically in the fi fteenth century with the use of coal for domestic 
heating. The sharp increase resulted directly from inhalation of CO formed by incomplete combus-
tion in home-heating appliances and explosions and fi res in coal mines. Illuminating gas (a mixture 
of hydrogen, CO, and methane), introduced as a fuel for domestic heating, increased further the 
hazard of CO poisoning. In more recent years, the introduction of the internal combustion engine 
and the development of numerous technological processes that produce CO have contributed further 
to the hazards associated with this gas. Carbon monoxide poisoning is recognized as a major public 
health problem in as much as it may be responsible for more than one half of all fatal poisonings 
reported each year (Raub et al., 2000). 

 The effects of CO on health have been the subject of several recent reviews (Penney, 1996, 2000; 
U.S. Environmental Protection Agency [U.S. EPA], 2000). This chapter will consider (1) the sources 
of CO in the environment, (2) the transport of oxygen (O

 2 
) in the blood and tissues, (3) the effects of 

CO on hemoglobin and myoglobin, (4) the uptake and elimination of CO, (5) other mechanisms of 

 29 
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CO toxicity, (6) the effects of CO at altitude, (7) the endogenous production of CO, (8) physiological 
aspects of CO, and (9) exposure limits for CO set by various agencies. 

 29.2 SOURCES OF CO IN THE ENVIRONMENT 

 Humans are exposed to CO produced and�or emitted by energy conversion processes, tobacco smok-
ing, and normal physiological processes. Accordingly, exposure to CO may occur in both ambient 
air and during a variety of normal, occupational, recreational, or other human activities. 

 The U.S. EPA (2003) estimated that the total emissions of CO in the United States in 2001 was 
120.8 million short tons (STN) (Table 29.1). Fuel combustion by on-road vehicles, including automo-
biles and trucks, the single largest emission category, contributed 74.8 million STN or 62% of the total. 
Nonroad engines, including lawn and garden, aircraft, railroads, and vessels, emitted 24.7 million STN or 
20.4% of the total. Accordingly, the total emissions from internal combustion engines were 99.5 million 
STN per year or 82.4% of total CO emissions. The third major CO emission category was waste disposal 
and recycling. This grouping includes the combustion of wastes in municipal and other incinerators and 
from open burning of refuse. These sources emitted 3.2 million STN or 2.7% of total CO emissions. 

 Other categories comprise metals processing, electrical utilities, industrial, and other fuel com-
bustion, other chemicals and allied products, petroleum and related industries, and storage and 
transport. These categories contributed 6.8 million metric tons or 5.4% of total CO emissions. The 
miscellaneous category includes emissions from forest wild fi res, slash burning, agricultural fi res, 
and structural fi res. This grouping contributed 11.4 million STN or 9.4% of total CO emissions. 
Forest wildfi res accounted for 7.1 million STN or 5.9% of total CO emissions. Residential wood 
burning produces approximately 2.5 million STN of CO or 2.1% of all CO emissions. Therefore, the 
internal combustion engine remains the principal anthropogenic source of CO. 

 Tobacco smoking was a major source of CO exposure for nonsmokers in the United States in the 
decades before the 1990s. Goldsmith (1970) estimated that 40–60% of the adults in any community 
were affected by cigarette smoking. However, increased awareness of the health risks posed by 
tobacco smoking to smokers and nonsmokers alike, and legislation restricting smoking on airplanes, 
public buildings, and in many restaurants has limited CO exposure. 

 Cigarette smoke contains up to 4% (40,000 ppm) CO by volume. Carbon monoxide inhaled during 
smoking is diluted with air so that the alveolar gas of smokers may contain 400–500 ppm CO. Smoke 
produced by a burning cigarette is divided into several smoke streams (Hoegg, 1972). Mainstream 
smoke, the smoke drawn directly into the lungs has received the most attention. All the other smoke 

  TABLE 29.1  Nationwide Carbon Monoxide Emission 
Estimated for  2001

Source category Short tons (106) % of total

On-road vehicles 74.8 62.0

Nonroad engines and vehicles 24.7 20.4

Waste disposal and recycling 3.2 2.7

Metals processing 1.4 1.1

Fuel combustion electrical Utility 0.5 0.4

Fuel combustion industrial 1.2 1.0

Fuel combustion other 2.9 2.4

Chemical and allied products 0.4 0.3

Petroleum and related industries 0.2 0.1

Storage and transport 0.2 0.1

Miscellaneous 11.4 9.4

Source: U.S. EPA (2003).
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streams are emitted into the environment and are responsible for the health concerns associated with 
“passive smoking,” i.e., the inhalation of environmental tobacco smoke (ETS) by nonsmokers in the 
vicinity of a smoker. Side-stream smoke generated by the burning end of the cigarette during the puff 
interval contributes approximately 95% of the total smoke, whereas the smolder stream, also generated 
during the puff interval, contributes 4%. The remaining smoke is emitted from the glowing end of the 
cigarette during the puff (the glow stream), from the sides of the cigarette during the puff (the effusion 
stream), and from the sides of the cigarette between puffs (the diffusion stream). Although the amount 
of CO produced by cigarette smoking constitutes a minor percentage of the total atmospheric burden, 
smoking in closed spaces can signifi cantly elevate CO levels (U.S. Department of Health, 1979). 

 The major determinants of CO levels caused by smoking are the size of the space in which smok-
ing occurs, the number and type of tobacco products smoked, and the amount and effectiveness of 
ventilation. Hoegg (1972) reported side stream and mainstream values for CO produced by a machine 
smoking cigarettes in a 25-m 3  nonventilated chamber. There was a linear relationship between the 
number of cigarettes smoked and the chamber CO concentration. Smoking 24 cigarettes produced 
a chamber concentration of 69.8 ppm CO. Side stream smoke and mainstream smoke from a single 
cigarette contained 75.5 and 16.0 ml of CO, respectively. The side stream-mainstream ratio for CO 
was 4.7. This study separated mainstream smoke from side stream smoke and demonstrated that side 
stream smoke is an important source of CO in a closed environment. 

 Coburn et al. (1964) reported on the effects of smoking on the buildup of CO in confi ned areas. 
In hospital wards where smoking was prohibited, CO concentrations averaged 2.2 ppm (but reached 
5 ppm). Air taken from smoke-fi lled conference rooms contained from 4.3 to 9.0 ppm CO. Ten ciga-
rettes burned in a small room produced an atmospheric concentration of 20 ppm CO. 

 Lawther and Commins (1970) demonstrated the potential for exposure to CO from “passive smok-
ing” in a nonsmoker wearing a CO sensor seated next to a smoker in a chamber. The chamber CO con-
centration rose to 20 ppm in 1 h after the smoking of seven cigarettes. Transient peaks of up to 90 ppm 
CO were measured in the breathing zone of the nonsmoker. Russell et al. (1973) reported an increase 
in mean COHb levels of 1.6–2.6% in 12 nonsmokers sitting in a smoke-fi lled room with six smokers. 
Furthermore, they suggested that the amount of CO absorbed by a nonsmoker in these experiments 
was approximately equal to that absorbed by a person who had smoked and inhaled one cigarette. 

 A variety of personnel are exposed to elevated CO levels during the course of a workday. Workers 
in industries such as casting, welding, drying or preheating, boiler cleaning, blast furnace operations, 
or transport of hot coke or slag are exposed to high levels of CO. Occupational groups involved with 
vehicles, metal processing, chemical processing, stone and glass processing, printing, welding, elec-
trical assembly and repair work, and certain types of graphic artwork have been found to have average 
COHb levels in excess of 2% (Wright and Shephard, 1979). Lawther and Commins (1970) reported 
elevated COHb levels in policemen, garage workers, tollbooth operators, greenhouse workers, and 
fi remen. However, they concluded that in all groups, with the possible exception of greenhouse work-
ers, COHb levels were elevated more by cigarette smoking than by occupational exposure. 

 Davies (1975) reported on CO concentrations in a submarine. In a nuclear submarine, 75–90% 
of the total CO load is from tobacco smoking. In a Polaris submarine with a 150-man crew, 100 
smokers produce approximately 200 l of CO in a breathable air volume of 4000 m 3 . In current 
nuclear submarine operations, the mean CO level for more than 90% of diving time varies between 
5 and 15 ppm. Bondi et al. (1978) reported ambient concentrations aboard a submarine of 7 ppm and 
COHb levels of 2.1, 1.7, and 1.7% in nonsmokers at the start, middle, and end of a 40-day patrol. 
Seufert and Kiser (1996) reported that, after a 62-h submergence, expired CO levels in nonsmokers 
approached the presubmergence levels of smokers who smoked 21 cigarettes per day. The mean CO 
concentration increased from 2.6 before submergence to 9.2 ppm at the end of the 62-h dive. 

 Signifi cant amounts of CO can be generated in enclosed areas by ice-resurfacing machines. 
Johnson et al. (1965) reported that operation of a propane-powered ice-resurfacing machine pro-
duced average values of 157–304 ppm CO in an ice-skating arena. Anderson (1971) measured CO 
concentration up to 250 ppm in an ice-skating rink after an episode of illness among skaters marked 
by headache and nausea. 

4049_C029_r03.indd   6974049_C029_r03.indd   697 11/15/2005   4:08:41 PM11/15/2005   4:08:41 PM



698 Inhalation Toxicology

 Under certain conditions, closed-circuit anesthetic machines using volatile anesthetics can 
become a source of CO exposure. When the CO

 2 
 absorbent (soda lime) is dry, signifi cant production 

of CO can result from the degradation of the anesthetic. Exposure of a patient to CO can result in 
COHb levels of up to 7% (Woehlck   et al., 1997a, 1997b). 

 The possibility of risking elevated COHb levels without being exposed to CO also exists. Stewart 
et al. (1972) reported on a coworker who had breathed varnish remover vapors while “stripping” fur-
niture. Further study revealed that the methylene chloride in the varnish metabolized in the body to 
CO, producing elevated COHb levels. This observation was confi rmed by Ratney et al. (1974), who 
reported COHb levels of 9% in factory workers exposed to methylene chloride levels of 180–200 ppm. 
On the basis of their study, Ratney recommended that the allowable limits of exposure to methylene 
chloride be decreased to avoid body burdens of CO greater than those allowed persons exposed to 
exogenous CO. 

 29.3 OXYGEN TRANSPORT 

 29.3.1 In the Blood 

 An understanding of the transport of O
 2 
 within the body is essential to understand the mechanisms 

of CO toxicity. Oxygen is transported from the lungs to the tissues in reversible combination with 
hemoglobin (Hb), a conjugated protein molecule in which the protein, globin, is joined with heme, 
an iron-porphyrin moiety. The Hb molecule is remarkable; it reversibly binds O

 2  
in the lungs, where 

the concentration of O
 2  
is high and releases it in the tissues where O

 2  
is low. The amount of O

 2  
trans-

ported from the lungs to the tissues as oxyhemoglobin (O
 2 
Hb) depends on the P o 

 2 
 in the inhaled air, 

the amount of functional Hb, and the resulting percentage of Hb saturated with O
 2 
. 

 The relationship between P o 
 2 
 and Hb saturation with O

 2  
is depicted by the sigmoidal-shaped O

 2 

 
Hb dissociation curve (Figure 29.1). Two regions of the normal curve are of particular interest. In 
the fl atter region between O

 2 
 tensions of 70–100 mmHg, there is little change in O

 2 
Hb saturation or 

arterial blood O
 2 
 content with changes in P o 

 2 
; a decrease in P o 

 2 
 from 100 to 70 decreases Hb satura-

tion to only about 93%. This property of Hb enables a subject to experience a moderate reduction in 
P o 

 2 
 without much of a reduction in the amount of O

 2 
 transported by the blood to the tissue. 

 The steeper region between O
 2 
 tensions of 10 and 40 mmHg, is the P o 

 2 
 range found in metabolically 

active tissues. Because the amount of O
 2  
that Hb can bind depends on the local P o 

 2 
, O

 2 
Hb dissociates in 

this region and releases O
 2 
 to the metabolizing tissue. At a P o 

 2 
 of 40 mmHg, Hb saturation is only 75%. 

If the P o 
 2 
 is decreased further to 10 mmHg, Hb saturation decreases to about 13%. In this way, the fl at, 

upper part of the curve protects the body by enabling blood to load O
 2 
 in the lungs over a broad range 

of P o 
 2 
 values, whereas the steep middle and lower parts protect the metabolizing tissues by causing the 

blood to unload large amounts of O
 2  
in the tissues with relatively small decreases in P o 

 2 
. In healthy sub-

jects at sea level only the upper portion of the O
 2 
Hb dissociation curve is used in unloading O

 2 
; the lower 

part may be viewed as a reserve that is drawn on only during exercise or in pathological conditions. 

 29.3.2 In the Tissues 

 Oxygen dissociates from Hb in the tissues and diffuses through the plasma, capillary endothelium, and 
interstitium and enters the myocyte, where it is transported to the mitochondria (McGrath, 2000b). 
The plasma, capillary wall, interstitial fl uid, and sarcolemma of the cell do not contain a heme protein 
for transporting O

 2 
; the cardiac and muscle myocytes do. Oxygen is transported through the cell cyto-

plasm of the myocyte to the mitochondria via two simultaneous pathways: direct diffusion and myo-
globin (Mb)-facilitated diffusion (Wittenberg and Wittenberg, 1987). Within the mitochondria, the 
O

 2 
 enters into a series of reactions whereby ATP is produced. ATP, in turn, diffuses out of the mito-

chondria and powers the numerous energy-requiring activities of the cell, among which is contraction 
of the myocyte. During myocyte contraction, chemical energy, released by the breakdown of ATP, 
is converted to mechanical work. The continued production of ATP depends on the uninterrupted 
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delivery of O
 2  
to the mitochondria. Hence, Mb serves as a critical link between the capillary supply 

of O
 2  
provided by circulating Hb and the production of ATP by the O

 2 
-consuming cytochromes in the 

mitochondrial membrane. 
 Myoglobin is an intracellular iron-containing protein, which binds O

 2 
 reversibly (Wittenberg 

and Wittenberg, 1989) with a greater affi nity than Hb (Roughton, 1964), as a result Mb takes up O
 2 

 
from Hb in the blood. The dissociation curve for Mb is a rectangular hyperbola that lies to the left of 
the sigmoidal-shaped curve for Hb. Myoglobin is a small molecule compared with Hb (17,000 vs. 
68,000 Da) with suffi cient intracellular mobility to diffuse rapidly and contribute substantially to the 
total intracellular O

 2  
fl ux. Although Mb diffuses at 1�20th the rate of free O

 2 
, the fl uxes of free and 

Mb-bound O
 2  
are of the same order (Wittenberg and Wittenberg, 1990) because the Mb concentra-

tion in the myocyte exceeds the free O
 2  
concentration. 

 The main functions of Mb are to temporarily “store” and facilitate the diffusion of O
 2  
between Hb 

and the tissues (Peters   et al., 1994). Myoglobin has a CO affi nity constant approximately eight times 
lower than Hb ( M  � 20 to 40 versus 218, respectively) (Coburn and Mayers, 1971; Haab, 1990). As 
with Hb, the combination velocity constant between CO and Mb is only slightly lower than for O

 2 
, 

but the dissociation velocity constant is much lower. The combination of greater affi nity (Mb is 90% 
saturated at P o 

 2 
 of 20 mmHg) and lower dissociation velocity constant for CO favors retention of CO 
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FIGURE 29.1 Oxyhemoglobin dissociation curve of normal human blood, blood with 50% Hb due to anemia, 
and of blood containing 50% COHb (U.S. EPA 2000).
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in the muscular tissue. Thus, a considerable amount of CO can be potentially stored in the skeletal 
muscle (Luomanmaki and Coburn, 1969). 

 29.4 MECHANISM(S) OF CARBON MONOXIDE TOXICITY 

 29.4.1 Effects on Hemoglobin 

 Claude Bernard described the classic mechanism of CO toxicity in 1857 (Bernard, 1857) when he 
determined that CO produces hypoxia through its effect on O

 2  
transport. Carbon monoxide combines 

with Hb to form COHb; this reaction is rapid and the affi nity of CO for Hb is many times greater than 
the affi nity of O

 2  
for Hb (Root, 1965). However, binding of O

 2  
to Hb is complex; the greater the number 

of heme molecules bound to CO, the greater is the affi nity of the unbound hemes for O
 2 
. In this way, 

CO reduces the amount of available O
 2  
not only

   
by occupying O

 2 
-binding sites, but also by altering the 

characteristic S-shaped relationship between P o 
 2 
 and O

 2 
Hb in normal blood. The affi nity of CO for 

Hb, represented by the Haldane coeffi cient,  M , is about 218 (210–250) times greater than the affi nity 
of O

 2 
 for Hb (U.S. EPA, 2000). However, the rates of Hb binding and dissociation are slower for CO 

than for O
 2 
. Accordingly, under steady-state conditions, one part of CO and 218 parts of O

 2  
would form 

equal parts of O
 2 
Hb and COHb. The Haldane relationship (Guttierez, 1982) is: 

 COHb � O
 2  
Hb �  M  (P co  � P o 

 2 
) 

 Where: 

 COHb � carboxyhemoglobin 
 O

 2 
Hb � oxyhemoglobin 

 P co  � partial pressure of CO 
 P o 

 2  
� partial pressure of O

 2 
 

 The classic mechanism of CO toxicity is illustrated in Figure 29.1. Points A and V represent the 
arterial and venous P o 

 2  
values, respectively, in a healthy individual with a normal O

 2 
Hb dissociation 

curve. At a mixed venous P o 
 2 
 of 40 mmHg (Point V), 5 ml of O

 2  
per 100 ml of blood is delivered to 

the metabolizing tissue. In an anemic subject, where the O
 2 
-carrying capacity of the blood is reduced 

to 10 ml�100 ml (Aa), venous P o 
 2 
 must drop to 26 mmHg (Point Va) to release 5 ml of O

 2  
per 100 ml 

of blood to the tissues. In contrast, in a person poisoned by CO (50% COHb), where the O
 2 
- carrying 

capacity of the blood is reduced to 10 ml�100 ml (Aco), the venous P o 
 2 
 will have to drop to 16 mmHg 

(Vco, severe hypoxia) to release the same 5 vol% O
 2 
. As the dissociation curve shifts to the left, its 

shape is transformed into a near-rectangular hyperbola. 
 Moreover, because the shift occurs over a critical saturation range for releasing O

 2  
to the tissues, 

a reduction in O
 2 
Hb by CO binding will have more severe effects on O

 2  
release than an equivalent 

reduction in O
 2 
Hb caused by anemia. Any further demand for O

 2  
under conditions such as exercise 

might result in hypoxia and loss of consciousness in the CO-poisoned individual. Thus, even though 
the content of O

 2  
in blood may be reduced to the same extent by anemia and CO exposure, the symp-

toms produced by CO poisoning are more severe because of the increased tenacity, induced by CO, 
with which the remaining O

 2  
is bound to the Hb molecule. 

 29.4.2 Effects on Myoglobin 

 Carbon monoxide is distributed throughout the body primarily bound to Hb and Mb. In the intravas-
cular compartment (blood) CO binds with Hb to form COHb, and in the extravascular compartment 
(principally heart and skeletal muscle) CO binds with Mb to form carboxymyoglobin (COMb). 
Nearly all CO found in the body outside the vascular compartment is bound to Mb; there is little 
binding of CO to the cytochromes. At near-normal arterial PO

 2 
, skeletal and cardiac muscle tissue 
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COMb and blood COHb were found to be similar (�1:1) (Coburn and Mayers, 1971; Coburn   et al., 
1973). However, this distribution of CO is altered markedly in certain conditions such as hypoxemia 
and hemorrhage (Coburn   et al., 1973). Under these circumstances, CO leaves the intravascular com-
partment and enters the heart and skeletal muscle where it increases the concentration of COMb. 

 The observation that during hypoxia CO leaves the intravascular compartment and enters the extra-
vascular compartment has been made repeatedly in diverse experimental models (McGrath, 2000a). 
In experiments using  14 CO in anesthetized dogs, Luomanmaki and Coburn (1969) observed that when 
arterial P o 

 2  
was increased from 50 to 500 mmHg radioactivity in the blood remained unchanged; 

however, as arterial P o 
 2 
 was decreased to less than 40 mmHg, radioactivity decreased to levels as low 

as 50% of control. When arterial P o 
 2  
was returned to normal, the  14 CO reentered the blood. 

 These workers also studied the shift of CO out of the blood during hypoxia by measuring the 
rate of increase of blood COHb when CO was administered, at a constant rate, into the rebreathing 
system. They found that COHb increased at a constant rate up to a saturation of 50%. With addi-
tional CO, however, COHb increased at a slower rate, suggesting that proportionally greater quanti-
ties of CO were going in to extravascular stores. The rate of COHb buildup became nonlinear at a 
COHb level of 50%, corresponding to an arterial P o 

 2  
of 80 mm Hg (Coburn, 1970). 

 In a study designed to estimate intracellular P o 
 2 
 during exercise, Clark and Coburn (1975) mea-

sured the effects of hypoxia on compartmental shifts of CO between blood and muscle. In human 
subjects breathing 21% O

 2  
while exercising on a bicycle ergometer COMb�COHb increased 163% 

above baseline. When the subjects breathed 13–14% O
 2  
while exercising, COMb�COHb increased 

210% above baseline. Carboxyhemoglobin levels decreased about 6% and 11%, respectively, in 
subjects breathing 21% and 13–14% O

 2 
 during maximum exercise. 

 The shift of CO out of the blood during bouts of hypoxia has been confi rmed in studies conducted 
on both men and women undergoing maximal aerobic capacity tests while inhaling CO (Horvath   
et al., 1988). Carbon monoxide shifted into extravascular spaces during maximum work but returned 
to the vascular space within 5 min after exercise stopped. Agostoni et al, (980) presented a theoreti-
cal model supporting these observations; they developed a series of equations predicting that with 
decreased venous P o 

 2 
, CO moves out of the vascular compartment and into skeletal and heart muscle, 

increasing the formation of COMb in the tissues. 
 Binding of CO to Mb to form COMb in heart and skeletal muscle in vivo has been demonstrated 

at levels of COHb below 2% in heart and 1% in skeletal muscle (Coburn and Mayers, 1971; Coburn  
 et al., 1973). At rest, the COMb�COHb ratio (0.4 to 1.2) does not increase with an increase in COHb 
up to 50% saturation and appears to be independent of the duration of exposure (Sokal et al., 1984). 
During exercise, however, the relative rate of CO binding increases more for Mb than for Hb, and CO 
diffuses from blood to skeletal muscle (Werner and Lindahl, 1980); consequently, the COMb�COHb 
increases for both skeletal and cardiac muscles (Sokal et al., 1986). During heavy smoking (COHb 
levels of 10%), as much as 30% of the cardiac Mb may be saturated with CO (Coburn, 1970). A simi-
lar shift in CO has been observed during hypoxia because a fall in myocyte intracellular P o 

 2 
 below a 

critical level increases the relative affi nity of Mb for CO (Coburn and Mayers, 1971). The consequent 
reduction in of Mb function (O

 2  
storage and facilitated O

 2 
 diffusion) may have a profound effect on 

O
 2  
transport within the tissue. 
 Thus, CO can interrupt O

 2  
delivery to the mitochondria by combining with two distinct transport 

proteins located at two different sites in the O
 2  
delivery pathway. In the intravascular compartment, 

CO reduces the O
 2  

carrying capacity of the blood and O
 2  

delivery by combining with Hb to form 
COHb. In the intravascular compartment CO reduces the intracellular transport of O

 2  
to the mito-

chondria by combing with Mb to form COMb. 

 29.5 UPTAKE AND ELIMINATION OF CARBON MONOXIDE 

 Carbon monoxide is transported from the airways to the Hb in the red blood cell (RBC) entirely by 
physical processes; transport from the airway to the alveoli is in the gas phase while transport across 
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the air–blood interface is in the liquid phase. In the gas phase, the key mechanisms of transport 
are convective fl ow created by the mechanical action of the respiratory muscles and diffusion in 
the alveolar region of the lung. In the liquid phase, CO diffuses along a pressure gradient from the 
alveolus across the alveolocapillary membrane through the plasma, across the RBC membrane, and, 
fi nally, into the RBC stroma where reaction with Hb can take place (Figure 29.2). 

 Carbon monoxide is rapidly exchanged between the air and blood compartments because of the 
enormous surface area and short diffusion distances of the lung, and the steep CO concentration gra-
dient between air and blood. The rapid binding of CO to Hb keeps the partial pressure of CO within 
the RBC low and maintains a pressure gradient between air and blood. 

 Inhalation of CO-free air reverses the gradient (higher CO pressure in the blood than in alveolar 
air) and CO diffuses back into the alveolus. During CO inhalation the air–blood gradient for CO 
is much higher than the blood–air gradient; therefore, CO uptake will be a proportionately faster 
process than CO elimination. The rate of formation and elimination of COHb and its concentration 
in blood is controlled by numerous physical factors and physiological mechanisms. The relative 

FIGURE 29.2 Principle transport pathways and body stores of carbon monoxide (U.S. EPA 2000).
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 contribution of these mechanisms to overall COHb kinetics is determined by environmental condi-
tions, the physical activity of an individual, and other complex physiological processes. During exer-
cise, the two most important physiological variables are the alveolar ventilation and cardiac output. 
Both of these mechanisms increase CO uptake by maintaining a high CO gradient. Consequently, 
the rates of CO uptake and COHb formation will be proportional to the intensity of exercise. 

 Although the lung is the major route by which CO enters the body, little CO actually diffuses 
into the lung tissue parenchyma. The epithelium of the airways presents a signifi cant barrier to CO 
diffusion, and even at high CO concentrations diffusion and uptake of CO by the lung parenchyma 
is low. The rate at which CO dissolved in the mucosa of the airways will diffuse into the submucosa 
and interstitium depends on the concentration and duration of CO exposure and on the surface area 
of the respiratory tract. Exposures of the oronasal cavity in monkeys to high concentrations of CO 
(�400 ppm) for a short period (5 s) increased the blood COHb level to �3.5%. Exposures of the 
whole lung, however, increased COHb to almost 60% (Schoenfi sch   et al., 1980). Thus, diffusion of 
CO across the airway mucosa contributes little to overall COHb concentration. 

 Although there is extensive information on the rate of CO uptake and COHb formation, the 
information on the elimination of CO from the blood and body stores is more limited. Elimination 
of CO from blood is a much slower process (Pace   et al., 1950). The half-time for CO loss from the 
blood among individuals breathing air varies considerably. For COHb concentrations of 2–10%, the 
reported half-times range from 2 to 6.5 h (Peterson and Stewart, 1970; Landaw, 1973). The half-time 
for CO elimination in nonsmokers is longer in men (4.5 h) than in women (3.2 h) (Deller   et al., 1992). 
During sleep the elimination rate decreases to 8 h in men and 4.3 h in women. The day-to-night dif-
ferences have been attributed to lower ventilation rates during sleep and the lower muscle mass and, 
therefore, lower Mb levels in women. 

 Normobaric O
 2  
administered to fi re victims and CO-poisoned individuals resulted in about the 

same CO elimination half-time, 91 and 87 min, respectively (Levasseur   et al., 1996). Inhaling higher 
O

 2  
concentrations increased the elimination of CO; breathing 100% O

 2 
, shortened the half-time for 

elimination by almost 75% (Peterson and Stewart, 1970). The average half-time for COHb elimina-
tion in individuals with COHb levels (1.16%) breathing hyperbaric O

 2  
was 26 min, compared with 

71 min when breathing normobaric O
 2 
 (Jay and McKindley, 1997). Increasing P o 

 2 
 to 3 atm reduced 

the half-time to about 20 min, a 14-fold decrease over that seen when breathing room air (Landaw, 
1973; Jay and McKindley, 1997). Although the washout of CO can be somewhat accelerated by an 
admixture of 5% CO

 2  
in O

 2 
, hyperbaric O

 2  
treatment is more effective in facilitating displacement of 

CO. Therefore, hyperbaric O
 2  
is used as a treatment of choice in CO poisoning. 

 29.5.1 Other Mechanisms of Carbon Monoxide Toxicity 

 Symptoms of CO poisoning have been described from observations made on humans poisoned by 
CO, studies conducted on human volunteers in low-level exposure studies, and blood gas measure-
ments made on acutely ill patients brought to the emergency room (Guttierez, 1982). They range from 
visual disturbances, headache, and decreased manual dexterity at COHb levels of 10–20% to stupor, 
convulsions and ultimately death at concentrations of 40% or greater. However, symptoms relating to 
CO exposure are often vague and some studies estimate that the diagnosis of CO poisoning is missed 
in 30% of cases presenting to the emergency room (Barret   et al., 1985). Moreover, COHb levels 
are not always correlated with CO toxicity nor do they predict the risk for the development of long-
term effects (Sokal, 1975; Sokal and Kralkowska, 1985; Lasater, 1986) leading some investigators to 
speculate that the Hb-mediated effect may not be the only mechanism of CO toxicity. 

 Although the classic mechanism of CO toxicity described thus far is accepted throughout the 
medical and scientifi c communities and provides the basis for treatment of CO intoxication, many 
observations suggest that other potential mechanisms may be important. Moreover, there is a large 
and growing database on the potential physiological role of CO as a gaseous messenger molecule. 
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 The early studies suggesting other potential effects of CO (as opposed to a Hb-mediated effect) 
have been reviewed by McGrath (1982). These studies generally fall into four categories: dosimetry 
studies, tissue CO tension, isolated tissue studies, and altered lethality studies. In the dosimetry studies, 
CO is administered by different routes or rates to achieve the same COHb levels. In one such study, 
Chen and McGrath (1979) measured blood glucose and lactate levels in rats challenged with CO at two 
different rates to achieve the same COHb levels. One group inhaled 5000 ppm CO for 10 min (INH-I), 
a second group inhaled 2000 ppm for 40 min (INH-II), a third group received 100% CO i.p. Blood 
glucose and lactate concentrations were determined when COHb concentrations reached the same 
level (64–67%). Both groups of animals receiving CO by inhalation became unconscious at COHb 
levels of 60%, whereas rats receiving CO i.p. remained conscious throughout the experiment. Blood 
glucose levels were higher in the INH-I and INH-II (239 and 360 mg�dl, respectively) than the IP rats 
(196 mg�dl). Blood lactate levels increased in both groups of rats inhaling CO, but, remained virtually 
unchanged in the rats receiving CO i.p. These studies demonstrate that, despite similar COHb levels, 
CO delivered by inhalation is more stressful and elicits more powerful hyperglycemic and heart rate 
responses than CO delivered by injection. 

 In the CO tissue tension studies the partial pressure of CO is measured in the tissues of animals 
inhaling CO. A bubble of CO-free nitrogen is injected i.p. and the concentration of CO in the bubble 
is measured at various times. Using these techniques Göthert et al. (1970) found, in rabbits breathing 
1000 ppm CO, concentrations of 154 ppm in the gas bubble after 2 h and 460 ppm after 25 h. These 
studies indicate that the partial pressure of CO in the tissues is signifi cant and that unbound CO is 
available to exert other toxic effects. 

 In the isolated tissue studies, the effects of CO are assessed on a tissue suspended in or perfused 
with a Hb-free salt solution equilibrated with CO. Using these techniques, McFaul and McGrath 
(1987) demonstrated the vasodilatory effects of CO on the coronary circulation of isolated rat hearts. 
Moreover, vasodilation was not the result of decreased O

 2  
content in the perfusate and was not medi-

ated by adrenergic infl uences, adenosine, or prostaglandins. In a later study they demonstrated the 
effects to be due to the stimulating effects of CO on cyclic guanine monophosphate (GMP) levels 
(Ramos   et al., 1989). 

 In the lethality studies, the lethality of CO was altered by factors that did not affect COHb levels. 
In one such study, Winston et al. (1974) described the effects of pretreatment with several drugs on 
the lethality of inhaled CO. Mice were pretreated with ethanol, chlorpromazine, or pentobarbital 
and then exposed for 4 h to 1900 ppm CO or hypoxia. Pretreatment with either chlorpromazine or 
ethanol increased both CO and hypoxia lethality, whereas pretreatment with phenobarbital had no 
effect on CO lethality but increased hypoxia lethality. 

 29.5.2 Reactive Oxygen Species 

 A rapidly growing database (U.S. EPA, 2000) indicates that injury from nitrogen- and O
 2 
-based free 

radicals may be yet another mechanism of CO toxicity, during both CO exposure and the reoxygen-
ation following exposure. Thus, Thom (1990) demonstrated that CO could cause brain lipid peroxida-
tion in rats. Ninety minutes after CO exposure products of lipid peroxidation were increased in rats 
75% over the baseline values. Unconsciousness was associated with a brief period of hypotension, 
but the hypotension per se caused no apparent injury. Lipid peroxidation was not correlated with 
COHb levels and occurred only after the animals were returned to CO-free air. 

 Exposure of rats to CO at concentrations of 20 ppm or more for 1 h caused platelets to release 
the nitric oxide free radical (CNO) (Thom   et al., 1994). Similarly, cultured bovine pulmonary endo-
thelial cells exposed to CO also release CNO, which can cause death by a CNO-related process 
occurring 18 to 24 h after the exposure (Thom and Ischiropoulos, 1997). The mechanism appears to 
be based on elevations in steady-state CNO concentrations and production of peroxynitrite (Thom  
 et al., 1994, 1997). Peroxynitrite is a relatively long-lived, strong oxidant, produced by the reaction 
between NO and superoxide radical (Huie and Padmaja, 1993). Thus, exposure to environmentally 
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relevant concentrations of CO can cause platelets and endothelial cells to release NO and NO-derived 
oxidants, which can increase the production of substances that adversely affect cell physiology. 

 Carbon monoxide may cause vascular injury, the extent of which is determined by the concen-
tration of CO and the duration of exposure. Leakage of albumin and leukocyte sequestration have 
been shown following exposures of rats to 50 ppm or more for 1 h, by a process mediated by CNO-
derived oxidants (Thom, 1993; Ischiropoulos et al., 1996; Thom et al., 1999a, 1999b). Rats exposed 
to 1000–3000 ppm CO for 1 h demonstrate brain oxidative stress associated with this mechanism 
(Thom, 1993; Ischiropoulos   et al., 1996). 

 The mechanism by which CO elevates steady-state CNO concentrations appears to be based 
on altering the intracellular “routing” of CNO in endothelial cells and platelets. It is known that the 
association and dissociation rate constants of CNO with hemoproteins exceed the rate constants for 
O

 2  
or CO. Moreover, CO incubated with CNO-Mb or CNO-Hb slowly displaced the CNO (Moore 

and Gibson, 1976). Carbon monoxide replacement occurred even with excess CNO-heme protein. 
Replacement rates were enhanced by increasing the CO concentration or by carrying out the reaction 
in the presence of thiols, which react with the liberated CNO. These conditions, including the pres-
ence of thiols, exist in cells exposed to CO. Exposures to up to 1070 nmol of CO did not alter the rate of 
production of CNO by platelets and endothelial cells, but did enhance liberation of CNO (Thom   et al., 
1994, 1997; Thom and Ischiropoulos, 1997). Studies with rats exposed to 50 ppm CO or more show 
that CO can increase the concentration of CNO available to react with cells in both lung and brain. 

 Carbon monoxide can elevate the steady-state concentration of nitric oxide (*NO)-derived oxidants 
in the lungs of rats (Thom   et al., 1999b). Consequences from this change include increases in the con-
centration of reactive oxygen species, production of *NO-derived oxidants including peroxynitrite, and 
physiological evidence of lung injury. Lung capillary leakage increased signifi cantly 18 h after rats had 
been exposed to 50 ppm CO or more for 1 h. Both *NO and H

 2 
O

 2  
were elevated by CO. 

 Exposure to extremely high concentrations of CO also causes cellular changes that appear not to 
be related to hypoxia. Rats exposed to 10,000 ppm CO exhibit mitochondrial dysfunction character-
ized by impaired high-energy phosphate synthesis and production of hydroxyl-free radicals (Brown 
and Piantadosi, 1992; Piantadosi et al., 1995). Exposure to 2500 ppm CO causes hydroxyl radicals to 
be produced by the mitochondria, by a process that evidently could not be related to hypoxic stress 
(Piantadosi et al., 1997). Evidence for mitochondrial dysfunction has not been observed at lower 
CO concentrations  in vivo . However, under conditions of high metabolic demand, exposure to even 
1000 ppm CO in the absence of an overt hypoxic stress can result in impaired energy production in 
the brain (Meilin et al., 1996). Xanthine oxidase is an additional source of partially reduced O

 2  
spe-

cies found in animals exposed to CO. Conversion of xanthine dehydrogenase, the enzyme normally 
involved with uric acid metabolism, to xanthine oxidase, the radical-producing form of the enzyme, 
occurred in the brains of rats exposed to approximately 3000 ppm CO (Thom, 1992). Lower CO 
concentrations did not trigger this change. Therefore, xanthine oxidase is unlikely to be a free radical 
source following exposures to CO at concentrations found in ambient air. 

 Carbon monoxide dilates blood vessels. Koehler et al. (1982) studied the effects of hypoxic 
hypoxia and CO hypoxia on cerebral blood fl ow in newborn lambs. Cerebral blood fl ow increased 
47% more with CO hypoxia than hypoxic hypoxia. Portions of the observed increases in cerebral 
blood fl ow were independent of perturbations in O

 2  
supply. In a setting where cellular oxidative 

metabolism was not impaired by CO, elevations in cerebral blood fl ow appeared to be mediated by 
NO (Meilin et al., 1996). 

 Although cerebral vasodilation mediated by NO was reported with exposures to 1000 ppm 
CO, that level of exposure did not alter pulmonary vasoconstriction in isolated, perfused rat lungs 
(Cantrell and Tucker, 1996). Exposure to 150,000 ppm CO did not change pulmonary artery pressure 
in an  in situ , blood-perfused preparation, although CO did inhibit hypoxic pulmonary vasoconstric-
tion (Tamayo et al., 1997). In humans, exposure to CO for suffi cient time to achieve COHb levels 
of approximately 8% did not alter forearm blood fl ow, blood pressure, or heart rate (Hausberg and 
Somers, 1997). 
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 Exposure to 2000 ppm CO increased cerebral blood fl ow in the brain of awake rats (Mendelman  
 et al., 2002). The stability of mitochondrial NADH redox level during the exposure indicated that 
tissue hypoxia did not develop. The elevation in blood fl ow was inhibited by a NOS inhibitor, indi-
cating that NO was responsible for the CO-induced elevation in blood fl ow. The CO exposure also 
decreased pH and increased extracellular potassium ion, possibly due to ion-pump inhibition. The 
amplitude of the electrocorticogram wave activity decreased, indicative of compromised physiologi-
cal activity. These changes were not observed in rats anesthetized with pentobarbital during the expo-
sure, although the anesthesia did not effect the CO-induced elevation in blood fl ow nor change the  
mitochondrial NADH redox level. The authors concluded that CO acts by separate mechanisms to 
alter cerebral vasoactivity and neuronal metabolic responses and that both processes are independent 
of hypoxic stress. 

 Thus, CO, at levels found in the environment, has the ability to generate free radicals and these 
agents have the potential to cause pathophysiological changes or mediate physiological processes. 

 29.5.3 The Effects of Carbon Monoxide at Altitude 

 Carbon monoxide poisoning, commonly encountered in a variety of indoor and outdoor settings, 
poses a special danger at altitude (McGrath, 2000b). Emissions of CO from light-duty vehicles and 
trucks are increased at altitude. Although the CO emissions of newer automobiles have decreased 
dramatically in the United States, factors such as tampering with emission control devices, numer-
ous “cold” starts, the age of the vehicle fl eet, and the increased numbers of automobiles and sports 
vehicles being driven at altitude all contribute CO to the ambient air. Moreover in the underdevel-
oped countries the preponderance of vehicles driven emit high CO concentrations. Other common 
sources of CO exposure in mountain recreational communities include hibachi and charcoal grills, 
heating devices (space heaters, wood stoves, and fi replaces), snowmobiles, chainsaws, motorized 
lawn and garden equipment and other small engines, motorboats, and camping equipment. 

 Foutch and Henrichs (1988) reported on the fatal CO exposure of two young, healthy mountain 
climbers who succumbed to fumes generated by a small cook stove in the enclosed space of their 
tent at 4300 m on Denali in Alaska. Turner et al. (1988) measured CO levels in various shelters 
(tents, igloos, and snow caves) produced by heaters used for cooking and melting snow on a climb 
of Denali. Measurements were made during the climb at between 2000 and 5200 m. Mean CO con-
centrations in the shelters usually exceeded the 35 ppm 1 h limit set by EPA, and a mean value of 
165 ppm, with a maximum of 190 ppm, was measured in one snow cave. 

 Fernandez-Bremauntz and Ashmore (1995) compared measurements of CO made concurrently 
inside vehicles and at fi xed-site monitoring stations in Mexico City. During the study ambient CO 
concentrations were very high, in excess of the United States (9 ppm) and the Mexican (13 ppm) 
8 h standards for CO. In-vehicle concentrations of CO for all modes of transportation were always 
higher than the concurrent ambient concentrations measured at the fi xed-site monitors. Average, 
in-vehicle�ambient CO ratios for each mode of transportation were: automobile, 5.2; minivan, 5.2; 
minibus, 4.3; bus, 3.1; trolleybus, 3.0; and metro, 2.2. Ambient CO concentrations at selected sta-
tions varied from 3 to 28 ppm during peak commuting hours and, depending on the locations, CO 
levels were increased above ambient in automobiles by 37–47 ppm and in minivans by 29–52 ppm. 

 Snowmobiling can be a signifi cant source of CO exposure. The typical snowmobile, powered 
by a two-stroke engine, is not equipped with pollution control equipment. Carbon monoxide emis-
sions from snowmobiles are extraordinary; CO emissions from a typical snowmobile ranged from 
9.9 g�mile at 10 mph to 19.9 g�mile at 40 mph. This contrasts with comparable fi gures for CO 
emissions from a modern automobile of 0.01 to 0.04 g�mile. During the winter of 1993–1994, over 
87,000 tourists traveled by snowmobile in Yellowstone National Park (Snook and Davis, 1997) 
where altitudes range from 1,600 to 3,442 m (5282–11,358 ft). Near the West Yellowstone entrance, 
a point where over 1000 snowmobiles a day enter the park, one-hour air samples exceeded 35 ppm 
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CO in the winter of 1994–95. Snowmobilers typically travel for several hours in large groups along 
narrow trails such as the Continental Divide Snowmobile Trail (Wilkinson, 1995), a 250-mile trail 
that crosses the Continental Divide at 2,909 m (9,600 ft). Snook and Davis (1997) studied the CO 
exposure of a snowmobiler while traveling in the wake of a lead snowmobile on a 2 to 3 mile straight 
trail in Grand Teton National Park, WY. Average CO measurements 25 and 125 feet behind the lead 
snowmobile were as high as 23 ppm with individual measurements as high as 45 ppm. 

 Altitude has a signifi cant infl uence on the physiology of humans and consequently on the toxico-
kinetics of CO, especially on the sojourner (U.S. EPA, 1978). At sea level, at a body temperature of 
37°C, barometric pressure (PB) of 760 torr, and air saturated with water vapor (BTPS conditions) the 
pressure of O

 2  
in the inspired air (P io 

 2 
) is 149 torr. At an altitude of 3000 m (9840 ft; PB � 526 torr), 

the P io 
 2 
 is only 100 torr, resulting in acute hypoxic hypoxia. Direct measurements of blood gases on 

over 1000 nonacclimatized individuals at this altitude found the partial pressure of O
 2  
in alveolar air to 

be only 61 torr (Boothby, 1954). The hypoxic stimulus triggers physiological responses that endeavor 
to maintain O

 2  
transport. The magnitude and character of these responses depend on the elevation, 

exercise intensity, and the length of stay at the altitude. During the fi rst several days, pulmonary ven-
tilation increases progressively until a new steady-state level is achieved (Burki, 1984; Bender   et al., 
1987). The physiological responses to altitude will also affect both CO uptake and CO elimination. 

 However, COHb levels are increased in the newcomer to altitude not only because of the physi-
ological changes that increase CO uptake (i.e., hyperventilation) but also because CO competes with 
O

 2  
for Hb-binding sites. Hence, the biological effects depend on the partial pressures of both CO and 

O
 2.  

This means that, at identical CO levels, COHb levels will be higher at altitude (McGrath, 2000b). 
Benignus (1995) developed a model to predict COHb levels following inhalation of 200 ppm CO at 
two different barometric pressures and two inhaled O

 2  
concentrations. In general, the model provides 

support for COHb being elevated when PB is reduced at a constant inhaled O
 2  

concentration and 
when O

 2  
is reduced at constant PB. Carboxyhemoglobin increased from 7.59 to 8.60%, respectively, 

when PB was reduced from 760 to 456 mmHg and increased from 7.59 to 10.43% when O
 2  

was 
reduced from 20.93 to 12%. Carbon monoxide uptake is also enhanced at altitude in humans breath-
ing CO (McGrath and Schreck, 1993). In subjects breathing 9 ppm CO for 1 h, COHb increased 
from 0.78 to 1.464% at 100 m and from 0.959 to 1.982% at 3497 m. 

 Carbon monoxide appears to have a greater effect on coronary disease at altitude. Leaf and 
Kleinman (1996) investigated the effect of exposure to CO (COHb � 3.9%) at sea level and a simu-
lated high altitude of 2100 m (6930 ft) on the incidence of cardiac ectopy in subjects with coronary 
artery disease. Seventeen men with documented coronary artery disease and stable angina pectoris 
performed cardiopulmonary exercise stress tests after random exposure to either CO or clean air at 
sea level or at a simulated altitude of 2100 m. The percentage of O

 2  
saturation in each subject’s arte-

rial blood was reduced from a baseline level of 98% to approximately 94% after CO or simulated 
altitude and to approximately 90% after CO at simulated altitude. The average incidence of exercise-
induced ventricular ectopy was approximately doubled after all exposures (CO, altitude, CO and 
altitude), and a signifi cant trend of increased ectopy with decreased O

 2  
saturation in arterial blood 

was observed. These workers concluded that exposure to increased levels of hypoxemia, resulting 
from hypoxic and�or CO exposures, increased the susceptibility to ventricular ectopy during exer-
cise in individuals with stable angina pectoris. 

 Kleinman et al. (1998) reported on the effects of combined exposure to altitude and CO in 
patients with stable angina who resided at or near sea level. The subjects performed cardiopul-
monary exercise stress tests at sea level or at a simulated altitude of 2100 m (6930 ft) while being 
exposed to either clean air or CO (3.9% COHb). Compared with sea level, the time to onset of 
angina was reduced by simulated altitude (11%), by breathing CO at sea level (9%) and by breathing 
CO at simulated altitude (18%). Other cardiopulmonary parameters were also adversely affected by 
concomitant CO-altitude exposure. The authors concluded that high altitude exacerbates the effects 
of exposure to CO in unacclimatized individuals with coronary artery disease. 

4049_C029_r03.indd   7074049_C029_r03.indd   707 11/15/2005   4:08:43 PM11/15/2005   4:08:43 PM



708 Inhalation Toxicology

 29.5.4 Endogenous Production of Carbon Monoxide 

 Body stores of CO are increased both by endogenous production and by inhalation of CO from the 
ambient environment. 

 The principal processes that infl uence the body stores of CO have been described by Coburn 
(1970) and are depicted in Figure 29.2. The model assumes that approximately one-half of the body 
stores of CO arise from endogenous production and the other half from inhaling ambient air contain-
ing 2 ppm CO. Carbon monoxide is exchanged between alveolar air and blood and is distributed by 
blood to other tissues. Studies on dogs (Coburn et al., 1967; Luomanmaki and Coburn, 1969) found 
that, over the range of 2 to 35% COHb, an average of 77% of total body CO remains in the vascular 
compartment. The rest of CO diffuses to extravascular tissues, primarily skeletal muscle where it is 
bound to Mb. Compared with dogs, the extravascular CO stores in humans are smaller and account 
for 10–15% of total body CO, and less than 1% of the body CO stores appears to be physically dis-
solved in body fl uids (Coburn, 1970). No shift between blood and extravascular compartments in 
humans or animals was observed at low (�4%) COHb concentrations. 

 Body stores tend to be decreased by excretion via the lungs and metabolism of CO to CO
 2 
. In 

normal humans, the conversion of CO to CO
 2 
 is slow and has little effect on body stores. Although 

metabolism may be an insignifi cant mechanism of CO elimination compared with excretion by the 
lungs, Luomanmaki and Coburn (1969) have shown that absolute rates of CO metabolism may be 
directly proportional to blood COHb and have suggested that metabolism may become more impor-
tant at higher blood COHb levels. 

 Carbon monoxide produced endogenously is derived from the normal degradation of the � 
methane moieties of RBC Hb. When Hb is metabolized to bile pigments, a carbon atom is separated 
from the porphyrin nucleus and, subsequently, catabolized by heme oxygenase (HO) into CO. One 
molecule of CO is formed for every heme decomposed to bile pigment. The rate-limiting enzyme 
for heme metabolism is HO, which converts heme to biliverdin, free iron, and CO. Three isoforms 
of HO have been characterized. The HO-1 is an inducible enzyme found in vascular endothelial 
cells, smooth muscle cells, bronchoalveolar epithelium, and pulmonary macrophages. The HO-1 
is induced by its substrate, heme, as well as CNO, H

 2 
O

 2 
, several cytokines, and lipopolysaccharide 

(Arias-Diaz et al., 1995; Morita et al., 1995; Motterlini et al., 1996; Durante et al., 1997). The HO-2 
is a constitutive enzyme found in certain neurons within the central nervous system, testicular cells, 
and vascular smooth muscle cells (Marks, 1994). Little is known about HO-3, which was identifi ed 
in homogenates from a number of organs (McCoubrey et al., 1997). 

 A small fraction of endogenously produced CO arises from the metabolism of nonhemoglobin 
heme-containing compounds within the liver. Endogenous production of CO accounts for 0.42 ml�h in 
healthy males and leads normally to blood COHb levels of less than 1%; however, considerably higher 
levels are observed in patients with certain diseases (Coburn et al., 1963). In pathological conditions 
such as anemia, thalassemia, and other hematological diseases, erythrocytic Hb is degraded and CO 
production is amplifi ed (Berk et al., 1974; Solanki et al., 1988). Luomanmaki and Coburn (1969) 
reported COHb values up to 2.74% produced by an endogenous production rate elevated to 3.4 ml 
of CO per h in hemolytic anemia patients. These studies demonstrate that normal COHb levels of 
0.5–0.9% can be increased to 2.74% in various disease states. Coburn (1970) suggests that very high 
COHb levels (12%) are suffi cient to inhibit oxidase systems involved in the degradation of Hb to CO. 

 Endogenous CO production varies considerably in healthy subjects (Longo, 1977). Healthy men 
and menstruating women (during the estrogen phase of the menstrual cycle) produce approximately 
6.1 and 5.3 ml�h�kg body weight of CO, respectively. During the progestational or secretory phase of 
the menstrual cycle, however, endogenous CO production doubles (10.2 ml�h�kg in healthy women). 
During pregnancy, CO production increases further to 13.7 l�h�kg, and, immediately after preg-
nancy, CO production rates may exceed 25 ml�h�kg. Neonates also have a signifi cant increase in 
endogenous CO production related to increased breakdown of erythrocytes. 

 Not all endogenous CO comes from Hb degradation, however. Other hemoproteins, such as Mb, 
cytochromes, peroxidases, and catalase, contribute approximately 20–25% to the total (Berk et al., 
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1976). Approximately 0.4 ml�h of CO is formed by Hb catabolism, and about 0.1 ml�h originates 
from non-Hb sources (Coburn   et al., 1964). This results in normal blood COHb concentrations 
between 0.4 and 0.7% (Coburn   et al., 1965). 

 Carbon monoxide is also produced during infl ammation and appears to be a marker of infl amma-
tion in individuals with upper respiratory tract infection (URTI) (Yamaya et al., 1998, 1999), bron-
chiectasis (Horvath   et al., 1998b), and asthma (Zayasu et al. ,  1997; Horvath et al., 1998a). Although 
exhaled CO concentration averaged 5.7 ppm in patients with asthma who did not use corticosteroids, 
CO concentrations in patients with asthma using corticosteroids were about the same as in healthy 
individuals (1.7 and 1.5 ppm, respectively). The authors speculate that one of the anti-infl ammatory 
effects of corticosteroids is the down-regulation of HO. 

 Exhaled CO concentrations are also related to the severity of asthma (Yamaya   et al., 2001). The 
mean values of exhaled CO in severe asthma over 1 year were 6.7 ppm compared with 1.2 ppm in 
nonsmoking control subjects. Exhaled CO concentrations in patients with unstable severe asthma 
were signifi cantly higher than in patients with stable severe asthma. 

 Patients with bronchiectasis may produce a substantial amount of CO (e.g., 11.8 ppm). As with 
asthma, induction of HO appears to be the primary mechanism involved in the production of CO 
(Horvath et al., 1998a, 1998b). Critical illness also seems to be associated with elevated production 
of CO (Meyer et al., 1998). When compared with controls, ill patients (not characterized) had higher 
COHb in both arterial and central venous blood. Moreover, the authors speculate that up-regulation of 
the inducible isoform of heme HO in the lung and subsequent production of CO caused the positive 
arteriovenous COHb difference. Andersson et al. (2002) sampled air separately from the upper and 
lower airways of healthy subjects, patients with a history of allergic rhinitis, and patients with URTI. 
They demonstrated that nasal CO levels were increased in subjects with allergic rhinitis and in patients 
with URTI. The authors concluded that upper airway CO levels increase in parallel with different 
infl ammatory stimuli, such as allergy and infection, and that CO may be useful as a marker of nasal 
infl ammation. 

 Carboxyhemoglobin concentrations are also increased in infl ammatory pulmonary diseases 
including bronchial asthma, pneumonia, and idiopathic pulmonary fi brosis (Yasuda et al., 2002). In 
patients with bronchial asthma, changes in COHb concentrations and forced expiratory volume in 1 s 
were signifi cantly correlated. Carboxyhemoglobin concentrations were also correlated with exhaled 
CO concentrations. Numerous drugs affect endogenous CO production. In general, any drug that 
increases bilirubin production, primarily through the catabolism of Hb, will promote endogenous CO 
production. Nicotinic acid, allyl-containing compounds (acetamides and barbiturates), diphenylhy-
dantoin, progesterone, and contraceptives all increase bilirubin and, consequently, CO production. 
Another mechanism that increases CO production is stimulation of HO and subsequent degradation 
of cytochrome P-450-dependent, mixed-function oxidases. Several types of compounds, such as a 
carbon disulfi de and sulfur-containing chemicals (parathion and phenylthiourea), act on different 
moieties of the P-450 system leading to an increase in endogenous CO production (Landaw et al., 
1970). 

 Other sources of CO involving HO activity include autooxidation of phenols, photooxidation 
of organic compounds, and 5–8 lipid peroxidation of cell membrane lipids (Rodgers   et al., 1994). 
The P-450 system also is involved in oxidative dehalogenation of dihalomethanes, solvents widely 
used in homes and industry (Kim and Kim, 1996). Metabolic degradation of these solvents and other 
xenobiotics results in the formation of CO that can lead to very high (�10%) COHb levels (Manno 
et al., 1992; Pankow, 1996). 

 Inhaled CO exerts effects  in vivo  similar to those of exerted by endogenously produced CO, because 
the nanomolar tissue concentrations resulting from inhaled CO are comparable to or greater than con-
centrations produced by cells with HO. Liver parenchyma has been estimated to generate approximately 
0.45 nmol CO�g liver�min (Goda   et al., 1998). Carbon monoxide synthesis by smooth muscle cells is 
approximately 8 pmol�mg protein�min for human aorta and 23–37 pmol�mg protein�min for rat aorta 
(Cook   et al., 1995; Grundemar et al., 1995). 
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 Carbon monoxide production by unstimulated pulmonary macrophages is 3.6 pmol�mg protein�
min, and, after stimulation with lipopolysaccharide, increases to about 5.1 pmol�mg protein�min 
(Arias-Diaz et al., 1995). The rate of synthesis of CO varies widely for nerve cells. Cerebellar gran-
ule cells generate approximately 3 fmol�mg protein�min, olfactory nerve cells produce 4.7 pmol�mg 
protein�min, and rat cerebellar homogenates can generate as much as 56.6 pmol�mg protein�min 
(Maines, 1988; Ingi and Ronnett, 1995; Nathanson   et al., 1995; Ingi   et al., 1996b). 

 29.5.5 Physiological Aspects of Carbon Monoxide 

 The physiological aspects of endogenously-produced CO is being increasingly appreciated, espe-
cially its role as a gaseous messenger molecule involved with smooth muscle relaxation, inhibition 
of platelet aggregation vasodilation, and neurotransmission. 

 In recent years, CO has been shown to play a physiological role in vasomotor control and neuronal 
signal transduction (Morita and Kourembanas, 1995; Ingi   et al., 1996a). A main physiological role for 
CO appears to be regulation of guanylate cyclase (GC) activity. Both CO and CNO can activate GC, 
although activation by CO is approximately 30-fold less (Stone and Marletta, 1994). In neuronal cells 
possessing both HO and NO synthase, regulation of cyclic guanosine monophosphate (cGMP) synthesis 
is mediated in a reciprocal fashion by producing either CO or CNO (Maines, 1993; Ingi   et al., 1996a). 
Endogenous CO also appears to have a role as a pyrogenic mediator in CNS (Jang et al., 2002). 

 The vasorelaxing effect of CO is independent of the presence of the intact endothelium and is 
partially inhibited by the blockade of either the cGMP pathway or big conductance calcium-activated 
(KCa) channels (Wang et al., 1997a). These results suggest that CO may affect the vascular contrac-
tile responses by activating both a cGMP signaling pathway and KCa channels in the same vascular 
tissues. 

 Carbon monoxide appears to be involved in the regulation of basal tone in resistance vessels. 
Kozma et al. (1999) examined the role of endogenous CO in the microcirculation by manipulating 
HO in large and small arteries and in isolated fi rst-order gracilis muscle arterioles of rat. Strong 
heme oxygenase inhibitors decreased the diameter of pressurized gracilis muscle arterioles, whereas 
a weak HO inhibitor did not. A strong inhibitor also elicited development of isometric tension in the 
muscular branch of the femoral artery but not in the aorta or femoral artery. The arteriolar constric-
tor responses to a strong inhibitor varied in relation to the intravascular pressure, were blunted in 
preparations exposed to exogenous CO, and were unaffected by an endothelin receptor antagonist. 
Importantly, a strong inhibitor amplifi ed the constrictor response to increases of pressure in gracilis 
arterioles. Accordingly, the constrictor effect of HO inhibitors is caused by magnifi cation of myo-
genic tone due to withdrawal of a vasodilatory mechanism mediated by endogenous CO. 

 Carbon monoxide causes smooth muscle relaxation by stimulating sGC (Utz and Ullrich, 1991; 
Wang   et al., 1997a). Smooth muscle relaxation also may occur because of activation of calcium-
dependent potassium channels, although this effect may be linked to GC activity (Trischmann   et al., 
1991; Wang   et al., 1997b). Carbon monoxide-mediated smooth muscle relaxation is involved with 
control of microvascular hepatic portal blood fl ow (Goda   et al., 1998; Pannen and Bauer, 1998) and 
suppression of contractions in the gravid uterus (Acevedo and Ahmed, 1998). It also may play a role 
in gastrointestinal motility (Acevedo and Ahmed, 1998). 

 In macrophages, cGMP synthesis promotes chemotaxis, and cGMP-mediated synthesis and 
secretion of tumor necrosis factor have been linked to both CO and CNO (Belenky et al., 1993; 
Arias-Diaz et al., 1995). 

 29.6 CARBON MONOXIDE EXPOSURE LIMITS 

 A number of agencies have established exposure limits for CO for a variety of situations (Table 29.2). 
The National Ambient Air Quality Standard for CO, set by EPA and reviewed every 5 years, is 9 ppm 
for 1 h and 35 ppm averaged over 8 h.   
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 The threshold limit value for CO set by the American Conference of Governmental and Industrial 
Hygienists (ACGIH) is 25 ppm. NIOSH has set a permissible exposure limit (PEL) of 35 ppm 8 h 
time-weighted average (TWA). 

 The continuous exposure limit for CO during 180-d fl ights in U.S. spacecraft is 10 ppm or a 
target COHb concentration of 1.6%, because higher CO levels might compromise the high levels 
of judgment and performance required of pilots and other occupants of space vehicles. The emer-
gency exposure guidance level (EEGL) for CO recommended to military and space agencies by 
the Committee on Toxicology-National Research Council are 1500 ppm for 10 min, 400 ppm for 
60 min, 50 ppm for 24 h, and 20 ppm for 90 h. The indoor air CO level most commonly triggering 
action by local authorities is 9 ppm (Penney, 2003). 
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 30.1 INTRODUCTION 

 Hydrogen cyanide was probably one of the essential reactive molecules in the prebiotic age that was 
responsible for the development of living organisms. Thus, in stellar atmospheres carbon and nitro-
gen atoms, derived from stellar core thermonuclear reactions, combine to produce the thermostable 
cyanide radical. Transfer of stellar matter results in a wide distribution of hydrogen cyanide (HCN) 
in interstellar clouds. Related to this and HCN liberation from comets entering the primordial atmo-
sphere, the reactivity of HCN, and its condensation with other compounds, was possibly responsible 
for the prebiotic formation of most of the organic molecules required for the ultimate formation of 
living matter and organisms (Oró and Lazcano-Araujo, 1981). Thus, although the origin of terrestrial 
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life probably depended, at least in part, on the presence and reactivity of HCN and its chemical 
derivatives, paradoxically the molecule is lethally toxic to the majority of living organisms (Marrs 
and Ballantyne, 1987). 

 The Swedish chemist Karle Scheele isolated hydrocyanic acid from Prussian blue in 1782. He 
also distinguished himself in 1786 when he accidentally broke a vial of the material in a labora-
tory and died from vapor poisoning (Annotation, 1978). Berthellot, in 1787, showed that hydrogen 
cyanide contained H, C, and N, but not O. In 1802, Schrader demonstrated that cyanide could be 
isolated from bitter almonds. In 1815, Gay-Lussac prepared HCN in semipure form and named it 
hydrocyanic acid (Ballantyne, 1987a). 

 HCN and other free cyanides have widely differing use patterns, some of which are to the 
advantage of mankind and others to the detriment of the human race. Thus, HCN has found use in 
several industrial applications, synthesis of certain organic molecules, fumigation, and pest control. 
Additionally, HCN has been used in several deliberate antisocial and distasteful activities such as 
murder, suicide, chemical warfare, and judicial execution, and there are currently suggestions that it 
could be in the armamentarium of terrorists. Also, accidental and uncontrolled release of HCN into 
the environment may result in adverse ecotoxicological and human health effects. 

 This summary of HCN will cover the physicochemical properties, applications, mechanisms of 
toxic action, metabolism and detoxifi cation, experimental and human acute and repeated exposure, 
general and organ-specifi c toxicity, clinical toxicology, management of human poisoning, forensic 
and occupational toxicology, and the contribution of HCN to morbidity and mortality in fi res. 

 30.2 CHEMICAL IDENTIFICATION AND PHYSICOCHEMICAL 
PROPERTIES OF HCN 

 HCN is chemically identifi ed as follows: 

Synonyms: formonitrile

 prussic acid (as aqueous solution)

 hydrocyanic acid (as aqueous solution)

CAS no: 74–90–8

RTECS no: MW6825000

 The physicochemical properties of HCN are important determinants of its ready diffusibility, ease of 
penetration through biological membranes, and ubiquitous distribution in biological fl uids and tissues. 
The most relevant properties are as follows (Sharpe, 1976; Jenks, 1983a; EPA, 1984; Homan, 1987; 
Marrs and Ballantyne, 1987; Lewis, 1993; Hathaway et al., 1996; ATSDR, 1997): 

Physical state: water-white liquid at �26.5°C

Molecular weight: 27.04

Density (liquid): 0.7510 g ml�1 (0�C)

 0.7017 g ml�1 (10�C)

 0.6884 g ml�1 (20�C)

Surface tension: 19.68 dyn cm�1 (20�C)

Viscosity: 0.2014 cP (20.2�C)

Melting point: �13.3�C

Boiling point: 26.5�C

Vapor pressure: 6.697 kPa (�29.5�C)�50.2 mmHg
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 35.24 kPa (0�C)�265.3 mmHg

 107.6 kPa (27.2�C)�807 mmHg

Vapor density: 0.947 (air�1; 31�C)

Henry’s Law constant: 5.1�10�2 atm-m3 mol�1

Heat of combustion: 667 kJ mol�1

Heat of vaporization: 25.2 kJ mol�1

Flash point (closed cup): �17.8�C

Autoignition temperature: 538�C

Explosive limits: 61–41 vol% in air (100 kPa; 20�C)

Odor: see section 30.16.

pK
a
: 9.21 (25�C)

Log K
ow

: 0.66

Solubility: water—highly soluble

Stability: in water HCN is in equilibrium with small

 concentrations of CN�. At 10�C and pH 9.2 �90%

 is present as HCN. At 10�C and pH 8.5, 92% is

 unionized HCN (Rodkey and Robertson, 1979).

Conversion factors: kPa � 7.5 � mmHg

 1 mg m�3 � 0.89 ppm (air; 20�C)

 ppm (w/v) � mg l�1 � �g ml�1 (in water)

 Because HCN has a pK
 a 
 of 9.21 (Smith and Martell, 1989), solutions of CN compounds in water 

(NaCN and KCN) can form hydrogen cyanide at acid and neutral pH. Signifi cant out-gassing of 
HCN is prevented with alkaline solutions of pH � 12. HCN normally adds across C�C double 
bonds only if they are adjacent to a powerful electron-withdrawing group; carbonyl or cyano groups. 
In these cases a Michael addition proceeds readily under basic catalysis, as with acrylonitrile to 
yield succinonitrile (Jenks, 1983a). HCN adds across the carbonyl group of aldehydes and ketones 
and opens the oxirane ring of epoxides. HCN reacts with formaldehyde to form glycolic nitrile, and 
this may be relative to the fact that with formaldehyde-embalmed tissues there is a rapid decrease in 
analytically recoverable CN. 

 Detailed reviews of the methods available for the chemical and biochemical quantitative analysis 
of HCN can be found in Troup and Ballantyne (1987). 

 30.3 SYNTHESIS AND USES 

 Various methods are available for the industrial synthesis of HCN. The Andrussaw process involves the 
high-temperature reaction of ammonia, methane, and air over a platinum catalyst, and the Shawinagan 
process involves the high-temperature reaction of ammonia with propane (Homan, 1987). Also, HCN 
is a principal by-product of the Sohio process for acrylonitrile synthesis and from coke oven gas by 
reaction with sodium carbonate (Jenks, 1983a). U.S. production of HCN has increased steadily; for 
example, it rose from 128 � 10 6  lb year �1  in 1955 to 570 � 10 6  lb year �1  in 1977 (Jenks, 1983a). 

 HCN is used in the manufacture of various dyes, pigments, chelating agents, nitriles, monomers, 
resins, and fi bers, including the following: 

  1. Sodium cyanide (NaCN) is produced by the neutralization of HCN with sodium hydroxide. 
Water is removed by fi ltration, and NaCN recovered by crystallization (Jenks, 1983b). 
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  2. Cyanogen chloride can be produced by the oxidation of HCN with chlorine in the presence 
of a metal catalyst. 

  3. Methyl methacrylate synthesis is based on the reaction of acetone with HCN to produce 
acetone cyanohydrin, which is stabilized with sulfuric acid to prevent alkaline decom-
position and CN release, and then reacted with methanol to yield methyl methacrylate 
(Smiley, 1983). 

  4. Melamine synthesis can be accomplished by using urea and HCN as starting materials. 
  5. Adiponitrile (hexanedinitrile), an intermediate in the manufacture of nylon, can be manu-

factured by the reaction of HCN with butadiene to produce pentenenitrile and subse-
quently adiponitrile. 

  6. Azobis iso butyronitrile, a catalyst for vinyl and acrylate polymerization, and a blowing 
agent for foam rubber, is synthesized on the basis of a reaction between HCN, acetone, 
and hydrazine. 

  7. Synthetic glycine and alanine are produced commercially by reaction of formaldehyde 
and acetaldehyde, respectively, with HCN and ammonia (Yamamoto, 1983). 

  8. Synthetic lactic acid production involves the reaction of HCN with acetaldehyde. 
  9.  t -Butylamine is made from HCN and  iso butylene. 

 Cyanides are used in a variety of industrial processes including electroplating, metal case 
hardening, and extraction of gold and silver (Hartung, 1982; Klaasen, 1980). HCN, released 
from cylinders or from moistened NaCN, has been extensively used for fumigation and pest 
control because of its ease of penetration and effectiveness (Ballantyne, 1986, 1988; Green 
and Li, 1983; Parmagianni, 1983). It has been used particularly for elimination of insects and 
rodents from orchards, glasshouses, buildings, warehouses, ships, and certain storage facilities. 
However, this use has recently been signifi cantly reduced because of the hazards, licensing 
requirements, and the availability of safer synthetic alternatives. Less desirable documented 
applications of HCN have included judicial execution, chemical warfare, and, more recently, 
a suggested potential for use in terrorist activities (Wexler, 1947; Borowitz et al., 1992, 2001; 
De Lorenzo, 1999; NRC, 1999). 

 30.4 BIODETOXIFICATION AND METABOLISM 

 Cyanide is rapidly detoxifi ed in mammals; for example, detoxifi cation rates have been estimated at 
0.076 mg CN kg �1  min �1  in guinea pigs (Lendle, 1964) and at 0.017 mg CN kg �1  min �1  in humans 
(McNamara, 1976). The major detoxifi cation pathway for cyanide is by enzymatic transformation 
to the signifi cantly less acutely toxic thiocyanate (SCN), which is then renally excreted. SCN pro-
duction varies between species, but this pathway may contribute to detoxifi cation by converting up 
to 80% of a given CN dose (Okoh and Pitt, 1982; Silver et al., 1982). Rat LD

 50 
 values for NaSCN 

are 764 mg kg �1  peroral   (p.o.) and 540 mg kg �1  intraperitoneal (i.p.) (RETECS, 1981–1982). The 
corresponding values for NaCN are 5.7 mg kg �1  and 4.72 mg kg �1  (Ballantyne, 1984a), indicating 
a reduction in the acute lethal toxicity of CN by 120-fold from the transulfuration process. The 
mean elimination  t 

 1/2  
for SCN has been estimated at 2.7 days in healthy subjects and 9 days for 

those with renal insuffi ciency. Elimination of SCN was essentially wholly renal, and the elimina-
tion constants were inversely proportional to the creatinine clearances (Schulz et al., 1979). There 
are two enzyme systems responsible for the transulfuration process (Ballantyne, 1987a; Sorbo, 
1975): thiosulfate-cyanide transulferase (EC 2.8.1.1; rhodanese) and �-mercaptopyruvate-cyanide 
transulferase (EC 2.8.1). 

 Rhodanese, fi rst described by Lang (1933), is located in mitochondria and catalyzes the transfer 
of a sulfane sulfur atom from sulfur donors to sulfur acceptors. 

  CN �  	 S
 2 
O

 3 
 2�  → SCN �  	 SO

 3 
 2�  
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 The basic reaction involves transfer of sulfane sulfur from the donor (thiosulfate) to the enzyme, 
forming a persulfi de intermediate. The persulfi de sulfur is transferred from the enzyme to the 
nucleophilic receptor (cyanide) to yield SCN. Rhodanese does not have high substrate specifi city, 
and thus other acceptors can interact with the enzyme. However, with CN, the conversion to SCN is 
essentially irreversible, which may not be the case with other nucleophilic acceptors. Enzyme activ-
ity is variable between tissues and species, but is high in liver, kidney, and olfactory tissues for most 
species. Thus, Himwich and Saunders (1948) demonstrated that monkeys, rabbits, and rats have the 
highest rhodanese activity in liver and kidney, with the hepatic activity being approximately 10–20 
times greater in the dog liver. In the dog, highest rhodanese activity was in the adrenal gland, being 
about 2.5 times that of the liver. Rhodanese is present in nasal tissues, particularly in the olfactory 
region (Dahl, 1989). The olfactory region of the rat had nearly seven times more rhodanese on a per 
mg mitochondrial protein basis than did the liver. Thus the nasal metabolism of cyanide may have 
an important infl uence on the toxicity of inhaled CN and cyanogens. 

 β-Mercaptopyruvate-cyanide transulfurases are present in blood, liver, and kidney and catalyze 
the reaction: 

  HS·CH
 2 
·CO·CO·O �  	 CN → SCN �  	 CH

 3
·
 
CO·CO·O �  

 There is some evidence that the thiosulfate sulfurtransferase system may not necessarily be the pri-
mary simplistic detoxifi cation mechanism for CN outlined above, principally because little thiosul-
fate penetrates the inner mitochondrial membrane to access the transferase enzyme. A more general 
view of the role of sulfur in the detoxifi cation process, converting CN to SCN, is that the supply of 
sulfane sulfur is from a rapidly equilibrating pool of potential sulfane sulfur donors and that these 
include per- and polysulfi des, thiosulfanates, polythionates, inorganic SCN, and protein-associated 
elemental sulfur. The sulfurtransferases catalyze the formation, interconversions, and reactions of 
compounds containing sulfane sulfur atoms (Westley, 1981; Westley et al., 1983). Overall it is pos-
sible that sulfane sulfur is derived from mercaptopyruvate via β-mercaptopyruate sulfurtransferase, 
and the various forms of sulfane sulfur are interconverted by rhodanese. The sulfane carrier trans-
porting the sulfur formed is plasma albumin; the sulfane sulfur-albumin complex then reacts with 
CN. Binding is adequate enough that the mechanism could operate  in vivo.  Pharmacokinetic stud-
ies indicate that the conversion of CN to SCN is predominantly in the central compartment, with a 
volume of distribution approximating to the blood volume (Way, 1984). It is possible that the plasma 
albumin-sulfane complex is a primary CN detoxifi cation buffer in normal metabolism (Westley, 
1981; Vennesland et al., 1982). 

 Other detoxifi cation pathways, of a more minor nature, include the following: 

  1. Exhalation as HCN, and as CO
 2 
 resulting from oxidative metabolism. Thus, guinea pigs 

eliminated 1–2% of intravenously (i.v.) infused HCN as unchanged material in expired 
air (Friedberg and Schwarzkopf, 1969). Rats given Na 14 CN i.v. excreted 1.7% of the dose 
in expired air; 90% as CO

 2 
 and 10% as CN (Boxer and Rickards, 1952). At 24 h after the 

subcutaneous (s.c.) injection of Na 14 CN, 4.53% was excreted in expired air as 91% CO
 2 
 

and 9% as CN (Okoh, 1983). In mice given KCN (4.6 mg kg �1 , s.c.) containing 4.5 �Ci 
of [ 14 C]KCN, approximately 1% KCN was exhaled as HCN and 2% as CO

 2 
 (Johnson and 

Isom, 1985). Trace amounts of hydrogen cyanide may be detected in the breath of normal 
subjects, but show no correlation with blood CN concentrations. Most of the HCN in normal 
breath originates from oxidation of SCN by salivary peroxidase in the oropharyx, and as 
such measurements can only be used to monitor heavy exposure (Lundquist et al., 1988). 

  2. Reaction with cystine, producing �-thiocyanoalanine, followed by ring closure to 
2-aminothiazoline-4-carboxylic acid (ATC) or its tautomer, 2-iminothiazoline-4-carboxylic 
acid (Wood and Cooley, 1956). ATC is metabolically inert. A rat injected i.v. with  35 S-cystine 
and given NaCN s.c., excreted 23% of the  35 S as 2-iminothiazolidine carboxylic acid in the 
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urine over 3 days. After i.p. injection and p.o. dosing of rats, Ruzo et al .  (1978) found SCN 
was the main metabolite (�95%) and ATC was a minor metabolite (�5%). Using high-
performance liquid chromatography (HPLC), Lundquist et al. (1995) found a detection 
limit for ATC of 0.3 � M  in urine, and was stable for at least 3 months when stored at –196 
to 	20ºC. In the urine of healthy nonsmokers, ATC was below the level of detection, but in 
fi ve cigarette-smoking subjects the urinary concentrations ranged from �0.3 to 1.1 � M.  In 
rats given acetonitrile in drinking water (40 and 80 m M ), the mean urinary ATC concentra-
tion was 4.0 � M  (SD 2.4 � M ); control rats had no detectable ATC in urine. 

  3. Combination with hydroxocobalamin to form cyanocobalamin, which is then excreted in 
urine and bile (Brink et al., 1950; Boxer and Rickards, 1951; Herbert, 1975). 

 Erythrocytes have a high affi nity for cyanide, and they rapidly take up cyanide from plasma (Barr, 
1966; Vesey et al., 1976; Schulz et al., 1983; Schulz, 1984). This sequestration of cyanide by eryth-
rocytes has been suggested as being a protective function in the detoxifi cation of CN (Vesey and 
Wilson, 1978). The rapid assimilation of cyanide by erythrocytes was confi rmed by McMillan and 
Svoboda (1982), who also determined that 4,4-di iso thiocyano-2,2-disulfonic acid, an inhibitor of 
ion transport function, only marginally slowed the entry, suggesting that CN passes through the 
erythrocyte membrane as HCN. They were able to confi rm that SCN is oxidized to CN and cya-
nate by erythrocytes, as proposed by other workers (Goldstien and Rieders, 1951, 1953; Pines and 
Crimble, 1952) and that hemoglobin (Hb) catalyzes SCN oxidation (Chung and Wood, 1971). 

 Most studies on the metabolism of CN have been conducted using acute dosages. However, 
Okoh (1983) found that with rats exposed to KCN daily in the diet (77 mol rat �1  day �1 ) for 6 weeks 
the mode of CN elimination in urine and expired air was not signifi cantly altered from that which 
resulted from controls without KCN in the diet. 

 30.4.1 Metabolic Sequelae of Cyanide Toxicity 

 A major consequence of cytochrome  c  oxidase inhibition, and the resultant disturbance of elec-
tron transfer, is a reduction in mitochondrial O

 2 
 utilization with decreased ATP levels (Olsen and 

Klein, 1947). Anaerobic metabolism continues resulting in lactic acid accumulation and lactate 
acidosis. The combination of cytotoxic hypoxia and lactate acidosis both result in severe metabolic 
consequences, in particular, in the CNS, causing disturbances of perception and of consciousness. 
The endogenous buffering of lactate leads to a progressive fall in plasma HCO

 3 
 � . In brains from 

CN-poisoned mice it has been demonstrated that lactate, inorganic phosphate, and ADP increase, 
whereas ATP, phosphocreatine, glycogen, and glucose decrease (Estler, 1965; Isom et al., 1975). 
Rats receiving an i.v. infusion of CN (4 mg kg �1  h �1 ) had an increase in the tricarboxylic acid 
intermediates succinate, fumarate, and malate (Hoyer, 1984), indicating disturbance of NAD 	 - and 
FAD 	 -dependent redox reactions, including pyruvate oxidation. Experimentally, Yamamoto and 
Yamamoto (1977) compared right heart blood acid–base changes in rats resulting from p.o. NaCN 
intoxication with those changes produced by exposure to a N

 2 
 atmosphere that caused acute anoxic 

anoxia. The p.o. NaCN doses were 7, 10, 15, and 20 mg kg �1 , and survival times ranged from 2.4 to 
14.0 min and increased with decreasing dose. There was a clear correlation between dose and time 
to death ( r  � �0.90). For the NaCN groups there was no correlation between survival time and P o 

 2 
 

(range, 45–70 mmHg;  r  � 0.34). As the NaCN dose was decreased and the survival time increased, 
there was a signifi cant fall in both P co 

 2 
 ( r  � �0.68) and plasma HCO

 3 
 �  ( r  � �0.92), with increase 

in H 	  and lactate. Thus, as time to death increased the metabolic disturbance was more marked 
at the lower doses. Comparison with the N

 2 
 anoxic anoxia results showed a much higher P o 

 2 
 and 

greater inhibition of aerobic metabolism for the CN group, being clearly related to the differences 
in the mechanism of hypoxia; i.e., cytotoxic with CN, and arterial hypoxemia with defi ciency of O

 2 
 

supply to tissues having the N
 2 
 exposure. Increased H 	  concentration, with deceased pH, resulted 

from lactate accumulation due to buffering, leading to the lactate acidosis. 
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 Lactate acidosis with hyperglycemia has been noted in dogs given 4 mg KCN kg �1  i.v. (Klimmek 
et al., 1979) and rats given NaCN solution i.v. (Salkowski and Penney, 1995). In addition, Katsuma 
et al. (1980) found that in rats the plasma lactate, glucose, and oxypurines increased along with 
blood CN following i.p. KCN. Plasma lactate and oxypurines increased biquadratically, with respec-
tive half-maximum effects at 1.63 and 2.09 �g CN ml �1 . Plasma glucose increased quadratically as 
a function of blood CN. Plasma allantoin was not signifi cantly altered, and therefore the increased 
plasma oxypurine was ascribed to degradation of tissue ATP during anoxia. Although the hyper-
glycemia could be partly explained by a catecholamine response, the fact that a marked increase in 
plasma glucose was detected when the plasma lactate became near-maximal suggests that the hyper-
glycemia may be due to stimulation of gluconeogenesis by the increased plasma lactate. Jakob and 
Diem (1974) found that CN produced an increase in phosphorylase activity and increased glucose 
production in the isolated and perfused liver. 

 Isom et al. (1975) investigated the infl uence of sublethal doses of CN (5 mg KCN g �1 ) on glucose 
catabolism in the mouse using  14 C-glucose, sodium glucuronate-6- 14 C and sodium gluconate-1- 14 C. 
They confi rmed in the mouse that glucose is metabolized through three pathways: the Embden–
Meyerhof–Parnas pathway and tricarboxylic acid cycle, the pentose phosphate shunt, and the gluc-
uronate pathway. CN was found to increase the catabolism of carbohydrate by the pentose phosphate 
shunt and decrease utilization of the Embden–Meyerhof–Parnas pathway, tricarboxylic acid cycle, 
and glucuronate pathway. They suggested that increased catabolism of carbohydrate by the pentose 
phosphate shunt may produce a source of NADPN which can reduce NAD by means of a transhy-
drogenase enzyme, and in this way compensate for the aberrant redox state produced by CN intoxi-
cation. CN also blocks basal and glucagon-induced lipolysis (Camu, 1969). These fi ndings indicate 
that CN can alter carbohydrate metabolism resulting in increased glycogenolysis and a shunting of 
glucose to the pentose phosphate pathway by decreasing the rate of glycolysis and inhibition of the 
tricarboxylic acid cycle. 

 30.4.2 Functional Implications of the Detoxifi cation Mechanisms 

 Because of the rapid absorption and biodistribution of CN and its mechanism of toxic action by 
inhibition of intramitochondrial cytochrome  c  oxidase, cyanides are rapidly acting compounds. 
A major determinant to the severity and latency to onset of toxicity is that the balance between the 
quantitative rate of absorption versus the rate of the endogenous detoxifi cation will be such as to 
prevent the accumulation of signifi cantly toxic amounts of CN. As the dose and the quantitative rate 
of absorption increase, the rate of availability of sulfur substrate is a determining factor for detoxi-
fi cation, and a relative reduction in sulfurtransferase detoxifi cation may occur with an accumulation 
of free CN. When the rate of accumulation of free (toxicologically effective) CN is slow there will 
be a delay to both latency of onset and progression of toxic effects. Within limits, this effect on the 
detoxifi cation process produces a clear relationship between to a given end point and the dose of 
cyanide (Ballantyne, 1987a). If acute overexposure to large doses of CN occurs, then, because of the 
high quantitative absorption rate, there may be a swamping of endogenous detoxifi cation, resulting 
in the prompt onset of severe signs with rapid time to death. The effi cient detoxifi cation prevents 
long-term bioaccumulation of CN. Thus, acute exposure to a sublethal dose of CN results in the 
development of signs of toxicity, but as detoxifi cation proceeds the signs ameliorate and disappear 
as CN is excreted (mainly as SCN) without any bioaccumulation. 

 30.5 MECHANISM OF ACUTE TOXIC ACTION 

 Following absorption and biodistribution, CN is capable of inhibiting the biological activity of a 
large number of enzymes, some of which are listed in Table 30.1. Because of this, and because 
other biological systems may be adversely affected, the mechanism and presentation of CN toxicity 
may be complex. The mechanisms of inhibitory action on these enzymes include combination with 
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functionally essential metal ions, formation of cyanohydrins with carbonyl compounds required for 
enzyme activity (i.e., pyridoxal phosphate-dependent enzymes), slow irreversible inhibition due to 
scission of essential disulfi de links, elimination of S as SCN, CN addition to Schiff base aldimine 
with formation of an aminonitrile. In a few cases, enzyme activity may be increased; e.g., acetyl-
cholinesterase (Owasoyo and Iramain, 1980). However, the major mechanism for the acute lethal 
toxicity of CN is by inhibition of cytochrome  c  oxidase activity, which is the terminal oxidase of the 
respiratory chain. This results in a cytotoxic hypoxia.   

 In 1925, Warburg demonstrated that cyanide inhibits oxidations specifi cally by iron salts, and 
Keilin in 1929 showed that cyanide combines with the Fe 3	  atom in cytochrome oxidase (Sykes, 
1981). Spectrophotometric evidence indicates that HCN binds with both the reduced and oxidized 
forms of the cytochrome a

 3 
 component of cytochrome  c  oxidase (Chance, 1952; Lemberg, 1996; 

Antonini et al., 1971; Nicholls et al., 1972; Van Buuren et al., 1972). Because the rate of interaction 
of CN with the oxidized form of the enzyme is about two orders of magnitude less then that for 
the reduced form, it has been suggested that the kinetically disruptive effect of CN on mitochon-
drial electron transport is at the reduced cytochrome a

 3 
 level (Yonetani and Ray, 1965). Jones et al. 

(1984) examined the CN-binding properties of resting and pulsed cytochrome  c  oxidase in both their 
stable and transient turnover states. A model was developed which accounted for CN inhibition of 
the enzyme, the essential feature of which was the rapid and tight binding of CN to transient, par-
tially reduced, forms of the enzyme populated during turnover. Experimental data computer-fi tted 
to kinetic predictions from the model indicated that the CN-sensitive form of the enzyme binds 
the ligand with combination constants in excess of 10 6   M  �1  s �1  and  K 

 D 
 values of 50 n M  or less. 

Kinetic difference spectra indicate that CN binds to oxidized cytochrome a
 3 
, and that this occurs 

only when cytochrome a and Cu
 A 
 are reduced. It thus appears probable that cyanide reacts with 

the reduced form of cytochrome  c  oxidase, which may subsequently be converted to an oxidized 
enzyme-cyanide complex (Way, 1984). The oxidized form is relatively stable, but in the presence of 
reducing equivalents CN can dissociate from the enzyme-inhibitor complex to reactivate the enzyme 

TABLE 30.1 Examples of Enzymes, Other Than 
Cytochrome c Oxidase, That Are Inhibited by Cyanide

Enzyme Reference

Acetoacetate decarboxylase Autor and Fridovich (1970)

d-Amino oxidase Porter et al. (1972)

Carbonic anhydrase Fenney and Brugen (1973)

Catalase Kremer (1970)

Glutamate decarboxylase Tursky and Sajter (1962)

2-Keto-4-hydroxyglutarate aldolase Hansen and Dekker (1976)

Lipoxygenase Aharony et al. (1982)

Nitrite reductase Lafferty and Garrett (1974)

Ribulose diphosphate carboxylase Marsho and Kung (1976)

Succinic dehydrogenase Zanetti et al. (1973)

Superoxide dismutase Fenney and Brugen (1973)

Borders and Fredivish (1985)

Tyrosine aminotransferase Yamamoto (1992)

Xanthine dehydrogenase Coughlan et al. (1980)

Xanthine oxidase Massey and Edmondron (1970)

Coughlan et al. (1969)
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(Ballantyne, 1987a). The potentially reversible nature of the inhibition is the basis for the use of certain 
antidotal treatments that reactivate the enzyme by depleting intracellular CN; e.g., shifting the equi-
librium to the extracellular (plasma) compartment by cyanmethemoglobin (CNmetHb) formation, 
by chelation, or by conversion to SCN. Although inhibition of cytochrome  c  oxidase appears to be a 
major feature in the overall toxicity (lethal and nonlethal) produced by CN, other mechanisms may 
well be operative. For example, Pettersen and Cohen (1985) found an equivalent degree of inhibi-
tion of cytochrome  c  oxidase in brain and heart from mice following s.c. dosing with KCN at 4 or 
20 mg kg �1 ; respective mortalities were 0 and 100%. At 4 mg kg �1  sequential sacrifi ces showed that 
maximum inhibition of cerebral (40%) and myocardial (60%) cytochrome oxidase activity occurred 
at 10–20 min postdosing. Mice died within 5 min of 20 mg kg �1  KCN and had a 35% inhibition of 
brain and 60% inhibition of myocardial cytochrome oxidase activity. In further studies Pettersen and 
Cohen (1986) compared the  in vitro  effects of cyanide on mouse brain mitochondrial respiratory and 
cytochrome oxidase activities. Enzyme activity was inhibited in a linear fashion, with an IC

 50 
 of 4 � 

10 �4   M.  Respiratory rates were slightly inhibited up to 10 �4   M  and 80% inhibited at 10 �3   M.  Thus,  in 
vitro,  large effects on respiration required �50% inhibition of cytochrome  c  oxidase activity. They 
suggested that 50% of cytochrome oxidase activity might be functional reserve. Further details of 
other mechanisms for cyanide toxicity are presented below in section 30.8 on neurotoxicity. 

 Because CN toxicity is by an intracellular (mitochrondrial) mechanism, resulting in a cyto-
toxic hypoxia, and because cyanide is sequestered by the erythrocyte (Vesey et al., 1976; Vesey 
and Wilson, 1978), it is the plasma CN concentration that is the prime determinant of cytotoxic-
ity (Vesey, 1979; Ballantyne, 1979, 1987a). The inhibition of cytochrome  c  oxidase, consequent 
decrease in mitochondrial electron transport, and resultant cytotoxic hypoxia initially occurs in the 
presence of normal hemoglobin oxygenation. The reduction in oxidative phosphorylation leads to 
lactate acidosis. A major cause of lethal toxicity by CN is disturbance of central regulating mecha-
nisms for breathing, but experimental evidence indicates that direct myocardial toxicity may also 
be a signifi cant factor in the lethal toxicity of CN (Suzuki, 1968; Ballantyne and Bright, 1979a). 
The sensitivity of myocardial cytochrome  c  oxidase to CN is known from direct inhibitor studies 
(Camerino and King, 1966) and the low  I 

 50 
 of 2.74 � M  (Ballantyne, 1977a). 

 30.6 ACUTE TOXICITY 

 30.6.1 Determinants of Acute Toxicity 

 As noted above the development of toxic effects from CN depends on an imbalance between the rate 
of absorption and its detoxifi cation resulting in a progressive accumulation of CN in body tissues and 
fl uids until this is quantitatively suffi cient to adversely affect the vital biochemical pathways through 
which CN produces its toxic effects; i.e., the major determinants of the exhibition of CN toxicity are 
the rate of accumulation and the absolute magnitude of free (toxicologically active) CN at cellular 
target sites. To this end, many factors infl uence the bioavailability, biodistribution, detoxifi cation, 
and bioelimination of CN, and their dynamic balance at any given time will govern the availability 
of free CN and hence the potential for toxicity to occur. Major determinants are as follows. 

 30.6.1.1 Rate of Absorption 

 The amount and rate of absorption of CN through a primary exposure route (i.e., the absorbed dose) 
depends on various factors, which include: 

  (a) The physicochemical properties of the molecule. Thus, HCN has a low molecular weight 
(MW), is nonionized, and readily diffuses; in contrast, KCN has a higher MW and, because 
it is ionized, may be absorbed at a signifi cantly lesser rate. This is refl ected simply in the 
difference in LD

 50 
 values; e.g., the acute i.m. LD

 50 
 values (with 95% confi dence limits) 
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are 0.018 (0.017–0.020) mmol kg �1  for HCN and 0.050 (0.042–0.063) mmol kg �1  for 
KCN (Ballantyne et al., 1972). 

  (b) The exposure dose; i.e., the amount of CN available for absorption, which is a function of 
the amount of CN to which the organism is exposed, the exposure concentration and the 
exposure time, and the number and frequency of exposures. 

  (c) The route of exposure, because different routes may have different permeabilities. Thus, 
HCN vapor is readily absorbed through the pulmonary alveolar membrane, but skin will 
present a greater barrier to absorption. Additionally, the integrity of the absorbing mem-
brane may be an important determinant; for example, cyanides are absorbed more readily 
through abraded than through intact skin (Ballantyne, 1984a, 1994a). 

 The absorbed dose is a prime determinant of the amount of CN available for distribution to the tissues 
by the blood stream. However, because there is a sequestration and binding of CN to the erythrocyte, 
and since CN in plasma is readily available for diffusion into the intercellular and intracellular fl uids, 
the plasma concentration is the major quantitative determinant of the onset and severity of toxicity. 

 30.6.1.2 Differential Distribution of Cyanide 

 The differential distribution of CN to various tissues is clearly an important factor in toxicity because 
it determines the relative proportions of CN present at the detoxifi cation sites and target tissues. 
Important in this respect is the route of exposure. Thus, inhaled or percutaneously absorbed CN 
will pass initially to the systemic circulation and target organs, with only a small proportion passing 
through the organs of detoxifi cation, notably the liver. In contrast, a high proportion of CN dosed 
orally will pass through the liver and undergo fi rst-pass detoxifi cation. However, the factors involved 
are more complex than solely a consideration of hepatic transulfuration biodetoxifi cation. For exam-
ple, dietary variations that result in signifi cant changes in hepatic rhodanese do not correlate with 
CN toxicity (Rutkowski et al., 1985), and extensive surgical or chemical injury to the liver does not 
increase the susceptibility of the mouse to the lethal toxicity of CN (Rutkowski et al., 1986). The 
infl uence of route is probably determined more by the relative infl uence of plasma transulfuration, 
erythrocyte sequestration, and the differential distribution to all tissues with a detoxifying biotrans-
formation capacity. Differences in regional blood fl ow between tissues will clearly infl uence the rate 
of delivery of CN to specifi c tissues and thus the total organ or tissue dose. Also, the binding affi n-
ity of CN for cellular structures or macromolecules may infl uence the relative tissue and cellular 
distribution of CN. In general, CN is freely diffusible between blood plasma, interstitial fl uid, and 
intracellular fl uid compartments. However, as discussed above erythrocytes and certain intracellular 
macromolecules may be sites of sequestration. 

 30.6.1.3 Endogenous Detoxifi cation 

 The rate of detoxifi cation, in particular, enzymatic transulfuration, will clearly infl uence the rate of 
accumulation of body CN. As noted previously, with slow rates of absorption, the detoxifi cation 
rate may equate with that of the absorption rate and signs of toxicity will not develop. As the rate of 
absorption increases, the rate of detoxifi cation will not increase proportionately and there may an 
accumulation of CN; the rate of accumulation will obviously relate to the rate characteristics for the 
absorptive process. When there is a slow but continual increase in body CN, then a characteristic 
series of signs and symptoms will develop sequentially. However, an abrupt massive overdose may 
swamp the endogenous detoxifi cation mechanisms and there will be prompt onset of severe toxic-
ity with rapid death. Important determinants for endogenous detoxifi cation potential are the rate of 
supply of CN to tissues having detoxifi cation potential and the availability of substrate, in particular, 
sulfur donors for the transferase processes. 
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 30.6.1.4 Miscellaneous Factors 

 Other important determinants for the development of toxicity are: 

  1.  Diurnal variation.  Baftis et al. (1981) investigated the variability in the lethal toxicity of i.p. 
KCN (72.5 mg kg �1 ) to mice as a function of time, using a 12-h light-dark cycle (06.00–
18.00 h/18.00–06.00 h). Mortality rate varied during the 24-h period, with peak activity at 
16.00 h (83%) and a minimum at 06.00 h (43% mortality). There was also a circadian pat-
tern in time to death; times were sooner at 2.00 h dosing and longest at 08.00 h dosing. 

  2.  Age.  Fitzgerald (1954) found that for adult male mice the s.c. LD
 50 

 of NaCN was about 
5 mg kg �1 ; in contrast, with neonatal mice the LDs were between 2.0 and 2.5 mg kg �1 . 

  3. The presence of  antidotal substances  will clearly infl uence the development of toxicity. 
For example, binding to methemoglobin (metHb), chelation with cobalt salts, or supply-
ing sulfur donors will result in a shift in the equilibrium of CN from the intracellular to the 
extracellular compartment, and hence reactivation of inhibited cytochrome  c  oxidase. 

 The next section presents the quantitative acute toxicity of HCN vapor to laboratory animals and 
to humans by inhalation and by absorption across the skin. Details of the quantitative acute toxic-
ity of HCN and other cyanides by other routes of exposure and absorption (p.o., i.p., s.c., i.v., p.c., 
and transocular) have been presented elsewhere (Ballantyne, 1983a, 1983b, 1984a, 1986, 1994a; 
Ballantyne et al., 1972). 

 30.6.2 Experimental Acute Inhalation Toxicity of HCN Vapor 

 Because of its low MW, poor ionization, and ready diffusion, HCN is readily absorbed across the 
lung. Published acute lethality data for various species and exposure times are given in Table 30.2. 
Examination of these data indicates that over an exposure period ranging from a few minutes up to an 
hour, there is a disproportionate relationship between the exposure time required to kill a given pro-
portion of an exposed population and the exposure concentration needed to kill the same proportion. 
Thus, over the period of about an hour, as the lethal concentration is decreased the exposure time 
required to cause death increases, but not in proportion. The relationship between exposure time ( t ), 
exposure concentration ( C ), and the inhalation exposure dosage ( Ct ) required to cause death was 
studied in detail by Ballantyne (1984a, 1987a, 1994b). The results from some of these studies are 
illustrated in Figure 30.1. It can be seen that for the shorter exposure periods (a few seconds to a few 
minutes), as the exposure concentration required to produce a 50% mortality (LC

 50 
) decreases, only 

relatively small increases in exposure time are required to attain 50% mortality; e.g., the exposure 
time for a 1229 mg m �3  LC

 50 
 is 1 min, and for a 493 mg m �3  LC

 50 
 is 5 min. This accords with the fact 

that under both of these exposure conditions it is likely that there is near saturation of the endogenous 
detoxifi cation mechanisms. However, beyond about 5 min, proportionately longer exposure times are 
required to produce LC

 50 
 decreases; e.g., a 173 mg m� 3  LC

 50 
 requires that there be an exposure time of 

30 min. The relationship between LC
 50 

 and exposure time can be more clearly defi ned by examining 
the corresponding acute lethal inhalation dosages (LCt

 50 
), as shown in Figure 30.2. This demonstrates 

that as the exposure time required to produce a lower LC
 50 

 increases, the LCt
 50 

 increases, almost in 
a linear manner. Thus, much higher LCt

 50 
 values are required to produce a given LC

 50 
 at the lower-

concentration–longer-exposure conditions, than is the case for the higher concentration–shorter 
duration conditions. With the higher HCN airborne concentrations there is a marked concentration 
gradient across the alveolar membrane, facilitating the transfer and absorption of HCN that then 
enters the systemic circulation without a signifi cant fi rst-pass hepatic detoxifi cation effect, and there 
is thus a rapid attainment of toxic tissue concentrations of CN. With lower HCN vapor concentrations 
there is a slower rate of titration of CN into the pulmonary circulation and a higher proportion of the 
dose is detoxifi ed, resulting in a slower rise in the body burden of CN, and thus a relative delay to the 
onset of signs and a longer time to death. The LC

 50 
 versus exposure time curve (Figure 30.1) shows 
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an abrupt infl exion, which represents an important point in the absorption-detoxifi cation scheme. 
At concentrations above this infl ection there is a steep slope in the response line, indicating a sig-
nifi cant reduction in the endogenous detoxifi cation reserve. When deaths are examined over a long 
postexposure period (within 24 h after the infl exion point) the LC

 50 
 may be fairly constant (Levin 

et al., 1987). This is likely the result of an intermixing of mortalities due to cytotoxic hypoxia and 
to complications of this effect. Matijak-Schaper and Alarie (1982) found that the 30-min LC

 50 
 for 

Swiss–Webster mice was similar at 166 ppm for both intact mice and those dosed with HCN through 
a tracheal cannula, suggesting that in this species the absorption of HCN through the upper respira-
tory tract was not a signifi cant factor in lethal toxicity.   

 Signs of HCN intoxication vary in both latency to onset and severity, depending mainly on the 
concentration of HCN vapor and exposure time. Typical signs resulting from experimental intoxica-
tion are rapid breathing, weak and ataxic movements, convulsions, loss of voluntary movement, loss 
of consciousness, decrease in breathing rate and depth, and breathing irregularities. In general, mor-
talities from HCN vapor occur either during exposure or within a short time of the end of exposure. 
Necropsy fi ndings are few and consist mainly of congestion of various intra-abdominal viscera and 
scattered pleural and alveolar hemorrhages (Ballantyne, 1994b). 

 Using plethysmography, Matijak-Schafer and Alarie (1982) found that for the intact mouse the 
HCN vapor concentration needed to cause a 50% reduction in breathing rate (DC

 50 
) by a 30-min 

exposure was 63 ppm. Below the DC
 50 

 asphyxiation was seen intermittently between short periods 
of normal breathing, but as lethal concentrations were approached, asphyxiation became continuous. 
With tracheal cannulated mice the DC

 50 
 was reduced to 34 ppm. In primates, Purser et al. (1984) 

noted that early during exposure to HCN in the range 102–156 ppm there was a marked episode 
of hyperventilation with signifi cant increase in respiratory minute volume. This was followed by a 
slowing in the breathing rate, disturbance of consciousness, loss of muscle tone and refl exes, and 
occasional convulsions. At the end of the exposure period there was a rapid recovery. 

 An important clinical feature of the inhalation toxicology of HCN is the development of inca-
pacitation; it is one of several factors that may impede escape from an atmosphere containing HCN. 
This may appear as muscle weakness, ataxia, and a semiconscious state that progresses into coma. 

TABLE 30.2 Acute Lerthal Inhalation Toxicity of HCN Vapor to Various Species

Species Sex Exposure Time
Median Lethal Toxicity 

(95% confidence limits)

as LC50 (mg m�3) as LCt50 (mg min m�3)
Mousea M 30 min  176 (129–260) 5280 (3870–7880)

Rabbitb F 45 sec 2432 (2304–2532) 1824 (1728–1899)

F 5 min  409 (321–458) 2044 (1603–2288)

F 35 min  208 (154–276) 7283 (5408–9650)

Ratb F 10 sec 3778 (371–4313)  631 (562–719)

F 1 min 1129 (664–1471) 1129 (664–1471)

F 5 min  493 (372–661) 2463 (1861–3301)

F 30 min  173 (159–193) 5070 (4690–5497)

F 60 min  158 (144–174) 9441 (8609–10399)

Ratc NS 5 min  553 (443–689) 2765 (2215–3445)

a Matijak-Schaper and Alarie (1982).
b Ballantyne (1994b).
c Higgins et al. (1972); NS, not specifi ed.
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Over the range of HCN vapor concentrations, 102–156 ppm, used by Purser et al. (1984) there was 
a linear relationship between exposure concentration and the time to occurrence of hyperventila-
tion and subsequent incapacitation ( r  � 0.96,  p  � 0.02). The slope on the relationship between 
exposure concentration and time to incapacitation was such that doubling the concentration from 
100 to 200 ppm reduced the time to incapacitation from 25 min to 2 min. Thus a short period of 
exposure to concentrations of the order of 200 ppm (220 mg m �3 ) HCN can cause the rapid onset 
of incapacitating effects. Rat studies have estimated the HCN vapor incapacitating concentrations 
are about 65% of the lethal concentration (Levin et al., 1987). In their studies Purser et al. (1984) 
found that for the fi rst 10 min of the 30-min exposure period there was a linear correlation between 
HCN vapor concentration and blood CN ( r  � 0.94) if allowances were made for minute volume 
between different animals. After 10–15 min a plateau developed for blood CN. At the end of the 
30-min exposure period there was no clear relationship between atmospheric HCN concentration 
and whole-blood CN concentration. Postexposure, blood CN remained unchanged for a 1-h recov-
ery period. The average concentrations of blood CN for four monkeys were the following: during 
exposure, 10 min � 77 �mol l �1 , 20 min � 86 �mol l �1 , 30 min � 86 �mol l �1 ; postexposure, 
60 min � 85 �mol l �1 . Using HCN exposure concentrations of 71 and 183 ppm in rats, Chaturvedi 
et al. (1993) found the blood CN was proportional to both HCN exposure concentration and expo-
sure time up to 35 min. They did not fi nd a correlation between blood CN and the onset of inca-
pacitation. In rats dying from acute inhalation of HCN vapor, the highest CN concentrations were 
found in blood, brain, heart, and lung, but liver CN was either low or absent (Ballantyne, 1994b). 
Details of blood and tissue CN concentrations following mortality from CN given by different 
routes of exposure have been presented by Ballantyne (1983a, 1983c, 1984a). 

 30.6.3 Human Acute Inhalation Lethal Toxicity of HCN Vapor 

 In 1931, Barcroft described a situation in which a man apparently survived a 15-min exposure 
to about 50–677 mg m �3  HCN vapor, but an accompanying dog became apneic. Bonsall (1984) 
described a case of industrial exposure of a man to HCN liberated from hydrazodi iso butyronitrile. 
After a 3-min exposure to (estimated) 500 ppm he collapsed and was fi tted with breathing apparatus. 
He was subsequently treated with i.v. sodium thiosulfate, became paralyzed with convulsions, and 
was intubated, artifi cially ventilated, and given i.v. phenytoin. Weaned off the respirator at 48 h he 
was fully conscious at 36 h. Thus, through intensive medical management this individual survived 
a 3-min exposure to about 500 ppm HCN vapor. In other cases, exposure to 270 ppm HCN caused 
immediate death, 181 ppm HCN was lethal within 1 min, and 135 ppm was lethal after 30 min 
(Dudley et al., 1942). Moore and Gates (1946) estimated the absorbed lethal inhalation dosage for 
humans as 1.1 mg kg �1  based on the  assumption that humans would be similar to several animals. 
Data available for i.v. LD

 50 
 values (in mg kg �1 ) were 1.34 (dog), 0.81 (cat), 1.3 (monkey), 0.66 

(rabbit), 1.43 (guinea pig), 0.81 (rat), and 0.99 (mouse). The detoxifi cation rate of CN given i.v. to 
man was taken as 0.017 mg kg �1  min �1 . The LCt

 50 
 was calculated according to the formula: 

   K  �  VaC — Dt  

 Where,  K  � i.v. lethal dose (in mg kg �1 );  C  � total volume of breathed air (l kg �1 );  a  � fraction of 
inhaled vapor absorbed (70% in the dog);  D  � detoxifi cation rate (mg kg  �1  min �1 ). Based on this 
approach, the timed LC

 50  
values for a 70-kg man with a breathing rate of 25 l min �1  were calculated 

as shown in Table 30.3. These fi ndings suggest, on the basis comparative data from other primates, 
that man is more resistant than monkeys. However, McNamara (1976) commented that it is doubtful 
if man is so much more resistant because the values for the monkey could also be assumed from the 
LCt

 50 
 values obtained from the Moore and Gates formula. Also, the experimental LCt

 50 
 values for 

HCN in animals increase with exposure time at a rate greater than calculated from the formula. This 
is not surprising since the general format of the Moore and Gates formula is similar to the Haber 
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equation (Haber, 1924), which assumes constancy of a fi xed response for inhalation dosages over a 
certain range. Based on the following assumptions, McNamara (1976) re-evaluated the lethal inhala-
tion toxicity of HCN vapor as shown in Table 30.4.     

 He assumed (1) that man has a susceptibility similar to that of the resistant goat or monkey, and 
(2) since (at that time) only mouse LCt

 50 
 data were available for 0.5 to 30 min, these values were 

used to estimate the relationship between LCt
 50 

 and time. The values were multiplied by four to 
obtain estimates of LCt

 50 
 for man at each interval, since the ratio of mouse:primate lethal inhalation 

toxicity is of the order of 1:4. 
 Based on available metabolic rate data, the following LC

 50 
 values were predicted by Hilado and 

Cummings (1977) for man, which are somewhat lower than the values calculated by McNamara 
(1976): 

  5-min LC
 50 

 � 680 ppm (748 mg m �3 ) 

  30-min LC
 50 

 � 200 ppm (220 mg m �3 ) 

 Landhahl and Herrmann (1950) estimated that following the inhalation of HCN vapor in the 
concentration range 0.5–20 mg m �3 , approximately 60% is retained through the lungs. 

TABLE 30.3 Inhalation Toxicity of HCN 
Vapor to Humans Based on the Moore and 
Gates (1946) Formula and Calculated for a 
70-kg Man with a Breathing Rate of 
25 1 min�1. The Detoxification Rate for 
CN Was Assumed to Be 0.017 mg kg�1 min�1

Time (min) Calculated Lethal Inhalation Toxicity 

as LC50 (mg m�3) as LCt50 (mg min m�3)
1 4400 4400

3 1500 4500

10 504 5040

30 210 6300

60 140 8400

Table 30.4 Estimates of the Acute Lethal Inhalation Toxicity of 
HCN Vapor to Man by McNamara (1976)

Exposure LCt (mg min m�3) Approximate

Time (min) 1 50 90 LC50 (mg m�3)
0.5 1,117 2,032 3,480 4,064

1 1,930 3,404 5,705 3,404

3 2,546 4,440 7,526 1,466

10 3,888 6,072 11,491 607

30 11,992 20,632 35,443 688
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 30.6.4 Experimental Percutaneous Absorption of HCN Vapor 

 It is well documented that solutions of CN and solid cyanides applied to moist skin can readily 
penetrate the skin and produce intoxication (Ballantyne, 1994a). Also, HCN vapor can be absorbed 
across skin and can additively contribute to toxicity due to inhaled HCN, notably in the workplace. 
This stresses the need for skin as well as respiratory protection when overexposure to HCN is antici-
pated. Experimentally, Fairley et al. (1934) demonstrated that exposure of guinea pigs and rabbits to 
HCN in the atmosphere resulted in the p.c. absorption of suffi cient amounts of CN to cause signs of 
toxicity and, if exposure were suffi ciently prolonged, to cause mortality. 

 30.6.5 Percutaneous Absorption of HCN by Humans 

 When working for 8–10 min in an atmosphere containing 20,000 ppm HCN vapor but wearing respira-
tory protective equipment workers developed dizziness, weakness, and headache, probably due to the 
p.c. absorption of vapor (Drinker, 1932). Two cases of percutaneous HCN vapor poisoning, one in a 
fi refi ghter wearing self-contained breathing equipment, were described by Steffens (2003). According 
to Dugard (1987) the rate of absorption of HCN vapor across the skin may be assumed to be propor-
tional to the concentration in the atmosphere contacting the skin. Studies lead to a conclusion that total 
body surface contact (18,500 cm 2  for a 70-kg individual) with 1 ppm HCN by volume leads to the 
absorption of 32 �g CN h �1 . It has been estimated that the detoxifi cation rate for a 70-kg individual is 
around 30 mg CN �1 . If the rate of absorption of CN exceeds this value then CN accumulates. 

 30.7 REPEATED EXPOSURE GENERAL TOXICITY OF CYANIDE 

 It is clear from the preceding discussions that animals and humans may tolerate potentially lethal 
(bolus) doses of CN if these are given over longer periods or in divided doses. Thus, Hayes (1967) 
found that rats tolerated 25 daily doses of KCN, each of which was equivalent to the acute p.o. LD

 50 
 

(approximately 10 mg kg �1 ) when these were given in the diet. Also, 90 daily doses, each of which 
was equivalent to 25 � LD

 50 
 (250 mg kg �1  day �1 ), did not cause mortalities in rats when adminis-

tered in the diet. Palmer and Olsen (1979) recorded increased liver weights, but no effects on body 
weight gain, in rats dosed with 200 mg l �1  KCN in drinking water for 21 days, which resulted in 
a daily intake of 30 mg KCN kg �1 . No such effects were seen with KCN in the diet (0.2 mg kg �1 ; 
20 mg kg �1  day �1 ). 

 Rats receiving 1.075 mg KCN g �1  in the diet over 56 days showed no effects on body weight, 
food consumption, protein effi ciency ratio (body weight gain/protein intake), or kidney and liver 
weights. Pigs receiving 1.25 mg KCN g �1  diet had a slight decrease in food consumption, but 
body weight was unaffected (Tewe and Maner, 1980, 1981a, 1981b). Rats having a diet containing 
2.5 mg KCN g �1  (90 mg KCN kg �1  day �1 ) had a slight reduction in food consumption and body weight 
gain (Tewe, 1982). Beagle dogs had NaCN incorporated in the diet (2.5 mg kg �1 ) for 30–32 days, 
resulting in an oral intake of 6 mg NaCN kg �1  day �1 . There were no clinical signs, effects on food con-
sumption, body weight or hematology, and no histopathology (American Cyanamid Company, 1959). 
In another study, dogs received NaCN by capsule up to 6 mg kg �1  day �1  for 15 months (Herrting et al., 
1960). This resulted in immediate signs of toxicity postdosing and recovery within 30 min. The eryth-
rocyte count was increased and serum albumin decreased. Degenerative changes were seen in cere-
brocortical and cerebellar Purkinje cells. Baboons were given s.c. injections of KCN (1 mg kg �1 ) for 
9 months. The Hb concentration was increased, mean corpuscular Hb concentration decreased, and 
there was a low mean corpuscular volume (Crampton et al., 1979). 

 The potential for hepatonephrotoxicity was investigated by Sousa et al. (2002) who dosed 
adult male rats with KCN dissolved in drinking water at 0 (controls), 0.3, 0.9, 3.0, or 9.0 mg kg �1  
day �1  for 15 days. Those given 9 mg kg �1  day �1  had a signifi cant reduction in body weight 
gain over the study period, but there was no effect on water consumption. Plasma SCN 
concentrations were signifi cantly (  p  � 0.05) increased in the KCN groups, but serum T

 3 
 and T

 4 
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concentrations were unaffected. However, histology of the thyroid glands revealed a dose-related 
increase in the number of cytoplasmic resorption vacuoles in the follicular colloid at all doses. 
Histology of the liver revealed cytoplasmic vacuolation of hepatocytes at 0.9 mg kg �1  day �1  and above, 
with some hepatocyte vacuolar degeneration at 9.0 mg kg �1  day �1 . In keeping with these fi ndings, the 
serum aspartate aminotransferase activities (as mean 
 SD; U l �1 ) were signifi cantly increased at 0.3 
(80.1 
 7.7), 0.9 (79.9 
 6.2), and 3.0 (73.0 
 11.1) mg kg �1  day �1 , but decreased at 9.0 mg kg �1  
day �1  (43.2 
 7.3) compared to the controls (60.3 
 10.5). Kidneys from the 3.0 and 9.0 mg kg �1  day �1  
groups showed congestion and cytoplasmic vacuolation of the proximal tubular epithelial cells. However, 
serum creatinine and urea concentrations were not signifi cantly different from the controls, suggesting no 
alteration in renal function. Okolie and Osagie (1999) also experimentally investigated the potential for 
chronic hepatorenal lesions from 40 weeks of feeding a diet containing 702 ppm KCN; controls received 
a diet without added KCN. The results (summarized in Table 30.5) show that although food consump-
tion and energy intake were increased in the KCN group, weight gain was reduced. This may be due to 
retarded muscle development as shown by Ibebunjo et al. (1992), who suggested that depressed growth 
rate associated with CN may be a consequence of methionine depletion leading to decreased protein turn-
over. Also, CN exposure and SCN production interferes with thyroid function and decreases tissue pro-
tein turnover (Hayase et al., 1987). CN consumption in the control diet was 9.0 ppm, resulting in a total 
CN intake of 0.39 mg day �1  rabbit �1  compared with 36.5 mg day �1  rabbit �1  for the 702 ppm KCN diet. 
The corresponding urine SCN concentrations were 10.8 
 0.90 �mol dl �1  and 51.8 
 2.4 �mol dl �1  
( p  � 0.05). These are consistent with the increased liver and kidney rhodanese activities of the KCN-fed 
rabbits (Table 30.6). Also the increased activities of lactate dehydrogenase in serum, liver, and kidney 
from KCN animals compared with the controls are consistent with a shift from aerobic to anaerobic 
metabolism in the KCN animals because of enhanced conversion of pyruvate to lactate (Padmaja and 
Pannikar, 1989a, 1989b; Singh et al., 1989). Biochemical evidence for hepatotoxicity was seen by 
signifi cant increases in serum and decreases in liver sorbitol dehydrogenase, alkaline phosphatase, 
and glutamate-pyruvate transaminase, and for nephrotoxicity by the signifi cant decrease in kidney 
alkaline phosphatase associated with a serum increase. The biochemical evidence for renal injury was 
supported by increases in serum urea and creatinine. Histologically there were focal areas of conges-
tion and necrosis in the liver and foci of tubular and glomerular necrosis in the kidney. The fi ndings 
suggest that chronic cyanide exposure, at least by the p.o. route, may result in hepatorenal injury. In a 
subsequent extension of the publication of the results, Okolie and Osagie (2000) reported the effects 
on heart, lung, and pancreas. Aspartate transaminase activities in heart and serum were unaltered, 
but alkaline phosphatase activity in heart and lung was signifi cantly decreased (Table 30.6). Weekly 
measurements of serum amylase activity and blood glucose concentrations showed no signifi cant 
differences between the KCN and control groups over the 40-week period. Histology of the pancreas 
and myocardium was normal, but lungs showed foci of pulmonary edema and necrosis. Thus, under 
the conditions of this study prolonged dietary consumption of sublethal doses of cyanide did not 
result in cardiac injury or any toxicity to the pancreas, but did cause systemic injury to the lungs. 
In a multispecies study (Soto-Blanco et al., 2001), rats received 0, 9, or 12 mg KCN kg �1  day �1  for 
15 days; pigs were dosed 0, 2, 4, or 6 mg KCN kg �1  day �1  for 74 days; and goats received 0, 0.3, 0.6, 
1.2 or 3.0 mg KCN kg �1  for 5 months. At the end of each dosing period, plasma samples were taken 
to measure SCN and glucose, and the pancreas was removed for histological examination. Lower 
body weight gains (  p  � 0.05) were noted in rats that received 9 and 12 mg kg �1 , and in goats from 
the 3 mg kg �1  group. Pigs had no differences in body weight gains. Plasma SCN concentrations were 
signifi cantly higher (  p  � 0.05) in all experimental groups of all species compared to the controls. 
However, plasma glucose concentrations of all species were not signifi cantly different from controls. 
Histological examination of the pancreas did not reveal any exocrine or endocrine abnormalities.   

 A 13-week study was conducted in which NaCN was administered in the drinking water to male 
and female F344/N rats and B6C3F

 1 
 mice (Hébert, 1993). The drinking water NaCN concentrations 

were 0, 3, 10, 30, 100, and 300 ppm. Absorption of CN was confi rmed by measured increases in urinary 
SCN. There were no adverse effects with respect to body weight, organ weights, hematology, clinical 
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chemistry, or histopathology. There was no evidence for thyroid or neurological damage. Concentrations 
of 100 ppm and above produced decreased water consumption, suggesting poor palatability. There were 
no changes in urinary pH, sorbitol dehydrogenase, or  N -acetyl-�- d -glucosaminidase activity. With male 
rats there was a slight reduction in cauda epididymal weights in 30 ppm dosed male rats and mice, and in 
300 ppm dosed rats the number of spermatid heads per testis was less than that of controls; sperm motil-
ity in all groups was marginally lower than in controls. NaCN at 100 and 300 ppm caused a signifi cant 
increase, in female rats, of time spent in proestrus and diestrus relative to estrus and metestrus. 

 The effect of subchronic (30 days) low-dose exposure to KCN in drinking water was studied 
in Wistar rats (Pritsos, 1996), with particular reference to growth, mitochondrial damage, and ATP 
levels. The rats received 0, 50, 100, or 500 ppm KCN in drinking water. Body weight and food 
and water consumption were monitored over the study. At the end of the dosing period hepatic and 
cardiac mitochondrial functions were tested as mitochondrial respiratory control ratios, which are 
a measure of mitochondrial integrity and the ability of mitochondria to synthesize ATP (Rickwood 
et al., 1987). The measurement was made by monitoring mitochondrial O

 2 
 consumption in the pres-

ence of substrate, state 4, and comparing the rate with respiratory rate in the presence of substrate 
and ADP, state 3. The ratio is obtained by dividing state 3 rate by state 4 rate. Hepatic and cardiac 
mitochondrial respiratory control ratios were decreased in a dose-related manner, being statistically 
signifi cant at 100 and 500 ppm. There were no statistically signifi cant differences in food consump-
tion between the various groups. A dose-related decrease in body weight gain was measured, which 
was statistically signifi cant for the 100- and 500-ppm groups. Cardiac, hepatic, and cerebral ATP 
levels were decreased in a dose-related manner, but only with statistical signifi cance in the liver at 
100 and 500 ppm and in the heart at 50 ppm. These fi ndings indicate that subchronic dosing with 
CN causes mitochondrial dysfunction. 

 Studies on long-term repeated intake of cyanide through exposure to more complex cyanogenic 
materials (notably cassava) have indicated that chronic exposure effects of cyanide include goiter 
(Cliff et al., 1986), tropical ataxic neuropathy (Onsuntokun, 1981; Wilson, 1987), and epidemic 
spastic paresis (Howlett et al., 1990). Additionally, chronic occupational exposure to cyanide has 
also linked it to thyroid dysfunction (see section 30.14). 

 The toxicokinetics of CN by repeated dosing has been investigated by several workers. Okoh 
(1983) investigated the excretion of an acute dose of  14 C-CN in urine, feces, and expired air in rats 

TABLE 30.5 Food Consumption, Weight Gains, Feed Efficiency, and 
Thiocyanate Excretion in Control Rabbits and Rabbits Dosed with Cyanide 
in the Diet (702 ppm) for 40 Weeks

Measurement Controlsa Cyanidea pb

Food consumption 
(g rabbit-1 day�1)

44.1 
 2.1 52.0 
 1.7 �0.05

Energy intake 
(kcal day�1 rabbit�1)

101.4 
 6.7 119.6 
 3.9 �0.05

Weight gain (g rabbit�1) 919.0 
 2.1 612.0 
 1.8 �0.05

Feed effi ciency 
(g body weight/g feed)

0.07 0.04

Total cyanide intake 
(mg kg-1 rabbit�1)

0.39 
 0.02 36.5 
 1.2 �0.05

Urine thiocyanate (�mol dl�1) 10.8 
 0.9 51.8 
 2.4 �0.05

a Results as mean 
 SE.
b Signifi cance of difference between control and cyanide group.
Source: From Okolie and Osagie (1999, 2000).
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dosed daily with unlabeled KCN for 6 weeks (77 �mol rat �1  day �1 ) and in control rats not receiving 
KCN in the diet. In rats receiving KCN the main route of elimination of  14 C was in urine, which 
counted for 83% of the total excreted radioactivity in 12 h and 89% of total radioactivity in 24 h. 
The major excretion metabolite was SCN and accounted for 71 and 79% of the total urinary activ-
ity in 12 and 24 h, respectively. The mean total activity excreted in expired air after 24 h was only 
4%, and this did not change after 24 h. Of the total  14 C in expired air in 24 h, 90% was present as 
CO

 2 
 and 10% as HCN. When these results were compared with those for  14 C given to control rats 

not fed KCN, it was demonstrated that the pattern of elimination of  14 C in both urine and expired air 
was not altered by subchronic dosing with unlabeled KCN. The toxicokinetics of subchronic p.o. 

TABLE 30.6 Biochemical Results for Serum and Tissues from 
Control Rabbits and Rabbits Dosed with Cyanide in the Diet 
(702) ppm for 40 Weeks 

Measurementa Controlsb Cyanideb pc

Serum urea (mmol 1�1) 6.3 
 0.5 9.3 
 0.8 �0.05

Serum creatinine 

(mg d1�1)

0.7 
 0.1 1.2 
 0.1 �0.05

LD

Serum (U 1�1)

91 
 3 143 
 2 �0.01

Liver (U g�1) 417 
 7 785 
 8 �0.01

Kidney (U g�1) 302 
 9 405 
 7 �0.05

Rhodanese (�g min�1 mg protein�1)

Liver 18.2 
 1.6 38.4 
 1.4 �0.01

Kidney 10.7 
 1.3 28.6 
 1.9 �0.01

SD 

Serum (U 1�1)

0.09 
 0.02 3.02 
 0.04 �0.01

Liver (U g�1) 3.57 
 0.15 1.83 
 0.08 �0.01

GPT 

Serum (U 1�1)

10 
 1 17 
 2 �0.05

Liver (U g�1) 3.1 
 0.2 2.0 
 0.3 �0.05

Alk Pase 

Serum (U 1�1)

10.0 
 1.0 27.6 
 2.3 �0.01

Liver (U g�1) 98 
 6 57 
 5 �0.05

Kidney (U g�1) 143 
 7 89 
 6 �0.05

Heart (U g�1) 24.0 
 3.1 19.0 
 2.0 NS

Lung (U g�1) 68.0 
 5.0 39.0 
 3.5 �0.01

AT 

Serum (U 1�1)

14.0 
 0.9 15.0 
 1.2 NS

Heart (U g�1) 4.3 
 0.2 3.9 
 0.3 NS

a LD, lactate dehydrogenase; SD, sorbitol dehydrogenase; GPT, glutamate pyruvate dehy-
drogenase; Alk Pase, alkaline phosphatase; AT, aspartate transaminase.
b Results as mean 
 SE.
c Signifi cance of difference between control and cyanide groups.
Source: After Okalie and Osagie (1999, 2000).
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exposure to CN has also been studied in the rat by incorporating KCN into drinking water to give 
daily (24-h) doses of 40, 80, and 160 mg kg �1  for 13 weeks (Leuschner et al., 1991). Blood and 
plasma CN and SCN were measured at weeks 1, 3, 5, 7, 9, 11, and 13, and urine CN and SCN were 
measured at weeks 6 and 13. At 160 mg kg �1  24 h �1  body weight gain and drinking water consumption 
were signifi cantly reduced over most of the 13-week dosing period, some mortalities occurred; with 
80 mg kg �1  24 �1  body weight and water consumption were decreased but food consumption was 
unaffected; 40 mg kg �1  24 h �1  did not infl uence body weight gain or food consumption but drink-
ing water consumption was reduced. The calculated daily-ingested doses of CN (with range) were 
38.4 (31.8–46.6), 78.3 (72.9–1.3), and 143.9 (121.4–169.8) mg kg �1  24 h �1 . A clear dose–response 
relationship was obtained for blood CN concentrations, and for each exposure dose CN concentra-
tions remained relatively constant during the test weeks. Thus, for the high-dose KCN diets blood 
CN concentrations ranged from 16.0 to 25.5 nmol ml �1 , which are below lethal concentrations. 
Although CN could not be detected in the blood of control animals, low SCN concentrations were 
present in serum of controls in the range of 11.4–53.3 nmol ml �1 . In the KCN animals, the plasma 
SCN concentrations were more variable than the CN concentrations, but a dose–response relation-
ship was still present. The plasma SCN range for the high dietary concentration dose was 341–877 
nmol ml �1 . In the urine of controls CN could not be detected, but for the KCN-dosed animals there 
was a clear dose–response relationship for dietary SCN. The CN/SCN ratio in urine was 1/1000, and 
there was also a dose–response relationship for urinary SCN. At 6 and 13 weeks of dosing, approxi-
mately 11% of the dosed CN was excreted as urinary SCN, and only 0.003% as unchanged CN. 
These fi ndings indicate that chronic cyanide dosing by the peroral route does not lead to substrate 
saturation of the CN detoxifi cation pathway and does not alter the mode of CN excretion. 

 30.8 NEUROTOXICITY OF CYANIDE 

 30.8.1 Animal Studies 

 In experimental acute CN poisoning, CN concentrations in brain are consistently high and close 
to serum values, irrespective of the species (Figure 30.3) or route of exposure (Figure 30.4). The 
high CN concentration is in the brain parenchyma as well as the intracerebral vessels (Ballantyne 
et al., 1972). In general, there are no differences between the CN concentrations in white and in 
gray matter of the brain. Also, although still moderately high, the concentrations are lower than 
in cerebrospinal fl uid (CSF) and blood plasma (Table 30.7; Ballantyne, 1975, 1983a, 1987a). CN 
appears to rapidly equilibrate across the neuronal plasma membrane and then slowly accumulates in 
mitochondria and membrane elements of the neuron (Borowitz et al., 1994).   

 Some  in vitro  studies have suggested that CN may produce certain effects by a direct effect 
on neurons rather than by an inhibition of metabolism. For example, Aitken and Braitman (1989) 
studied the effect of CN on synaptic and neural function in slices of guinea pig hippocampus. They 
found that CN (10–200 � M ) rapidly depressed synaptic transmission between Schafer collateral-
commissural fi bers and pyramidal cells. Analysis of input/output curves revealed two components to 
the suppression: a decrease in excitatory postsynaptic potential generation and an increase in action 
potential threshold. One interpretation of these fi ndings is that the rapidity of the effects is consistent 
with a direct, nonmetabolic effect on the CNS. However, most studies indicate that one or several 
biochemical effects are responsible for the neurotoxicity of CN. Major emphasis has been placed on 
the role of CN in producing an inhibition of cytochrome  c  oxidase activity. Thus, CN-killed animals 
have a highly signifi cant decrease in cytochrome oxidase activity, shown both by biochemical mea-
surements (Table 30.8) and histochemically by quantitative kinetic microdensitometry (Table 30.9). 
 In vivo  determinations of cytochrome  c  oxidase activity, undertaken by measurement of the levels 
of reduction of the terminal oxidase by refl ectance spectrometry, showed in the cerebral cortex of 
rats receiving a sublethal dose of CN that a noncumulative, transient, and dose-dependent inhibition 
of the respiratory mitochondrial respiratory chain occurred (Piantadosi et al., 1983). The decreases 
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in mitochondrial activity were accompanied by increases in regional cerebral HbO
 2 
 saturation 

and blood volume. It was also demonstrated that CN inhibition of cytochrome  c  oxidase activity 
produced secondary Hb spectrum effects by preventing the unloading of O

 2 
 in capillaries and that 

this interfered with the measurement of Hb absorbance changes. To overcome this, further studies 
were conducted using animals having an exchange transfusion with an oxygen-carrying isotonic, 
iso-oncotic perfl uorochemical emulsion (Piantadosi and Silvia, 1986). It was found that the 
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FIGURE 30.3 Concentrations of CN in brains from various 
species sacrifi ced by means of an intraperitoneal injection of KCN 
(8 mg kg−1). Results presented as mean 
 SD for N � 6 per species.
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FIGURE 30.4 Concentration of CN in brains from rabbits sacrifi ced 
with HCN given by different routes of dosing. Inhalation exposure was 3 
g HCN m�3 for 5 min; noninhalation doses were 5 � route LD

50
. Results 

presented as mean 
 SE for N � 6 animals per group. IP, intraperitoneal; 
IM, intramuscular; PO, peroral; PC, occluded cutaneous contact; CI, 
instillation into conjunctival sac; INH, inhalation.
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TABLE 30.7 Concentrations of Cyanide in Blood 
Plasma, Cerebrospinal Fluid (CSF), and Brain 
White and Gray Matter of Sheep Killed with an 
Intramuscular Injection of KCN (10 mg kg-1)a

Cyanide Concentration (�g g–1 or �g ml–1)

Plasma CSF Gray Matterb White Matterc

Mean 1.46 1.57 0.89 0.99

SDd 0.38 0.43 0.29 0.22

Range 0.9–2.2 0.9–2.4 0.42–1.42 0.6–1.43

a After Ballantyne (1975). Statistical tests indicated the following 
signifi cance of differences: Plasma versus CSF, p �0.1; gray 
matter versus white matter, p �0.15; gray matter versus CSF, 
p �0.0025; white matter versus CSF, p �0.01.
b Caudate nueleus.
c Subcortical white matter.
d Standard deviation.

TABLE 30.8 Result of Biochemical Measurements for 
Cytochrome c Oxidase (8 mg CN kg-1; intramuscular) 
Rabbits from Two Separate Experiments

Enzyme Activity (∆E510 min�1 g�1) as Mean � SDb

Experiment and Groupa Cerebral Cortex Myocardium
Experiment 1

Controls 1.55 
 0.24 4.76 
 0.28

Cyanide 0.80 
 0.10 0.62 
 0.13

pc-value �0.01 �0.05

Mean decrease (%) 48 87

Experiment 2

Controls 1.31 
 0.27 4.95 
 0.08

Cyanide 0.60 
 0.24 1.19 
 0.18

p-valuec �0.001 �0.001

Mean decrease (%) 54 76

a Data from: Experiment 1, Ballantyne (1977a); Experiment 2,  Ballantyne 
and Bright (1979a). N � 6 animals per group.
b SD, standard deviation.
c Signifi cance of difference between control group and cyanide group.

CN-induced transient increases in cytochrome  c  oxidase a
 3 
 reduction level and subsequent redox 

recovery kinetics were similar in perfused and normal blood circulated rats. A dose-related suppres-
sion of electroencephalographic (EEG) activity was observed, with isoelectric conditions usually 
occurring after a 50% reduction in cytochrome  c  oxidase activity. Large doses of CN produced 
permanent EEG silence, but reversible effects could be achieved by careful titration with lower 
doses of CN. Also, pretreatment with sodium thiosulfate resulted in about a 4-fold protection of 
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brain cytochrome  c  oxidase from CN-mediated redox changes. Thus, although the brain has a low 
thiosulfate-cyanide transulfurase activity (about 10% of liver [Borowitz et al . , 1994]), sodium thio-
sulfate can prevent cerebral cytochrome  c  oxidase inhibition. This may be due to an extraneuronal 
action since Borowitz et al. (1994) noted that mice brain slices incubated with CN did not show an 
increase in SCN.   

 In addition to inhibition of cytochrome  c  oxidase, effects on other cerebral enzyme systems may 
contribute to the development of neurotoxic effects (Pettersen and Cohen, 1995). For example, inhibi-
tion of glutamate decarboxylase can result in a depletion of the inhibitory neurotransmitter �-aminobu-
tyric acid (GABA), possibly predisposing to the development of convulsions. Thus rats, guinea pigs, 
and mice given CN (40 mg KCN kg �1 , i.p.) had a 65–75% reduction in GABA concentration with 
a 106–110% increase in glutamic acid (Tursky and Sajter, 1962). Persson et al., (1985) also found 
that cyanide (5–20 mg NaCN kg �1 , i.p.) increased glutamic acid concentrations in cerebellum, stria-
tum, and hippocampus (5–10 mg kg �1 ), but higher doses decreased both glutamic acid and GABA. 
Cassel et al. (1991) demonstrated that decreased brain GABA levels were associated with increased sus-
ceptibility to convulsions in CN poisoning. Yamamoto (1990) found that GABA concentrations were 
decreased by 31% in KCN-treated mice exhibiting convulsions. The administration of α-ketoglutarate, 
with or without sodium thiosulfate, completely abolished the decrease in GABA and cyanide-induced 
convulsions. Although sodium thiosulfate alone also abolished the decrease in brain GABA, it did 
not protect against the CN-induced convulsions. These fi ndings suggest that the depletion of GABA 
alone may not contribute to the development of convulsions induced by CN. Patel et al. (1992) 
demonstrated that in hippocampal cultures, NaCN-induced cytotoxicity is mediated primarily by 
activation of  N -methyl- d -aspartate receptors. Also, Yamamoto and Tang (1998) found that when 
cerebrocortical neurons were exposed to KCN (0.01–1.0 m M ) or  N -methyl- d -aspartate (NMDA; 
0.005–0.2 m M ) for 24 h at 37ºC in 95% air/5% CO

 2 
 environment, lactate dehydrogenase (LDH) 

effl ux into the extracellular fl uid was signifi cantly increased in a dose-related manner and morpho-
logical changes were seen. The LDH effl ux and morphological changes induced in cortical neurons 
by KCN were blocked by coexposure to 1.0 m M  2-amino-7-phosphonoheptanoic acid (a selective 
antagonist of NMDA), 1.0 m M  melatonin (a potent hydroxyl and peroxyl radical scavenger), or 1.0 m M 
N  G -nitro- l -arginine (an inhibitor of nitric oxide [NO] synthase). These results suggest that activation of 
NMDA receptors and NO synthase and/or free radical formation may contribute to the neurotoxicity 

TABLE 30.9 Cytochrome c Oxidase Activity Measured by 
Kinetic Microdensitometry in Cryostat Sections of Brain 
and Myocardium Taken from Control and Cyanide-Killed 
(8 mg CN kg-1) Rabbitsab

Enzyme Activity (∆E550 min�1) as Mean � SEc

Groupd Cerebral cortex Myocardium

Control 0.016 
 0.001 0.062 
 0.001

Cyanide 0.008 
 0.001 0.026 
 0.001

pe-value �0.001 �0.001

Mean decrease (%) 50 58

a Data from Ballantyne (1977a).
b Technique for kinetic microdensitometry by Ballantyne and Bright (1979a, 
1979b).
c SE, standard error.
d N � 6 animals per group.
e Signifi cance of difference between control and cyanide groups.
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induced by CN or NMDA. Yamamoto and Tang (1996a) found that the incidence of seizures and 
mortality produced by CN was reduced by intracerebroventricular preinjection of carbetapentane 
(a glutamate release inhibitor) or subcutaneous melatonin (a free radical scavenger). Cerebral lipid 
peroxidation produced by CN was also abolished by predosing with melatonin (Yamamoto and 
Tang, 1996b). In mice treated with KCN (7 mg kg �1 , s.c.) the brain showed elevated conjugated 
diene levels. Subcellular fraction studies showed that lipid peroxidation increased in the microsomal 
but not mitochondrial fraction (Ardelt et al., 1994).  In vitro  studies showed that the elevation of 
peroxidized lipids in rat brain cortical slices following incubation with 0.1 m M  KCN was prevented 
by the omission of Ca 2	  from the medium or pretreatment with diltiazem (a Ca 2	  channel blocker). 
These fi ndings suggest that both free radical formation and increased glutamate release may con-
tribute to CN-induced neurotoxicity. 

 The functional interrelationship between CN and CNS dopamine may be complex. Cassel and 
Personn (1985) found that CN (5–20 mg NaCN kg �1 , i.p.) produced dose-related decreases in rat 
striatum dopamine (DA) concentrations, but noradrenaline concentrations were unaffected. In the 
olfactory tubercle the concentrations of both DA and noradrenaline increased postdosing. Thus, 
CN produced rapid regional changes in central catecholaminergic pathways. In mice given CN 
(6 mg KCN kg �1  twice daily for 7 days) there was central dopaminergic toxicity as evidenced by 
decreased numbers of dopaminergic neurons in the basal ganglia and decreased DA levels in the 
striatum (Kanthasamy et al., 1994a). Kiuchi et al. (1992) showed that perfusion of NaCN into the 
striatal region produced a transient and large increase in DA release associated with depletion of 
ATP. In severe acute CN intoxication there is decreased dopaminergic activity in the nigrostriatal 
area (Rosenberg et al., 1989) and lethal doses of CN decrease striatal DA and increase  l -dihydroxy-
phenylalanine (DOPA) within 60 sec (Cassel and Persson, 1992). Subsequently, it was determined 
that whereas high doses of CN decrease striatal DA levels as noted above, low doses of CN increase 
rat striatum dopamine concentrations (Cassel, 1995). Low doses of CN probably affect the CNS 
without producing dramatic injury to neurons, while decreased levels of DA seen after high CN 
doses may refl ect CN-induced effects in more seriously damaged neurons and of pathophysiological 
signifi cance in intoxication (Cassel, 1995). Kanthasamay et al. (1994b) have shown that CN reacts 
nonenzymatically with the deaminated DA metabolite 3,4-dihydroxyphenylacetaldehyde (DOPAL) 
to form the cyanohydrin adduct 2-hydroxy-3-(3,4-dihydroxyphenyl) propionitrile (HPN). It was 
shown that incubation of mouse brain slices with CN (1 m M ) generated 0.98 ng HPN 100 g �1  over 
10 min, and also that HPN could be detected in brains of mice having injections of CN (15.6 �g) 
into the lateral cerebral ventricle. Additionally, after repeated doses of KCN [6 mg kg –1 , s.c., �5], 
HPN was produced in the striatum (0.14 ng 100 mg �1 ). Incubation of pheochromocytoma PC12 
cells with HPN (500 � M  for 60 min) resulted in 23% of the cells being killed, and DA release was 
increased by 39.8%; uptake was partially blocked by the catecholamine uptake inhibitor imipra-
mine. These fi ndings suggest that CN reacts with the DA metabolite DOPAL to generate the bio-
logically active cyanohydrin HPN that may be a factor in the neurotoxicity of CN, either by a direct 
neurocytotoxic effect or through the slow continual release of CN from the cyanogenic HPN. Also, 
CN produced increases acetylcholinesterase activity in cerebral cortex (57%), hippocampus (28%), 
and mesencephalon (18%) (Owasoya and Iramain, 1980). 

 The cytotoxic hypoxia of acute CN poisoning will affect the energy-dependent processes con-
trolling cellular ionic homeostasis, and the ionic disequilibrium normally maintained between the 
intracellular and extracellular compartments may become disrupted (Maduh et al., 1993). In isolated 
cell preparations this cellular ionic disruption results in marked cellular acidosis and accumulation 
of cytosolic Ca 2	  (Bondy and Komulainen, 1988; Li and White, 1977; Maduh et al., 1993; Nieminen 
et al., 1988). This may result in disturbances of Ca 2	 -activated lipolytic enzyme activity, peroxida-
tion of membrane phospholipids, changes in transmitter release and metabolism, and effects on other 
Ca 2	 -modulating cell-signaling systems. Johnson et al. (1986) suggested that intraneuronal calcium 
may have an important role in mediating neurotoxicity They demonstrated that CN signifi cantly 
increased whole-brain total calcium levels from 48.1 
 1.8 (SE) to 66.5 
 3.9 �g g �1  (dry weight) 
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within 15 min of dosing. CN-induced, centrally mediated tremors were correlated with the changes 
in measured whole-brain calcium. Pretreatment, 15 min before CN, with the calcium channel blocker 
diltiazem, prevented the rise in brain calcium and attenuated the cyanide-induced tremors. Yamamoto 
(1990) found that CN increased calcium concentrations by 32% in brain crude mitochondrial fractions 
from mice with convulsions. The increase in calcium was abolished by the combined administration 
of α-ketoglutarate and sodium thiosulfate, but it was not affected by sodium thiosulfate alone. These 
fi ndings support the suggestion that calcium may play a signifi cant role in mediating CN neurotoxic-
ity. In other experiments by Johnson et al .  (1986) CN caused a Ca 2	 -dependent increase in conju-
gated diene production in mice brain lipids, indicating that peroxidation of the membranes had 
occurred. The effects noted depend on the dose of CN administered, because nontremorigenic doses 
did not affect total brain calcium or induce membrane lipid peroxidation. Pretreatment of KCN-dosed 
mice with either diltiazem (600 �g kg �1 , i.v.) or allopurinol (25 mg kg �1 , i.v.) blocked the generation 
of conjugated dienes. The results were interpreted as indicating that lipid peroxidation of lipid mem-
branes plays a role in CN intoxication, and this action is related to altered regulation of neuronal 
Ca 2	  homeostasis and activation of xanthine oxidase (Johnson et al., 1987). Procaine HCl provided 
signifi cant protection against the lethal effects of KCN, which was further enhanced when given in 
combination with sodium thiosulfate and sodium nitrite. Procaine also antagonized the CN-induced 
whole-brain Ca 2	  increase; KCN (7 mg kg �1 , i.p.) signifi cantly increased whole-brain Ca 2	  from 
28.37 to 48.05 mg kg �1  dry weight within 30 min; this was prevented by pretreatment with procaine 
and maintenance of neuronal Ca 2	  homeostasis (Jiang et al . , 1998). The fi ndings above suggest not 
only that calcium may be important in the pathogenesis of CN-induced neurotoxicity but also that 
Ca 2	  antagonistic drugs may be useful adjunct drugs for the management of acute CN poisoning. 
Other comparative studies with calmodulin inhibitors (trifl operazine, chlorpromazine, and prometha-
zine) given into the cerebral ventricles of mice before i.m. CN injections showed they were inhibitory 
to CN-induced convulsions and increased the CN LD

 50 
 value, but there was no positive evidence of 

a correlation between convulsions and mortality (Yamamoto, 1993a). Other different biochemical 
effects have been implicated as playing a role in the development of CN-induced encephalopathy. 
For example, Yamamoto (1989, 1993b) found that CN caused an increase in blood ammonia and 
brain neutral and aromatic amino acids, such as leucine,  iso leucine, tyrosine, and phenylalanine. 
The loss of consciousness, hyperammonemia, and increased brain amino acid levels caused by CN 
were signifi cantly inhibited by α-ketoglutarate. The fi ndings suggest that the hyperammonemia and 
increase of brain neutral and aromatic amino acids may play a role in the loss of consciousness 
caused by CN. The possible involvement of caspase-3-like activity in CN-induced neuronal aptosis 
has recently been investigated (Gunaseker et al .,  1999). Exposure of cerebellar granule cells to KCN 
produced aptosis and an increase in caspase-3-like activity. The level of caspase-3-like activity with 
various concentrations of KCN reciprocally paralleled neuronal aptosis. Involvement of caspase-3-like 
activity was confi rmed by the abolition of KCN-induced caspase-3 activity by the inhibitor z-VAD. 
Also, treatment of neurons with MK-801 (an NMDA antagonist) and an inhibitor of redox transcription 
factor NF-

 k 
B (SN50 NF

 k 
B) also blocked CN-induced caspase activity. To determine the link between 

caspase-3-activity and aptosis, cells were pretreated with agents that block the caspaselike proteases 
and MK-801 and SN50 NF

 k 
B. Inhibition of caspase-3- like activity (z-VAD) and blockade of NMDA 

receptor activation and NF-
 k 
B translocation all reduced aptosis, showing that caspase-3-like activity 

is increased in CN-induced aptosis. By using gel electrophoresis it was demonstrated that DNA 
fragmentation induced by KCN was blocked by the caspase-3-like protease inhibitor MK-801 and 
SN50 NF-

 k 
B. These data suggest that CN induces aptosis by a NMDA receptor-mediated process 

leading to activation of caspase cascades. Gunesaker et al. (1996) concluded that CN initiates an 
excitotoxic-like reaction in cerebellar granule cells, which is mediated primarily by activation of the 
NMDA receptor; this led to Ca 2	  infl ux, which stimulates concurrent generation of nitric oxide and 
reactive oxygen species resulting in lipid peroxidation and cell injury. In further studies cerebellar 
granule cells were used to investigate the early signaling events responsible for the induction of 
aptosis in CN-induced cell death (Gunaseker et al., 2000). Exposure to CN (100–500 � M ) for 24 h 
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induced maximum release of cytochrome  c  into the cytosolic fraction as assessed by Western blot. 
This was associated with enhanced caspase-3-like proteinase followed by aptosis. It was found that 
the induction of cytochrome  c  release into the cytosol occurred as early as 3 h of CN exposure, 
which preceded the initiation of caspase activity. Increase in cytosolic cytochrome  c  was blocked by 
pretreatment with uric acid, a scavenger of peroxinitrite, indicating that oxidative stress plays a role 
in the release of cytochrome  c  from the mitochondria. This process was initiated by NMDA receptor 
activation, since MK-801 blocked the elevation of cytosolic cytochrome  c . However, the caspase-3 
inhibitor Ac-DEVD did not prevent cytochrome  c  release, indicating that the induction of cytochrome 
 c  release is upstream to caspase activation in CN-induced cell death. Yamamoto (1995) proposed a 
hypothesis by which CN-induced convulsions depend on Ca 2	 -calmodulin, nitric oxide, cyclic GMP, 
and protein kinase C. It was proposed that CN inhibition of mitochondrial cytochrome  c  oxidase leads 
to the depletion of ATP, which activates NMDA-sensitive glutamate receptors and causes increased 
synaptosomal Ca 2	  levels. The ATP depletion also inhibits ATP-dependent Ca 2	  effl ux from presyn-
aptosomes and leads to increased Ca 2	  levels. The increase synaptosomal Ca 2	  levels, working in 
conjunction with the regulatory protein calmodulin, turn on the synthesis of nitric oxide. The nitric 
oxide diffuses to adjacent cells where it activates guanylate cyclase, which synthesizes cyclic GMP. 
The latter activates protein kinase C. It was suggested that the activation of Ca 2	 -dependent biologi-
cal processes in the nerve endings may play an important role in the development of CN-induced 
convulsions, and that CN-induced neurotoxicity may be reduced by the inhibition of Ca 2	 -dependent 
biological processes in the nerve terminal. Partly related to this suggestion Maduh et al. (1995) found 
that an inhibitor of protein kinase C [1-(5- iso quinoline-sulfonyl)-2-methylpiperazine (H-7)] partly 
protected against experimental NaCN lethal toxicity; they suggested that H-7 might be therapeuti-
cally effective in CN intoxication. 

 Physiological studies have indicated that marked cerebrovascular and blood perfusion changes 
may occur after cyanide dosing. Thus, slow i.v. infusion of KCN (0.05–0.1 mg kg �1  min –1 ) increased 
cerebral blood fl ow in dogs by 130 and 200% with respective blood CN concentrations of 1.0 and 
1.5 �g ml –1  (Pitt et al., 1979). Cerebral O

 2 
 consumption was not affected at 1.0 �g ml �1 , but decreased 

to 75% of control values at 1.5 �g ml �1 . Increased cerebral blood fl ow caused by CN has also been 
demonstrated in various species by Russek et al. (1963). Funata et al. (1984), using a continuous infu-
sion of NaCN, found an initial increase in local blood fl ow in white and gray matter after which acidosis 
developed and bradycardia occurred. This was followed by hypotension and decreased blood fl ow. 

 The studies above indicate that CN can access the CNS and produce biochemical and patho-
physiological effects that may account for some of the toxic effects of CN. Various central neuro-
pathological and neuropharmacological effects have indicated a central neurotoxic potential for CN. 
Several CNS degenerative changes have been seen histopathologically after acute and subchronic 
dosing with CN. Haymaker et al. (1952) showed almost exclusive gray matter necrosis in dogs if 
survival from acute CN intoxication were for �3 h; most susceptible regions were cerebral cortex, 
head of the caudate nucleus, putamen, globus pallidus, pulvinar of the thalamus, and cerebellar 
cortex. Lesions following repeated cyanide dosing have included degenerative changes in CNS gan-
glion cells and cerebellar Purkinje cells in dogs by 15 months peroral dosing (6 mg NaCN kg �1  
day �1 ; Hertting et al., 1960); degeneration of cerebrocortical neurons and cerebellar Purkinje cells, 
with myelin pallor in the corpus callosum of rats (22 weeks s.c. KCN, 1.43 mg kg �1  week �1 ; Smith 
et al., 1963); necrotic lesions in the optic nerve and corpus callosum in rats (3 months s.c. NaCN, 
1.16–3.24 mg kg �1 , 3 days week �1 ; Lessell, 1971). Other studies have suggested a more selective 
involvement of white matter in CN encephalopathy (Brierley et al., 1976, 1977; Funata et al., 1984; 
Levine and Stypulkowski, 1959; Levine and Wenk, 1959). Hirano et al. (1967) ultrastructurally 
studied lesions of the corpus callosum produced by acute exposure to HCN vapor. They described 
fenestration of white matter as being caused by distension of cell processes, especially axons, with 
lytic changes in their cytoplasm. Earliest lesions were visible after 1 h and became established by 
2 h. Lytic alterations were gradually succeeded by reactive changes at 24 h. Glial perikarya and 
myelin were well preserved in the early stages, but glial cells became more reactive and myelin was 
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destroyed later. Acute CN leukoencephalopathy has been histopathologically characterized as axonal 
swelling, separation, or destruction of myelin lamellae, intercellular edema, swelling of astrocytes, 
and glial necrosis (Funata et al., 1984). Microchemical analysis of myelin in rat experimental CN 
leukoencephalopathy supports a concept that myelin lesions are produced by a primary effect on 
glial cells followed by myelin degradation (Bass, 1968). Levine and Stypulkowski (1959) originally 
believed that leukoencephalopathy was the result of a direct effect of CN on oligodendroglial cells, 
but later Levine (1967) suggested that blood supply determined distribution of the lesions. In the 
cat, continuous infusion of NaCN produced severe damage in deep cerebral white matter, corpus 
callosum, pallidum, and substantia nigra (Funata et al., 1984). On the basis of morphological and 
physiological grounds they postulated that the circulatory depression that develops during extreme 
hypoxia decreases to a degree where metabolic demands cannot be met. The topographic selectivity 
of the leukoencephalopathy seems related to the characteristics of the cerebral vascular pattern, and 
the severity of the white mater lesions to the intensity of both the degree of hypoxia and hypotension 
during CN infusion, but not to the degree of acidosis, total dose of CN, or duration of infusion. The 
decreased venous pressure, combined with arterial hypotension, may be a factor in the pathogenesis 
of CN leukoencephalopathy because of the decreased perfusion pressure resulting in cerebral hypo-
perfusion (Ballantyne, 1987a). Neurobehavioral studies indicate that CN can alter behavior at con-
centrations that are not fatal. Mathangi and Namasivayam (2000) found that a one-month treatment 
of Wistar rats with KCN (2 mg kg �1 , i.p.) produced memory defi cit in a T-maze test, with reduced 
concentrations of DA and 5-hydroxytryptamine in the hippocampus. Available data indicate that 
motor and cognitive functions may be affected, but the exact nature of such changes and the condi-
tions under which they are manifest is currently uncertain (D’Mello, 1987). 

 30.8.2 Human Observations 

 In acute CN poisoning, the cerebral cytotoxic hypoxia, decreased brain ATP levels, increased brain 
ADP, increase in lactate and decrease in glycogen, are all factors resulting in some of the signs and 
symptoms characteristic of acute poisoning (MacMillan, 1989). These include disturbances of con-
sciousness and perception and loss of central control functions, including those for the respiratory 
and cardiovascular systems. 

 Several cases, presented below, have been described with clinical neurological and neuropatho-
logical sequelae as a consequence of nonlethal acute CN poisoning. Lambert (1919) reported a patient 
who survived 16 days following accidental HCN vapor poisoning, and who had loss of cerebellar 
Purkinje cells and cerebrocortical gliosis. Finelli (1981) described a case of attempted suicide by a 
30-year-old male who swallowed CN. Recovery was slow, and about 14 months after the poisoning 
episode he developed choreiform movements and dysdiadochokinesis of the left hand. However, one 
month later there was no objective evidence of brain damage or physical disability. Sixteen years after 
the original poisoning episode his mental status was normal, but he was mildly dysarthric, muscle 
tone was decreased in all limbs, mild athetoid movements were present in the upper extremities, and 
a left-hand dysdiadochokinesis was present. Computed tomography showed bilateral infarction in the 
globus pallidus and in the left cerebellar hemisphere. Utti et al. (1985) described an 18-year-old male 
who swallowed 975–1300 mg KCN in a suicidal attempt. He regained consciousness 7 h following 
O

 2 
, sodium thiosulfate, and sodium nitrite, but recovered slowly with a personality change. Four 

months later, neurological examination revealed generalized rigidity and bradykinesia, with intermit-
tent resting and postural tremor in the arms. There was unstable posture, with prominent antero- and 
retropulsion. A diagnosis of Parkinsonism was made, and anticholinergics were prescribed. Eighteen 
months after the original suicide attempt, he successfully took his own life with an overdose of 
imipramine and alcohol. At autopsy there were major destructive lesions in the globus pallidus and 
putmen, widespread lacunae were present in the striatum with a loose capillary network, glial fi bers, 
and lipid-containing macrophages. The subthalamic nuclei were shrunken, showing some neurone 
loss with astrocyte proliferation. In the zona reticularis of the substantia nigra there was complete loss 
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of neurones with marked gliosis, but the area compacta was unaffected. Varnell et al. (1987) described 
two cases of death, confi rmed by blood analyses, due to acute CN poisoning from the ingestion of 
cyanide-adulterated Excedrin capsules. Computerized axial tomography carried out within 3 h of 
collapse showed diffuse cerebral edema with diffuse loss of gray-white discrimination. Borgohain 
et al. (1955) described a 27-year-old female who developed persistent generalized dystonia following 
a suicidal attempt with KCN. Cranial computerized axial tomography showed bilateral putaminal 
lucencies. Magnetic resonance imaging (MRI) showed sharply delineated lesions corresponding to 
the two putamina. Visual evoked potentials, brain stem auditory evoked potentials, and evoked poten-
tials on stimulation of the posterior tibial nerves were normal. Some improvement was noted on 
L-DOPA. Carella et al. (1988) described the case of a 46-year-old woman who ingested an unstated 
(unknown) amount of CN. She was hospitalized in light coma, reacted to nociceptive stimuli, and 
had a right Babinski refl ex. At this time the CSF and a CT scan showed no abnormalities. She slowly 
partially recovered over the next two weeks, but still had some dysphonia, dysarthria, slight limb 
hypertonia, mild right hemiparesis, right Babinski, and diffuse hyperactivity of tendon refl exes. One 
year later she was hospitalized with speech and swallowing diffi culties and unsteadiness of gait. CT 
scan at this time showed moderate cortical atrophy. Neuropsychological evaluation revealed impair-
ment of spatial and visual memory, poor visuoperceptual performance and abstract reasoning. Five 
years after the poisoning incident she was readmitted with orolingual dystonia, having deviation to 
the right. There was marked anarthria and dysphonia. On voluntary eye closure she was frequently 
unable to open her eyes, and orbicularis oculi contraction was not evident. Spontaneous blinking was 
reduced. Moderate bradykinesia and slight spastic hypertonia were present, particularly on the right. 
A slight right hemiparesis and Babinski sign were present, and fi nger-to-nose testing was impaired 
on the left side. Standing and walking were wide based and unsteady. CSF examination was normal. 
An EEG showed diffuse irritative activity, most prominent in the left temporo-occipital leads. Visual 
evoked responses showed normal latency but decreased amplitude of P-100. Brain stem auditory 
evoked responses showed delay to the peak of VI wave. CT scan showed diffuse brain atrophy, most 
marked in the posterior cranial fossa, and all cerebral ventricles were dilated. Two hypodense areas 
in the basal ganglia were present. There were also low-density areas in the posterior portions of the 
cerebellar hemispheres and in the right parietal cortex. MRI confi rmed atrophy of the cerebellum 
and cerebral hemispheres with marked ventricular enlargement. In another case, a man went into 
coma after ingesting NaCN (Grandas et al., 1989). He regained consciousness but was apathetic with 
reduced speech and loss of balance; dystonia and Parkinsonism developed during the following years. 
CAT revealed lucencies in the putamen and external globus pallidus. Feldman and Feldman (1990) 
described a case of a 28-year-old man who swallowed 800 mg of KCN in a suicide attempt and, 
after intensive antidotal and psychiatric treatment, developed severe Parkinsonian signs, including 
micrographia and hypersalivation. MRI revealed bilateral symmetrical basal ganglia abnormalities. 
Messing (1991) described the case of a 29-year-old who attempted suicide with 50 ml of 1% KCN 
(500 mg). When admitted to hospital he was apneic but recovered after 7 h. Parkinsonism developed 
in the following weeks, and regressed slowly in the second month after poisoning, with residual dys-
arthria, bradykinesia of the upper limbs, and brisk monosynaptic refl exes. Three weeks after intoxica-
tion a CAT scan was essentially normal, but there was hypodensity of the putamina after 5 months. 
Sharply delineated signal elevation in T2 corresponding to the two putamina was detected in MRI 
at 8 weeks and 5 months. Severe Parkinsonism developed in two men who ingested, respectively, 
556 mg CN kg �1  (Utti et al., 1985) and 8.6 mg CN kg �1  (Rosenberg et al., 1989). Kales et al. (1997) 
reported a case of a 48-year-old male electroplater who developed neurobehavioral disturbances after 
a signifi cant splash in the face with CN. When seen 6 months later, he had a paranoid psychosis 
with delusions of persecution and bilateral hand tremors. MRI demonstrated changes consistent with 
nigrostriatal degeneration. 

 Long-term and repeated exposures to CN have produced severe neurological effects including 
hemiparesis and hemianopia (ATSDR, 1997; Sandberg, 1967). During long-term occupational exposure 
to 15 ppm HCN there was fatigue, dizziness, headache, disturbed sleep patterns, parasthesiae, and 
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syncope (Blanc et al., 1985). Kumar et al. (1992) reported loss of immediate and delayed memory, 
decreased visual acuity, psychomotor ability, and visual learning in workers exposed to HCN. 

 Tobacco smoke contains signifi cant amounts of CN and has been associated with tobacco amblyo-
pia (Chisholm et al., 1967) in which there is increased plasma and urinary thiocyanate, and for which 
hydroxocobalamin and cyanocobalamin are therapeutic (Wilson, 1965, 1987). Smoking a pack of ciga-
rettes may release 250–10,000 �g CN (Kulig and Ballantyne, 1993). Some investigators have also  
implicated CN as an etiological agent in other human neuropathies, including tropical ataxic neuropathy 
(Osuntokun et al., 1970) and Leber’s optic atrophy (Towill et al., 1978). Tropical ataxic neuropathy is 
characterized by upper limb symmetrical hyporefl exia, lower limb symmetrical spastic paresis, spastic 
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FIGURE 30.5 Concentrations of CN in myocardium of rabbits sac-
rifi ced with HCN dosed by different routes of exposure. Inhalation 
exposure was 3 g HCN m−3 for 5 min; noninhalation doses were 
given as 5 � route LD
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FIGURE 30.6 CN concentrations in myocardium from various 
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dysarthria, diminished visual acuity, peripheral neuropathy, and cerebellar signs. Some epidemiologi-
cal studies have associated ataxic polyneuropathy with higher intakes of cassava in endemic areas 
compared with nonendemic areas (Monekosso and Annan, 1964; Onsuntokun et al., 1979; Onobola 
et al., 1999, 2001). However, other studies have not associated ataxic polyneuropathy with high cas-
sava intakes or exposure to CN (Oluwole et al., 2002; Onobola et al., 2001). Overall, the relationship 
between endemic ataxic polyneuropathy and exposure to CN from cassava foods remains unclear. 
The upper motoneuron disease Konzo, which occurs in rural African areas and is characterized by 
abrupt onset of variable degrees of symmetrical, isolated,  nonprogressive, spastic paresis, has been 
associated with high dietary intake of CN from consumption of insuffi ciently processed cassava 
(Tylleskar et al., 1994). 

 30.9 CARDIOTOXICITY 

 That cardiac effects may be an important factor in the toxicity of cyanide is suggested by the high 
concentrations of cyanide to be found in the myocardium. Thus, consistently high concentrations 
are found by both different routes of dosing in the same species (Figure 30.5), and by the same route 
of dosing in different species (Figure 30.6). When cardiac mitochondria were exposed to  14 CN there 
was a time- and concentration-dependent uptake of CN (Wisler et al., 1991). Analysis of the fi nd-
ings indicated that there is an active or facilitated transport mechanism operating at lower CN con-
centrations, and passive diffusion of CN predominates at higher CN concentrations. Additionally, 
biochemical and enzyme cytochemical studies show a signifi cant inhibition of myocardial cyto-
chrome oxidase activity (Tables 30.8 and 30.9). In general, the degree of myocardial enzyme inhi-
bition is greater than for cerebral cytochrome oxidase activity (Ballantyne, 1977a; Ballantyne and 
Bright, 1979a, 1979b). In keeping with this is the fact that, with rabbit tissue homogenates, the I

 50 
 for 

myocardial cytochrome oxidase is 2.74 � M  and that for brain is 6.38 � M;  the calculated pI
 50 

 values 
are 5.59 for myocardium and 5.20 for brain (Ballantyne, 1977a).   

 The direct evidence for cardiotoxicity and pathophysiological effect of CN on the myocar-
dium comes from morphological, biochemical, and physiological studies in both experimental 
animal studies and human clinical observations. Electrocardiographic (ECG) changes have been 
noted by several observers. Leimdorfer (1950) carried out comparative ECG studies following i.v. 
NaCN in cats and monkeys and ethically questionable observations in humans. The latter were 
conducted on fi ve schizophrenic patients (0.4–0.8 mg kg �1 ), with the reasons for the studies not 
being stated. The ECG changes were similar in cat, monkey, and humans. After an initial brief 
(a few seconds) bradycardia there was tachycardia (a few minutes), followed by return of cardiac 
rate to preinjection values. At 20 sec postinjection there was increased T-wave amplitude and 
S-T segment elevation; the T-wave returned to normal within 15 min. Toxic doses in the cat 
(1–2 mg kg �1 ) produced extreme and persistent bradycardia and arrhythmias; at 10 sec postinjection 
high biphasic T-waves appeared followed by negative T-waves, Wenckebach periods, incomplete 
heart block, and then complete heart block. Voltage became low, extreme bradycardia developed, 
and ventricular fi brillation occurred. Rats receiving i.p. KCN (10 mg kg �1 ) demonstrated sinus 
arrhythmia, disappearance of T-waves, elevation of S-T segment, and terminal ventricular tachy-
cardia and arrhythmia. With sublethal doses (2 mg kg �1 ) there was slight bradycardia, T-wave 
suppression, and S-T segment elevation (Suzuki, 1968). In human cases of acute cyanide poison-
ing the following ECG changes have been noted: increased T-wave amplitude, progressive S-T 
segment shortening, and eventual origin of the T-wave high on the R-wave (DeBush and Seidel, 
1969; Wexler et al., 1947). 

 Electrophysiological studies have shown that CN dosing causes a marked shortening of cardiac 
action potentials. Using isolated guinea pig ventricular myocytes and a microelectrode voltage clamp 
approach, it has been shown that shortening can be counteracted by glucose and is due to a marked 
increase in K 	  conductance (Van der Heyden et al., 1985). Given i.v. to dogs (2.5 mg kg �1 ) CN 
 produced an initial decrease in arterial blood pressure, hyperventilation, increased central venous 
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pressure, and bradycardia (Vich and Froehlich, 1985). This was followed by respiratory paralysis and 
increased blood pressure, and then by terminal apnea, progressive hypotension, profound bradycardia 
and hypoxic ECG changes. 

 For rats given acute i.p. KCN, ultrastructural changes were minimal in animals dying within 
5 min, but with delayed (10–15 min) mortality there was sarcomere elongation, myofi bril dissociation 
at the I-band, swelling and destruction of mitochondria, enlargement of the vesicles of the sarco-
plasmic reticulum, and capillary endothelial cell swelling (Susuki, 1968). With sublethal injections 
(2 mg kg �1 ), at 15 min there was slight swelling of the mitochondria and endoplasmic reticulum, and 
in those sacrifi ced at 1 h no mitochondrial ultrastructural pathology was seen. 

 O’Flaherty and Thomas (1982) found an increase in blood cardiospecifi c creatinine phospho-
kinase (CPK) activity 2 h after a 15-min exposure to 200 ppm HCN vapor. Ganote et al. (1976) 
found that CPK release from rat heart perfused with O

 2 
-medium containing KCN occurred 30 min 

later than from heart perfused with N
 2 
-medium with KCN. Baskin et al. (1987) studied the time 

course of events using a Landgendorff preparation with unpaced and paced (248–330 beats min �1 ) 
guinea pig hearts. They were initially perfused with Krebs–Henseleit solution and subsequently 
with this solution containing NaCN (5 � 10 �4   M ). NaCN (5 min) reduced the contractile displace-
ment 77.4 
 5.7%, 87.4 
 8.7%, and 56.3 
 6.5% of the maximum postchallenge response at 
0.5, 1.0, and 30 min, respectively, after CN dosing. Heart rate was 90.0 
 3.4%, 89.5 
 3.4%, and 
78.7 
 4.2% of the maximum response at 0.5, 1.0, and 30 min, respectively, after CN dosing. The 
onset of contractile displacement reduction by CN occurred more rapidly than electrical events 
(i.e., slowing of heart rates). In paced preparations a positive inotropic event that was indepen-
dent of cardiac cycle length occurred within the fi rst minutes. The CN-induced positive inotropy 
was inhibited by prior administration of  dl -propanolol (1 � 10 �5   M ) a specifi c β-adrenergic 
antagonistic. The inhibitory effect of propranolol suggests that catecholamines may be respon-
sible for CN-induced positive inotropy. Analysis revealed differential CN concentrations between 
fi ve heart regions examined (right atrium, left atrium, left ventricle, right ventricle, and septum). 
The highest CN concentration was found in the left ventricle, which may be correlated with the 
regional cytochrome oxidase activity. Free CN accumulation in the heart appears to be frequency 
dependent, suggesting that at least a portion of the cardiac cycle uptake is mediated through an ion 
transport/permeability site. It was concluded that the time-dependent cardiac effects of CN appear 
to exhibit at least two components: (1) to exert an initial response on the β-adrenergic receptor, 
either directly or indirectly, and (2) to inhibit myocardial contractility through the inhibition of 
cytochrome oxidase. Kanthasamy et al. (1991) demonstrated that KCN (5 mg kg �1 , s.c.) produced 
a marked and sustained increase in catecholamines by sympathoadrenal stimulation. It was pro-
posed that some of the cardiac and peripheral autonomic responses to CN are partially mediated 
by elevation of plasma catecholamines. 

 30.10 VASCULAR TOXICITY AND INFLUENCES 
ON VASCULAR REFLEXES 

 The ultimate effects of absorbed cyanide on the cardiovascular system is the result of complex interac-
tions of various mechanisms which include, but not limited to, direct effects on the myocardium, direct 
effects on the vascular system, and adjustments in effector autonomic activity to the cardiovascular 
system. On the isolated aorta CN can cause either contraction or relaxation depending on the CN con-
centration and the species investigated (Robinson et al., 1984, 1985a, 1985b). With rabbit aorta, con-
tractions start at 10 �11   M  and reach a maximum at 10 �5   M;  at concentrations between 10 �5  and 10 �3   M  
relaxation occurs (Robinson et al., 1985a). The mechanism of antagonism of noradrenaline-induced 
contractions of the rabbit aorta by CN was studied by Robinson et al. (1985b). Ouabain did not alter 
the relaxant action, suggesting that stimulation of the (Na 	 -K 	 ) ATPase is not involved. Also, vera-
pamil did not alter the CN antagonism of noradrenaline-induced aortic strip contraction and the CN 
antagonism of high K 	  concentrations and noradrenaline contractions to the same extent, suggesting 
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the effect was not related to involvement of either intracellular or extracellular Ca 2	  stores. However, 
with lower concentrations of K 	  (�4 � 10 �2   M ) CN caused a concentration-dependent potentia-
tion of K 	 -induced contractions. They also studied the effects of various pharmacologically active 
agents on CN-induced contractions. Ouabain and verapamil enhanced contractions, but atropine, 
pyrilamine, 2-bromolysergic acid diethylamide, and phentolamine did not alter CN-induced contrac-
tions. In contrast, 4,4′-disothiocyano-2,2′-stilbene disulfonic acid (DIDS) or chlorpromazine partially 
reduced strip contraction. The fi ndings may possibly have the following relevance. 

  1. CN-induced vascular contractions are probably not due to stimulation of muscarinic, 
serotoninergic, or �-adrenergic receptors. 

  2. If the effects on the coronary arteries are similar to those noted on the aorta, hypoxia-
induced depolarization could enhance CN-induced coronary artery vasoconstriction and 
thus contribute to toxicity by facilitating myocardial ischemia. 

  3. Chlorpromazine or DIDS may be therapeutically effective in reducing lethality by inhib-
iting coronary vasoconstriction. 

 Paulet (1955) using normally innervated and bilaterally vagotomized animal preparations provided 
evidence for cardiac failure in acute cyanide poisoning and implicated involvement of the following 
major factors: direct myocardial toxicity, central vagal stimulation, and inhibition of central sym-
pathetic activity. Studies on cats by Tanberger (1970) confi rmed a dose-dependent stimulation of 
parasympathetic activity but also showed a stimulation of sympathetic activity. Since the changes in 
autonomic activity were observed after bilateral vagotomy and bilateral elimination of the carotid 
sinus, it was postulated that they represent effects primarily on the CNS. However, other workers 
described a reduction in vagal cardiovascular tone coupled with increased sympathoadrenal activity, 
resulting in increased cardiac output and arterial blood pressure (Krasney, 1970). 

 It is known that carotid and aortic chemoreceptors are important mechanisms for the refl ex adjust-
ment of the autonomic activity leading to regulation and homeostasis in the cardiovascular system 
(Korner, 1959; Kahler et al., 1962; Daly and Scott, 1964). Using a sublethal intra-aortic injection of 
NaCN in conscious dogs (0.3 mg kg �1 ) Krasney (1971) found that CN caused abrupt increases in car-
diac output, heart rate, and arterial blood pressure, but systemic vascular resistance was unchanged. 
A refl ex hyperventilation accompanied these changes. After section of the carotid and aortic depressor 
nerves, there were also increases in cardiac output, heart rate, and arterial pressure; systemic vascular 
resistance initially decreased and then returned to control values. Ventilation was unchanged. These 
fi ndings contrast with those in anesthetized, sinoaortic denervated dogs, where there is a decrease in 
blood pressure and vascular resistance. Thus, in the intact conscious dog, chemoreceptor refl exes 
are not essential for the increases in cardiac output and blood pressure that occur in response to the 
CN-induced cytotoxic hypoxia. Additionally, in the sinoaortic denervated animal the cardioaccelerator 
and vasoconstrictor responses to CN are abolished by surgical or pharmacological autonomic block-
ade, or by cervical cord transection (Krasney, 1967, 1970; Krasney et al., 1966). These results sug-
gest that the major sites of the initiation of the circulatory responses to CN are outside the sinoaortic 
refl exogenic zone and probably within the CNS (Krasney, 1971). Studies on fetal lambs injected with 
NaCN  in utero  led to the conclusion that the aortic and carotid bodies are active and their stimulation 
leads to cardiorespiratory responses characterized by slowing of the fetal heart rate, respiratory effort, 
and no consistent change in arterial pressure (Itskovitz and Rudolph, 1987). 

 30.11 RESPIRATORY SYSTEM AND RESPIRATORY REFLEX 
RESPONSES TO CYANIDE 

 Bhattacharya et al. (1994) compared the effects of KCN dosed sc (0.5 and 1.0 LD
 50 

) and inhalation 
of HCN vapor (55 ppm; 60.6 mg m �3 ) for 30 min. Both routes of exposure resulted in increased 
airfl ow, transthoracic pressure and tidal volume accompanied by signifi cant decrease in pulmonary 
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phospholipids. HCN inhalation also produced a direct effect on the pulmonary cells as evidenced by 
decreased compliance. 

 An early and characteristic feature of acute CN intoxication is the development of tachypnea 
and hyperpnea, resulting in an increased tidal volume. This may clearly enhance the inhalation 
dosage of HCN during the early stages of vapor exposure. The effect is generally believed to be 
due to the stimulation of aortic and carotid body chemoreceptors following accumulation of acid 
metabolites at these sites from inhibition of cytochrome  c  oxidase (Comroe, 1974). The mechanism 
by which hypoxia leads to increased afferent sinus nerve activity is not fully understood; however, 
the glomus cell, a secretory cell in apposition to the afferent nerve ending, appears to play an 
essential role in the transduction process. Thus, chemosensitivity is abolished following destruc-
tion of the cells (Verna et al., 1975), and chemosensitivity following sinus nerve section correlates 
with reinnervation of the glomus cells (Ponte and Sadler, 1989). Glomus cells of the rat carotid 
body are not homogeneous in their electrophysiological characteristics, and there are at least two 
populations (Donnelly, 1993). They differ in their voltage-dependent membrane currents as well as 
resistance and capacitance, but neither generates repetitive action potentials. The subtypes rapidly 
respond to CN-induced cytotoxic hypoxia and may mediate separate roles in the organ response 
to chemostimulation. Acker and Eyzaguirre (1987), by studying light absorbance changes in the 
mouse carotid body during CN intoxication, obtained evidence that cytochromes other than  c  and 
 aac  might have high sensitivity to P o 

 2 
 changes. Additionally, the general development of blood 

acid–base changes, particularly lactate acidosis, may also be a signifi cant factor in the respiratory 
responses to CN intoxication. Levine (1975) infused NaCN solution distally into the upper abdom-
inal aorta of anesthetized dogs and was thus able to induce cytotoxic hypoxia in distal tissues 
without stimulating the aortic or carotid chemoreceptors. Using a dose rate of 0.12 mg kg �1  min �1  
given over 10 min resulted in decreases in O

 2 
 consumption (46 
 6 SE%), increased arterial blood 

lactate (5.25 
 0.92 mmol l �1 ), increased arterial lactate/pyruvate ratio (50.4 
 14.3), increased 
minute volume (228 
 36%), decreased arterial P co 

 2 
 (21 
 2 mmHg), and increased arterial blood 

pH (0.06 
 0.01). In another series of experiments involving aorticocarotid denervation, metabolic 
and ventilatory changes also occurred after the intra-aortic infusion of NaCN solution, suggesting 
any recirculating CN capable of stimulating aorticocarotid chemoreceptors was limited. Also, in 
experiments involving perfusion of the heads of vagotomized dogs by other donor dogs, the intra-
aortic infusion of NaCN still produced signifi cant ventilatory changes. The studies above indicate 
that in addition to aorticocarotid chemoreceptor stimulation, intra-aortic CN may stimulate ventila-
tion by other mechanisms. 

 It has also been suggested that the carotid body chemoreceptors may play a role in glucose 
homeostasis (Alvarez-Buylla and Alvarez-Buylla, 1988, 1994). Carotid chemoreceptor stimulation 
with cyanide results in a rapid hyperglycemic response. Measurement of rat hepatic venoarterial 
glucose difference indicated that carotid body chemoreceptor stimulation with a bolus of NaCN 
(5 �g 100 g �1 ) produced an immediate increase in hepatic glucose output. The same dose was inef-
fective on glucose mobilization after bilateral adrenalectomy or after neurohypophysectomy. Refl ex 
glucose mobilization was maintained after adenohypophysectomy or in adrenalectomized rats after 
adrenal autotransplantation (Alvarez-Buylla et al., 1997). These fi ndings indicate that the neurohy-
pophysis and adrenals are necessary for the hyperglycemic response to carotid body chemoreceptor 
stimulation by CN. 

 The depression of respiration caused by CN may be mediated through the brain stem, notably 
the ventral medulla. Mitra et al. (1993) found that microinjection of NaCN into the ventrolateral 
region of the cat medulla caused a depression of phrenic nerve amplitude and elevated cervical 
sympathetic tone and blood pressure. These fi ndings indicate that the respiratory depression and 
vasomotor excitation produced by CN is limited to discrete regions in the intermediate area ventro-
lateral medulla, with dissociation of respiratory and vasomotor responses. Haxhiu et al. (1993) also 
found that topical application of NaCN to the intermediate area of the ventral surface of the medulla 
decreased activity in the phrenic nerve and respiratory muscles, and increased blood pressure. 
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In contrast, intrathecal (C
 5 
-T

 3 
) administration of NaCN increased electrical activity of the respira-

tory muscles but also caused increased arterial blood pressure. Thus, these data indicate that CN 
exerts site-specifi c qualitatively different responses along the neuraxis with respect to respiratory 
activity; at the ventral medullary surface it causes respiratory depression, but acting on spinal 
neurones it causes increased respiratory motor activity. However, at both levels (medulla oblon-
gata and spinal cord) it causes increased sympathetic activity and increased blood pressure. The 
possible effect of peripheral chemoreceptor activity on the neural responses of the intermediate 
ventral medullary area was studied by Carroll et al. (1996). It was found that i.v. NaCN caused 
a dose-dependent rapid decline in intermediate ventral medullary surface neural activity, which 
was eliminated by bilateral carotid sinus denervation. This is consistent with the possibility that 
superfi cial neurone populations in the intermediate area receive inhibitory infl uences from carotid 
chemoreceptors. 

 30.12 DEVELOPMENTAL TOXICITY OF CYANIDE 

 There are relatively few studies on the developmental toxicity of simple cyanides in comparison 
with studies with more complex cyanogenic materials (Ballantyne, 1987a). In the female albino 
rat, i.p. KCN dosed at 3 mg kg �1  over gestation days (gd) 0–15 produced 5% lethality, growth 
retardation in 20%, and a 3% incidence of meningocoele (Singh, 1982). NaCN was given by slow 
infusion from subcutaneously implanted osmotic minipumps to pregnant in Golden Syrian hamsters 
(Doherty et al., 1982). Preliminary studies indicated that 0.0125 mmol kg �1  h �1  did not produce 
anomalies, but at a dose rate of 0.13 mmol kg �1  min �1  or greater 10% resorptions and some maternal 
mortality occurred. Based on these fi ndings the doses employed in the defi nitive study were 0.126, 
0.1275, and 0.1295 mmol kg �1  min �1  given over gd 6–9; controls received distilled water. The total 
CN doses given over the infusion period were 30–40 times the acute s.c. LD

 50 
 of NaCN to hamsters 

(7.4 mg kg �1 ; 0.15 mmol kg �1 ). Major fi ndings were: 

  1. At 0.1295 mmol kg �1  min �1  maternal toxicity was apparent at 36–48 h and included excess 
salivation, breathing diffi culty, incoordination, and hypothermia; most animals lost weight 
between gd 6 and 9. There was only mild maternal toxicity at the two lower dosages. 

  2. There were signifi cant increases in resorptions. The incidence of total resorptions for total 
implantations was: controls, 10%; low dose, 62%; mid dose, 72%; high dose, 83%. 

  3. Crown-rump length was reduced in the NaCN groups. 
  4. The incidence of malformations was: controls, 4 of 75 (5%); low dose 16 of 26 (62%)  

p  � 0.05; mid dose, 10 of 23 (43%)  p  � 0.05; high dose, 1 of 5 (7%). The most common 
anomalies were neural tube defects (nonclosure, encephalocele, and exencephaly). 

  5. Groups of antidotal controls were also used: the 0.126 and 0.127 mmol kg �1  min �1  groups 
were given, respectively, 0.03 and 0.04 mmol kg �1  h �1  sodium thiosulfate. This prevented 
the development of maternal toxicity. Resorption rates were signifi cantly reduced com-
pared with the NaCN-alone groups; 30% for the 0.126 mmol kg �1  min �1  	 thiosulfate 
group and 8% for the 0.127 mmol kg �1  min �1  	 thiosulfate group ( p  � 0.05 compared 
with the NaCN-alone groups). Crown-rump lengths were not different from the controls. 
Malformations were very signifi cantly reduced at 0.126 mmol kg �1  min �1  	 thiosulfate 
1 of 49 (2%) and 0.127 mmol kg �1  min �1  	 thiosulfate (1%). Both were neural tube 
defects. The decreased incidence of maternal toxicity and fetal malformations in the thio-
sulfate groups was associated with signifi cantly lower whole blood CN concentrations, 
as shown for the 0.0126 mmol kg �1  min �1  groups; NaCN alone blood CN � 26.5 
 18.5 
SD �mol l �1 , and NaCN 	 thiosulfate blood CN � 1.92 
 1.98 �mol l �1 . These fi ndings 
indicate that cyanide given by slow s.c. infusion at the period of maximum organogenesis 
is embryofetotoxic and teratogenic. 
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 30.13 REPRODUCTIVE TOXICITY OF CYANIDE 

 Reproductive performance was investigated in rats by Tewe and Maner (1981a) by incorporating KCN 
(0.5 or 1.25 mg CN g –1 ) into a basal diet that contained low HCN cassava (0.021 mg HCN g �1 ). 
Controls received basal diet (0.21 mg HCN g �1 ). Diets were fed for 20 days before parturition, during 
pregnancy, through lactation, and in the postweaning period. No signifi cant differences were noted 
between the control and treated groups with respect to gestational weight gain, litter size, pup birth 
weight, food consumption and body weight changes during lactation, maternal liver and kidney 
weight, weanling weights, or offspring mortality. In a study with pigs, involving feeding a diet 
containing 0.03, 0.28, or 0.52 mg CN g –1  throughout gestation and lactation, there were no differ-
ences with respect to litter size or birth weights. There were reduced organ/body weight ratios for 
the thyroid gland, spleen and heart (Tewe and Maner, 1981b). In a subchronic (13 weeks) drinking 
water study, male and female F344/N rats and B6C3F

 1  
mice were dosed with 0, 3, 10, 30, 100, and 

300 ppm NaCN. Male rats and mice given 300 ppm NaCN had slight reduction in cauda epididymal 
weights. Male 300 ppm rats had lower numbers of spermatid heads per testis, and in all NaCN groups 
sperm motility was marginally reduced. NaCN did not produce effects estrus cyclicity in female 
mice, but 100 and 300 ppm female rats had a signifi cantly longer time in proestrus and metestrus 
compared with estus and metestrus. It was considered that these effects were insuffi cient to decrease 
fertility (Hébert, 1993). 

 30.14 EFFECTS OF CYANIDE ON THYROID ACTIVITY 

 Some animal studies have suggested that CN may adversely affect thyroid gland function. For 
example, Sousa et al. (2002) male rats were dosed with KCN in the drinking water at 0, 0.3, 0.9, 
3.0, and 9.0 mg kg �1  day �1  for 15 days. This resulted in an increase in the number of resorption 
vacuoles in the follicular colloid at all doses of KCN, but serum T

 3 
 and T

 4 
 concentrations were not 

signifi cantly different from the controls. Philbrick et al. (1979) found decreases in plasma T
 4 
 and 

T
 4 
 secretion associated with increases in thyroid gland weights in weanling rats exposed to 1500 

ppm CN or 2240 ppm SCN in the diet for 11 months. The possible effect on thyroid gland function 
of free CN and of the cyanogenic glycoside cassava added to the diet of dogs was investigated by 
Kamalu and Agharanya (1991). Three groups of dogs were fed nutritionally balanced diets of 
(a) rice, (b) cassava, and (c) rice plus HCN for 14 weeks during which time samples were taken for 
the sequential measurement of plasma SCN and serum T

 3 
. At the end of the 14-week period plasma 

phenylalanine and tyrosine and thyroid gland weights were measured, and the thyroid glands were 
removed for histological examination. Plasma SCN was not detectable in control dogs, but those 
consuming cassava and CN generated signifi cant amounts. A negative correlation was obtained 
between serum T

 3 
 and plasma SCN, showing that T

 3 
 decreases as SCN increases in the cassava 

and HCN groups. Mean thyroid gland weights (
SE) at 14 weeks for the rice controls, cassava, and 
rice 	 HCN groups were, respectively, 173 
 13.3, 119 
 13.0, and 212 
 38.5 g kg �1 . Thus there 
were signifi cant thyroid gland enlargements for the rice 	 CN group compared with the cassava 
group ( p  � 0.005) but neither was signifi cantly different from the rice-alone group. Serum T

 3 
 (
 SE) 

levels at 0, 3, 5, and 14 weeks were as follows: 

  Rice controls 0.90 
 0.09, 1.05 
 0.09, 1.14 
 0.08, 1.25
 0.05* nmol l �1  
  Cassava 1.28 
 0.16, 1.18 
 0.02, 1.87 
 0.06, 1.78 
 0.04* nmol l �1  
  Rice 	 HCN 0.87 
 0.08, 0.90 
 0.15, 0.90 
 0.12, 0.56 
 0.08 nmol #  l �1  

 *Signifi cant difference from value at 0 week ( p  � 0.02) 
  #  Signifi cant difference from rice and cassava groups at 14 weeks ( p  � 0.05) 

 Rice controls thus showed a slowly progressive increase in serum T
 3 
 and were 40% higher at 14 

weeks than at 0 weeks. In the cassava group there was an initial decrease (at 3 weeks) in serum T
 3 
, 
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and thereafter an increase to 38.8% at 14 weeks over the value at 0 weeks. In the rice 	 HCN group 
the serum T

 3 
 level was unchanged for the fi rst 5 weeks, but by 14 weeks the value had decreased 

36% below the O-week value and was signifi cantly lower than the values for control or cassava 
dogs at 14 weeks ( p  � 0.05). Histology of the thyroid glands showed them to be normal in the rice 
and cassava groups, but in the HCN group there was a large variation in the size of the lumina of 
follicles, and colloid was sparse and pale staining. The epithelium of the follicles was thickened, 
cuboidal, and tended to be multilayered. In the cassava group, the relatively low-mean thyroid gland 
weight, rise in serum T

 3 
, and normal thyroid histology suggests the animals have essentially normal 

thyroid function despite high plasma SCN. This suggests that when cassava diet is taken with a 
nutritionally balanced diet, despite generating SCN, SCN has no deleterious effect on thyroid gland 
function. In contrast, dogs consuming free CN developed hypothyroidism and goiter. 

 Several occupational exposure studies have shown that repeated exposure to CN might have 
an adverse effect on thyroid gland function. Thus, mean TSH levels were signifi cantly higher, than 
controls, in workers exposed to 15 ppm HCN in a silver-reclaiming facility. T

 3 
 levels were also 

increased (Blanc et al., 1985). Banerjee et al. (1997) evaluated serum SCN concentrations of 35 
nonsmoking workers in a cable industry who worked in an electroplating process. The mean serum 
SCN concentration (
SD) of these workers was 316 
 15 �mol l �1  compared with 35  nonexposed 
controls of 90.8 
 9.02 �mol l �1  ( p  � 0.01). Serum thyroid hormone levels were; T

 4 
-controls 6.09 
 

0.601 �g dl �1 , exposed 3.81 
 0.318 �g dl �1  ( p  � 0.05); T
 3 
-controls 111.0 
 9.3 ng dl �1 , exposed 

57.2 ng dl �1  ( p  � 0.05); TSH-controls 1.20 
 0.301 �U ml �1 , exposed 2.91 
 0.29 �U ml �1  ( p  � 
0.05). Serum T

 4 
 was negatively correlated with serum SCN ( r  � −0.363,  p  � 0.05), and serum TSH 

positively correlated with serum SCN ( r  � 0.354,  p  � 0.05). The fi ndings suggest that occupational 
CN exposure results in impaired thyroid function. Some authors believe that the thyroid effects 
are mediated by SCN, which inhibits both the uptake and utilization of iodine by the thyroid gland 
(Vander Laan and Bissell, 1946; Ermans et al., 1972; Solomonson, 1982; Fukayama et al., 1992). 

 30.15 GENOTOXIC AND ONCOGENIC POTENTIAL OF CYANIDE 

 KCN did not produce reverse mutations in  Salmonella typhimurim  strains TA98, TA100, TA1535, 
TA1537, or TA1538 up to 3 � 10 mmol plate �1  (above which bacterial toxicity occurred) either in 
the presence or absence of metabolic activation (DeFlora, 1981). A  S. typhimurium  study (TA97, 
98, 100, and 1535), with and without metabolic activation, did not increase the number of revertant 
colonies at fi ve doses ranging from 1.0 to 333 �g plate �1  (Hébert, 1993). Negative bacterial muta-
genicity studies have also been reported for CN by Reitveld et al. (1983) and Owais et al. (1985). 
HCN was marginally mutagenic in  S. typhimurium  TA100, the effect being reduced 60% by S-9 
liver homogenate metabolic activation (Kushi et al . , 1983). CN did not induce DNA strand breaks in 
cultures of mouse lymphoma cells (Garberg et al., 1988). 

 In a chronic study groups of 15 male and 15 female rats were maintained for 104 weeks on diets 
containing 0.07 and 0.09 mg HCN kg �1 . These were equivalent respectively to 3.2 and 7.8 mg kg �1  
day �1  (males) and 4.3 and 10.4 mg kg �1  day �1  (females) (Howard and Hanzal, 1955). There were no 
effects on growth rate, no signs of toxicity, and no histopathological fi ndings. Philbrick et al. (1979) 
fed groups of 10 male weanling rats with diets containing 1.5 g KCN g �1  for 11.5 months; equivalent 
to 30 mg kg �1  day �1 . There were no mortalities of signs of toxicity. Positive fi ndings were reduced 
body weight gain, decreased plasma T

 4 
 levels, and decreased rate of T

 4 
 secretion. There was no 

defi nitive peripheral or central neurohistopathology. 
 The currently available data suggest that cyanide does not have an oncogenic potential. Indeed, 

and conversely, Perry (1935) found that exposure of rats to HCN vapor at concentrations close 
to lethal retarded the growth of implanted Jensen rat sarcomas. Also, Brown et al. (1960) found 
that i.p. CN prolonged the lives of mice transplanted with Erlich ascites tumor and sarcoma 180. 
However, carefully controlled clinical trials with the cyanogenic amygdalin laetrile showed it to be 
ineffective as an anticancer treatment (Moertol et al., 1982). 
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 30.16 ON THE ODOR OF HCN VAPOR 

 The odor of HCN vapor is usually likened to that of bitter almonds; the latter releases HCN from 
the cyanogenic glucoside amygdalin in the seeds (Poulton, 1988). On occasion it may be the initial 
clue as to the cause of poisoning in cases of intentional (homicidal or suicidal) poisoning (Chin 
and Calderon, 2000). Detection levels are often cited to be approximately 1 ppm (Guatelli, 1964), 
but in those who can detect the odor there is a wide distribution of detection levels by individual 
subjects (Brown and Robinette, 1967). A range of 0.5 to 5.0 ppm has been cited by Kulig and 
Ballantyne (1993). However, some individuals are not able to detect the odor of HCN. The ability 
to smell CN odor is a genetically determined trait that is absent in 2–45% of different ethnic popu-
lations (Ballantyne, 1987a). Kirk and Stenhouse (1953) proposed that CN anosmia is a sex-linked 
Mendelian recessive characteristic with males being more affected than females. A higher propor-
tion of CN anosmic men was also found in the results of several studies (Kirk and Stenhouse, 1953; 
Fukumoto et al., 1957; Sayek, 1970). However, Huser et al. (1955) consider the trait to be neither 
recessive nor sex-linked, and Brown and Robinette (1967) do not consider CN anosmia to be a 
simple segregating genetically controlled trait. 

 The inability to smell the odor of CN may raise several practical problems, such as presenting 
obstacles in the early or confi rmatory diagnosis of acute CN poisoning (section 30.18) and also lead-
ing to potentially hazardous working conditions where CN may be present. For example, Gonzalez 
(1982) described a case in which a chemist was poisoned with CN and in doing so spilled some 
material on the fl oor. The coroner’s offi cer detected the odor at the scene, but by the time he arrived 
several police offi cers already present had become symptomatic. Curry (1963) described a case in 
which a felon entered a building and in doing so accidentally knocked the top from a container of 
CN fumigation powder. Pursuing police offi cers, who did not recognize the CN odor, became dizzy 
and required hospitalization. The potential biohazard to personnel involved in an autopsy of a case 
of poisoning by the suicidal ingestion of CN was shown by the demonstration that in samples of 
blood taken from staff within 10 min of the completion of the autopsy the blood CN concentrations 
were increased (Andrews et al., 1989). A recommendation that a respirator be worn during pos-
sible CN autopsies, or that the stomach should be opened in a fume cupboard, has been questioned 
on the basis that some cases of CN poisoning might be missed by those who cannot smell the 
CN odor (Fernando and Busuttil, 1991). As a deliberate precaution against absorbing CN from a 
victim, Nolte and Dasgupta (1996) reported the case of a 32-year-old male who committed suicide 
with KCN. The autopsy was conducted in a negatively pressurized isolation room, and the stomach 
was opened under a biosafety cabinet hood. CN measurements from the victim were: blood, 
5.7 �g ml �1 ; stomach contents, 655 �g ml �1 . No CN was detected in the blood of the three prosec-
tors before or after the autopsy. 

 It is important that those who encounter, or may encounter, CN during their work should know 
if they can detect the odor of CN in the atmosphere. The inability to detect the CN odor may be a 
source of worry or concern to those who need this sense from an occupational perspective. Indeed 
Nicholson and Vincenti (1994) described a case of phobic anxiety in a 29-year-old industrial process 
worker who was unable to smell the odor of HCN. 

 30.17 CLINICAL TOXICOLOGY 

 30.17.1 Acute Exposure: Signs, Symptoms, Investigation, 
and Diagnosis 

 If large amounts of CN are absorbed quickly, and particularly by peroral and inhalation routes, col-
lapse is rapid in onset or almost instantaneous, and often accompanied by severe convulsions with 
death following quickly. Less severe exposures produce the symptoms listed in Table 30.10; the 
number of these present, their order of appearance, and their intensity depend on various factors, 
including the route, exposure concentration (dosage), duration of exposure, rate of absorption of CN, 
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and physical mode of presentation. Physical signs of exposure are listed in Table 30.11. The presence 
cyanosis indicates that respiration has ceased or has been inadequate for several minutes. If there 
is exposure to low atmospheric concentrations of HCN all the signs and symptoms characteristic 
of CN intoxication may appear in progression. However, with massive doses absorbed over a short 
period, many of the typical signs and symptoms may not develop and there is a rapid onset of intoxi-
cation with convulsions, coma, collapse, and death. Thus, depending on the magnitude, degree, 

TABLE 30.10 Symptoms of Acute Cyanide 
Exposure (Poisoning) in Humans
Weakness

Fatigue

Headache

Anxiety

Restlessness

Palpitations

Confusion

Dizzyness

Vertigo

Dyspnea

Nausea

Nasal irritation (respiratory exposure)

Precordal pain

TABLE 30.11 Physical Signs of Acute Cyanide 
Poisoning in Human
Initial increase in breathing rate and depth, which later becomes slow and 
gasping

Vomiting

Diarrhea

Facial fl ushing

Transient increased blood pressure

Tachycardia followed by bradycardia

Cardiovascular collapse

Epistaxis

Convulsions

Loss of consciousness

Urinary and fecal incontinence

Cyanosis

Arefl exia

Mydriasis and sluggish or unresponsive pupils

Decerebrate rigidity

Cardiac arrest
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duration, severity of exposure, and time elapsed, the presentation of cases of HCN vapor poisoning 
will be variable. Some patients, at one end of the clinical spectrum, may be conscious and complain 
of only a few symptoms with hyperpnea usually a presenting sign (Hall and Rumack, 1986), but at the 
severe end of the spectrum patients may present in coma with arefl exia, mydriasis, and unresponsive 
pupils.   

 The early development of tachypnea usually accompanied by hyperpnea, which results in an 
increased tidal volume, is usually ascribed to the stimulation of carotid and aortic chemoreceptors 
resulting from the accumulation of acid metabolites following cytochrome  c  oxidase inhibition. 
However, the blood acid–base changes, particularly lactate acidosis, may also play an important role 
in breathing changes. 

 Tachycardia is often present initially followed by bradycardia. Third degree heart block may 
occur (Wexler et al., 1947; Lee-Jones et al., 1970). The ECG (EKG) often shows increased T-wave 
amplitude, progressive shortening of the S-T segment, and eventual origin of the T-wave high on the 
R-wave (Wexler et al., 1947; DeBush and Seidl, 1969). Deviation of the S-T segment has also been 
described following nonlethal injection of NaCN (Leimdorfer, 1950). The blood pressure may be 
raised initially, but hypotension develops with increasing intoxication. 

 An important clinical biochemical effect that needs therapy is the development of metabolic 
(lactate) acidosis, which when marked and sustained may account for several of the signs, symp-
toms, and complications of acute CN poisoning (Graham et al., 1977). It must be noted that the 
following also need to be considered in the differential diagnosis of anion gap metabolic acidosis: 
methanol, paraldehyde, phenformin, iron, isoniazid, lactate, ethylene glycol, salicyclate intoxica-
tions, uremia, and diabetic ketoacidosis (Chin and Calderon, 2000). 

 Venous blood removed from victims of acute cyanide poisoning may be bright red in appear-
ance because of the cytotoxic hypoxia resulting in reduced O

 2 
 extraction in tissues and a resultant 

decreased arteriovenous oxygen difference. For example, Johnson and Mellors (1988) recorded a 
case of a 30-year-old male who attempted suicide by swallowing about 3 g of NaCN. He was suc-
cessfully treated with amyl nitrite, sodium nitrite, and sodium thiosulfate. Blood gas analysis values 
during the acute phase of poisoning were Pa o 

 2 
 256 mmHg (99.7% saturation), Pv o 

 2 
 84 mmHg 

(95.4% saturation), with an A-V O
 2 
 difference of 1.4 ml dl �1 ; during recovery the values were 

Pa o 
 2 
 81 mmHg (96.3% saturation), Pv o 

 2 
 30 mmHg (59.7% saturation) with an A-V O

 2 
 difference of 

8.1 ml dl �1 . Nakatani et al. (1993) also found a high P o 
 2 
 and Hb saturation in venous blood early in a 

case of cyanide poisoning (Pv o 
 2 
 � 98 torr, O

 2 
 saturation 95.6%) and which progressively decreased 

with treatment. However, some regard venous O
 2 
 saturation measurements as giving equivocal 

results or are not diagnostic of acute CN poisoning (Curry and Patrick, 1991; Yeh et al., 1992). 
Some authors consider this reduced A-V O

 2 
 difference as an important clinical diagnostic feature, 

which may also be detected on ophthalmoscopy as a similar appearance to the coloration of blood 
in the retinal arteries and veins. Nakatani et al. (1992) found the arterial blood ketone body ratio 
(acetoacetate/β-hydroxybutyrate [AKBR]), which refl ects the redox state of hepatic mitochondria, 
to be useful as a measure of the effi cacy of treatment for CN poisoning. 

 Reported complications of acute CN poisoning have included pulmonary edema (Graham 
et al . , 1977), acute real failure (Mégarbane and Baud, 2003), rhabdomyolysis (Brivet et al., 
1983), central nervous system degenerative changes, and early diffuse cerebral edema (Fligner 
et al., 1987; Varnell et al., 1987). Possible mechanisms for the pathogenesis of pulmonary edema 
have included: 

  1. Local injury to pulmonary capillary endothelium and alveolar epithelium. However, the 
rate of resolution after diuresis suggests that this is not a signifi cant factor. 

  2. Neurogenic effect following CNS injury. 
  3. Direct effect on the myocardium, leading to left ventricular failure and increased pulmonary 

capillary pressure. Graham et al. (1977) believe this to be the most likely mechanism. 
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 30.17.2 Repeated Exposure Effects 

 Symptoms reported as a result of repeated exposure to CN are often similar to those noted with acute 
intoxication (Hathaway et al., 1996). These notably include weakness, fatigue, nausea, headache, 
confusion, dizziness, and vertigo. In a report of a study with 36 former workers in a silver-reclaiming 
facility who were chronically exposed to CN there were residual symptoms up to 7 months in some 
following cessation of exposure; frequent symptoms were headache, eye irritation, ready fatigue, loss 
of appetite, epistaxis (Blanc et al., 1985). Saia et al. (1970) compared 22 controls with 40 individuals 
who were employed near CN vats; the latter had twice the incidence of insomnia, tremors, dermatitis, 
epistaxis, and vertigo. 

 El Ghawabi et al. (1975) studied 36 male electroplaters, age range 30–50 years, from three 
factories in Europe. The respective mean (
 SD) HCN concentrations in the workplace were 8.1 
 
8.3, 6.4 
 6.9, and 10.4 
 10.9 ppm. The following (with numbers of individuals affected) were 
recorded: headache (29), weakness (28), giddiness (28), throat irritation (16), vomiting (16), breath-
ing diffi culties (16), precordial pain (7), excess salivation (3), and visual problems (3). Of the 36 
males, 20 had mild to moderate thyroid enlargement, and the exposed had a signifi cantly higher 
thyroid uptake of  131 I at 4 and 24 h. Also, the exposed individuals had higher Hb concentration and 
lymphocyte counts. Urinary SCN increased about the middle of the working week and plateaued 
during the latter part of the week. Carmello (1955) studied 13 HCN fumigators who had episodes 
of acute CN poisoning with loss of consciousness. There was a high incidence of disturbances of 
equilibrium, vertigo, rapid eye movements, and precordial pain. Eleven had hypertrophic gastritis. 
Radojicic (1973) studied 43 CN-exposed electroplaters and annealers in Yugoslavia, most of who 
complained of fatigue, headache, hand and foot trauma, and nausea. Exposed workers had a higher 
urinary SCN excretion compared with a control group of 20 workers. Chandra et al. (1980) stud-
ied 23 male workers in an electroplating and casehardening factory in India. General workplace 
HCN concentrations ranged from 0.2 to 0.8 mg m �3  (average, 0.45 mg m �3 ), with a breathing zone 
range of 0.1–0.2 mg m �3 . Blanc et al. (1985) studied 36 former workers in a silver-reclaiming fac-
tory, with a median time since last employment as a silver extractor of 10.5 months (range, 7–30 
months). During employment they had a high incidence of headache, dizziness, nausea, eye irrita-
tion, anorexia, epistaxis, and ready fatigue (incidence, about 50% and up). There was a signifi cant 
decrease in the incidence of these symptoms after the cessation of exposure. None had a palpable 
thyroid gland enlargement or focal neurological defi cits. There was a tendency for slight decrease 
in serum vitamin B

 12 
 and folate concentrations and an increase in serum TSH. Neurological effects 

of repeated exposure to CN, including from cyanogens and from tobacco smoke, have been briefl y 
discussed in section 30.8.2. 

 30.17.3 Management of Acute Cyanide Poisoning 

 Some authors have noted that patients can occasionally recover spontaneously and rapidly from 
acute cyanide poisoning, as judged by clinical fi ndings and sometimes blood CN concentration 
(Graham et al., 1977; Edwards and Thomas, 1978). Based on such considerations, it has been sug-
gested that the decision to give antidotes should be based on the changing clinical condition of the 
patient, particularly the level of consciousness (Peden et al., 1986; Bryson, 1987). However, this 
type of advice generally comes from experienced clinical or occupational health physicians. It is 
given because some antidotes may produce serious adverse health effects and in this respect 
is appropriate for those who have the necessary clinical experience. However, a decision not to give 
antidotes should only be taken by the general physician or receiving room (casualty department) 
offi cer after receiving verbal advice following immediate contact with a Poison Control Center. The 
decision to withhold antidotes should not infl uence the use of safer support measures. The manage-
ment of acute cyanide poisoning may be considered in order as fi rst-aid treatment, medical support 
management, and antidotal treatment. 
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 30.17.3.1 First-Aid Treatment 

 An appropriately trained person who has prompt access to the CN workplace should carry out fi rst-
aid treatment. This person, who should be wearing the appropriate protective clothing and equipment, 
should ensure the following: 

  (a) The affected individual is promptly transferred to a clean environment, contaminated 
clothing removed, and any other aspects of decontamination carried out (e.g., fl ushing the 
skin). An emergency situation should be declared so that other emergency and support 
personnel can be called to the site. 

  (b) If breathing has ceased, or is labored, then artifi cial ventilation should be considered by 
the fi rst-aider. This can be by the Holger–Nielsen method or, preferably, by use of a mask 
with a hand-squeezed ventilation bag (Ambu bag). The use of mouth-to-mouth ventila-
tion is to be avoided because of the likelihood of secondary poisoning in the fi rst-aider 
(Thompson and Bayer, 1983; Lafi n et al., 1992; Sternbach, 1992). 

  (c) If ampoules of amyl nitrite are available, and the patient is breathing, one should be 
broken into a tissue and placed under the nose of the affected individual for about 15 sec. 
This can be repeated every 5 min if necessary. It should be ensured that these ampoules 
are in-date, or else they may explode on crushing with spreading of glass splinters due to 
internal pressure buildup, or there may have been loss of amyl nitrite due to decomposition. 
It has been recommended that ampoules are stored below 15ºC, and the shelf-life should be 
taken as 6 months from the day of receipt (Beasley et al., 1978). It should be remembered 
that if amyl nitrite is being used in the presence of 100% oxygen, this is an explosive mix-
ture and appropriate must be care taken. Otherwise, antidotes should not be given until 
medically qualifi ed physicians arrive (not paramedics) or the subject reaches a receiving 
room (casualty department). 

  (d) If breathing is diffi cult, 100% oxygen from a cylinder should be supplied by mask. 
  (e) If cardiac arrest occurs then external cardiac massage should be started, providing the 

fi rst-aider is adequately qualifi ed to do so. 
  (f) As early as is possible a sample of venous blood should be collected into an anticoagu-

lated tube and tightly sealed for subsequent CN analysis. 

 30.17.3.2 Supportive Medical Management 

 A physician should supervise the following: 

  (a) Ensure that the airway is patent and aeration is adequate. This may require the use of 
endotracheal intubation. Also if ventilation is insuffi cient, or breathing has stopped, it 
may be necessary to use mechanically assisted ventilation .

  (b) Although the basic mechanism of toxicity in acute CN poisoning is cytotoxic hypoxia, 
there is data to indicate that the use of oxygen is valuable as an adjunct to treatment. Thus, 
it is generally believed by many that although normobaric 100% O

 2 
 has minimal effect on 

CN poisoning (Litovitz, 1987), it acts as an adjunct (synergistically) with other antidotes 
(Holland and Kozlowski, 1986; Beasley and Glass, 1998; Kulig and Ballantyne, 1993). 
It is said to be particularly effective as an adjunct to sodium nitrite-sodium thiosulfate 
and, to a lesser extent, with thiosulfate alone (Sheehy and Way, 1968; Burrows and Way, 
1977; Litovitz, 1987). Although it might be anticipated that hyperbaric O

 2 
 (HBO) would 

be more effective, it is uncertain if HBO offers any clinical advantage over normobaric 
O

 2 
 either alone or in combination with other antidotes (Litovitz, 1987; Gorman, 1989; 

Kulig and Ballantyne, 1993; Salkowski and Penney, 1994; Tomaszewski and Thom, 
1994). However, when antidotal treatment is refractory, and where available, HBO should 
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be considered as a treatment option (Goohhart, 1994). The arterial ketone body ratio 
(AKBR) has been shown to be useful as a measure of the effi cacy of treatment for CN 
poisoning by Nakatani et al. (1992). The AKBR, which is the ratio of acetoacetate/β-
hydroxybutyrate in arterial blood, refl ects the redox state in hepatic mitochondria and is 
closely correlated with electron transport and O

 2 
 utilization. In CN poisoning, and during 

recovery, as the Pv o 
 2 
 decreases, the AKBR increases. 

  (c) A plasma lactate concentration of 10 mmol l �1  or greater in fi re victims without severe 
burns, and 8 mmol l �1  in pure CN poisoning, is a sensitive indicator of CN poisoning 
(Mégarbane and Baud, 2003). It is important to reverse the acid–base imbalance of lactate 
acidosis by the use of i.v. bicarbonate. 

  (d) With severe cases it may be necessary to use anticonvulsants. 
  (e) Cardiovascular complications may require the use of atropine, i.v. fl uids, and vasopressors. 

 30.17.3.3 Antidotes 

 Acute cyanide poisoning is one of the relatively few toxic illnesses for which specifi c antidotes exist. 
Indeed a very large number of differing antidotes have been proposed, some of which are experi-
mental only, but several others are used clinically and have appropriate governmental approval for 
use in the treatment of acute CN poisoning. Despite the fact that acute CN poisoning is relatively 
uncommon, and the majority of medical practitioners will not see a case during their professional 
life, the reason for the large number of antidotes available is partly because the mechanism of lethal 
toxicity of CN intoxication is well understood and this makes the approach to antidote development 
of considerable academic and applied interest, and partly because CN is often regarded as being a 
potentially rapidly acting chemical warfare agent for which stockpiles of antidote are required. 

 The major CN antidotes that have been investigated or developed experimentally, and also those that 
are currently accepted for use in the treatment of human acute CN poisoning, are listed in Table 30.12. 
The following account only briefl y summarizes CN antidotes; more detailed reviews are to be found by 
Marrs, 1987, 1988; Meredith et al., 1993. The most convenient way in which to classify CN antidotes is 
into the following three main groupings, based mainly on mechanistic grounds: 

  (a) Those that enhance the biological biodetoxifi cation mechanisms of converting CN to less 
toxic products; these are thus predominantly agents for facilitating SCN formation, either 
as sulfur donors or enzymes (mainly rhodanese). 

  (b) Materials that can either directly capture and complex CN or indirectly result in the for-
mation of capture and complexing agents; both will result in the sequestration of CN and 
limit its availability to exert toxic effects. Principal among these are the direct agents 
cobalt salts, cyanohydrin formers and methemoglobin; and the indirect agents methemo-
globin generators. 

  (c) Miscellaneous and adjunct antidotes that have been developed or suggested for counter-
acting certain specifi c toxic mechanisms or signs. These have included Ca 2	 -antagonists 
and anticonvulsants, and thus some are more specifi cally to be regarded as supportive. 
The principal CN antidotes that have been clinically used and those developed experi-
mentally are shown in Table 30.12, and considered briefl y below.   

 The  sulfur donors,  of which sodium thiosulfate is the most frequently used, are believed to 
accelerate the endogenous sulfurtransferase mechanisms to form SCN from CN. Sodium thiosulfate 
is frequently used in combination with other antidotes having different modes of antidotal action; e.g., 
with sodium nitrite or 4-dimethylaminophenol (4-DMAP). In general, sodium thiosulfate is used as 
second-line treatment because it is believed by some that it is slow acting, due possibly to the slow 
penetration of mitochondria, although there are grounds to question this assumption (Marrs, 1987). 
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TABLE 30.12 Cyanide Antidotes Used Clinically and 
developed experimentally

Major Class Subclass Example

Biodetoxifi cation 
enhancement

Sulfur donor Sodium thiosulfatea

Sodium ethanethiosulfonate

Sodium propane thiosulfonate

Sodium tetrathionate

Cystine

Thiocystine

Mercaptopyruvates

Enzymes Rhodanese

Direct complex and 
capture agents

Cobalt 
compounds

Dicobalt edetatea

Cobalt histidine

Cobalt chloride

Cobalt acetate

Sodium cobaltinitrite

Cobamide

Hydroxocobalamina

Cyanohydrin 
formers

Pyruvates

α-Ketoglutarates

d,l-Glyceraldehyde

Glucose

Mercaptopyruvates

Methemoglobin Stroma-free methemoglobin

Indirect complex and 
capture agents

Methemoglobin 
formers

Sodium nitritea

Amyl nitritea

4-Dimethylaminophenola

4-Aminopropiophenone

Adjunts and 
miscellaneous

Ca2	 antagonists Flunarizine

Diltiazem

Verapamil

Others Chlorpromazine

Phenoxybenzamine

Centrophenoxine

Etomidate

Naloxone
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Alternative sulfur donors to thiosulfate have only marginal advantage, and less is known of their 
toxicity. 

  Rhodanese  is unstable when derived from liver, but derived from cultures of  Thiobacillus deni-
trifi cans  it is more stable and has been investigated in experimental animals (Meredith et al., 1993). 
It has been successfully used antidotally in experimental CN poisoning (Pronczuk de Garbino and 
Bismuth, 1981) but not employed clinically. The possible use of rhodanese by encapsulation in car-
rier erythrocytes has been investigated (Leung et al., 1991). 

 On the basis of the evidence indicting that CN toxicity (notably neurotoxicity) may involve a 
loss of mitochondrial energy metabolism, and is associated with increase in cytosolic fee Ca 2	 , the 
use of  Ca 2	 -antagonists  in the management of CN poisoning has been proposed. Although there is 
experimental therapeutic and mechanistic evidence for this concept (Maduh et al., 1993), clinical 
studies have not been conducted. 

  Stroma-free methemoglobin  is a direct-acting CN capture agent, binding it to form cyanmethemo-
globin (CNmetHb) and thus sequestering the CN and reducing its availability for exerting toxicity, and 
avoids the problems with indirect metHb capture agents that reduce the blood O

 2 
-carrying capacity. 

Although metHb is rapidly cleared from the vascular system, the overall experimental evidence is that 
it may be an effective and nontoxic antidote in acute CN poisoning (Boswell et al., 1988). 

  Cyanohydrin formers  also represent direct-capture agents for CN. The CN ion reacts with carbonyl 
groups to form cyanohydrins, and results in a sequestering action. Among cyanohydrin formers, 
�-ketoglutararic acid has shown promise experimentally as a CN antidote (Moore et al., 1986;  Hume 
et al., 1995), but there is a possibility for an additional antidotal activity by decrease in convulsions 
(Yamamoto, 1990). 

  Methemoglobin generators  are indirectly acting CN antidotes that lead to the formation of 
metHb that binds with and sequesters CN as CNmetHb. MetHb does not have a higher affi nity for 
CN than cytochrome oxidase, but there is a much larger potential source of metHb than there is of 
cytochrome oxidase, and the effi cacy of metHb formation is thus primarily the result of mass action. 
A drawback of the metHb generation is that this results in impairment of O

 2 
 transport to tissues. 

Amyl nitrite generates only small amounts of metHb by vapor inhalation (Bastian and Mercker, 
1959), but is still recommended by many for use in the fi rst-aid treatment of acute CN poisoning. 
Artifi cial respiration with amyl nitrite broken into an Ambu bag was reported as being lifesaving in 
dogs severely poisoned with CN and before any signifi cant metHb formation occurred (Vick and 
Froelich, 1985). The vasogenic effects of amyl nitrite may play a role in its antidotal effect in CN 
poisoning. Sodium nitrite is given by i.v. injection to induce metHb, which competes with cyto-
chrome oxidase for CN; CNmetHB is produced and cytochrome oxidase activity restored. Nitrites 
can cause adverse cardiovascular effects because of the vasodilation and hypotension they induce. 
It is generally recommended that the metHb levels be kept below 35–40% which is the range in 
which signifi cant O

 2 
-carrying can be reduced by methemoglobinemia alone (Hall and Rumack, 

1986; Kirk et al., 1993; Kulig and Ballantyne, 1993). Excess metHb may be corrected with either 
methylene or toluidine blue, or exchange transfusion. Patients with glucose-6-phosphate dehydro-
genase defi ciency are at risk from nitrite therapy because of the likelihood of hemolysis. Another 
methemoglobin generator is 4-dimethylaminophenol (4-DMAP) which sets up a catalytic cycle in 
the erythrocyte in which oxygen oxidizes DMAP to  N,N -dimethylquinoneimine which oxidizes Hb 
to metHb (Kiese, 1974). It is generally considered that 4-DMAP acts more rapidly in producing 
metHb than does sodium nitrite and generates metHb within a few minutes of injection (Weger, 
1983). 4-DMAP treatment is also contraindicated in those with glucose-6-phosphate dehydrogenase 
defi ciency.  p -Aminopropiophenone is also a metHb generator but is likely to be inferior to that of 
4-DMAP because (at least by gavage) the action of  p -aminopropiophenone is slower in onset than 
that of the aminophenol. However, it has been shown experimentally to be a successful CN antidote 
(Bright and Marrs, 1987). 

  Cobalt compounds  act as direct CN-binding agents and thus sequester CN and limit its access 
for exerting toxicity. The cobalt cyanide complexes are excreted in urine (Frankenberg and Sörbo, 
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1975), but inorganic cobalt compounds are somewhat toxic and possibly too much so for clinical 
use (Paulet, 1961); they cause circulatory disturbance and may produce myocardial injury (Marrs, 
1987). Hydroxocobalamin binds strongly to CN to form cyanocobalamin and does not interfere with 
O

 2 
 transportation. Several studies have confi rmed the effi cacy of hydroxocobalamin in experimen-

tal CN poisoning, and its use has been advocated on the basis of low toxicity (Pontal et al., 1982; 
Borron and Baud, 1996), although urticara and vascular collapse have been reported following its 
administration (Dally and Gaultier, 1976). Since 1 mole of hydroxocobalamin only binds 1 mole CN 
(Lovatt Evans, 1964) and its MW is high, large volumes of solution are needed to treat substantial 
poisoning. Detoxifi cation of 1 mmol CN (equivalent to 65 mg KCN) requires 1406 mg hydroxo-
cobalamin (Meredith et al., 1993). Therefore, standard ampoules of hydroxocobalamin (containing 
1–2 mg) are ineffective. However, in some countries a formulation of 4 g hydroxocobalamin is avail-
able that can be reconstituted for i.v. use. It has found particular use in the treatment of cyanogen 
poisoning, notably sodium nitroprusside. Dicobalt edetate has found use in several countries, but there 
have been reports of adverse reactions to its use including vomiting, facial edema, urticaria, collapse, 
chest pains, anaphylactic shock, hypotension, ventricular arrythmias, and convulsions (Hilmann et al., 
1974; Naughton, 1974; Tyrer, 1981). This has led to recommendations that it should be used only with 
clearly established cases of acute CN poisoning, and even then with caution (Meredith, 1993; Pontal 
et al., 1982). 

 Certain  vasogenic compounds,  by themselves not antidotal, may have a potentiating effect on 
mechanistically antidotal compounds. For example, chlorpromazine potentiated the antidotal effect 
of thiosulfate (Way and Burrows, 1976), and phenoxybenzamine, an α-adrenergic blocking agent, 
also potentiated thiosulfate. 

 Currently, of all the potentially available antidotes for acute CN poisoning discussed briefl y 
above, the following are used clinically. It is particularly notable that there is a geographical varia-
tion in the specifi c antidotes used. This is partly explained by the country in which the antidote was 
developed, in part by the differing experience of clinicians in different countries, to some extent by 
the attitude and approach of the regional appropriate government department responsible for the con-
trol of medicines, and in some countries by a silly autocratic attitude by some clinical toxicologists. 
Dicobalt edetate (Kelocyanor) is used in the United Kingdom (Tyrer, 1981) and Australia (Worksafe 
Australia, 1989). In the USA, and partly because of the early development of the antidotal combina-
tion in that country, sodium nitrite and sodium thiosulfate are recommended. In Germany, DMAP 
was developed and is used there (Steffens, 2003). Hydroxocobalamin is used in France (because of 
low toxicity) for CN poisoning (Mégarbane and Baud, 2003), and in many countries for control of 
the slow cyanogenesis during sodium nitroprusside infusions and for treatment of smoke inhalation 
victims. The use patterns are generally as follows. 

  (a) Dicobalt edetate is used if the patent is unconscious or lapsing into unconsciousness, and 
the contents of one ampoule (300 mg in 20 ml glucose) are given by slow i.v. injection 
over about 3–4 min (Beasley et al., 1978; Tyrer, 1981). Given i.v. it may cause cardiac 
arrythmias. 

  (b) With sodium nitrite (often given with sodium thiosulfate) initially give 300 mg i.v., as 
10 ml 3% solution at 2.5–5.0 ml min �1 . Pediatric dose is approximately 0.2 ml kg �1 . 

  (c) Sodium thiosulfate used as 12.5 g i.v., given as 50 ml of 25% solution. Pediatric dose is 
1.65 ml kg �1 . 

  (d) 4-DMAP given as 5 ml of 5% solution (250 mg or 3–4 mg kg �1 ). 
  (e) Hydroxocobalamin as 10 ml of 40% (4 g) given i.v. 

 30.18 OCCUPATIONAL TOXICOLOGY AND INDUSTRIAL HYGIENE 

 Exposure to HCN is principally by vapor inhalation, although some percutaneous absorption may 
occur from both liquid and vapor in contact with the skin. Such exposures may occur during the 
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use of HCN for industrial syntheses, in applications where HCN is used directly (e.g., fumigation), 
and in processes where HCN may be released in certain occupational settings (e.g., electroplating, 
mineral extraction). The possible exposure of fi refi ghters to HCN from combustion processes is 
discussed below (section 30.19.4). 

 The current Threshold Limit Value (TLV) recommended by American Conference of Governmental 
Industrial Hygienists (ACGIH) (2003) for HCN is 4.7 ppm as a ceiling value with a skin absorption 
notation. The critical effects used to establish this value were noted to be CNS, anoxia, lung, and thy-
roid gland. A Biological Exposure Index (BEI), based on SCN formation, has not been recommended, 
in part because of the variability in serum and urine SCN concentrations according to personal and 
ethnic variations; e.g., the effect of CN in cigarette smoke and cyanogens in foods. The characteristic 
almond odor of HCN, which has a lower detection threshold around 0.5 ppm (Kulig and Ballantyne, 
1993) is not a good warning of potential exposure below the TLV because of the wide distribution of 
the threshold values for individuals able to smell cyanide vapor (Brown and Robinette, 1968), and 
because up to 40% of individuals cannot detect this odor (see section 30.16). However, for detection of 
HCN in the atmosphere Draeger tubes are available. Also, and much more suitable, are intermittent of 
continuous air samplers for quantitative HCN detection that can be linked to alarm systems. 

 Although a BEI has not been recommended, methods are available to measure blood CN con-
centrations, and SCN in serum or urine, and can be used as biomarkers of exposure (ATSDR, 1997). 
Whatever methods are used they must be carefully conducted and the fi ndings interpreted with cau-
tion. Thus, blood CN measurements should be conducted using whole blood and undertaken as soon 
as possible after collection of samples. Whole-blood thiocyanate measurements may not be a good 
measure of exposure to CN because of recovery problems (Ballantyne, 1977c). Plasma, serum, or 
timed urine SCN specimens give a more reliable index of CN exposure. However, as a biomarker of 
occupational exposure, the results of SCN measurements need to take into the possible contribution 
from other sources of CN exposure, including smoking and dietary cyanogens. There are no occupa-
tionally (industrial hygiene) useful biomarkers of effect of exposure to CN (ATSDR, 1997). 

 Due to the acute toxicity of HCN and its rapidity of action, in the workplace it is necessary to 
ensure that there very careful attention is paid to protective and precautionary measures, which 
should include the following: 

  (a) Those who work with CN, and their immediate management, should be thoroughly 
educated about the CN compounds used and handled; there should be familiarity with 
the chemistry (physicochemical properties), handling of materials, safety precautions, 
protective and precautionary measures (as outlined below), recognition of intoxication, 
emergency and fi rst-aid procedures, escape routes from the CN work area, cleanup and 
disposal measures, and relevant literature (e.g., MSDSs). This familiarity should be main-
tained and kept current by periodic lectures and training sessions. 

  (b) In the laboratory, work with HCN should be carried out in a well-ventilated fl ow-through 
fume cupboard. In the workplace, the ventilation should be suffi cient to maintain the 
atmospheric HCN concentration as far below the TLV as possible. The vapor concentra-
tion should be measured frequently or, preferably, continuously. Protective equipment and 
clothing for routine use should be readily available, including aprons and rubber or PVC 
gloves to protect skin, because of the known potential for percutaneously absorbed HCN 
to add to the body burden of CN from that due to inhalation exposure. Emergency pro-
tective equipment should be readily available and its integrity and function periodically 
confi rmed; this includes full chemical suit, impermeable gloves, and respirator (which 
should be full-face and of the absorbent canister type or, preferably, air-supplied). 

  (c) All those working with, handling, or having managerial responsibility for cyanides, 
should be aware of whether they can detect the odor of HCN in the atmosphere. 

  (d) No person should work alone while handling CN compounds. There should always be an 
additional person nearby, designated a safety offi cer, who can view the operation at a distance 
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suffi cient to raise an alarm, to allow protective clothing and equipment to be donned, and to 
undertake the initial rescue and possible resuscitation measures. Thus, ideally this person 
should be trained in the emergency measures for a CN-leak and, desirably, he should also 
be trained in fi rst-aid measures to treat acute CN poisoning (Jenks, 1983a). 

  (e) One individual at or near the CN workplace area, ideally the safety offi cer, should be fully 
trained in general fi rst-aid measures and specifi cally in the fi rst-aid management of acute 
cyanide poising; this individual should undergo periodic retraining. The fi rst-aid treat-
ment of acute CN poisoning is discussed above (see section 30.17.3.1). 

  (f) First-aid equipment and necessary medicines for the local treatment of acute CN should 
be readily available close to the CN handling area. These should include mask with manu-
al infl ator for artifi cial ventilation, oropharyngeal airway, oxygen cylinder with mask, and 
in-date ampoules of amyl nitrite (kept at 15ºC or lower). A water spray should be nearby in 
case it is necessary to decontaminate the skin of the affected individual. Antidotes should 
be available in a sealed container that is marked “ANTIDOTES—FOR MEDICAL USE 
ONLY”. This should be given to a suitably qualifi ed individual only (not a paramedic) 
who may attend the site, or on arrival at the hospital. 

 There should be provision for random audits of the training sessions, work practices, and the supply 
and maintenance of protective and fi rst-aid equipment, 

 30.19 HCN AS A PRODUCT OF COMBUSTION AND A 
SMOKE INHALATION HAZARD 

 30.19.1 General Considerations on Combustion 

 Mortality and morbidity as a result of being exposed to a fi re may be due to one or more factors includ-
ing direct physical trauma, averse physiological effects from heat stress, primary thermal burns and 
secondary complications, oxygen depletion, inhalation of toxic vapors, gases and particulates which 
may produce local respiratory tract injury or be absorbed and cause systemic toxicity (Silcock et al., 
1978; Coleman, 1981; Peters, 1981; Norris and Ballantyne, 1999). A variety of factors may impede 
escape from a fi re and thus enhance the likelihood of further exposure and thus increase the risk of 
death or injury. Major factors which hinder escape include physical barriers and physical injury, fear, 
panic, an obscuring smoke, prior use of alcohol or narcotic drugs, the presence of peripheral sensory 
irritants in the atmosphere, and the presence of airborne materials that become absorbed and result 
in CNS behavioral effects or disturbance of consciousness (Ifshin, 1977; Ballantyne, 1981, 1987b; 
Woolley, 1982; Kaplan et al., 1984; Purser and Grimshaw, 1984; Norris and Ballantyne, 1999;). 
Peripheral sensory irritant materials may be produced by combustion processes and cause ocular 
effects that can produce distracting and harassing effects (Ballantyne, 1999); typical examples of 
sensory irritants that may be in a fi re atmosphere include acrolein, sulfur dioxide, hydrogen chloride, 
aliphatic aldehydes, and various inorganic and organic acids. Also present in the fi re atmosphere may 
be substances that can be inhaled, absorbed, and exert adverse effects on the CNS, such as behavioral 
changes and disturbances of consciousness (Purser, 1966); these may include HCN and CO. Hypoxic 
hypoxia, due to depletion of atmospheric O

 2 
 or secondary to pulmonary injury, may result in impaired 

judgment, impairment of coordination, and altered conscious level. 
 HCN is now well known to be, in certain situations, a causative and contributory material pro-

ducing neurobehavioral and incapacitating effects, toxicity, and death. 
 Any material containing carbon and nitrogen will liberate HCN under appropriate combustion 

conditions. Also, various cyanogens may be thermally generated, such as acrylonitrile, acetonitrile, 
benzonitrile, and propionitrile (Woolley, 1982); and cyanogens have been detected in the blood of fi re 
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victims (Anderson et al., 1979). Investigations into the generation of HCN by combustion, and its rela-
tive contribution to mortality and morbidity in fi res has been undertaken using three major pathways: 

  (a) Chemical analysis of the effl uent smoke and gases from materials subjected to heating or 
burning under various conditions. 

  (b) Exposure of laboratory animals to atmospheres produced from test materials under vari-
ous generation conditions. 

  (c) Measurement of CN in body fl uids and tissues removed from those who are occupation-
ally exposed to fi res and from casualties and fatalities from fi res. 

 30.19.2 Sources of Hydrogen Cyanide 

 Any material containing carbon and nitrogen will generate HCN under appropriate combustion 
conditions, with polymeric materials being particularly notable sources of HCN. These include, for 
example, nylon, polyacrylonitrile (PAN), polyurethanes, urea-formaldehyde, melamine, silk, and 
wool (Ballantyne, 1987b). Although some investigations have shown that the evolution of HCN is 
proportional to the N content of the polymer (Morikawa, 1978) (Figure 30.7), this is not a universal 
fi nding. For example, Bertol et al. (1983) found that proportionately more HCN (1500 ppm) was 
evolved from PAN (19.0% elemental N) than from wool (200 ppm; 14.3% elemental N). Also, Urbas 
and Kullik (1977) using pyrolysis gas chromatography found that with pyrolysis temperatures in the 
range 625–925˚C, the yield of HCN was inversely related to the N content of three fi bers. The struc-
ture of a polymer within a given chemical class may signifi cantly infl uence the evolution of HCN. 
Thus, Jellinek and Takada (1977) found that, under comparable conditions, the evolution of HCN 
from polyurethanes was segmented polymer � aliphatic polyurethanes � aromatic polyurethanes. 
In measuring the HCN content of fi re gases it is important to determine the most appropriate method 
for particular circumstances. Thus, Tscuhiya and Sumi (1976) found that in HCN determinations, 
two common problems are concentration decrease by absorption and interfering reactions.   
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the amount of HCN evolved under pyrolytic conditions at 900°C. A.S. Resin, 
acrylonitrile-styrene resin. (Data after Morikawa, 1978.)
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 Both temperature and O
 2 
 availability in the heating zone are important factors that infl uence the 

yield of HCN from a N-containing material. The inter-related infl uence of O
 2 
 and temperature is 

illustrated by studies with rigid polyurethane foam (PUF), which when heated to 600˚C under non-
fl aming oxidative conditions produced a signifi cant decomposition of the methylene-di- p -phenylene 
 iso cyanate component with relatively high HCN yield (Purser and Grimshaw, 1984), whereas under 
pyrolytic conditions, such fragmentation only occurred above 700˚C (Woolley et al., 1975). With 
fl exible PUF it was determined that under oxidative conditions evolution began at 600˚C, whereas 
with pyrolysis HCN generation began at 770˚C (Woolley and Fardell, 1977). The infl uence of tem-
perature on HCN yield from N-containing polymers is schematically represented in Figure 30.8. In 
general, under pyrolytic conditions high temperatures result in the generation of HCN, the yield of 
which increases with increasing temperature. With oxidizing atmospheres, HCN begins to be gener-
ated at lower temperatures, and as the temperatures increases so does HCN yield, up to a maximum, 
and then decreases with further increase in temperatures; a secondary rise in HCN yield may occur 
with even higher temperatures. The precise temperature at which evolution occurs varies with the 
chemical class of polymer with structural difference between polymers in a given class. Some exam-
ples of HCN generation from various polymers are as follows. Polyester and polyether fl exible ure-
thane foams decompose at low temperature (200–300ºC) in inert atmospheres to produce a yellow 
smoke which is stable up to 800ºC; however, over the range 800–1000ºC there is decomposition 
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FIGURE 30.8 Graphical representation of typical yields 
of HCN from a N-containing polymer as a function of 
heating temperature in oxidative (air) and inert (N

2
) atmo-

spheres. In air there is an initial increase in HCN evolu-
tion, followed by a decrease; a secondary increase may 
then occur at higher temperatures. For pyrolysis conditions, 
the yield of HCN occurs at temperatures greater than those 
under oxidative conditions and, in general, increases with 
increasing temperature.
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yielding HCN, acetonitrile, benzonitrile and pyridine as the major N-containing products (Wooley, 
1972). Purser and Grimshaw (1984) found that when fl exible PUF is pyrolyzed at 300–600º a dense 
yellow smoke is produced that contains little or no HCN. However, fl exible PUF pyrolyzed at 900ºC, 
and rigid PUF subjected to non-fl aming oxidative conditions at 600ºC, produce a clear atmosphere 
containing CO and HCN. The CO yields were 38.6% for fl exible PUF and 75.7% for rigid PUF, 
and the corresponding values for HCN were 5.3 and 6.6%. Thermal degradation studies showed that 
there is cleavage of the urethane bond at temperatures in the region of 200–300ºC with the formation 
of  iso cyanate and polyol (Chambers and Reese, 1976). With fl exible foams, the  iso cyanate ion reacts 
with itself to form carbodiimide structures, but also with amine (left over from the foaming reaction) 
to give volatile polymers. The subsequent decomposition of the yellow smoke (essentially a toluene 
di iso cyanate polymer) produces the low MW N-containing products. Thus higher temperatures are 
required to produce HCN, which may only be contributory to overall toxicity in domestic situations 
but can be more serious during fi res that attain higher temperatures with industrial amounts of the 
foam (Woolley and Fardell, 1982). With rigid PUF, foaming is achieved using fl uorocarbon-blowing 
agents, and the absence of amine promotes nonvolatile carbodiimide formation, such that the  iso cya-
nate is retained with subsequent high temperature degradation. As with fl exible foams, severe fi re 
conditions are likely to be required to covert rigid PUF to HCN, with CO being the major species 
in overall toxicity (Woolley and Fardell, 1982). Morikawa (1978) found that with urea resin and 
melamine resin, and using a relative airfl ow rate of 2.5 � 10 �2  l mg �1  min �1 , HCN evolution began 
round 400ºC reached a peak at 650ºC, and then decreased with further increase in temperature. 
However, when heating was conducted in an atmosphere of N

 2 
, the rate of liberation from melamine 

resin increased progressively with rises in temperature. In this case the difference may be attrib-
uted to the fact that around 800ºC in air there was fl aming, and the HCN was consumed through a 
fl aming combustion by excess O

 2 
. For wool, Urbas and Kullik (1977) showed that the evolution of 

HCN increased with pyrolysis temperature, but that the graph of HCN evolution versus temperature 
showed phasic variations in yield. In the presence of a fl ame retardant, the HCN yield varied with 
temperature. Thus in the presence of a chlorine-containing polymer the yield of HCN was reduced, 
but in the presence of a polymer containing both chlorine and antimony the evolution increased. 
With PAN, pyrolytic decomposition at 400ºC yielded a gas chromatographic pattern with 19 com-
pounds, shown by mass spectrometry to include HCN, a variety of nitriles, and lower MW alkanes 
and alkenes. At 500–700ºC the complexity of the products increased, but at 700ºC and higher the 
chromatographic pattern simplifi ed, with the emergence of a range of thermally stable products 
including low MW nitriles and aromatic species, rather than aliphatic hydrocarbons or complex 
organics (Woolley  et al.,  1979). HCN was the major toxic product at all temperatures. HCN yields, 
as weight % of polymer, were 1.03 at 600ºC, 6.28 at 700ºC, and 36.0 at 900ºC; these correspond 
to % conversion of available nitrogen of 2.0, 12.35, and 70.72%, respectively. The corresponding 
yields of nitriles were (for acetonitrile, acrylonitrile, and benzonitrile) 0.21, 0.1, and 0.0% at 400º; 
4.58, 7.92, and 0.59% at 700ºC; and 3.90, 2.60, and 2.62% a 900ºC. In studies on the pathophysi-
ological effects of pyrolysis products from PAN, Purser et al. (1984) found yields of HCN (as % of 
original polymer mass) of 1.7% at 300ºC, 4.5% at 600ºC, and 13.9% at 900ºC.   

 For any given situation, the rate of generation of CN may depend on the time from start of 
combustion. This will infl uence the rate of build-up of HCN concentrations, their duration, and 
therefore hazard. For example, Paabo et al. (1979) found that the rate of generation of HCN during 
non-fl aming thermal degradation of urea-formaldehyde foam and wool was much more rapid than 
for polyurethane. In a large-scale test involving fl exible polyether-polyurethane foam, it was dem-
onstrated that both CO and HCN were detected in potentially dangerous concentrations during the 
early stages of the fi re, but HCN concentrations declined rapidly thereafter (Woolley, 1973). In any 
experimental or real-life fi re the evolution of HCN will vary with temperature, O

 2 
 availability, the 

nature of the N-containing material, and the burning time. Thus, the atmospheric HCN concentra-
tion at any time will depend on the existing actual fi re conditions and the phase of the combustion 
process. However, various estimates and measurements give some indications of the likely practical 
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situation. Morika (1978), for example, determined experimentally that in general with N-containing 
polymers the maximum yield of HCN is greatest with high temperatures and low air supply and 
noted that if nylon is burned at 950ºC under restricted air conditions then only 1.5 g is required to 
raise the HCN vapor concentration to around 135 ppm in a 1-m 3  space. Bertol et al. (1983) extrapo-
lating data from combustion with PAN, calculated that a toxic concentration of HCN vapor (1500 
ppm) could be developed in an average sized living room by burning 2 kg PAN. 

 Morikawa (1978) investigated the evolution of HCN under pyrolytic conditions from various 
low MW materials. It was found that all N-containing materials examined, except nitro-compounds, 
produced HCN when heated. Substantial amounts of HCN were produced from lactonitrile at 300ºC, 
and HCN began to be evolved from dimethylglyoxime at 400ºC. With other materials HCN evolution 
began in the temperature range 500–800ºC, and yields increased rapidly with increasing tempera-
ture. At 1000ºC maximum yields were �100 mg CN g �1  with dimethylurea, acrylonitrile, pyridine, 
phthalonitrile, ethyl thiocyanate, acetonitrile, aniline, hexylamine, and glycine; yields �100 mg g �1  
were obtained with acetamide, urea azobenzene. When HCN evolved at 1000ºC was expressed as 
a function to the N content of the parent molecule, the yield was proportional for dimethylurea, 
acrylonitrile, lactonitrile, pyridine, ethyl thiocyanate, aniline, hexylamine and phthalonitrile, but 
lower for azobenzene, glycine, acetamide, dimethylglyoxime and acetonitrile. The possible role of 
ammonia in cyanogenesis was investigated by Morikawa (1978). When ammonia was heated with 
ethanol, HCN evolution began at 700ºC and increased to 50 mg g �1  at 1000ºC; a higher yield was 
obtained with n-hexane at nearly 300 mg g �1  at 1000ºC. These fi ndings indicate that materials pro-
ducing ammonia in thermal decompositions can produce HCN through secondary reactions. Both 
N-containing polymeric and low MW materials evolve ammonia. The evolution of ammonia was 
found to increase with increasing temperature for melamine, melamine resin, acetamide and aniline; 
reached maxima and then decreased for nylon, hexylamine and 1,3-dimethylurea; and decreased with 
increasing temperature for urea resin, wool, PAN and PUF. Ammonia generation was relatively high 
with urea resins, wool, melamine, acetamide, aniline, hexylamine and 1,3-dimethylurea. Ammonia 
yield from nitriles (lacto-, acyrlo- and aceto-) was low. The kinetics of the gas-phase decomposition 
of methyl  iso cyanate has been investigated in the temperature range of 427–548ºC at pressures from 
55–300 torr, and two decomposition routes were found (Blake and Ljadi-Maghsoodi, 1982). The 
predominant one was a radical chain process giving CO, hydrogen and HCN as major products, and 
the minor route was the bimolecular formation of  N,N -dimethylcarbodiimide and CO

 2 
. 

 30.19.3 Assessment of the Contribution of HCN to Toxicity by 
Experimental Exposure of Animals to the Products of 
Combustion 

 Many studies have shown that when laboratory animals are exposed to combustion products, prin-
cipally from N-containing polymers, then HCN may be generated in amounts suffi cient to produce 
physical incapacitation or lethality. Some representative examples are given below. Yamamoto (1975) 
studied the acute toxicity of combustion products from various fi bers and found that in rats exposed 
for up to 30 min signs of incapacitation developed most rapidly after exposure to PAN (�10 min). 
Blood removed after signs developed showed COHb concentrations were about 10% with PAN and 
wool, and in the range 20–40% for silk; blood CN concentrations ranged from 1.5 to 3.0�g ml �1  
for silk, 1.5 to 2.0 �g ml �1  for PAN, and 0.5 �g ml �1  for wool. Thus, under the conditions of the 
study HCN from the combustion products of PAN and silk was the major cause of incapacitation, 
and blood concentrations of lethal signifi cance developed. In contrast, with wool combustion prod-
ucts, neither CO nor HCN could be implicated as causes of incapacitation or death. Purser et al. 
(1984) exposed primates to the products of pyrolysis of PAN and compared the fi ndings with the 
results from primates exposed to comparable concentrations of HCN vapor alone; range of HCN 
concentrations produced from PAN at various pyrolysis temperatures was 166–196 ppm (900˚C), 
120–174 ppm (600˚C), and 87–170 ppm (300˚C). The pathophysiological effects produced by the 
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PAN-pyrolysis atmosphere and those by exposure to pure HCN vapor were identical and consisted 
of hyperventilation, increased respiratory minute volume, loss of consciousness, bradycardia, cardiac 
arrythmias, and T-wave abnormalities. After these effects, the breathing rate slowed and respiratory 
minute volume was markedly decreased. For both the PAN pyrolysis products and pure HCN vapor 
exposure groups there was a relationship between chamber HCN concentration and the time to 
occurrence of both hyperventilation and subsequent incapacitation that was approximately linear 
over the range studied. Regression analyses of the time to incapacitation versus HCN concentration 
were for PAN pyrolysis studies ( r  � 0.89,  p  � 0.01) and for HCN vapor alone ( r  � 0.96,  p  � 0.02). 
The difference between the two slopes was not signifi cant, but the means times to incapacitation were 
shorter with the HCN-alone group at 13.2 min than with the PAN pyrolysis atmosphere at 16.2 min. 
The slope of the regression line of HCN concentration versus time to incapacitation was steep; thus, 
doubling the HCN concentration from 100 ppm to 200 ppm decreased the time to incapacitation 
from 25 min to 2 min. Thus, a short exposure time to HCN vapor can result in rapid incapacitation. 
Blood CN concentrations in the PAN pyrolysis groups were comparable to those of the HCN group. 
Purser and Grimshaw (1984) exposed primates for 30 min to the pyrolysis products of fl exible 
PUF generated at 900˚C or oxidative thermal decomposition of rigid PUF at 600˚C. Signs included 
hyperventilation followed by loss of muscle tone and limb refl exes, then loss of consciousness. 
Cardiac rate decreased, cardiac arrythmias developed, the ECG showed T-wave abnormalities, and 
there was a massive increase in δ-wave activity in the EEG. Venous blood COHb concentrations 
at the end of the exposure period ranged from 17 to 28%, and whole-blood CN ranged from 1.9 to 
2.3 �g ml �1 . They noted that the CNS-incapacitating effects could be extreme because of the cyto-
toxic hypoxia, circulatory failure, and hyperventilation that may produce cerebral arterioconstriction 
due to hypercapnia. There was a clear relationship between the HCN concentration in the exposure 
atmosphere and time to incapacitation ( r  � 0.85). Thomas and O’Flaherty (1979) pyrolyzed rigid 
PUF at 500˚C and exposed rats to the diluted smoke products. Three exposure groups were used: 
(1) 5-min exposure, followed by immediate sacrifi ce (i.p. sodium pentobarbital), measurement of 
blood COHb and CN, measurement of brain and heart cytochrome  c  oxidase; (2) a 5-min expo-
sure and postexposure sacrifi ces at 0, 5, 10, 15, and 30 min for measurement of liver cytochrome 
oxidase activity; (3) exposure until death and then measurement of hepatic cytochrome oxidase 
activity. Brain and myocardial cytochrome oxidase activity was inhibited in proportion to the blood 
CN concentration. The blood CN concentration corresponding to a 50% inhibition of brain cyto-
chrome oxidase activity was 0.26 �g ml �1 . This is close to the measured  in vitro  I

 50 
 of 6.38 � M  CN 

(0.16 �g ml �1 ) for rabbit brain cytochrome oxidase (Ballantyne, 1977a). For the 5-min exposures, 
hepatic cytochrome oxidase activity was only slightly inhibited; however, rats receiving lethal expo-
sures (8-min) had more marked inhibition of hepatic cytochrome oxidase activity. The signifi cantly 
lesser inhibition of hepatic cytochrome oxidase activity accords with lower amounts of CN available 
to the liver following inhalation exposure (Ballantyne, 1984a). The studies above indicate that expo-
sure of experimental animals to the products of combustion from various N-containing polymers 
results in toxicologically signifi cant doses of CN being absorbed by the animals, as indicated by a 
variety of biological monitors. 

 30.19.4 Evidence for Exposure of Humans to CN from the 
Combustion Products in a Fire and the Contribution to 
Morbidity and Mortality 

 Exposure to and absorption of CN produced in a fi re have been investigated mainly by analysis 
of blood samples taken from fi refi ghters and nonlethal casualties and from analysis of tissues 
from lethal victims. The fi rst detailed description of CN in the blood of fi re victims was given by 
Wetherell (1966), who found CN in the blood of 39 of 53 individuals dying in fi res; the average 
blood CN concentration was 0.65 �g ml �1  (range, 0.17–2.2 �g ml �1 ). Other representative studies 
are as follows. Levine and Radford (1978) measured serum SCN concentrations in 479 fi refi ghters 
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and found them to be increased above nonexposed controls, independent of smoking habits of the 
fi refi ghters. Thus, mean 
 SD SCN concentrations (as �g ml �1 ) were the following: all controls, 
4.36 
 1.80; all fi refi ghters, 5.69 
 2.62 ( p  � 0.001); nonsmoking controls, 3.21 
 0.71; nonsmok-
ing fi remen, 3.75 
 1.50 ( p  � 0.008); light smoker controls, 4.60 
 1.53; light smoking fi refi ghters, 
6.74 
 2.39 ( p  � 0.001); heavy smoking controls, 6.53 
1.45; heavy smoking fi refi ghters, 7.78 
 
2.23 ( p  � 0.02). Clark et al. (1981) measured blood CN and COHb concentrations in 53 fi re survi-
vors. For 17 of 53 there was no evidence of smoke inhalation, and the blood CN and COHb con-
centrations were in the normal range; CN average (range) was 0.14 (0.02–0.35) �g ml �1 , COHb 
3.8 (0.9–9.6)%. In the 36 survivors with evidence of smoke inhalation the average (and range) of 
blood CN was 0.70 (0.05–3.40) �g ml �1 , which was higher than for those without smoke inhalation. 
For a study in Maryland, blood CN was measured in fi re deaths from January 1975 to December 
1977 (Birky et al., 1979; Caplan, 1982; Copeland, 1985). Range of normal blood CN was taken as 
0.0–0.25 �g ml �1 , based on random autopsy of impact airplane crash victims. In the fi re fatalities, CN 
concentrations were normal in 31%, in the range of 0.26–1.00 �g ml �1  for 35%, 1.01–2.00 �g ml �1 

 for 24%, and �2.01 �g ml �1  for 10%. Silcock et al. (1978) reported blood CN analyses on 15 vic-
tims of four fi res. No CN could be detected in 2 victims, and in the other 13 the average blood CN 
was 0.94 �g ml �1  (range, 0.14–1.80 �g ml �1 ); in 7, the blood CN concentration was 1.0 �g ml �1  or 
higher. All those with measurable CN had increased COHb. Hart et al. (1985) reported fi ve patients 
with smoke inhalation from house fi res who were comatose and had metabolic acidosis on hospital-
ization. Blood CN concentrations ranged from 0.35 to 3.90 �g ml �1  (average, 1.62 �g ml �1 ). Four of 
the patients survived with antidotal treatment for acute CN poisoning, but the subject with the highest 
blood CN concentration (3.9 �g ml �1 ) died 4 days after hospitalization. In the context of postcrash 
airplane fi res, Mohler (1975) reported blood CN concentrations in the range 0.01–3.9 �g ml �1 , and 
for one airplane fi re in the United Kingdom (August 1985) involving 54 deaths CN was detected 
in blood of all victims and ranged from 5.3 to 8.4 �g ml �1  (Mayes, 1991). Matsubara et al. (1990) 
noted that in fi re victims CN concentrations were markedly higher in blood taken from the left heart 
compared with blood taken from the right heart. 

 The representative studies above indicate that survivors and victims of fi res, and those who may 
be occupationally exposed, may absorb signifi cant amounts of CN. The concentrations measured are 
variable; in some cases concentrations are high enough to be a factor in morbidity and in other cases 
mortality. In the series by Wetherell et al. (1966) there were 2 cases in 39 with blood CN concentra-
tions compatible with death from acute CN poisoning, where COHb concentrations were �50%. In 
some situations blood CN concentrations are measured that are clearly compatible with HCN being 
the prime cause of death. For example, Tscuhiya (1977) cited a report of 2 victims found dead from 
a small fi re involving a polyurethane mattress; respective blood CN concentrations were 7.2 and 
23.0 �g ml �1 . Caplan et al. (1977) described an automobile fi re casualty having a blood CN level of 
3.13 �g ml �1  and a COHb of 18%. 

 In assessing the contribution of CN to death in fi re victims, a very careful analysis of all the 
information is required. Whole-blood CN concentrations in fi re victims vary markedly, ranging 
from very low and unrelated to death to high and clearly compatible with death because of acute 
CN poisoning. When CN has been detected in a body discovered at the scene of a fi re, and there 
is a suspicion that the fi re had been started to distract from a homicide, then very detailed forensic 
considerations need to be taken into account. A consideration of the materials burned and the posi-
tion of the body with respect to the area of combustion may assist in determining whether high blood 
CN concentrations would be possible from inhaling the products of combustion. Particular attention 
needs to be given to whether the products of combustion have been inhaled; this requires an exami-
nation for local respiratory tract pathology and a determination if inhaled airborne materials, other 
than HCN, have been absorbed into the systemic circulation. Local respiratory tract evidence that 
the victim was alive and breathing, at least during the early stages of the fi re, will be provided by the 
presence of soot particulates in the respiratory tract. Also, if suffi cient concentrations of chemically 
irritant materials or hot particles have been inhaled, acute infl ammatory effects will be seen, the 
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extent of which depends on the nature of the inhaled materials, duration of exposure, and concentra-
tion (Crappo, 1981). When whole-blood CN concentrations are increased because of the inhalation 
of HCN as a combustion product, then the concentration of COHb will also be elevated. However, 
in the context of forensic investigations, the following need particular attention: 

  (a) COHb concentrations may vary markedly with duration of exposure, environmental CO 
concentration, and ventilation–perfusion relationships. 

  (b) COHb is present in normal subjects, being lowest in rural nonsmokers and highest with 
urban smokers (Stewart et al., 1973; Wallace et al., 1974; World Health Organization, 
1979). High concentrations of COHb resulting from heavy smoking could give a false 
indication of the degree of exposure resulting from environmental CO in a fi re. Clearly, in 
the context of forensic investigations, information on the smoking habits of the deceased 
should be obtained. Measurement of urine cotinine may help in this respect. 

  (c) In some cases where individuals have been in proximity to a fi re, COHb may not be 
detected (Schwerd and Schulz, 1978). This could possibly be due to laryngospasm or to 
refl ex arrest of breathing following the inhalation of hot gases. The presence of blood CN 
concentrations greater than normal in such cases may be grounds for suspicion. 

  (d) When high concentrations of CN are present in blood due to the inhalation of HCN, CN 
is not present in the stomach contents. 

 Exposure to HCN in a fi re can lead to muscle weakness, diffi culty in coordination, physical incapaci-
tation, a confusional state, and partial or complete loss of consciousness. Low concentrations of HCN 
vapor in the range 100–200 ppm could be hazardous in a fi re because of the incapacitation caused 
(Purser et al., 1984). With respect to the possibility of altered CNS function from exposure to a fi re 
atmosphere containing both HCN and CO, the experimental fi ndings of Pitt et al. (1979) are relevant. 
They found that although CO and HCN produced an additive effect on increasing cerebral blood fl ow, 
there was an associated decrease in cerebral O

 2 
 consumption, and this was synergistic at lower con-

centrations of HCN and CO. In addition to the incapacitating and lethal effects of HCN in a fi re, high 
concentrations could result in organ-specifi c effects. These could include cardiotoxicity and neuro-
toxicity. That HCN myocardial toxicity could be more severe in the hypoxia of a fi re environment is 
suggested by the observation of Ganote et al. (1976) that hearts perfused with KCN in the presence of 
O

 2 
 had release of creatine phosphokinase that was 30 min later than in the presence of N

 2 
. 

 30.19.5 Practical Implications of HCN Generation in Fires 

 In view of the liberation of potentially toxicologically signifi cant amounts of HCN from N-containing 
materials resulting from combustion processes in a fi re, it is necessary that such materials which are 
used in construction, home and offi ce furnishings, and car and airplane interiors, should be subjected 
to laboratory investigations to determine the extent to which such CN liberation can occur and under 
what conditions. When it found that a practically signifi cant potential for HCN release exists for 
materials with in-use applications, then prohibitive or restrictive measures may need to be introduced 
in the use of those materials. As new information becomes available, remedial measures may be 
required for existing structures and fabrics. For example, Mohler (1975) recommended the retrofi t-
ting of in-service passenger aircraft with cabin interiors that have a low potential for liberating HCN 
in fi res. Also, chemical modifi cation and/or fi re retardation of materials to inhibit HCN production 
may have to be considered. However, when fl ame resistance treatment is applied, there is a clear need 
to ensure that the potential for HCN toxicity has in fact been reduced and that no additional hazard is 
introduced from the retardant itself. For example, Urbas and Kullik (1978) investigated the infl uence 
of various fl ame retardants on HCN release from the pyrolysis of wools. Flame resistance treatment 
with a polymer containing chlorine decreased HCN production in the range 600–700˚C, but treatment 
with a polymer containing chlorine and antimony increased HCN evolution over this temperature 
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range, and at 800˚C more HCN was evolved in both cases. With a phosphorus-containing polymer, 
HCN evolution was higher up to 800˚C, and then evolution was the same as for untreated wool. 

 Exposure to HCN released during a fi re can produce muscle weakness, coordination diffi culties, 
physical incapacitation, confusional state, and partial or complete loss of consciousness. The initial 
hyperventilation, due to chemoreceptor stimulation, may lead to an increase in the absorption of 
HCN and other airborne toxic materials. As a result of the CNS neurobehavioral effects, there will 
be hindrance to escape from the fi re environment, increasing the potential for physical injury and 
continued exposure to toxic materials. There is thus a clear need to monitor fi refi ghters and victims 
of fi res for absorbed CN. Serum SCN measurements may be a guide for occupational or survival 
exposure (providing the smoking history is known), but whole-blood CN measurements are to be 
preferred for most situations. For on-site use at a fi re it may be possible to use gas detectors of the 
Draeger-type to detect any HCN exhaled by the victim. 

 A plasma lactate concentration of 10 mmol l �1  or greater in fi re victims without severe burns is 
a sensitive indicator of CN poisoning (Mégarbane and Baud, 2003). However, such measurements 
cannot be made at the scene of a fi re. Because of the evidence for HCN being a factor in smoke inha-
lation systemic toxicity, it has been proposed that the use of CN antidotes should be considered in the 
treatment of smoke inhalation victims, especially if clinically or analytically confi rmed (Daunderer, 
1979; Hart et al., 1985). Clark et al. (1981) stated that since the majority of effective CN antidotes are 
not free from side effects, they should not be given empirically to all fi re victims. Because of the rela-
tive ease to measure COHb concentrations, and because patients with high CN concentrations will 
also have elevated COHb, COHb may be used as a guide for therapy. In their series Clark et al. (1981) 
considered that had CN antidotes been administered to patients with COHb �15%, then only in one 
case would therapy not have been necessary, and no patient with possible CN toxicity would have 
been missed. Daunderer (1979) recommended that the breath of fi re victims should be monitored 
for HCN, or if respiratory arrest has occurred then a blood sample should be obtained, acidifi ed, and 
monitored for any released HCN with a Draeger detector. He described three fi re victims who were 
successfully treated by CN antidotes; he recommended that patients should be given 50–100 ml 50% 
sodium thiosulfate i.v. immediately. It was suggested that unconscious victims be given 4-DMAP 
(3 mg kg �1 , i.v.); when cardiac arrest has occurred, 4-DMAP should be given by intracardiac injec-
tion. Hart  et al.  (1985) advised that CN antidote be administered when patients from closed-space 
fi res present with fi ndings of metabolic acidosis (base defi cit �-10mmol l �1 , pH � 7.3), elevated 
COHb, and decreased Pa o 

 2 
 saturation. Currently, and with respect to on-scene use, it is considered 

that suitable antidotes for CN poisoning resulting from smoke inhalation are hydroxocobalamin 
(Baud et al., 1991; Editorial, 1991; Houeto et al., 1996; Mégarbane and Baud, 2003) and sodium 
thiosulfate (Kulling, 1992), principally because their intrinsic low toxicity would permit use at the 
scene of a fi re by medical personnel. 

 One important issue that needs to be considered in the forensic investigation of acute CN poi-
soning in fi re situations is the possible effect of ethanol. Drinking alcohol has been a factor in the 
accidental onset of some fi res, and the presence of ethanol in blood may cause drowsiness and 
diffi culty in locomotion and impede escape from a fi re. In one series of fi re deaths in the United 
Kingdom, mainly in dwellings, ethanol was present in the blood of most victims, and 59% of adults 
had blood ethanol concentrations greater than 80 mg dl �1 , or urine ethanol concentrations in excess 
of 107 mg dl �1 ; the average blood ethanol concentration was 276 mg dl �1  (Harland and Wooley, 
1979). In a study of fi re deaths in Maryland, blood ethanol concentrations in excess of 150 mg dl �1  
were found in 35% of victims (Radford et al., 1976). The possible infl uence of ethanol on acute 
CN intoxication was studied by Yamamoto et al. (1983), who compared the effects of exposure of 
a group of rats to 500 ppm HCN alone with another group given an incapacitating dose of ethanol 
(3 g kg �1 , i.p.) before exposure to HCN. Ethanol-treated rats (blood ethanol, 2.83 
 0.19 SD mg ml �1 ) 
exposed to HCN vapor had a survival time of 10.6 
 2.7 min, compared with 9.7 
 3.2 min for rats 
exposed to HCN alone; the difference was not statistically signifi cant. Blood CN concentrations 
were about 20% higher in the ethanol 	 HCN group (3.44 
 0.44 �g ml �1 ) than in the HCN-alone 
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group (2.80 
 0.32 �g ml �1 ), but the differences were not statistically signifi cant. However, the 
blood lactate concentrations were signifi cantly lower in the ethanol 	 HCN group (36.7 
 5.0 mg dl �1 ) 
than in the HCN-alone group (47.4 
 5.4 mg dl �1 ). The slightly longer survival of the ethanol 	 HCN 
groups was attributed to depressed pulmonary ventilation, and the lower blood lactate to decreased 
muscle activity, since convulsions were seen less than in the HCN-alone group. 

 The potential for the attainment of behavioral, toxic, and lethal concentrations of HCN in some fi re 
atmospheres due to the burning of N-containing polymers emphasizes the requirement for fi refi ghters 
to wear respirators of the pressure-demand type (Ballantyne, 1981). Other personnel should not be 
allowed to enter an area after a fi re has been extinguished until measurements have shown that no HCN 
is being released from, for example, residual smoldering upholstered furniture (Daunderer, 1979). 

 30.20 Forensic Aspects of Acute Cyanide Poisoning 

 30.20.1 Causes of Acute Cyanide Poisoning 

 Mortalities from acute cyanide poisoning result from a variety of circumstances, many of which are 
a cause of general interest and most involve, for various reasons, a forensic interest. They may, in 
general, be considered under the following groups. 

 30.20.1.1 Accidental Exposure 

 Accidental acute CN poisoning may be caused by occupational exposure, by exposure to the products 
of combustion, and by accidental misuse or exposure in the home. Occupationally related acute CN 
poisoning may occur where cyanides or cyanogens are used in industrial operations; during indus-
trial, agricultural, or horticultural fumigation operations; or in research and teaching laboratories. Such 
exposures can be minimized or prevented by careful industrial hygiene practices. Laxity in this respect 
may result in a forensic involvement, and possibly with subsequent criminal charges and litigation. In 
one notorious case of bad industrial practices that caused the death of a worker, imprisonment and fi nes 
resulted for the management personnel (Annotation, 1983; Burnett, 1985; Danbury Times, 1985a, 
1985b). Accidental domestic acute CN poisoning usually results from the misuse of CN-containing 
products, often by swallowing in children and, to a lesser extent, by adults. Sometimes overexposure 
to vapor has been reported (Ballantyne, 1987a). Ingestion of cyanogens may occur, such as amygdalin 
in fruit pits (Lasch and Shawa, 1981) or laetrile (Humbert et al., 1977; Sadoff et al., 1978). HCN may 
be a major component of the products of combustion, and CN poisoning can be a factor in smoke 
inhalation poisoning, as discussed above. Thus, acute CN intoxication may result from exposure to the 
products of combustion in domestic, automobile, and aircraft fi res (Borron and Baud, 1996; Mayes, 
1991; Noguchi et al., 1988), and is a potential occupational hazard of fi re fi ghting. 

 30.20.1.2 Intentional Exposure 

 Intentional exposure covers, in the main, mortalities resulting from suicide, homicide, mass murder, 
deliberate judicial and political killings, and covert activities. Clearly, the majority of these will 
have major direct or indirect forensic involvement. For suicidal purposes, CN is usually swallowed. 
Contrary to popular opinion the use of CN is an uncommon method of suicide (Ballantyne, 1987a). 
For example, in Thailand over the period 1960–1969, of 339 suicidal poisoning only 4 (1.1%) were 
due to CN (Eungprabhanth, 1975). In a survey in Allegheny County (Pennsylvania), population 
1.8 million, over the period 1970–1975, of 700 suicides only 6 used CN (Winek et al., 1975). Although 
not a common cause for suicide, CN may account for a high proportion of deaths. For example, the 
Medico-Legal Society of Japan determined that for 245 cases of CN poisoning, the incidence for 
suicide was 210 (85.7%) and for murder was 18 (7.4%) (Matsukuva and Fukui, 1968). Also, the use 
of CN may be higher in certain occupational groups than for the general population; for example, 
in a review by the American Chemical Society it was found that for 3637 deaths over 1948–1967, 
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119 were due to suicide (3.3%), of which 29 were due to CN (Li, 1969). In a subsequently reported 
series, Walrath et al. (1985) examined the cause for the death of 347 female members of the American 
Chemical Society over 925–1979; there were 36 (10.4%) with CN, accounting for 39%. 

 The use of CN for homicidal purposes has attracted considerable morbid interest. In many cases 
this has been accomplished by adulterating drinks. Another method has involved the repacking of 
medicinal capsules (Curry, 1963; Dunea, 1983; Holland, 1983). More extreme methods have been by 
intravaginal instillation (Holzer, 1939; Drasch et al., 1982), or pouring into the mouth following the 
induction of general anesthesia (Weiler and Kloppel, 1984). Intramuscular injection was a possibility 
in one case (Ballantyne et al., 1972). Mass murders with CN have included genocidal programs by 
Nazis during the Second World War, cult killings such as the Jonestown tragedy in which over 900 
people were encouraged to drink CN (Thompson et al., 1987), and substituting CN for medication 
in Sudafed capsules on shop shelves (Brahams, 1991; Centers for Disease Control, 1991). Politically 
approved killings with CN include judicial execution of criminals with HCN vapor, chemical warfare 
operations, and covert activities. The latter have included spraying CN in the face, incorporation in 
cigarettes, and administration by injection (Gee, 1987; Harris and Paxman, 1982; Seagrave, 1982). 

 The diagnosis and confi rmation of acute CN poisoning requires consideration of the circum-
stances leading to death, premortem history, autopsy features, and CN analyses of scene evidence 
and of victim body fl uids and tissues, and the fi ndings from special investigations. These are briefl y 
reviewed below. 

 30.20.2 Circumstances of Poisoning 

 Occupational poisoning is generally recognized because of the scene and the circumstances of the 
incident. However, when nonemployees are symptomatically exposed, then the presenting features 
may not be totally clear. For example, if HCN vapor diffuses from a fumigation site into a nearby 
building or dwelling, or when children accidentally pick up CN traps laid to destroy vermin in fi elds 
or on farms (Fiori and Marigo, 1963). With suicide there may be clues at the scene of the incident. 
However, when there is a deliberate intent to commit suicide then traces of evidence may have been 
obscured. Likewise, with homicide there will have been attempts to remove all indications of the 
cause of death, or the presentation may be bizarre. 

 30.20.3 Antemortem Presentation 

 As noted above, the clinical features of CN poisoning may be variable in their nature, time to onset, 
order of appearance and severity; this may clearly confuse the diagnosis. Major determinants of presen-
tation include the nature of the exposure (cyanide or cyanogen), route and magnitude (concentration/
dose/duration) of exposure, and the possible infl uence of any fi rst aid, support, or antidotal treatment 
measures. In some cases the signs and symptoms before death may be atypical or insuffi cient to 
allow a clinical diagnosis of cause for death, particularly in the absence of any circumstantial evi-
dence. When death occurs with convulsions and tachypnea, without cyanosis, and in the presence of 
lactate acidosis with normoglycemia, then acute CN poisoning should be suspected. 

 Time to death may be variable. By high concentration vapor (inhalation) exposure it is common 
for death to occur during the exposure, or within a few minutes of being removed from the contami-
nated area. Because of the rapidity of CN detoxifi cation, when vapor inhalation exposure ceases the 
blood and tissue CN concentrations decrease, and recovery without relapse is common. In contrast, 
when CN is swallowed the times to onset of signs and death may be very variable and will depend 
primarily on the nature and amount of CN or cyanogen swallowed. Thus, swallowing a large volume 
of a concentrated solution of CN is likely to produce a rapid onset of severe signs and symptoms of 
intoxication, with few intervening signs between swallowing and the onset of convulsions, coma, and 
death. When smaller amounts of CN or a slow-releasing cyanogen are swallowed, then there may be 
a slower onset of symptoms and signs, and possibly the gradual progression of classical symptoms 
and signs, with death delayed for several hours. Also, it has been reported that following successful 
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immediate antidotal treatment of acute CN poisoning, relapse may result from the absorption of CN 
from collections in the gastrointestinal tract which have not been removed during support measures 
such as induced emesis, gastric lavage, or the use of activated charcoal (Ballantyne, 1987a). By 
cutaneous contact there may be a delay of several hours between contamination of the skin and the 
attainment of clinically toxic blood and tissue CN concentrations. In a proportion of cases it is not 
possible to determine the time between ingestion of CN and death. For example, in a series of CN 
deaths in Japan, out of 245 cases it was not possible to ascertain the time to death for 97 (40%) of 
the cases (Matsukura and Fukui, 1968). 

 30.20.4 Necropsy Features 

 In experimental acute CN poisoning by various routes it is not possible to defi ne any gross path-
ological or histopathological features that can be regarded as specifi c or uniquely characteristic 
(Ballantyne, 1970, 1974; Ballantyne et al., 1972). In human acute lethal CN poisoning the features 
are also nonspecifi c. They include congestion of the viscera, cerebral and/or pulmonary edema, 
and the presence of petechiae in brain, meninges, pleura, lungs, heart, and pericardium (Gettler and 
St George, 1934; Pryce and Ross, 1963; Jetter, 1966; Ballantyne, 1974; ). The disseminated petechiae 
have been ascribed to terminal convulsions, hypoxia, and visceral congestion (DuBois and Geiling, 
1959; Robbins and Cotran, 1979). Although CN produces a cytotoxic hypoxia and it is therefore 
anticipated that blood would be bright red, this is not consistently found in either experimental situ-
ations (Ballantyne, 1970) or fatal human cases of acute CN poisoning (Pryce and Ross, 1963). In 
cases of swallowed CN, the stomach appearances may be suggestive of CN poisoning. There may 
be congestion of the gastric mucosa, and in the fundus over the greater curvature there may be early 
necrotic change (Buchanan et al., 1976). In 3 of 4 fatal cases of swallowing CN there was a marked 
hemorrhagic appearance of the gastric mucosa, in one case associated with gross edema of the gas-
tric rugae (Fernando et al., 1991). Odor confusion may present a problem in confi rming a diagnosis 
for several reasons. First, when putrefactive changes are occurring, the resultant odor may mask that 
due to CN. Second, when the death is intentional there may have been a deliberate masking of the 
CN odor by the presence of another odiferous material (Camps et al., 1976). Finally, and as noted in 
detail above, a proportion of the population may not be able to detect the characteristic odor of HCN 
in the atmosphere. This CN anosmia may also be relevant to possible hazard during the conduct of 
an autopsy on a subject suspected of having died from acute CN poisoning (see section 30.16). 

 30.20.5 Cyanide Concentrations in Tissues and Body Fluids in Acute 
Lethal Cyanide Poisoning and the Infl uence of Variables 

 The concentration of CN measured in body fl uids and tissues depends on a variety of factors, the 
most important of which include the route of exposure, the magnitude of exposure (amount and 
duration of exposure), nature of the causative material (free CN or cyanogen, and the composition 
of a formulation), time to death, antemortem support and treatment measures, time to autopsy, and 
the interval between tissue/fl uid sampling and the time to analysis. In a particular case many of these 
factors will be interrelated, and thus the measured value will be the result of several infl uences. 

 30.20.5.1 Infl uence of the Route of Exposure 

 The differential distribution of CN, as refl ected in measurements of tissue and body fl uid CN 
concentrations, can be signifi cantly infl uenced by the route of exposure. This was experimentally 
investigated by Ballantyne (1983a, 1984a) who demonstrated he following: 

  1. Signifi cant concentrations of CN were measured in blood by all routes of dosing (i.m., 
i.p., p.o., p.c., transocular, and inhalation). The lowest concentrations were generally 
measured from animals dosed by inhalation, transocular, and p.c. routes. 
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  2. Liver concentrations were high following i.p. and p.o. dosing, intermediate by i.m., and 
lowest following p.c. or transocular dosing. CN was not usually detected in liver samples 
following inhalation exposure. 

  3. Moderately high and relatively consistent CN concentrations were measured in lung, 
brain, and myocardium 

  4. Kidney and spinal cord concentrations were low and variable. 
  5. For any given tissue, the lowest CN concentrations were usually measured following 

inhalation exposure. 

 Similar experimental results were obtained by (Yamamato et al., 1979, 1982, 1984). The difference 
in hepatic CN concentration between the p.o. and inhalation routes of exposure relates to the high 
concentration of CN in portal venous blood after p.o. dosing, compared with the low proportion of 
blood going to the liver after pulmonary absorption of CN. However, postmortem diffusion of CN 
from the stomach to surrounding tissues may be a minor contributory factor. This was confi rmed 
by measurements of CN concentrations in animals having had a gastrectomy after death from acute 
CN poisoning (Rusiecki and Dynakowski, 1963). The experimental studies indicate that because 
of regional variations in CN concentrations measured with differing routes of exposure, to ensure 
a diagnosis of CN poisoning it is necessary to remove multiple tissues for analysis. Also, the pat-
tern of differential distribution of CN concentrations in various tissues can confi rm poisoning by a 
particular route. 

 Concentrations of CN measured in tissues from human cases of acute CN poisoning allow the 
following conclusions: 

  (a) In contrast with experimental fi ndings, in human cases the concentrations of CN in spleen 
are high. The species discrepancy is probably related to differences in blood fl ow rates 
and perfusion volumes in the human spleen compared with those in common laboratory 
mammals. 

  (b) The highest blood and tissue concentrations of CN are found following death by swallow-
ing CN. 

  (c) Liver CN concentrations are high following p.o. poisoning and confi rm the experimental 
fi ndings that liver CN concentrations may aid in defi ning the route of exposure. 

  (d) Following death due to the inhalation of HCN vapor, blood and tissue CN concentrations 
are generally low, particularly in the liver. 

 Considerations on experimental and human cases of acute CN poisoning indicate that: (1) the dif-
ferential distribution of CN concentrations in various tissues may allow a defi nition of the route of 
exposure, and (2) the most appropriate tissues to remove for CN analysis are blood, stomach con-
tents, lung, liver, kidney, brain, myocardium, and spleen. 

 Whole-blood CN concentrations are signifi cantly higher than concentrations in blood plasma 
or serum (Ballantyne, 1976; Ballantyne et al., 1970). This refl ects the high affi nity of erythrocytes 
for CN (Barr, 1966) and also explains the high concentration of splenic CN in cases of human acute 
CN poisoning resulting from erythrocyte sequestration. For diagnostic purposes it is therefore most 
appropriate to take blood samples for analysis. However, since plasma CN is in equilibrium with 
tissue fl uid CN, it is more meaningful for functional investigational and clinical studies to measure 
plasma CN concentrations (Ballantyne, 1983c; McMillan and Svoboda, 1982). Interpretation of 
the results for blood CN concentration measurements should be made against the background of 
values for normal individuals. The results from normal individuals, even heavy smokers, show 
that the CN concentrations are very signifi cantly less than those from CN-poisoned individuals 
(Ballantyne, 1987c). When blood from normal individuals is kept at deep-freeze temperatures then 
the increase in CN content, even with smokers, is no more than 0.2 �g ml �1 . For normal human 
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tissues, cyanide cannot be analytically detected in brain, liver, kidney, and lung, if removed and 
analyzed immediately after death (Ballantyne, 1983a). In attempting to defi ne what may constitute 
a “lethal” blood CN concentration it is important to differentiate between concentrations measured 
in blood samples removed in the living poisoned patient and those measured in blood samples 
removed at autopsy. Thus, when intensive medical support and clinical toxicology facilities are 
available, and as a result of treatment, patients may survive if measured CN concentrations are 
equal to, or greater than, those measured in autopsy specimens from individuals dying before they 
reached an appropriate medical facility or received any support treatment (Bismuth et al., 1984; 
Pontal et al., 1982). With respect to autopsy specimens it is more appropriate to refer to “blood CN 
concentrations which are compatible with death from acute CN poisoning,” and avoid the expres-
sion “lethal blood CN concentrations.” Within these constraints, a review of the published data 
indicates that the lowest blood CN concentration compatible with death from acute CN poisoning 
is of the order of 1–2 �g ml �1  (Ballantyne, 1987c). 

 30.20.5.2 Infl uence of Time to Autopsy 

 Experimental studies have shown that marked transformation of CN may occur in tissues left in the 
body following death from acute CN poisoning. This emphasizes the need for both prompt autopsy 
and removal of tissues in suspected cases of CN poisoning. With acute CN poisoning as a conse-
quence of swallowing, there may be an initial increase in liver and lung CN concentrations during 
the fi rst day, probably due to local diffusion of CN from the stomach. Ballantyne et al. (1974) found 
that when animals were given lethal doses of CN and autopsy delayed, there was a rapid decrease 
in measurable CN concentrations in blood and tissues. Thus, CN was not measurable in liver and 
kidney by 3 days after death, and in lung and brain by 14 days, and only trace amounts were present 
in whole blood at 3 weeks. Yamamoto et al. (1984) measured changes in CN and SCN in liver, lung 
and brain of rats killed by peroral CN or inhalation of HCN. Animals were kept for up to 3 days after 
death at room temperature. By the fi rst day after death by p.o. CN, liver and lung CN concentrations 
had slightly increased, possibly by diffusion from the stomach. At this time following death from 
inhaled HCN, liver and brain concentrations were slightly reduced. By 3 days, liver concentrations 
were reduced to very low levels in both the p,o, and inhalation groups, and decreases in lung con-
centrations were noted. Transformation rates vary with tissues, and this clearly infl uences the effect 
of sampling time. For example, Terblanche et al. (1964) found experimentally that whereas liver CN 
concentrations were approximately three times those of skeletal muscle, the rate of transformation 
of liver CN was about twice that in skeletal muscle. CN could not be detected in liver after 12 h and 
in skeletal muscle after 28 h. 

 That transformation of CN occurs in cases of human CN poisoning is confi rmed by the observa-
tion that blood samples taken at or near the time of death have higher measurable CN concentrations 
than ones subsequently removed. For example, Curry (1963) found, in a case of poisoning due to inhal-
ing HCN vapor, that a sample taken at the moment of death the CN concentration was 3.5 �g ml �1 , 
whereas sample taken at autopsy the following day had concentrations of 1.0 �g ml �1  (femoral) and 
0.5 �g ml �1  (carotid). 

 Postmortem transformation of CN may be due to various causes, of which the following have 
been suggested (Ballantyne, 1974; Guatelli, 1964): 

  1. Simple evaporation. Acidifi cation resulting from the putrifactive process may accelerate 
the effect. 

  2. SCN formation, by enzymatic (initially) and nonenzymatic mechanisms. 
  3. Kiliani’s reaction with aldehydes and ketones. 
  4. Hydrolysis and production of ammonium formate. 
  5. Polymerization and transformation to aminomalononitrile. 
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 It is also relevant to note that CN in tissues is rapidly lost when they are embalmed in formaldehyde, 
with the CN content being reduced to about 1% of the original amount within 3 days (Gettler and 
Baine, 1933; Svirbely and Roth, 1953, 1954). 

 30.20.5.3 Infl uence of Time to Analysis on Measured Cyanide 

 It is of great importance that samples be kept in tightly stoppered containers to prevent immedi-
ate loss of CN. For example, if CN-containing blood is left in open containers for up to 10 min at 
ambient temperature this may result in appreciable amounts of CN being lost (Bright et al., 1990). 
 In vitro  studies using blood or serum spiked with CN have shown that that there is a rapid decrease 
in measurable CN concentrations. When CN was added to serum, only about 31–44% could be ana-
lytically recovered by 1 h (Ballantyne et al., 1973). Under similar conditions, the rate of decrease 
of measurable CN in whole blood was much less marked than in serum, with 67–83% of the added 
CN being analytically detectable at the end of 1 h, and between 62 and 74% of the initial concen-
tration being measurable at 24 h. This differential recovery between serum and whole blood can 
be attributed, in part, to the high affi nity of the erythrocyte for CN (Barr, 1966; Ballantyne et al., 
1973). A more detailed  in vitro  study of changes in whole-blood CN as functions of storage time 
and temperature was conducted by Ballantyne (1976). CN was added to blood to produce a range 
of concentrations typical of those found in cases of human acute CN poisoning, and CN concentra-
tions measured periodically over a period of 3 months for samples stored at temperatures of 20˚C, 
4˚C, and �20˚C. During the fi rst week, concentrations decreased at all storage temperatures, but 
after this time fl uctuations in concentrations varied with temperature. Changes were least marked at 
−20˚C, and maximum in specimens stored at 4˚C. However, CN concentrations did not fall to values 
that were “not compatible with death due to CN poisoning.” These fi ndings confi rm the value of 
whole blood for analysis in suspect cases of acute CN poisoning, since the values are not reduced to 
nondiagnostic levels even at 4˚C. However, they also emphasize the need to analyze samples for CN 
as soon as they are removed from the body. Additionally, heparinization of blood is reported to result 
in better recovery of CN from blood. When autopsy blood is obtained it should be homogenized as 
thoroughly as possible prior to analysis; e.g., using ultrasonic homogenization (Goenechia, 1982). 

 For tissues, it has been demonstrated experimentally that there may be rapid transformation of 
CN after their removal from the body. Thus, Ballantyne et al. (1974) showed that CN could not be 
detected within about 3 days for kidney and liver, and 7 days with brain, and 14 days with lung. 
However, and in contrast with values obtained where there is a delay to autopsy, signifi cant concen-
trations of CN could still be measured in blood at 3 weeks. The difference in rates of decrease in 
CN for removed blood and tissues is because tissues still have a signifi cant transforming capacity, 
whereas blood does not. However, when there is a delay to removing blood from the body, then 
transformation mechanisms and diffusion processes are readily available to blood. 

 30.20.5.4 Postmortem Formation of Cyanide 

 Several investigators have described the postmortem formation of cyanide, which could result in a 
false-positive result in the context of diagnosing extrinsic acute CN poisoning. However, this is not 
considered a signifi cant event by other investigators. CN production has been described in blood, 
brain, liver, kidney, uterus, and gastric contents, with measured concentrations that could be inter-
preted as being of toxicological signifi cance (Curry et al., 1967; Curry, 1976). Bernt et al. (1961) 
also found CN production in human blood and stomach contents, with a maximum formation at 
7–14 days and a slow disappearance thereafter. Optimum conditions for this effect were 4˚C in an 
alkaline medium. According to Sunshine and Finkle (1964), CN formation occurs more readily in 
refrigerated samples than in ones kept at room temperature. 
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 Several authors have implicated contamination of tissues with cyanogenic bacteria as the cause 
for CN generation in tissues. CN production has been demonstrated with several micro-organisms 
including  Pseudomonas aeruginosa  and  fl uorescens  (Castric, 1975; Askeland and Morrison, 1983), 
 Chromobacterium violaceum  (Knowles, 1970; Collins et al., 1980), and a wide range of fungi includ-
ing the psychrophilic basidiomycete of snow mold disease (Ward and Thorn, 1966; Bunch and 
Knowles, 1980), and several strains of  Marsmius, Pholiota, Polypuras,  and  Tricholoma  (Bach, 1956; 
Knowles, 1970). There is some evidence that bacterial cyanogenesis is a feature of secondary metab-
olism (Castric, 1975), and it is infl uenced by a variety of factors including phosphate concentration 
(Meganathan and Castric, 1977) and iron concentration (Askeland and Morrison, 1983). Maximum 
cyanogenesis has been observed during the transition from the exponential to the stationary growth 
phase (Castric, 1975; Castric et al., 1979; Askeland and Morrison, 1983). Other effects that can modify 
cyanogenesis include pH, temperature, and amino acid incorporation (Wissing, 1968; Knowles, 1970; 
Castric, 1975; Castric et al., 1979; Collins et al., 1980; Askeland and Morrison, 1983). Cyanide C 
appears to originate from the 2-C of glycine for  Pseudomonas  sp .  (Michaels et al., 1965; Brysk et al., 
1969; Askeland and Morrison, 1983), although Castric (1977) also implicated the 1-C of glycine. 
The production of HCN from glycine in  P. aeruginosa  is under control of an enzyme, HCN synthase 
(Castric et al., 1981). Solubilization and some characterization of the enzyme have been reported by 
Wissing and Anderson (1981). The radiochemical yield of CN (free and bound as β-cyanalamine) 
from glycine has been determined as 32% (Brysk et al . , 1969). In contrast, with  Chromobacterium 
violaceum  the C and N originate from the methylene and amino groups of glycine, respectively (Ward 
et al., 1977). The metabolism of CN by bacteria has been reviewed by Castric (1981). 

 The potential for postmortem cyanogenesis appears to be variable, and several workers have 
failed to demonstrate this either experimentally or in human tissues, or if it occurs then it is in 
amounts that are not of toxicological signifi cance. For example, Gettler and Baine (1933) found 
that when human liver and brain were kept for 7�28 days, the maximum concentration of CN 
produced during putrefaction was 0.3 �g g �1 , which is approximately 10% of the lowest concen-
trations of CN found in these organs in cases of acute lethal CN poisoning that they investigated. 
Berndt  et al.  (1961) failed to detect CN formation in brain, liver, kidney and myocardium at 4˚C 
and room temperature with storage up to 3 months. A detailed study of the potential to produce CN 
in normal human blood was conducted by Ballantyne (1977b). Blood from normal human smok-
ers and nonsmokers was stored for up to 3 months at deep-freeze (�20˚C), refrigerator (4˚C), 
and room (20˚C) temperatures, and analyzed periodically for CN concentration. Initial mean 
(
 SE) concentrations of CN in whole blood were 1.6 
 0.2 �g dl �1  (0.016 
 0.002 �g ml �1 ) for 
nonsmokers and 5.9 
 0.9 �g dl �1  (0.059 
 0.009 �g ml �1 ) for smokers (  p  � 0.005). At room 
temperature there was a slow transformation of CN, but at deep-freeze temperature there was for-
mation of CN, which apparently occurred mainly during the fi rst few days of storage. However, 
peak concentrations were never greater than 20 �g dl �1  (0.2 �g ml �1 ). The amount of CN formed 
under deep-freeze conditions appeared to be a function of both the initial SCN concentration and 
the freezing and/or thawing of blood. The formation of CN at �20°C is probably an artifact due 
to the conversion of SCN to CN by the hemoglobin which is released following mechanical hemo-
lysis. Blood stored at 4˚C had the least fl uctuation in CN concentration over the 3-month storage 
period. The maximum concentration of CN formed, under deep-freeze conditions, should not lead 
to any problem in the differential diagnosis of acute CN poisoning provided that autopsy has been 
carried out shortly after death. However, this formation of CN could be a signifi cant artifact in stud-
ies concerned with measuring sublethal exposures to CN. Egekeze and Oehme (1980) also found 
the least  in vitro  change in CN concentration occurred during storage at 4˚C. One probable source 
of postmortem CN is the hydrolysis of cyanogens in the gastrointestinal tract, with the possibility 
of forensically signifi cant concentrations being measured in the gut contents. Berndt et al. (1961) 
found that at 37˚C no CN was formed by 7 or 14 days; however, CN production occurred in 13 of 
20 samples at 4˚C. In cases where CN is detected in the gastrointestinal tract, a careful analysis of 
multiple tissues is necessary to confi rm, or exclude, the presence or absence of systemic CN. 
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 30.20.5.5 Infl uence of Supportive and Antidotal Procedures 

 In general, CN antidotes fall into the following four classes with respect to their possible effects on 
analytically measured CN concentrations (Ballantyne, 1987b): 

  (a) Antidotes that hasten endogenous detoxifi cation of CN (e.g., thiosulfates) and cause a 
real fall in CN concentrations. 

  (b) Antidotes that bind CN directly (e.g., cobalt compounds) or indirectly (e.g., methemoglobin 
generators) and may, or may not, result in a spuriously low CN concentration depending on 
the particular antidote, the degree of binding, and the method used. 

  (c) Antidotes that themselves, or through conversion products, interfere with the method, and 
give falsely high or low values. 

  (d) Antidotes whose activity is directed toward the relief of signs and/or symptoms, rather 
than being specifi cally antidotal (e.g., anticonvulsants) will generally not interfere with CN 
methodologies. 

 It is probable that all the commonly used CN antidotes affect CN concentrations in biological 
fl uids. Thus it would be anticipated that administration of thiosulfate, which increases the rate of 
transulfuration, will lower the CN concentration and higher the SCN concentration. With met-
hemoglobin-producing antidotes, such as sodium nitrite, 4-DMAP, and  p -aminopropiophenone, 
CN is complexed as cyanMetHb. This Hb derivative is not easy to measure in the presence of 
other hemoglobin derivatives, and in experimental CN treatment most workers have measured 
whole-blood or erythrocyte CN and plasma CN. The methods of Epstein (1947) and Feldstein 
and Klenshoj (1954) give satisfactory results in such circumstances. It is anticipated that in CN 
poisoning treated with sodium nitrite or 4-DMAP measured whole-blood or erythrocyte CN will 
be very high in comparison with the plasma concentration (Christel et al., 1977; Marrs et al. 
(1982, 1985). The results probably represent the true  in vivo  situation in that the antidotal effect 
of metHb-producing CN antidotes depends on their ability to sequester CN inside the eryth-
rocyte, and thus lowering the plasma concentration. A more diffi cult problem occurs with the 
cobalt salts that bind CN. It has been shown by Marrs and Bright (unpublished; personal com-
munication) that the Epstein (1947) and Feldstein and Klendshoj (1954) methods underestimate 
CN in dog blood spiked with dicobalt edetate, when a suffi cient amount of that antidote was 
added to produce a blood concentration equivalent to a human antidotal dose. Sodium thiosul-
fate can interfere with some of the colorimetric, fl uorimetric, and potentiometric methods for 
measurement of CN (Morgan and Way, 1977; Morgan et al., 1979; Sylvester et al . , 1982). With 
colorimetric methods, on acidifi cation the thiosulfate undergoes a series of complex reactions, 
and among the products of which are polythionic acids, of empirical formula H

 2 
S

 n 
O

 6 
, which 

are unstable at room temperature. One degradation product is SO
 2 
, which at low pH, will dif-

fuse with HCN and be trapped as sulfi te, and which is known to interfere with the colorimetric 
estimation of CN (Epstein, 1947). To overcome this problem, the colorimetric method can be 
modifi ed by an approach based on the difference in pK

 a 
 values of HCN (9.2; Feeney et al., 1973) 

and the various polythionic acids (about 2.0; Skoog and West, 1969) formed upon acidifi cation 
of the thiosulfate ion. Interference can be circumvented by using pH 5.2 buffered solution rather 
than H

 2 
SO

 4 
 as an acidifi cation agent (Morgan and Way, 1977; Morgan et al., 1979). The fl uori-

metric method involves the conversion of pyridoxal to 4-pyridoxylacetone, and sodium thiosul-
fate interferes with the chemical conversion of this photophore. It is possible to circumvent this 
interference by the use of pH 5.2 buffer acetate buffer as acidifying agent (Way, 1984). With 
potentiometric methods for CN analysis, sodium thiosulfate produces an interference that leads 
to falsely high CN concentrations, particularly in the presence of blood. This artifact is ascribed 
to enhanced biotransformation of thiosulfate, and in this case the contaminant producing the 
apparent elevation in CN concentration is believed to be the sulfi de ion. The latter ion can be 
removed by oxidation with hydrogen peroxide, and the excess peroxide subsequently eliminated 
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with sodium sulfate (Sylvester et al., 1982). It is important to carefully remove the excess hydro-
gen peroxide, otherwise it will inactivate the ion-selective electrode (Way, 1984). 

 30.20.5.6 Possible Infl uence of Ethanol and Other Drugs 

 When CN has been used for suicide, or possible homicide, then ethanol may have been taken before 
the ingestion of CN. Also, in fi res there may have been prior consumption of alcohol; for example, it 
has been shown that ethanol levels are high in a proportion of fi re victims (Radford et al., 1976; Birkby 
et al., 1979a; Harland and Wooley, 1979; Anderson and Harland, 1982; Hart et al., 1985). Yamamoto 
et al. (1983) studied experimentally in rats the effects of ethanol (3 g kg �1 , i.p.) on exposure to 
500 ppm HCN vapor. They found that blood CN concentrations were 20% higher in the ethanol 	 
HCN group (3.44 
 0.44 �g ml �1 ) than in HCN-alone controls (2.80 
 0.32 �g ml �1 ), but the dif-
ferences were not statistically signifi cant. However, the blood lactate concentrations were signifi -
cantly lower in the ethanol 	 HCN group (367 
 50 �g ml �1 ) than in the HCN controls (474 
 54 
�g ml �1 ). The decreased lactate concentrations in the ethanol group were attributed to decreased 
muscle activity, because convulsions were seen less frequently than in the HCN-alone group. 

 The presence of other drugs could infl uence CN measurements, but many have not been studied 
in detail. One possible interfering drug, which may be relevant in the context of chemical warfare 
operations, is pralidoxime mesylate (P2S) which is of use in the treatment of, or a prophylaxis for, 
poisoning by oxime-sensitive organophosphate anticholinesterases (Sundwall, 1960; Sidell et al., 
1972; Holland and Parkes, 1976). Cyanogenesis does not appear to be a signifi cant factor in the 
lethal toxicity of P2S to experimental animals; for example, little SCN was excreted in the urine of 
rats receiving sublethal doses of P2S (Enander et al., 1961), and CN could not be detected in the 
blood of animals immediately following death from a lethal i.m. injection of P2S (Ballantyne et al., 
1975). However, Ballantyne (1984b) demonstrated that P2S interferes with the colorimetric estima-
tion of CN in solution and produces an apparent increase in CN concentration that is most marked 
at extreme pH values. The most marked increases in CN occurred at pH 12.5 and were probably due 
to cyanogenesis by P2S; thus the effect was time dependent and was proportional to the P2S con-
centration. At pH 4.5, the apparent increases in CN concentration were not dependent on time. Also, 
CN could not be detected after acidifi cation and aeration of solutions containing P2S alone. These 
observations suggest that at alkaline pH, the apparent increase in CN is due to a direct interference 
by the P2S molecule. The effect is minimal at pH 7.4. 

 30.20.6 Thiocyanate Concentrations in Acute Cyanide Poisoning 

 In view of some problems in the interpretation of blood CN concentrations in establishing a fi rm 
diagnosis in acute CN poisoning, other biochemical factors have been examined as possible sup-
port measures for diagnostic purposes. One candidate was SCN, but this was of very limited use-
fulness. Thus, plasma and urinary SCN concentrations are variable, even in normal subjects. Part 
of this variability is due to difference is dietary cyanogens (Montgomery, 1969; Baumeister et al., 
1975; Narty, 1980; Caplan, 1982), and another factor is cigarette smoking; some typical values for 
blood, plasma, and serum SCN concentrations in smokers and nonsmokers are given by Ballantyne 
(1987b). Yacoub et al. (1970) showed that smoking increased the urinary SCN by a factor of about 
3 and that there was a correlation between urinary SCN and the number of cigarettes smoked. 
Although there is good analytical recovery of SCN from serum and plasma, the recovery from whole 
blood is poor. Thus, Ballantyne (1977c) found that the whole-blood SCN concentration from smok-
ing and nonsmoking human subjects were between 3.4 and 5.2 times less than the corresponding 
plasma SCN concentrations The SCN is lost to analysis by reaction with, and absorption to, precipi-
tated hemoglobin (Goldstein, 1950; Vesey, 1979). It follows that whole-blood SCN measurements 
are not a direct indicator of CN exposure. Also, whole-blood SCN measurements are not reliable 
because of the inadequate time for measurable amounts of transulfuration to occur. Both the time 
to death and the availability of sulfur donors will infl uence the degree of transulfuration. In acute 
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CN poisoning the survival is often insuffi ciently long enough for substantial transulfuration to occur 
(Drawbaugh and Marrs, 1987). When there is a moderate delay to death, then some transulfuration 
may occur and give supporting evidence for CN poisoning. One particular example of inadequacy 
of transulfuration before death is seen in victims of fi re with smoke inhalation poisoning who have 
markedly increased blood CN concentrations, but whose blood SCN concentrations are signifi cantly 
less than in survivors having increased blood CN concentrations (Symington et al., 1978; Anderson 
and Harland, 1982). 

 SCN concentration measurements, particularly in urine, may be more valuable in poisoning by 
cyanogens, as opposed to free cyanides, but in such cases it is important to have reference ranges 
from a population with similar eating and smoking habits to the poisoned patients. SCN in serum or, 
in particular, in timed urine specimens is more useful to assess prolonged or repeated exposure to 
nonlethally toxic concentrations of CN, such as in smoking, passive smoking (Poulton et al., 1984), 
or industrial exposure (Chandra et al., 1980). 

 30.20.7 Measurement of Cytochrome Oxidase Activity in the 
Confi rmation of Acute Cyanide Poisoning 

 Measurement of cytochrome  c  oxidase activity in tissues, and its inhibition, has been proposed 
as a mechanistic approach to confi rming death from acute CN poisoning (Ballantyne, 1974), and 
has been studied experimentally. Biochemical studies have shown that when tissues are removed 
promptly after death from acute CN poisoning, signifi cant decreases in cytochrome  c  oxidase activ-
ity can be measured in myocardium, brain, spinal cord, kidney, and liver (Ballantyne, 1977a). The 
most suitable tissues regarding the reproducibility of results and assessment of enzyme activity 
are myocardium and brain (Camerino and King, 1966; Ballantyne, 1977a; Ballantyne and Bright, 
1979a, 1979b). Although, on the basis of such results, it would appear that measurement of the inhi-
bition tissue cytochrome  c  oxidase activity is a reasonable approach for the confi rmation of acute 
CN poisoning, if removal of tissues is delayed for more than a few days then the enzyme activities 
measured are the same as those in normal tissues from non-CN-poisoned animals removed at simi-
lar times postmortem (Ballantyne, 1977a). Conventional histochemistry, in place of biochemical 
methods, is of little use in the diagnosis of acute CN poisoning for the following reason. When 
cryostat sections of tissues removed immediately or shortly after death from acute CN poisoning 
are incubated in a histochemical medium for cytochrome  c  oxidase, then there are no differences in 
either the distribution or qualitatively assessed intensity of the reaction product between such sec-
tions and those of normal (non-CN) sections. Also, if the reaction product is assessed quantitatively 
by microspectrophotometry on such conventionally prepared histochemical sections there are only 
minor differences in extinction values between tissues from control and cyanide groups (Ballantyne, 
1977a). This is due to the rapid spontaneous reactivation of the enzyme–inhibitor complex during 
the incubation time in the histochemical medium, resulting in an apparent normal distribution and 
intensity of reaction product (Ballantyne, 1977a). To avoid spontaneous reactivation, and also to 
provide a reliable quantitative basis to measure cytochrome  c  oxidase, a technique was developed 
using a substrate-gel fi lm coupled with measurement by kinetic microdensitometry (Ballantyne and 
Bright, 1979a, 1979b). In this method, fresh-frozen cryostat sections of tissue are laid on gel fi lms 
containing phenylamine substrates which allow an autochromic histochemical reaction. The rate of 
utilization of substrate is measured continuously by kinetic microdensitometry in which the initial 
substrate utilization rate is measured as the rate of change in extinction (∆ E 

 550 
 min �1 ) due to dye 

product. The use of substrate gel fi lms allows microspectrophotometric measurements immediately 
after the gel-tissue complex is placed in the light path, and thus before any signifi cant reactivation 
has occurred. Optimum conditions were defi ned as follows:  E 

 max 
 550 nm; section thickness, 12 �m; 

pH 7.4; section thickness, 2–4 mm. Relative cytochrome  c  oxidase activity was similar in normal tis-
sues by biochemistry and kinetic microdensitometry (Table 30.13). Also, inhibition of cytochrome 
 c  oxidase activity in myocardium and brain was similar by the two techniques (compare Tables 30.8 
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and 30.9). Thus, kinetic microdensitometry is a reliable method for measuring cytochrome  c  oxidase 
activity in normal tissues, and for the  in vivo  assessment of enzyme inhibition following acute CN 
poisoning. 

 30.20.8 General Considerations and Conclusions on Measurement 
of Cyanide Concentrations in Biological Materials and of 
Confi rmatory Analytical Methods 

 The most appropriate tissues for CN analysis are blood, brain, myocardium, liver, lung, spleen, 
kidney, and gastric contents. The CN concentrations attained in body fl uids and tissues depend 
on numerous factors, the principal of which are route of exposure, dose received (magnitude and 
duration of exposure), whether exposure is to free cyanide or cyanogen, and time to death. A con-
sideration of the absolute and relative concentrations CN in blood and tissues can assist in defi n-
ing or confi rming the route of exposure. Experimental and human studies indicate that the most 
informative tissues for analysis are blood, stomach contents, lung, spleen, brain, myocardium, and 
liver. The lowest concentrations of CN are most likely to occur with death from inhalation of HCN 
vapor. Important factors to be considered that may determine the CN concentrations measured in 
body fl uids and tissues include any delay to autopsy which may result in transformation of CN and 
decrease in analytically measured concentrations of CN. Delays to analysis and the conditions and 
time of storage of biological samples may modify CN concentrations, either increasing or decreas-
ing concentrations depending on particular conditions. For example, tissues stored at room tempera-
ture show a rapid transformation of CN, and none may be detected in days to weeks. In contrast, 
although there are fl uctuations in CN concentrations in whole blood stored at differing temperatures, 
over a period of many weeks the values do not decrease to values below those compatible with a 
diagnosis of acute CN poisoning. The considerations above confi rm that autopsy and analysis of 
samples should be carried out at the earliest possible time after death. The analytical method to 
measure CN should be carefully chosen, particularly if there has been prior antidotal treatment. The 
potential for postmortem formation of CN in normal tissues is an important consideration in order 
to avoid a false-positive diagnosis. However, fi ndings and opinions vary with different investigators, 
but, in general, if it occurs, then it is not in forensically signifi cant amounts. Several authors have 
implicated contamination with micro-organisms as being a major causative factor. One situation 
where an increase in CN concentrations occurs is the storage of blood at deep-freeze temperature. 
Although these increases are not of forensic signifi cance, they could be relevant in investigations on 
CN metabolism. The effect is probably a result of conversion of SCN to CN by Hb liberated during 
the mechanical hemolysis of erythrocytes. Another possible source for postmortem generation of 

TABLE 30.13 Comparison of Cytochrome Oxidase Activities in Normal Rabbit 
Tissues Assessed by Biochemical and Quantitative Enzyme Histochemical 
Methods

Method (units) Activity (as mean ± SE)

Myocardium Cerebral Cortex Ratio (M/C)a

Biochemistryb 
(∆E

510
 min–1 g–1)

4.95 
 0.08 1.31 
 .027 3.78

Kinetic microdensitometryc 
(∆E

550
 min–1)

0.063 
 0.001 0.016 
 0.001 3.88

a Ratio of cytochrome oxidase activities (myocardium/cortex [M/C]).
b Method of Pearl et al. (1963).
c Method of Ballantyne and Bright (1979a).
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CN is from cyanogens in foodstuff or drugs in the gastrointestinal tract. Whole-blood SCN measure-
ments are not a valuable or direct indicator of acute CN poisoning because SCN is lost to analysis by 
reaction with and absorption to precipitated Hb and because there is usually inadequate time for sig-
nifi cant transulfuration to occur. SCN is more valuable for poisoning with cyanogens and nonlethal 
exposure to CN if measurements are in urine or plasma. Cytochrome oxidase measurements may be 
valuable for confi rming acute CN poisoning if they are made biochemically or on substrate-gel fi lms 
by kinetic microdensitometry using tissues removed and analyzed shortly after death. 
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    31.1 INTRODUCTION 

 Public and occupational health is of growing concern, an important aspect being the increasing 
number of airborne pollutants to which our lungs are exposed as we simply breathe. To identify 
these agents and understand their potential for pulmonary toxicity is a priority. In general, individu-
als spend an increasing amount of time in the home and the “built  ”   environment, in some cases as 
much as 80–90% of their time. The balance in exposure between indoor and outdoor environments 
could have a marked effect on the pollutant profi le and concentration accessing the lung. It is likely 
that the indoor environment is the more important milieu, primarily because of human occupancy, 
coupled with its confi ned nature. 

 The generation of airborne dusts from man  ’  s large-scale exploitation of natural organic materi-
als has been a long-standing problem for those exposed to such materials, particularly in respect to 
respiratory illness. In 1555, Olaus Magnus recorded his observations on everyday life in  Histira de 
Gentibus Septentrionalibus.  He noted,   “  when separating the grain from the chaff, care must be taken 
to choose a time when there is a suitable wind which will sweep away the grain dust, so that it will not 
damage the vital organs of the threshers.  ”   This historical view of environmental respiratory disorders 

 31 
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is no less relevant today despite high-technology air quality control. Modern industrial operations 
often pose a larger health risk, because they are responsible for the exposure of large workforces to 
high concentrations of atmospheric toxicants in maximum productivity environments. 

 Forty years ago, it was suggested that particular agents inherent within generated dusts were 
responsible for the respiratory damage noted for many years in industrial workers. Organic dusts con-
tain a myriad of particles potentially damaging to the lungs. Of these, one of the fi rst specifi c biological 
molecules to emerge was endotoxin, a component of the external membrane of gram-negative bacteria. 
Endotoxin is ubiquitous in nature because it is continually released by bacteria in small quantities and 
liberated completely when cells lyse. However, it is in the occupational environment where suffi ciently 
high endotoxin concentrations with the potential to cause serious respiratory failure are attained. 

 Research into endotoxin toxicology has been extensive, clearly demonstrating its clinical pulmo-
nary toxicity following inhalation. More recently, it has become clear that endotoxin is not unique 
in its capacity as a respiratory threat. Another group of toxicants, glucans, have been identifi ed. 
(1→3)-�- d -Glucans are glucose polymers of fungal origin; they are also prolifi c contaminants of 
vegetable fi bers and hence are present in the aerosols created during industrial processing of such 
materials. Glucans have been shown in animal and human models to elicit changes in respiratory 
function. Hence, they are also now being implicated as a cause of environmental lung disease, espe-
cially with respect to   “  sick building syndrome.  ”   They are also found in damp buildings where they 
are used to assess fungal biomass and air quality (Rylander and Lin, 2000). �-Glucans have also 
been shown to alter the response of cells to other agents, most importantly endotoxin, and this is 
currently an area of much investigation (Young et al., 2002). 

 31.2 INHALED DUSTS 

 Vegetable fi bers from different sources have been exploited by humans for a variety of purposes over 
many years. These include textile manufacture and agricultural production. Airborne dust arising 
from such procedures has been shown to cause respiratory disorders on inhalation by exposed workers. 
Because of the high concentrations of dust present in certain industrial situations, these problems 
have been historically linked to particular work environments. Bernardo Ramazzini (1713), in his 
treatise  De Morbis Artifi cum,  described several occupational lung disorders, including those caused 
by textiles, grains, woods, and hays. Diseases resulting from the inhalation of these dusts include 
hypersensitivity pneumonitis, occupational asthma, and bronchitis.

Vegetable dusts are heterogeneous mixtures of biological and physical contaminants; the con-
tent of cotton dust is used as an example in Table 31.1 (Wakelyn et al., 1976). This heterogene-
ity yields considerable variability between individuals in their response to dust inhalation, which 
has frustrated identifi cation of the responsible dust components. The main factors infl uencing the 
makeup of organic dusts relate to the (fi ber) crop and include climate, soil, harvesting practice, stor-
age conditions, and processing techniques. The effect of dusts on the lungs is dependent on the size 
of inhaled particles; this affects their ease of entry into the respiratory tract and governs the depth 
of penetration of this system. However, both total and respirable dust content of the environment 
must be taken into account when considering risk, along with the pattern of exposure to particular 
dusts (for example, farm workers have seasonal cycles of dust exposure). Variables directly relating 
to exposed individuals such as age, length and type of employment, atopy, and smoking history can 
also alter the exposure risk. In addition, the human respiratory tract may respond to inhaled dusts in 
a number of ways   giving rise to several distinct diseases and the main conditions resulting from dust 
exposure are described below.   

 31.2.1 Hypersensitivity Pneumonitis 

 When an immunological reaction is observed in response to vegetable dust exposure, it is classi-
fi ed either as hypersensitivity pneumonitis (HP) or as occupational asthma (OA). Hypersensitivity 
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pneumonitis, also known as extrinsic allergic alveolitis, refers to a group of diseases characterized 
by infl ammation of the peripheral airways and alveoli. This occurs when particles small enough to 
reach deep into the respiratory tract (�7 �m aerodynamic diameter) are inhaled, causing rhinitis, 
cough, fever, rigors, and breathlessness. The resulting reduction in airfl ow reaches its peak after 
about 8 h, although the symptom pattern varies between individuals and also with the causative 
agent. 

 HP may be acute, subacute, or chronic; the acute symptoms disappear following exposure ces-
sation, although on repeated exposure they may eventually become permanent. Low-level prolonged 
dust exposure has a propensity toward the chronic condition, whereas a period of short exposure to 
high-level dust concentrations gives rise to the acute response. Progressive, intrapulmonary fi brosis 
often occurs via activation of alveolar macrophages, and advanced cases of the condition can be 
associated with signs of pulmonary heart disease and chronic heart failure. Examples of the dusts 
responsible for HP are shown in Table 31.2 and it is likely to be microbial contamination of the dusts 
by bacteria or fungi that are the ultimate common cause of the disease (Nicholls, 1992).   

 Not everyone exposed to these agents succumbs to disease, and only certain individuals appear 
to display sensitivity. Diagnosis of the disease requires clinical, radiological, and pathological 
investigation. The histological triad indicating HP includes bronchiolitis, interstitial lymphocytic 
infi ltration, and sarcoid-type granulomas in the alveoli (Yi, 2002). The symptom patterns with this 
group of diseases show elements of both a nonimmunological response and a cell-mediated allergic 
response, which cannot readily be categorized by any of the four types of human allergic reaction. 
Farmer’s lung is the best characterized of this group, whereby continued exposure to hay dust leads 
to the formation of an antigen–antibody type III reaction. Nevertheless, HP diseases indicate that 
both alveolar macrophages and T cells (Th-1 type) play a pivotal role in the immune responses and 
the formation of granulomas is more compatible with a type IV reaction, explained by a late-phase 
cell-mediated response (Rose, 1996; Yi, 2002). 

TABLE 31.1 The Composition of 
Cotton Dust 

8–10% H
2
O

up to 2% NO
3

10–20% inorganic compounds (sand etc.)

Carbohydrates

Cellulose

Hemicelluloses

Pectic compounds

Lignins

Condensed tannins

Hydrolyzable tannins

Phenolic pigments

Porphyrins

Lipids

Proteins and peptides

Glycoproteins and peptides

Free sugars, amino acids, aminosugars, amines

Miscellaneous compounds (from insecticides, etc.)

Source: Wakelyn (1976).
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 31.2.2 Occupational Asthma 

 Occupational asthma is the most common form of occupational disease in the developed world 
(Lombardo and Balmes, 2000). It is associated with diffuse, intermittent, reversible airway obstruc-
tion in response to the inhalation of a wide range of dusts such as wood dusts and grains. Unlike 
idiopathic asthma, OA is dependent on sensitization to the workplace antigen, though exposure may 
exacerbate symptoms in patients with preexisting asthmatic conditions. The disease is characterized 
by shortness of breath, chest tightness, wheezing, cough, and bronchoconstriction. Symptoms may 
appear immediately, commencing after 20 min, or late, emerging 18 months to 15 years after initial 
exposure, during which time sensitization occurs. It is a serious condition, which is potentially fatal 
when a massive dose causes a severe acute attack. A more chronic condition, however, may occur 
following prolonged exposure. 

 Over 250 agents have been identifi ed as possible causes of OA, and putative mechanisms by 
which sensitization occurs can be arbitrarily defi ned by the molecular weight of the agent respon-
sible. Most high-molecular-weight compounds induce OA by specifi c IgE antibody-dependent 
reactions. The disease mechanism may not be either a type I or a type III response as complex non-
immunological reactions have also been suggested with some agents. 

 OA may eventuate after exposure to the dust from a number of hardwoods such as the Western 
Red Cedar, where it is thought the dust allergens release histamine and other mediators by a nonim-
mune response. Wheat is the most common cause of OA in response to grain and fl our dusts, inhalation 
of which causes rhinitis and asthma in a large number of workers. Rice is a major agricultural prod-
uct in many parts of Asia where it is dried and milled, a process that creates large aerosol clouds. 
The dust causes irritation to the eyes, skin, and upper respiratory tract as well as allergic-type reactions 
such as asthma and eosinophilia, though nonspecifi c reactions also occur. Rice husks have high 
silica content, which could be a causative factor in OA. The husks also possess microscopic needle-
like spines, which are capable of inducing corneal scarring. Husk fragments, which are inhaled may 
thus cause damage by this physical process. Acute and chronic diseases occur in a number of work-
ers exposed to common tea dust. Tea-workers asthma is also described in those exposed to herbal 
tea dusts such as sage and chamomile although it has not been established whether the causal agent 
is derived from the plants themselves or contaminating fungi. Green and roasted coffee beans can 
cause asthma, rhinitis, conjunctivitis, and bronchitis. The resulting acute reduction in fl ow rate can be 
eased by cromoglycate, which implies that the reactions are IgE-mediated (Nicholls, 1992). 

 Prevalence of occupational asthma depends on the agent responsible, the level of exposure, and 
host susceptibility, which is infl uenced by atopy and smoking habits. Thus workers who are atopic 
have been shown to have a higher likelihood of developing occupational asthma and cigarette smok-
ing increases the risk of IgE-mediated disease (Lombardo and Balmes, 2000). 

TABLE 31.2 Types of 
Hypersensitivity Pneumonitis

Disease Source of Dust
Bagassosis Moldy sugar cane

Bird fanciers lung Bird droppings

Farmers’ lung Moldy hay and straw

Humidifi er fever Contaminated water

Malt workers lung Moldy barley

Maple bark disease Moldy maple bark

Mushroom workers lung Mushroom compost

Suberosis Moldy cork bark
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 31.2.3 Organic Dust Toxic Syndrome (ODTS) 

 ODTS involves febrile episodes that occur in the absence of other signs of alveolitis on  fi rst contact  
with agricultural dusts. Acute fever, chills, joint pain, and other usually mild, fl ulike symptoms 
develop in the afternoon or evening after exposure during the working day and subsequently last for 
24–48 h. Tolerance to the dust develops and symptoms disappear completely with continued expo-
sure, though they may return after a prolonged absence from the allergen or an episode of very heavy 
exposure. ODTS is not progressive and sensitization does not occur; hence, it is probably attribut-
able to a toxic reaction rather than an immune response. It typically occurs with moldy hay and 
grains and is common in swine containment units. Synonymous with mill fever and factory fever, 
this condition is rare in modern mills because of improved ventilation (Schilling and Rylander, 
1994). It is not known why some individuals are predisposed to this condition while others remain 
unaffected, but it has been suggested that those who develop mill fever may be more susceptible to 
byssinosis (described below) following prolonged exposure (Gill, 1947). 

 31.2.4 Byssinosis 

 Byssinosis (brown lung) is a disease specifi c to those employed in the textile-processing industry; it 
is a worldwide problem that has occurred in every country where these fi bers are processed industrially. 
Onset of the disease normally occurs only after at least 5 years exposure to the mill atmosphere. 
It is characterized by a sensation of chest tightness and breathlessness, experienced on the fi rst day 
back after the weekend break (the so-called Monday phenomenon) or a holiday period (Rylander 
et al., 1985). Acute byssinosis is associated with changes in lung function suggestive of reversible 
airway narrowing. The term is used to describe a whole range of Monday-related symptoms, includ-
ing acute chest tightness, shortness of breath, coughing and wheezing, and nonspecifi c malaise 
(Rylander, 1992). These symptoms can spread to other days of the week with further exposure, until 
they are continuous throughout the week, resulting in the chronic state of the condition. 

 The textiles known to cause byssinosis include; cotton, fl ax, hemp, jute, sisal, and kapok. It is most 
often described in the context of cotton production because, here, the highest numbers of workers are 
at risk due to the sheer scale of the industry. Prevalence of byssinosis in cotton mills has been reported 
to be as high as 30–40% (Cloutier and Rohrbach, 1986), although this varies greatly according to the 
quantity and composition of the causative dust, which depends on many factors. Assessing disease 
prevalence also depends on correct recognition of symptoms. Consequently, accurate diagnosis of 
byssinosis may be complex, because it is also compounded by interindividual symptom variability. 
During onset, the disease is indistinguishable from nonoccupational chronic bronchitis. However, it 
is discernable as a separate disease because it is associated with a linear fall in indirect maximum 
breathing capacity (MMF) and an increase in airway resistance during the working day. There is also 
a decrease in forced expiratory volume in one second (FEV

 1 
) and MMF during the working shift, and 

these functional changes are reversible by bronchodilator drugs. 
 There are well-defi ned stages of byssinosis, which were originally clinically graded by symptom 

profi le (Schilling et al., 1955) (shown in Table 31.3). Few physical signs accompany this  condition, 

TABLE 31.3 The Schilling Clinical Grades of Byssinosis

Grade C Symptoms
0 No symptoms of byssinosis

½ Occasional chest tightness on the fi rst day of the working week

1 Chest tightness on every fi rst day of the working week

2 Chest tightness on the fi rst and other days of the working week

3 Grade 2 symptoms accompanied by evidence of permanent respiratory disability
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the only common one being expiratory wheeze with grades C1/2–C2 and patients suffering from 
C3 byssinosis may also exhibit impaired breath sounds (Parkes, 1983). Therefore, diagnosis of 
C1/2–C2 relies on history of industrial exposure, history of clinical grades, and fall in FEV

 1 
 or MMF, 

during the working day or week. Individuals with C1/2 and C1 invariably recover completely after 
leaving the industry, and this also applies to C2 workers, although there may be patients with grade C2 
byssinosis, such as heavy smokers, who have persisting symptoms (Parkes, 1983).   

 Underlying mechanisms responsible for the symptoms of byssinosis have been proposed and 
include the release of physiologically active agents. Mediator release is accompanied by cell infi l-
tration into the lungs; workers’ acute airway changes are accompanied by an infl ux of neutrophils 
into the nasal mucosa, an increase in polymorphonuclear leukocytes in blood and a decrease in cir-
culating platelets. Surveys performed on cotton mill operatives have shown relationships between 
airborne dust concentration and acute fall in FEV

 1 
. Set procedures are now in place to monitor and 

control occupational cotton dust levels. Effi cient industrial exhaust ventilation removes the majority 
of the hazardous dust. Surveillance of workers is also important so that employees are not exposed 
to unnecessary risks. All prospective employees are examined by a questionnaire in which a family 
history of allergy or asthma is taken, along with a physical examination. Workers have annual clini-
cal examinations to monitor any progressive fall in FEV

 1 
 and respirators are also worn to protect 

workers. By controlling airborne dust of respirable size, the problem of byssinosis in the U.K., USA, 
and other developed countries has been reduced to minor proportions. 

 Although the control of textile dust itself has been successful where it is effi ciently carried out, 
correlations have been demonstrated between respiratory disorders and airborne gram-negative bac-
terial counts, more specifi cally to bacterial endotoxin concentration (Haglind and Rylander, 1984). 
Hence, research has more recently turned toward the monitoring and control of endotoxin levels in 
industrial situations (Simpson et al., 1996; Niven et al., 1998). 

 31.3 ENDOTOXIN—A WELL-RECOGNIZED TOXICANT 

 Endotoxin is an integral component of the outer membrane of all well-characterized gram-negative 
bacteria. It was fi rst described in 1892 by Richard Pfeiffer. The molecule is heterogeneous in that it 
contains both lipid and polysaccharide moieties. For this reason, the term lipopolysaccharide (LPS) 
is used to refer to the chemically purifi ed molecule obtained via several extraction steps. Endotoxin 
is a signifi cant airborne hazard in many situations; it is shed in small amounts constantly into the 
environment by viable bacteria, and released completely from these cells when they lyse. Endotoxin 
is at least partly responsible for many occupational diseases, where the dusts contain the toxicant via 
bacterial contamination of organic fi bers while they grow in the fi eld. Inhalation occurs along with 
the aerosols created during the processing of these fi bers in occupational environments. Moreover, 
endotoxin is also present in house dust in varying concentrations, although the extent of its activity 
in the domestic setting has emerged more recently. 

 31.3.1 Structure and Function 

 The structure of endotoxin has been well characterized. The purifi ed LPS molecule consists of three 
different regions (see Figure 31.1): 

  • O-specifi c side chain (O-antigen) 
  • Core region (inner and outer core) 
  • Lipid region (Lipid A) 

  The O-specifi c side chain  is a heteropolysaccharide consisting of repeating units, which contain 
up to eight sugar monomers. A large range of residues constitute these chains and include neutral 
sugars, amino sugars, deoxy sugars, sugar acids, and sugar phosphates (Holst et al., 1996). The 
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O-specifi c side chain protrudes extracellularly and is the most structurally variable segment of the 
molecule. This diversity in chain structure is thought to help in evading the host immune system via 
stimulation of specifi c immune responses.   

  The core region  is a small string of sugars, so named because comparison of this component 
from different species of bacteria displays limited variation (Holst et al., 1996). The core can be sub-
divided into the inner core (linked to lipid A) and the outer core. The effects on the human body of 
this section of the molecule are less profound, although mutant LPSs without an O-chain retain their 
ability to elicit an immune response. The inner segment contains 2-keto-3-deoxy- d -manno-octonic 
acid (KDO), an eight-carbon sugar that anchors the oligosaccharide molecule to lipid A. 

  The lipid A region  is the major lipid component of the molecule and its structure is unique to 
gram-negative bacteria. It has specifi c roles in the assembly and function of outer membranes and 
secures the endotoxin molecule to the outer membrane of the bacteria. Lipid A consists of the sugar 
glucosamine, which is attached to a phosphate as well as long-chain fatty acids. Because of its com-
plexity, the full structure of lipid A was not characterized until 1983 and this led to the realization 
that it is responsible for the biological activity of LPS (Raetz, 1990). Chemically synthesized and 
modifi ed lipid A molecules have been used to elucidate the specifi c regions of the molecule respon-
sible for its endotoxicity and it appears that major contributing factors are the number, length, and 
arrangement of the acyl chains and phosphate groups on this moiety (Erridge et al., 2002). 

 31.3.2 Pharmacology and Toxicology 

 The toxicology of endotoxin has been extensively studied, showing that the human body recognizes 
LPS as an indication of gram-negative bacterial infection. Accordingly, the respiratory system has 
effi cient recognition and swift response systems in place to fi ght off the infl ammatory insult. In 
humans, inhalation of LPS causes lung function responses characterized by a decrease in FEV

 1 
 due 

to bronchoconstriction. Changes in the degree of nonspecifi c bronchial hyper-responsiveness and a 
reduction in alveolar-capillary diffusion are also seen (Michel, 2000). 

 Inhaled endotoxin initially stimulates a pulmonary infl ammatory response, its primary target 
being alveolar macrophages whose role is the phagocytosis of particulate matter including that of 
microbial origin. Endotoxin-stimulated (activated) macrophages release chemotactic factors, which 
initiate an invasion mainly of neutrophils and eosinophils into the lung tissue a few hours after 
exposure, followed by entry into the airways 12–24 h after activation has occurred (Rylander, 1992). 
Endotoxin is a potent pyrogen, and tests have shown that macrophages are activated at concentra-
tions of LPS as low as 1 ng/ml (Michel, 2000). The effects of endotoxin are widespread throughout 
body systems and a range of molecules, including cytokines and other peptides, lipids, and oxygen 
radicals, are released under its infl uence. This results in an extensive infl ammatory mediator net-
work, in which endotoxin not only actively participates but also initiates the production and release 
of mediators (Henson et al., 1994). 

 The roles of the main infl ammatory mediators released in response to endotoxin are summa-
rized in Table 31.4. Interleukin 1 (IL-1), IL-6, and IL-8 represent families of cytokines secreted 

FIGURE 31.1 The basic structure of lipopolysaccharide.
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from various cells in response to endotoxin activation. The action of these cytokines leads to an 
acute infl ammatory response. IL-1 also stimulates platelet aggregation factor (PAF) and arachi-
donic metabolites. PAF is produced directly from a number of cells, including neutrophils, plate-
lets, and endothelial cells (Morrison and Ryan, 1987). Its range of effects includes degranulation of 
neutrophils and increased vascular permeability. Endotoxin-stimulated macrophages also produce 
and secrete tumor necrosis factor alpha (TNF-�) so rapidly that it can be detected in experimental 
animals within 1 h after initial exposure (Morrison and Ryan, 1987). TNF-� is a potent pyrogen 
and is able to induce further IL-1 production from mononuclear and endothelial cells. IL-8 is 
secreted from macrophages, endothelial cells, neutrophils, and T cells in response to direct and 
indirect (via IL-1 and TNF-�) LPS stimulation. IL-8 induces neutrophil chemotaxis causing large 
numbers of these cells to migrate across endothelial monolayers (Henson et al., 1994). There are 
also several lipids involved in the infl ammation network, most signifi cantly those arising from 
the arachidonic acid pathway. Arachidonic acid is a 20-carbon essential fatty acid that is released 
from membrane phospholipids by the enzyme phospholipase A

 2  
(PLA

 2 
). This reaction produces a 

number of metabolites, some of which (i.e., prostaglandins, thromboxanes, and PAF) are involved 
in endotoxin-stimulated infl ammation (Makhlouf et al., 1994).   

  TABLE 31.4 The Main Inflammatory Agents Involved in Endotoxin-Induced 
Inflammation, Their Source and Action  

Agent Production Action
Cytokines (proteins)

IL-1 In response to infection/
injury from activated 
macrophage. Induced by 
TNF from mononuclear 
and endothelial cells

Regulates systemic infl ammatory response, increase in blood 
neutrophils; causes fever. Induces other cytokines. Stimulates 
NO production, produces PLA

2
 PAF, releases histamine

IL-6 Induced by IL-1 from 
epithelial cells

Pyrogen, activates stromal bone marrow to produce CSF

IL-8 Secreted by macrophages, 
endothelial cells, T cells 
and fi broblasts in response 
to LPS, IL-1, or TNF 
stimulation

Chemotactic for neutrophils and activates macrophages 

TNF-� Large amounts from 
endotoxin-stimulated 
macrophages

Induces arachidonic metabolites and synthesis of cytokines. 
Chemotactic for neutrophils and macrophages. Synergistic 
with IL-1. Causes fever

Lipids (arachidonic acid metabolites)

Prostaglandin (PG)E
2

* Enzymatic pathway from 
membrane phospholipid

A vasodilator, has pro and anti-infl ammatory potential

Thromboxane (TX)A
2

* Enzymatic pathway from 
membrane phospholipid

Potent vasodilator, causes platelet sequestration

PAF Epithelial cells via the 
arachidonic acid pathway, 
also neutrophils, basophils 
and platelets

Platelet aggregation. Recruits eosinophils, causes vasodilation, 
increases vascular permeability, degranulation of neutrophils. 
Spasmogenic on bronchial smooth muscle

Reduced Oxygen Species (free radicals)
OH, H

2
O

2
, super 

oxide anion
LPS stimulated macrophage/ 
monocyte cells

Very reactive, responsible for lung tissue injury. Interacts with 
arachidonic acid pathway to increase levels of eicosanoids

a Also referred to as eicosanoids.
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 Although many of the mediators involved in endotoxin infl ammation have been identifi ed and 
their general effects well characterized, each precise individual involvement in the cascade continued 
to evade complete resolution. Recognition of LPS by its primary targets such as the alveolar macro-
phage is the subject of current investigation and no unifying theory has so far been fi nally accepted, 
probably because the presence of multiple LPS receptors on a variety of cell types. It is well known 
that CD14, a 55-kDa glycoprotein expressed in monocytes, macrophages, and neutrophils, binds 
with high affi nity to LPS. CD14, which can exist in membrane and soluble forms, is not only central 
to the recognition process but also crucial to the subsequent response to LPS. However, CD14-defi cient 
human cells are still able to elicit an immune response to LPS, suggesting the involvement of addi-
tional factors (Erridge et al., 2002). Along with CD14, a second receptor was identifi ed some time 
ago; lipopolysaccharide-binding protein (LBP) an acute-phase protein expressed on several host cell 
types, enhances the capacity of LPS to bind and activate macrophages and neutrophils, and binds 
specifi cally to the lipid A section of LPS (Kirikae et al., 1994). Along with LBP and CD14, the �

 2 
 

integrins, CD11b/CD18 (subunits of complement receptor CR3), are also involved in LPS recogni-
tion and subsequent signaling (Dobrovolskaia and Vogel, 2002). 

 Recently, Medzhitov et al. (1997) described the toll-like receptor TLR4, a type I transmem-
brane protein whose involvement in LPS recognition has become evident (Dobrovolskaia and Vogel, 
2002). Furthermore, another molecule, the MD-2 protein, is required to associate with TLR-4 to 
allow it to interact with LPS (Akira, 2003). MD-2 also has a role in the intracellular distribution of 
TLR4 (Miyake, 2003). In light of these recent fi ndings, a model has been proposed for LPS recogni-
tion in mammalian phagocytes, where the combined actions of the LPS-binding protein (LBP), the 
membrane-bound or -soluble forms of CD14, along with the recently identifi ed TLR4-MD-2 complex, 
cofacilitate rapid molecular recognition (Heumann and Thierry, 2002). An intracellular signaling 
pathway is activated, resulting ultimately in the release of the infl ammatory mediators described 
above. Evidence suggests that LPS complexes initially with LBP, this complex or LPS alone are 
then transferred from the bacteria cell wall to CD14, which interacts with TLR4 and MD-2. It has 
been recently reported that low concentrations of LPS require both CD14 and TLR4, whereas high 
concentrations elicit a CD14-independent response (Caroff et al., 2002; Dobrovolskaia and Vogel, 
2002). This aspect of endotoxin pharmacology is advancing rapidly and the attainment of a widely 
accepted, detailed hypothesis cannot be far off. 

 In normal subjects, inhalation of endotoxin induces dose-related clinical symptoms, which 
invariably exhibit changes in lung function and bronchial infl ammatory response. However, there is 
considerable interindividual variation with respect to the specifi c clinical and infl ammatory effects 
of inhaled endotoxin. This variability could stem from polymorphisms in the genes encoding either 
endotoxin-released cytokines or the LPS receptor CD14 (Michel, 2000). Genetic evidence has also 
been recently reported showing that common mutations in TLR4 are linked to variations in human 
responses to LPS (Schwartz, 2001). Consequently, further characterization of additional genes 
involved in the deleterious effects of endotoxin inhalation is essential to any further conceptual 
understanding of this phenomenon. 

 31.3.3 Human Relevance and Risk Assessment 

 There is a wide range of occupational environments where endotoxin can be encountered and these 
are summarized in Table 31.5 (Jacobs, 1997). Endotoxin concentration in these environments varies 
considerably; hence, the exposure dose may or may not be high enough to elicit an infl ammatory 
response. Discrepancy exists among reported threshold levels of endotoxin required to evoke clini-
cal symptoms in healthy individuals. However, it is generally accepted that individuals with asthma 
have consistently lower thresholds than healthy subjects. Typically, inhalation of 30–40 �g of LPS 
is necessary to elicit lung function responses, although changes in blood neutrophil levels could be 
induced by a dose less than 0.5 �g (Thorn, 2001).

   
In individuals with asthma, acute inhalation of 

20 �g of endotoxin is reported to instigate a signifi cant bronchoconstriction 30 min after challenge 
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(Michel et al., 1992). The concentrations of endotoxin in a range of industrial and domestic environ-
ments have been measured by using the  Limulus  amebocyte lysate (LAL) assay and many of these 
industrial organic dusts contain high enough endotoxin concentrations to supercede this threshold 
level of exposure; for example, the average endotoxin content of fl ax is reported as 92 �g/g of dust 
(Buick and Magee, 1999). There are no current safety limits for indoor environmental endotoxin 
levels in place anywhere in the world, although limits for general dust concentrations have been 
implemented. Recommendations made by the Dutch Expert Committee on Occupational Standards 
(DECOS) of the National Health Council have recommended a limit of 50 Endotoxin Units/m 3  
(approximately 4.5 ng/m 3 ) (Heederik and Douwes, 1997).   

 In household dust, recorded levels of endotoxin vary between studies (Douwes et al., 2000; 
Heinrich et al., 2001). Several reasons for this could exist, because higher levels of endotoxin have 
been measured in homes linked to the presence of pets or vermin (Heinrich et al., 2001) and mea-
surement protocols differ. The presence of signifi cant concentrations of endotoxin in the home 
has a number of health-related implications. Low-level endotoxin exposure may have benefi ts in 
young children because it has protective effects against conditions such as atopic eczema in the fi rst 
6 months of life, although this may be coupled with increased incidence of nonspecifi c respiratory 
illness (Gehring et al., 2002). It has also been reported that inhalation of endotoxin may increase 
the severity of chronic conditions such as asthma (Fernandez-Caldas, 2002; Su et al., 2001; Thorn, 
2001), especially in individuals sensitive to house dust mites. There are data suggesting that envi-
ronmental endotoxin could be a synergistic factor on the magnitude of IgE-mediated response and 
this substantiates the multiplicity of risk factors linked to the development of asthma, especially in 
young children. 

  TABLE 31.5 The Occupational Environments in Which 
Endotoxin Is Found  

Agricultural environments

Animal confi nement buildings

Dairy farming

Grain, fi eld crops, and hay handling

Greenhouses

Industrial environments

Animal food production

Biotechnology (tissue culture, enzymes)

Fermentation industry

Paper production

Pharmaceutical

Vegetable fi ber production

Wood processing

Waste processing

Composting

Recycling plants

Rubbish collection

Buildings

Those with contaminated ventilation ducts and humidiffers (schools, houses, offi ces)

4049_C031_r03.indd   8124049_C031_r03.indd   812 11/15/2005   4:35:47 PM11/15/2005   4:35:47 PM



The Pharmacology and Toxicology of Inhaled Dusts, Endotoxins, and Glucans 813

 Endotoxin has also been recorded in tobacco (Hasday et al., 1999) where it has been mea-
sured at levels comparable to those reported in other agricultural products. Although tempera-
tures at the tip of a smoked cigarette are high enough to inactivate endotoxin, tobacco upstream 
from the tip is lower in temperature, and it is thought that 1% of the toxin in unsmoked cigarettes 
survives as an active component of the smoke. This adds to the many toxins already present in 
smoking environments, especially in the household. Endotoxin is being increasingly implicated 
in domestic situations, particularly in damp housing and buildings with contaminated ventilation 
systems. It is constantly present in house dust, though specifi c sources of the toxin in the home 
and seasonal variations in concentration remain poorly understood. Home airborne endotoxin 
levels display a closer relationship with moisture than to temperature (Park et al., 2000) and 
other studies indicate that childhood respiratory illnesses are linked to dampness in the home, 
which could be due to the presence of molds harboring a number of toxic compounds, including 
glucans. 

 31.4 GLUCAN—AN EMERGING TOXICANT 

 Although endotoxin was the fi rst signifi cant component of industrial and domestic dust to be identi-
fi ed and investigated as a specifi c agent causing lung disease, this contaminant is not exclusively 
responsible for all environmental respiratory diseases and other candidates are known to exist. Thus, 
glucans (the polymers of glucose derived from the inner walls of various fungi, bacteria, and plant 
material) are now also implicated as a potential cause of respiratory disorders. The most signifi cant 
glucans with respect to inhalation toxicology are fungal-derived glucans, because these are associ-
ated with indoor environmental mold. These toxins have been implicated as a cause of “sick building 
syndrome” where occupants complain of symptoms such as nasal and throat irritation. Glucans are 
also present in varying quantities in organic dusts due to fungal contamination of the parent fi bers. 
The action mechanism(s) of glucans and endotoxin are thought to be different, although they appear 
to be synergistic when both toxicants are inhaled together. 

 31.4.1 Structure and Function 

 Glucans are glucose polymers consisting of glucopyranosyl subunits, which occur with � or � link-
ages; Figure 31.2 shows the basic structure. The most biologically active forms have a (1→3)-�- d  
backbone. (1→3)-�- d -Glucans (glucans/�-glucans) are important components in the cell walls of 
fungi, bacteria, and plants. They are also present in small amounts in fungal cytosol and as polymers 
secreted into the environment by certain bacteria. Glucans have known immune stimulatory effects 
and have now also been implicated in inhalation toxicity. In the fungal wall, glucans are linked to 
proteins, lipids, and other carbohydrates, forming a network of branches. The role of glucans in 
fungi is thought to be structural because they maintain the rigidity and integrity of the cell wall 
(Williams, 1996). Glucans can be branched or nonbranched and are able to exist as a single, helical, 

FIGURE 31.2 The basic structure of (1–3)-�-d-glucan.
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polymer strand or as a complex of three polymer strands forming a triple helix. It is the triple helix 
that is most common in nature, probably because its stable structure caused by extensive hydrogen 
bonding (Williams, 1996). The biological activity of glucans is dependent on factors such as molec-
ular weight, degree of branching, ultrastructure, and source (Young et al., 1998).   

 31.4.2 Pharmacology and Toxicology 

 The exact mode of action of this group of toxins has not yet been fully unraveled, though they are 
known to possess a wide range of biological activities. Some glucans have the ability to enhance the 
function of macrophages and neutrophils providing protection to the host against cancer, microbes, 
and radiation, and it is because of these properties that they are known pharmacologically as “bio-
logical response modifi ers” (BRMs) (Bohn and BeMiller, 1995). Glucans however, are also well 
documented as potent immunotoxicants and zymosan, a �-glucan-containing particle prepared from 
the yeast  Saccharomyces cerevisiae  (baker’s yeast), is a model for inducing acute infl ammatory 
response. It has become apparent that soluble glucans are less biologically active, hence demonstrat-
ing less toxicity than particulate molecules (Young et al., 2003). Therefore, only soluble glucans 
have been clinically exploited; two of these, lentinan and sonifi lan, have been approved for use as 
anticancer agents in Japan (Ohno et al., 1998). 

 Insoluble glucans (e.g., curdlan) exhibit several toxic effects, and in addition to causing infl am-
mation and pain, they can also be involved in granuloma formation (Šandula et al., 1999). Zymosan 
has also been implicated in the formation of granulomas in the lung (Fogelmark et al., 1994). This is 
probably because vertebrates do not possess specifi c �-glucan hydrolases, so the molecule is broken 
down by slow oxidative degradation, allowing it to remain inside cells for weeks or months (Ohno 
et al., 1999). The insoluble and particulate glucans such as curdlan tend to have greater pharmaco-
logical effects, most importantly on macrophages, leading to severe infl ammation. 

 The fi rst cellular target of glucan is the macrophage, which is subsequently activated. There 
are thought to be two phases to this interaction: an initial binding phase followed by internalization 
(Williams et al., 1997). The macrophage mannose receptor (MR) and CR3 identifi ed on neutrophils, 
mast cells, and natural killer cells (and also involved in LPS recognition) have been considered 
for some time as major macrophage lectins involved in the recognition of yeast-derived particles. 
However, other receptors have been discovered, and more recently, Dectin-1 was found to be a major 
�-glucan receptor on macrophages (Brown et al., 2002). A (1→3)-�- d -Glucan-specifi c receptor has 
also been described (Czop and Austen, 1985; Mueller, et al., 2000; Williams et al., 1999). This 
specifi city may extend to differentiation between (1→)-�- d -glucans, as a wide range of receptor 
affi nity has been described (Williams et al., 1999). 

 The binding of glucans activates macrophages, leading to the production and release of infl am-
matory mediators.  In vitro  studies have shown that the glucan grifolan stimulates the secretion of 
TNF-� and IL-6 from cultured macrophages (Thorn et al., 2001) as well as the production of che-
motactic factors (Milanowski, 1997). This is further demonstrated  in vivo  by neutrophil migration 
(Nicholls et al., 2002). The stimulation of monocytes by �-glucan  in vitro  has also been found to 
cause IL-1 production (Abel and Czop, 1992). Although the release of these mediators implies a 
similar response to that elicited by endotoxin, inhalation of �-glucan does not cause an increase in 
neutrophils in the lungs. As neutrophil recruitment is characteristic of endotoxin inhalation, this 
indicates that glucans operate by a different mechanism (Thorn et al., 2001). Glucans have been 
shown to potentiate ovalbumin-induced infi ltration of eosinophils into guinea pig airways on chronic 
exposure (Fogelmark et al., 2001). However, another study has reported that ovalbumin-induced 
eosinophilia is decreased by glucan (Rylander and Holt, 1998). These anomalies, which highlight 
the diffi culties of studying such complex agents, may be due to the utilization of different glucan 
types, exposure regimes, and/or animal species. 

 Glucans are able to modify host responses to endotoxin, although data regarding the nature of 
modifi cation is confl icting. There is evidence that glucan acts as an endotoxin adjuvant, yielding 
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an increase in the production of reactive oxygen metabolites. For example, baseline production 
of oxygen radicals on exposure to zymosan  in vitro  was increased in guinea pig lung lavage cells 
from endotoxin-exposed animals up to 48 h post endotoxin exposure (Hsieh et al., 1994). Increased 
infl ammatory responses have also been demonstrated in animal experiments after simultaneous 
glucan/endotoxin exposure (Cook et al., 1980; Fogelmark et al., 1994). However, other studies have 
revealed that in some cases glucans can “protect” against endotoxin exposure by suppressing pro-
infl ammatory cytokines. Rylander (1994a) exposed guinea pigs to endotoxin and glucan simulta-
neously and found that the characteristic increase in neutrophils was smaller than with endotoxin 
exposure alone (a protective effect). However, if glucan exposure is carried out fi rst, then followed 7 d 
later by endotoxin exposure, a larger increase in neutrophil infl ux is seen compared with endotoxin 
alone (an adjuvant effect). The authors suggested that the protective response seen after simultaneous 
endotoxin/�- d -glucan exposure is due to the glucan exerting toxic effects, which reduce macro-
phage function, as opposed to a protective effect. Hence, fewer neutrophil chemotactic factors are 
released, resulting in reduced numbers of macrophages in the airways. Sometime after exposure, 
macrophage adaptation may occur causing an increase in metabolic activity; this could account for 
the increased number of recruited neutrophils observed 7 d later (Rylander, 1994a). 

 A study investigating the secretion of TNF-� from macrophages in the presence of toxicants 
found that glucan concentrations of less than 500 �g/ml stimulated TNF-� release from macrophages. 
However, glucan concentrations greater than 500 �g/ml suppressed TNF-� release (Hoffman et al., 
1993). High concentrations of glucan in this instance did not affect macrophage viability; hence, 
glucan suppression of TNF-� was unlikely to be due to any toxic effect exerted by glucan. Many other 
studies have found that particulate glucans, in particular those derived from baker’s yeast, can exhibit 
potent cytotoxicity to macrophages at levels ranging from 100 �g/ml to 1000 �g/ml (Milanowski, 
1997; Young et al.,   2002). Differences in experimental protocol may well be responsible for confl icts 
in data and it has been suggested that soluble �-glucans demonstrate inhibitory effects towards endo-
toxin, whereas enhancement is usually associated with particulate (insoluble) glucans (Young et al., 
2002). These fi ndings emphasize the complexity of �-glucan activity on lung tissues and cells. They 
also suggest that the degree of toxicological risk is not simply defi ned by straightforward measure-
ment of endotoxin and glucan alone; other infl uential factors must be considered. 

 31.4.3 Human Relevance and Risk Assessment 

 In a large-scale indoor study, a correlation was revealed between elevated concentrations of �-glucan 
and the proportion of individuals with nasal and throat irritation, dry cough, headache, and exces-
sive tiredness (Rylander, 1996). In a similar investigation comparing two schools, one with elevated 
levels of mold (�-glucans � 15.3 ng/m 3 ) and one devoid of this problem (�-glucans � 2.9 ng/m 3 ), it 
was shown that the prevalence of respiratory symptoms was signifi cantly higher in the school with 
�-glucan elevation (Rylander et al., 1998). This fi nding explains why glucans are now strongly asso-
ciated with “sick building” syndrome, where particular buildings are linked with higher levels of staff 
absence due to illness. 

 Recorded information on �-glucan levels in occupational environments is not widely available, 
although values up to 370 ng/m 3  have been measured in occupational and general environments 
(Thorn et al., 2001). The threshold for �-glucan-induced biological effects to occur in humans is not 
known. However, it has been established that the threshold for animals is below 370 ng/m 3 . Hence, 
the precise risk to workers is largely undefi ned but probably considerable. A day care center with 
a history of dampness had recorded glucan levels of 11.4 ng/m 3  (Rylander, 1997), indicating that 
reported values may be divergent. Glucan levels have also been measured in signifi cant quantities in 
house dust, and these levels were found to correlate with endotoxin concentrations, a fact which has 
numerous implications for domestic air quality (Gehring et al., 2001). 

 As the effi cient and reliable measurement of �-glucans can be an indicator of fungal biomass, 
they are relevant markers for the investigation of indoor air quality and for monitoring occupational 
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and environmental health (Beijer et al., 1998). Increased interest in molds and fungi has resulted in 
identifi cation of �-glucan as a suspected agent causing airway dysfunction. Despite this focus, little 
has been done to identify levels of glucans in the indoor environment and their cellular effects. Future 
work should concentrate on further evaluation of this agent on the respiratory system in addition to 
determining the quantities distributed throughout both industrial and domestic environments. 

 31.5 HUMAN STUDIES 

 Human inhalation studies are diffi cult to carry out with toxicants such as endotoxin and glucans, and 
those that have been performed are restricted to short-term acute exposures in a limited number of 
subjects. An example is a study carried out by Herbert et al. (1992) on eight nonsmoking subjects 
who inhaled LPS suspended in distilled water at a concentration of 50 �g/ml aerosolized by a jet 
nebulizer. Effects of the LPS or control were assessed at intervals up to 24 h after exposure by mea-
suring pulmonary function. Such studies have described the  in vivo  effect of endotoxin in humans, 
which include a decrease in FEV

 1 
 and changes in blood leukocyte count. The results reveal the 

timescale on which these changes occur and the duration of response. However, our understanding 
of human responses is clouded by the innate differences in experimental procedure. The doses and 
type of endotoxin used in human studies are wide ranging and this may be a source of incompara-
bility. There have only been approximately 40 human response studies carried out with respect to 
endotoxin, with the majority of investigations each involving less than 20 subjects (Thorn, 2001). 
There have been even fewer human studies carried out with glucans. One example is an investigation 
conducted to examine the effects after inhalation of glucan in healthy human subjects where a sus-
pension of �-glucan was inhaled and comparison made with saline control. Subjects were examined 
before exposure, then 24 and 72 h later by using spirometry (Thorn et al., 2001). Results from this 
type of study yield valuable information regarding essentially uncharacterized responses elicited by 
glucans and permit comparison with endotoxin exposure. 

 Experimental cardrooms have also been used as a research tool for the assessment of human risk 
from dust exposure (Castellan et al., 1984; Haglind and Rylander, 1984). In this context, the exposure 
levels occurring during commercial fi ber processing are simulated to establish the effects on workers 
or previously unexposed subjects in a controlled environment employing standard spirometry. With 
this type of methodology, dose–response relationships have been shown between dust levels and 
FEV

 1 
 decrement over the working shift. Cardroom experiments have also disclosed that the threshold 

level for producing a 5% decrease in FEV
 1  
is lower for smokers (Haglind and Rylander, 1984). 

 In contrast to the simulated environment, data are often collected by studying lung function dec-
rement in the industrial setting, where employees are regularly exposed to dust and endotoxin. This 
has been done by means of respiratory questionnaire and spirometric testing before and after working 
shifts. A follow-up study may sometimes be instigated several years later. This type of investiga-
tion has been commonly pursued in cotton mills, where occupational endotoxin was fi rst detected 
(Christiani et al., 1994, 1999; Cinkotai et al., 1988). Risk factors specifi c to individual workers such 
as age, type of work, and smoking history have been usefully examined by this style of assessment. 

 Human studies have generated essential data regarding the actions of dusts and toxicants in the real-
life situation. This information is of vital importance to the prevention of occupational lung disease, 
because knowledge about threshold levels and risk factors relevant to individual workers will assist in 
the implementation of safety limits for specifi c dust contaminants such as endotoxin and glucans. 

 31.6 ANIMAL STUDIES 

 The majority of information available concerning inhalation toxicology of organic dusts and their 
contaminants has been derived from animal studies. Acute and subchronic animal toxicology models 
of infl ammation are well established and these models were originally used to elucidate the exact 
components of organic dusts responsible for the respiratory effects so long observed in humans. They 
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have also been used to determine exposure–response relationships to investigate disease mechanisms 
and provide quantitative data to enable risk assessments to be carried out (Thorne, 2000) . In vivo  
studies are widely employed and mainly involve guinea pigs because they have sensitive airways 
that readily demonstrate bronchoconstriction, which can be measured using plethysmography. Dose-
dependent effects of glucan exposure have been shown using nebulized baker’s yeast glucan in con-
centrations from 1 to 300 �g/ml, guinea pigs were exposed daily for 1 h over 5 d and responses 
measured using whole-body plethysmography; airway hyperreactivity was shown on subsequent his-
tamine challenge (Nicholls et al., 2002). This technique has been used successfully in a number of 
studies, including the investigation of the timescale of induced hyperreactivity by endotoxin (Davey 
and Nicholls, 1994). However, some differences in results arise, probably because of the different 
aspects of the experimental protocols, including specifi c type and concentration of toxicant as well as 
exposure duration and subject history. These differences are highlighted in Table 31.6, which details 
 in vivo  studies carried out by a number of research groups (Gregory, 2002).   

 Perfused lung and tracheal spiral protocols have been successfully utilized (mainly with guinea 
pig tissue). These isolated tissues have been used to analyze the direct actions of suspect agents, 
allowing the simultaneous collection and investigation of experimentally released mediators. 
Alternatively, these systems are often used to examine the phenomenon of bronchial hyperrespon-
siveness, where the degree of bronchoconstriction caused by known mediators such as histamine or 
methacholine increases on incubation with a suspect agent. The response of  in vitro  tracheal spirals 
to endotoxin has been shown to be comparable to the response seen  in vivo  (Young et al., 1994). 
These experiments involve simple equipment; hence, sophisticated techniques are not required. 
However, there are drawbacks: the entire respiratory system cannot be examined as isolated tracheal 
spirals and lung perfusions do not include the nasal passages; this may be signifi cant when using 
obligate nose breathers such as guinea pigs (Young and Nicholls, 1994). 

 Macrophages control the initial infl ammatory response to inhaled aerosols; hence, these cells 
are routinely isolated and exposed to dusts, toxicants, and other contaminants  in vitro.  Macrophages 
are commonly obtained by bronchoalveolar lavage, followed by density gradient centrifugation. 
These cells may be harvested from unexposed animals, which are subsequently challenged  in vitro  
with, for example, LPS, or they may be examined for increased production of infl ammatory indi-
cators, such as cytokines and TNF-�. The technique utilized in Figures 31.3a and b was to isolate 
macrophages from healthy guinea pigs. These cells were then incubated with 100 �g/ml baker’s 
yeast glucan for 1 h. In a purely visual assessment of the effects of glucan, healthy macrophages are 
shown by electron micrograph to adhere to a microscope slide coverslip, whereas those damaged by 
glucan incubation are unable to do this, resulting in reduced cell density compared with the control 
micrograph, where only fragments of these cells remain. Alternatively, cells taken from pretreated 
animals can be characterized or enumerated and compared with those collected from controls. In a 
variation of this, chemotactic assays have been carried out using guinea pig alveolar macrophages, 
as cellular recruitment is characteristic of an immune response (Milanowski et al., 1995).   

 Using a variety of  in vivo  and  in vitro  paradigms as described above, it has also been found 
(Nicholls, 1999) that LPS exerts a marked toxic effect on the airway epithelium, leading to its shed-
ding from the basement membrane. Such an action may be responsible, in part, for the increased 
reactivity of the airway to inhaled materials following exposure to LPS. Thus, animal studies have 
served as the foundation of much investigational discovery centered around occupational and envi-
ronmental toxicants. Increased standardization of experimental protocols will extend the value of 
extrapolation from animal to human even further. Notwithstanding this notion, animal studies will 
continue to complement human-based research in this area. 

 31.7 CONCLUSIONS 

 The undeniable volume of literature published on endotoxin and glucan inhalation toxicology is a 
consequence of the intricate nature of the biochemistry and immunology of these agents at the cellular 
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  TABLE 31.6 The Different Exposure Protocols and Effects Obtained  In Vivo  on Exposure 
to LPS and (1,3)-�- D -Glucan, Alone or in Combination in Guinea Pigs and Humans a   

Species Exposure protocol Reported effect on lungs Reference
Guinea pig nsens healthy LPS alone.

LPS and curdlan (chronic 
40 h, 5 d/week for 
5 weeks).

Increase in neutrophils.
Increase in neutrophils 
reduced compared with LPS 
alone.

Rylander (1994b)

Guinea pig nsens healthy Grifolan insoluble 
100 �g/ml.

LPS 25 �g/ml.

Grifolan and LPS at above 
concentrations 
(4 h/d, 5 d/week, 
5 weeks).

Increase in eosinophils.

Increase in TCC and 
neutrophils.

Increase in lymphocytes 
higher than LPS or grifolan 
alone, greater increase in 
eosinophils than grifolan 
alone.

Fogelmark et al. 
(1998)

Guinea pig nsens healthy Endotoxin from E. 
agglomerans, 
10 �g/ml (3 h).

Baker’s yeast glucan 
200 �g/ml (3 h).

Increase in breathing rate, 
increase in TCC, N, L, Er, 
and M; also increase in 
superoxide anion.

Small increase in breathing 
rate, increase in TCC, N, L, 
Er, Et and superoxide anion. 

Milanowski (1997) 

Human healthy LPS, four inhalations 
6 �g/ml or 0.9 �g/ml 
(1 h).

Neutrophilia, BAL release 
TNF� and IL-8, FEV

1
, 

decline.

Jagielo et al. (1996)

Human healthy LPS, 40 �g/ml (20 breaths, 
4 �l per dose, from 
500 �g/ml LPS solution.

Decline in FEV
1
, and increase 

in N. MPO, ECP, N, and L 
increased in sputum.

Thorn and Rylander 
(1998)

Human asthmatic LPS, 20 �g (5 breaths, 4 �l 
per dose, repeated 15–360 
min to 20 �g LPS).

BHR, increase in TNF� in 
blood at 1 h also increase in 
TCC and N.

Michel (1992)

Human healthy Endotoxin doses of 20, 30, 
and 200 �g/ml (15 min 
nebulized inhalations).

BHR at high concentrations, 
dose-dependent response  
change in FEV

1
, only at 30 

and 200 �g/ml.

Rylander et al. (1989)

Human healthy/atopic Grifolan solubilized 
6 �g/ml (3 h), two groups 
from high and low 
�-glucan homes.

No change in airway 
responsiveness, increase in 
blood N, MPO, and TNF�.

Beijer (1998)

a Abbreviations: sens, sensitized; nsens, nonsensitized; TCC, total cell count; N, neutrophils, L, lymphocytes; Er,  erythrocytes; 
M, macrophages; BAL, broncoalveolar lavage; MPO, myeloperoxidase; ECP, eosinophil cationic protein; BHR, bronchial 
hyperresponsiveness.

level. Despite these research efforts, many of the underlying mechanisms involved in the toxicology of 
these biological agents have yet to be adequately resolved, and this issue is compounded by discordant 
fi ndings from research groups. 

 In the occupational environment, safety limits for dusts exist; however, concentration alone does 
not defi ne the overall dust-exposure risk to employees. Other factors require consideration, with 
respect to the exposure parameters and composition of dust contaminants along with individual 
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FIGURE 31.3a Electron micrograph showing healthy guinea pig macrophages 
adhered to a microscope slide coverslip. Figure courtesy of Matthew Lewis-
Lakelin.

FIGURE 31.3b Electron micrograph showing guinea pig macrophages 
incubated with 100 �g/ml baker’s yeast glucan for 1 h. Figure courtesy of 
Matthew Lewis-Lakelin.
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worker-related characteristics. Endotoxin risk has traditionally focused on the industrial perspec-
tive, though this must be tempered by the fact that it is also present in house dust. The implication 
of endotoxin in the domestic situation has signifi cant repercussions, especially when the duration of 
time spent in this environment is considered. By the same token, glucan is more frequently associ-
ated with the built environment and evidence of its role in “sick building syndrome” will inevitably 
continue to mount. 

 Standardization of toxicant measurement protocols and monitoring methods will be a vital step 
toward prevention of toxicant-induced lung disorders, because this will aid development and imple-
mentation of routine toxin screening both in the domestic and occupational setting. Such advances, 
however, must be coupled with deeper understanding of toxicant biological response mechanisms 
and their impact on respiratory function. 
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 32.1 INTRODUCTION 

 32.1.1 History and Development of Fluorocarbons 

 The year 2004 marked the 30th anniversary of the landmark paper by Molina and Rowland (1974), 
which describes their hypothesis on the depletion of stratospheric ozone by chlorine liberated from 
long-lived chlorofl uorocarbons (CFCs). Nearly ten years later, the Vienna Convention was adopted, 
an international treaty for the protection of the ozone layer. The Vienna Convention set in motion the 
negotiations that culminated in the Montreal Protocol agreements of 1987. The Montreal Protocol 
provided for the immediate freeze and future phasedown of CFC global production. Since that time 
additional agreements established accelerated schedules of the phasedown and phaseout of CFC 
production. The Montreal Protocol was the beginning of an end for CFCs that started nearly 70 
years before. 

 The use of chemicals in refrigeration systems began in the mid- to late-1800s when it was found 
that ammonia in combination with water was capable of producing temperature suffi cient to produce 
ice (Downing, 1988). Sulfur dioxide was found to have properties similar to ammonia and could 
also be used in this same technology. In the 1880s and 1890s, other chemicals were found to have 
some refrigeration use and included methyl chloride and carbon dioxide. Because of the increase 
in refrigeration technology that used ammonia and sulfur dioxide, there were rapidly growing com-
plaints, injuries, and deaths as home refrigerators and air-conditioning equipment sales grew rapidly 
in the United States into the early 1900s. The compounds that were being used were either toxic or 
fl ammable, which limited their use to large-scale commercial refrigeration systems. Searching for 
alternatives was somewhat limited, primarily because of other technology limitations at the time, but 
in the 1920s with greater access to electricity and other technological advancements, the search for 
better refrigeration chemicals began to expand. 

 Fluorine chemistry was in its infancy in the 1920s when General Motors’s chief chemist, Thomas 
Midgely, was assigned the task of fi nding a safe substitute for ammonia and sulfur dioxide refrig-
erants. As a chemist, he knew that he had to fi nd a stable molecule with very high bond energies 
and, therefore, he focused on chlorine and fl uorine chemistry. Within a few short months, CFC-12 
(difl uorodichloromethane) was selected as the refrigerant of choice. This compound met the cri-
teria set by Midgely, i.e., a compound that was not fl ammable and had very low toxicity. In 1930, 
GM and DuPont formed a joint venture, Kinetic Chemical, to produce CFC-12 on a commercial 
scale. General Motors’s refrigerator line Frigidaire® began in 1931. General Motors chose to give 
the technology to society rather than patent it, so CFC-12 was quickly adopted as the global standard 
refrigerant. Shortly after the introduction of CFC-12, other CFCs were introduced over the next 5 years, 
primarily as refrigerants, and included CFC-11, CFC-114, and CFC-113. With World War II, further 
research into other CFCs slowed, although HCFC-22 was developed as another refrigerant with 
large-scale production occurring in the late 1940s. 

 32.1.1.1 Development of Fluorocarbons as Propellants, Solvents, and Fire 
Suppression Agents 

 The physical and chemical properties of this class of compounds resulted in substantial commercial 
growth over the next 30 years and included new applications, including propellants for consumer 
products, fi re-extinguishing applications, solvents for cleaning applications, and chemical intermedi-
ates. During WWII, there was a need for insecticide repellants for combat soldiers in the Pacifi c. The 
Department of Agriculture at that time developed and used CFC-12 in a new application—aerosol 
propellant. With this application, others began to use CFCs for similar products, including consumer 
products (deodorants), handheld fi re extinguishers, and portable glass chillers. Other applications 
emerged. Compounds such as CFC-113 were found to have chemical properties ideal for a solvent 
and specialized electronic cleaning agent because it evaporated quickly at room temperature, leaving 
essentially no residue. At one point in commercial development, there was consideration for use of 
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some fl uorocarbons as personal cleaning agents, e.g., shampoos. However, these applications were 
quickly discounted because of costs and potential personal injury. 

 32.1.1.2 Environmental Fate of CFCs, Ozone Depletion, 
and the Montreal Protocol 

 The rapid market growth for the CFCs and the recognized chemical stability of these compounds 
prompted Dr. Ray McCarthy, then DuPont’s Freon Products Laboratory Director, in 1970 to pose ques-
tions regarding the environmental fate of the CFCs once released to the atmosphere. Dr. McCarthy’s 
questions led Dr. James Lovelock to develop an instrument, using an electron capture detector, to 
measure parts per trillion concentration of CFC in the atmosphere (Lovelock, 1971). He placed the 
instrument on a ship, making a round-trip voyage from England to South Africa, enabling him to 
obtain a latitudinal concentration profi le. With this information, Dr. McCarthy determined, as a 
fi rst approximation, that atmospheric accumulation of CFCs equaled total global production. That 
is, there were no signifi cant sinks, and there was no signifi cant atmospheric degradation of CFCs. 
The research of Dr. Lovelock led to other research into the atmospheric chemistry of the CFCs that 
included the work of Molina and Rowland. Molina and Rowland (1974) suggested that the chlorine 
(or bromine) atoms of the CFCs reacted with ozone in the upper atmosphere, resulting in the formation 
of chlorine (or bromine) oxides, thereby reducing the levels of ozone. For their work, Molina and 
Rowland shared the Nobel Prize in Chemistry in 1995. 

 The 1970s were an active time for research into the effects of CFCs on the stratospheric ozone 
levels, as well as international policy changes. A number of researchers became integral in the search 
for a mechanism into ozone depletion, whereas different levels of federal governments began to shape 
laws and regulations that effectively reduced intentional release of the CFCs. In 1977, the U.S. Food 
and Drug Administration (FDA) banned the use of aerosol propellants for certain consumer products, 
e.g., deodorants, and the U.S. Environmental Protection Agency (EPA) developed regulations in 
conjunction with the Clean Air Act to reduce the nonessential uses of CFCs. Regulatory changes 
such as these eventually lead to international discussions and cooperation between governments, all 
culminating in 1987 with the adoption of the Montreal Protocol along with the Copenhagen amend-
ments that outlined a process and timeline for the phaseout of the use of the CFCs. 

 Evidence from atmospheric research demonstrated that an increasing amount of fl uorocarbons 
was reaching the stratosphere and that there was a relationship between production and the time 
when the fl uorocarbon reached the stratosphere. McFarland and Kaye (1992) estimated a 3–4 year 
delay. Hence, policy changes implemented in one year would not have an immediate effect on 
reducing ozone depletion for several years. This science became recognized in the proceedings of 
the Montreal Protocol and all subsequent amendments. Developed countries were to eliminate the 
production of CFCs by 2000. Developing countries, then known as Article 5 countries, were exempt 
for a period of 10 years from this phaseout schedule. The Copenhagen amendment of 1992 to the 
Montreal Protocol accelerated the phaseout among developed countries to 1995. In addition, the 
CFC alternatives, hydrochlorofl uorocarbons (HCFCs) were added to the list of compounds to eliminate. 
The phaseout of HCFCs was delayed to 2030. 

 32.1.2 Toxicology Programs 

 32.1.2.1 Program for Alternative Fluorocarbon Testing—An Industry 
Consortium 

 From the foregoing, it is clear that alternatives to the CFCs were needed to fi ll the potential void 
for refrigerants, propellants, fi re-extinguishing agents, etc. Many of the fl uorocarbon-producing 
companies had very active research and development programs in place to fi nd new CFC alter-
natives, but these companies recognized that the expense for toxicological testing could limit 
commercial production. In 1987, in concert with the signing of the Montreal Protocol, DuPont, 
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Allied-Signal (now Honeywell), Atochem (now Arkema), and ICI agreed to form a consortium 
made up of toxicologists, but with oversight from a management committee of representatives from 
each company. This consortium became known as PAFT, Program for Alternative Fluorocarbon 
Toxicity Testing. Over time, participation in PAFT by other companies expanded from the origi-
nal four companies to nearly 15 companies, representing the major industrialized regions of the 
world—United States, Europe, and Japan. Within PAFT, the toxicology database for eight sepa-
rate fl uorocarbon substitutes was developed ranging from acute toxicity studies through two-year 
inhalation bioassays, metabolism and mechanistic studies (Table 32.1). PAFT completed its work 
in 1998.   

 PAFT Group M (Mechanisms) was created in response to potentially adverse responses 
observed in the two-year carcinogenicity studies conducted with HCFC-123 and HFC-134a. An 
increased incidence of benign tumors of the liver, testes, or pancreas were observed in rats. The 
data from other testing with primarily HCFC-123 suggested a mechanism of peroxisome induc-
tion (see Results section). In addition, fi ndings from the two-generation reproduction study with 
HCFC-123 created health hazard concerns. Hence, this PAFT group conceived research programs 
in explaining the results of these studies. 

 32.1.2.2 International Pharmaceutical Aerosol Consortium 

 In addition to the basic toxicology programs developed by PAFT, another consortium was created 
because of its interest in fi nding alternatives to CFC-12 for use in metered dose inhalers (MDIs) for 
administration of pharmaceuticals in the treatment of, for example, asthma. This consortium was 
the International Pharmaceutical Aerosol Consortium (IPAC). The toxicology programs established 
by this group were designed for a specifi c purpose. The fi rst two compounds this group investigated 
were HFC-134a and HFC-227ea. Although IPAC and PAFT operated under different missions, there 
was a great deal of cooperation between the two groups, including the sharing of data, assistance in 
procuring compounds for testing, and the development of protocols. 

 32.1.3 Regulatory Environment 

 32.1.3.1 Creation of Signifi cant New Alternatives Policy 

 Under Title VI of the U.S. Clean Air Act (CAA) of 1990 (Public Law 101–549), the U.S. EPA is 
mandated to evaluate alternatives to Class I ozone-depleting substances, including halon fi re and 
explosion protection agents, to reduce the overall risk to human health and the environment. Section 
612 of the CAA requires EPA to develop a program to evaluate the risks to human health and the 
environment posed by the substitutes. EPA’s program to carry out the mandate is called Signifi cant 
New Alternatives Policy (SNAP). The SNAP program became effective April 18, 1994 (59 FR 
13044) and allows EPA to make decisions on a proposed substitute in a particular end use (e.g., 

Table 32.1 Program for Fluorocarbon Toxicity Testing Groups

PAFT Group Compound examined Intended replacement
I HCFC-123, HFC-134a CFC-11, CFC-12, Halon 1211

II HCFC-141b CFC-11

III HFC-125, HCFC-124 CFC-114, CFC-115, Halon 1301

IV HCFC-225, HCFC-225cb CFC-113

V HFC-32 CFC-115, HCFC-22 and 
refrigerant blends

M Mechanistic Studies See text
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household refrigerators) within a sector (e.g., refrigeration and air conditioning). The SNAP pro-
gram not only evaluates chemical substitutes but also alternative manufacturing processes such as 
water mist systems for fi re and explosion protection technologies. Evaluation criteria used by EPA 
for making decisions on substitutes include environmental impact, health and safety, effi cacy, and 
market potential. Acceptable substitutes are categorized further on the basis of limitations imposed 
by EPA. The categories include acceptable, acceptable subject to narrowed use limits, and accept-
able subject to use conditions. Examples of categorization under SNAP in the fi re and explosion 
protection sector for Halon 1301 total fl ooding agent are given in Table 32.2.    

 32.1.3.2 Relationship of SNAP with TSCA and Other Regulations 

 EPA is empowered by the Toxic Substances Control Act (TSCA; Public Law 94–469) to promulgate 
standards for different types of toxicological studies. In concert with SNAP, EPA believes that the 
statutory language included in section 612 of the CAA is written broadly to allow for a reasonably 
comprehensive evaluation of substitutes that will be introduced as replacements for ozone- depleting 
chemicals. Section 612(e) requires producers of chemicals, both new and existing, to notify EPA 
before introducing such chemicals into interstate commerce for signifi cant new uses as class I alter-
natives. As stated previously, section 612(c) requires EPA to produce lists of acceptable and unac-
ceptable substitutes. These interrelated provisions of section 612 serve as the basis for EPA’s belief 
that all substitutes, whether “new or existing” chemicals, should be subject to SNAP review. This 
regulatory purview extends to those chemicals already listed on the TSCA inventory of existing 
chemicals. EPA believes SNAP review is critical for such chemicals given the differing statutory 
objectives of TSCA and the CAA, and the new and expanded applications of many existing chemi-
cals as class I and II ozone-depleting substances (ODS) replacements, which could alter existing 
release and exposure profi les. 

 EPA works in concert with several agencies on assessing environmental and health risks associated 
with ODS substitutes. As seen from Table 32.2, to control exposure, EPA patterned use restrictions after 

  TABLE 32.2  Halon 1301 Substitute, EPA SNAP Category, and Limitations or Conditions 

Halon 1301 substitute EPA SNAP category Limitations or conditions
Powdered Aerosol A 
(Trade Name SFE)

Acceptable For use in unoccupied areas only

Perfl uoropropane 
(Trade Name PFC-218 
and CEA-308)

Acceptable substitute subject to 
narrowed use limits

For nonresidential uses where other alternatives are not 
technically feasible due to performance or safety 
requirements (a) because of their physical or chemical 
properties, or (b) where human exposure to the 
extinguishing agents may result in failure to meet 
applicable use conditions

HCFC-22 Acceptable substitute 
subject to use conditions

Where egress from an area cannot be accomplished 
within 1 min, the employer shall not use this agent in 
concentrations exceeding its cardiotoxic NOAEL of 
2.5%; where egress takes longer than 30 sec but less 
than 1 min, the employer shall not use the agent in a 
concentration greater than its cardiotoxic LOAEL of 
5.0%; HCFC-22 concentrations >5.0% are only 
permitted in areas not normally occupied by employees 
provided that any employee in the area can escape 
within 30 sec, and the employer shall assure that no 
unprotected employees enter the area during agent 
discharge
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the Occupational Safety and Health Administration (OSHA) standards for the use of Halon 1301 in 
fi xed systems (29 CFR 1910.162). EPA interpreted OSHA’s egress times as mandatory in workplaces, 
although some users have taken issue with EPA on this position. In the fi re and explosion protection 
sector, EPA works with the National Fire Protection Association (NFPA). In general, NFPA qualifi es 
how and when substitutes should be used, including safety standards as outlined in NFPA 2001 Standard 
for Clean Agent Fire Extinguishing Systems. Recently, EPA rescinded use conditions imposed under 
the SNAP program that limit human exposure to halocarbon and inert gas agents used in the fi re sup-
pression and explosion protection industry to avoid redundancy with NFPA 2001. On occasion, EPA 
partners with associations in an effort to minimize impact of ODS substitutes on environment or health. 
For example, the Fire Equipment Manufacturers’ Association (FEMA), Fire Suppression Systems 
Association (FSSA), Halon Alternatives Research Corporation (HARC), and the National Association 
of Fire Equipment Distributors (NAFED) worked with EPA to develop a voluntary code of practice to 
minimize unnecessary emissions of HFCs. As part of this partnership, industry and EPA initiated the 
HFC Emissions Estimating Program (HEEP) to monitor emissions of HFCs from the fi re protection 
sector. 

 32.1.3.3 International Regulations 

 The Montreal Protocol was signed by 24 nations and the European Economic Community. 
International harmonization of toxicological requirements for ODS substitutes is best represented 
by the PAFT (described previously). The PAFT represents a unique effort by most CFC producers from 
the United States, Asia, and Europe to evaluate the toxicology of limited production or research 
chemicals to support the introduction and use of these chemicals as substitutes for widely used 
compounds. In addition to toxicology evaluation, management and product quality are part of the 
PAFT effort. 

 32.2 TOXICOLOGY METHODS FOR FLUOROCARBON 
ALTERNATIVES 

 The phaseout of the CFCs brought about signifi cant changes to the fl uorocarbon market for compa-
nies. The compounds that had for decades been made available because of their stability were the 
principal reason why they were being eliminated. Research and development into the alternatives 
took on a frantic pace during the 1980s and 1990s as companies attempted to replace the phased-out 
CFCs. Much of the data that were generated during this time had been published in peer-reviewed 
journals and presented at professional meetings and symposia. Indeed, a basic tenet of PAFT at the 
time was to publish the data, making it available to everyone that had an interest in this class of 
compounds. There is, however, no single source of data for all of these compounds. The purpose of 
this section on fl uorocarbon alternatives is to review the toxicology data for many of these alternative 
compounds, with special attention to those data generated by inhalation exposures. In addition, the 
variety of regulations that are in effect for these compounds will be discussed as well as those protocols 
developed to examine certain end points of toxicological interest. 

 32.2.1 Toxicity-Testing Guidelines 

 Numerous testing guidelines have been published over the past 20 or so years, and these guidelines 
for testing have become essentially “required” rather than just “guidelines” for the development of 
protocols for testing. Guidelines for inhalation toxicology studies are specifi cally referenced in the 
OECD, TSCA, and FIFRA Guidelines (Table 32.3). In all of these guidelines, however, the gen-
eration of inhalation atmospheres is not specifi cally recommended other than to indicate that the 
chamber atmospheres should be homogeneous and stable. For compounds that require the generation 
of particles, some guidance is provided to ensure that respirable particle sizes are created during 
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inhalation exposures. Overall, the specifi cs of atmosphere generation are left to the study director to 
ensure a properly designed study. 

 These toxicity-testing guidelines make reference to conducting studies by the most appropriate 
route of potential human exposure, although the inhalation route is not mandated  per se.  The FIFRA 
guideline is the only guideline that specifi es an inhalation study for fi brous materials. Detailed 
descriptions of the inhalation toxicity and methods are provided in other chapters.   

 32.2.1.1 Methodology Considerations 

 The commonality across all of these guidelines involves the need for at least three exposure concen-
trations; measuring of clinical observations before, during, and after exposure; and measuring other 
in-life parameters, e.g., food consumption, body weights. As the study duration increases, other 
parameters are to be included such as hematological and clinical chemistry measures. Over the past 
several years, greater emphasis has been placed on determining the effects of chemicals on neuro-
logical development, e.g., developmental neurotoxicity studies, as well as assessing neurological 
effects of the adult animal. A functional observational battery (FOB) and Irwin testing have become 
more common in repeated-exposure studies such that many of the regulatory authorities specify 
FOB within 90-d studies. For the fl uorocarbons, however, FOB determinations during exposure are 
diffi cult. Indeed, many FOBs are conducted postexposure, usually within one hour of termination of 
exposure. There are little, if any effects ever observed on FOB determinations because of the rapid 
elimination of these compounds. In assessing the neurotoxicity of one compound HFC-4310mee, 
Malley et al., (1995b) exposed rats in an air-tight modifi ed glove box. In this procedure, the inves-
tigators were able to manipulate the animals to examine for righting refl ex, open-fi eld exploratory 
behavior, grip strength, and tail pinch. 

 Inhalation exposures and generation of exposure atmospheres with the fl uorocarbons are not 
as challenging as might occur with powdered substances or fi brous materials. Most of these com-
pounds are gases at room temperature or are volatile liquids. The physical and chemical properties 
of some selected fl uorocarbons are shown in Table 32.4  . 

 For most of the fl uorocarbons listed in Table 32.4, the compounds have low boiling points and 
vapor pressures that allow easy generation of inhalation atmospheres. For compounds such as HFE-
7100 and HFC-4310mee, heating of the holding vessels would be needed to generate the vapor 
atmosphere in the inhalation chamber. Stevens and Green (1987) thoroughly describe various meth-
ods of atmosphere generation for different physical forms of compounds, e.g., gases and liquids. 

  TABLE 32.3  Inhalation Toxicology Guidelines 

Testing Guideline Description and Reference
Organization of Economic Cooperation 

and Development (OECD)
No. 403: Acute Inhalation Toxicity

No. 412: Repeated Inhalation Toxicity; 28-day or 14-day 
Study

No. 413: Subchronic Inhalation Toxicity; 90-Day Study

TSCA Health Effects Testing Guideline 40CFR 798.2450: Subchronic Inhalation Toxicity

40CFR 798.4350: Inhalation Developmental Toxicity

FIFRA Health Effects Test Guidelines 40CFR 870.1300: Acute Inhalation Toxicity

40CFR 870:3465 90-Day Inhalation Toxicity

40CFR 870:8355 Combined Chronic Toxicity/Carcinogenicity 
Testing of Respirable Fibrous Particles
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Knowledge of the above-mentioned physical and chemical properties is essential for conducting an 
inhalation toxicity study. 

 32.2.2 Specialized Studies 

 32.2.2.1 Cardiac Sensitization 

 In the early 1900s, Levy and Lewis (1911) reported that cats lightly anesthetized with chloroform were 
unexpectedly sensitive to injected epinephrine. In these studies, the investigators administered chloro-
form at 0.5% or 2% in air followed by a bolus intravenous injection of epinephrine (up to 65 �g total 
dose). The authors described the electrocardiographic (ECG) pattern as   “  heterogenetic,  ”   short pauses 
in heart rate followed by tachycardia. Continued administration of chloroform ultimately resulted in 
ventricular fi brillation. Levy followed up on this initial work and reported variations in cardiac sensi-
tivity that were dependent on the duration and degree of anesthesia (Levy, 1913). He found that cats 
under light anesthesia were more susceptible to the cardiotoxic effects of chloroform than deeper 
surgical anesthesia. In a review of the literature, Levy found a number of cases where humans had 
been overcome by chloroform. In these cases, he reported that medical treatment consisted of injecting 
epinephrine (to stimulate the cardiovascular system) but, in many cases, the patient subsequently died 
after exhibiting tachycardia followed by ventricular fi brillation. This increased sensitivity of the heart 
to epinephrine brought about by exposure to a specifi c organic chemical was referred to as cardiac 
sensitization. 

 Little experimental work on cardiac sensitization was reported in the literature after the initial work 
of Levy until Meek et al. (1937) refi ned the experimental protocol of Levy and used dogs as the experi-
mental animal. Like the work of Levy, Meek and his collaborators demonstrated an increased sensitivity 
of the heart to hydrocarbons (cyclopropane) followed by intravenous injections of  epinephrine. 

 Based on these studies, the potential hazard associated with administering hydrocarbon anes-
thetic agents followed by epinephrine became clearly recognized. It was not until the 1960s with the 
increased commercial use of CFCs as aerosol propellants and their deliberate misuse that resulted in 

  TABLE 32.4  Physical and Chemical Properties of Selected Fluorocarbons 

Fluorocarbon Physical and Chemical Properties

Form at 22º C Molecular Weight Boiling Point (ºC)
Vapor Pressure 
(mmHg) at 25ºC

CF
3
I Gas 196 –8.5 3,293

HCFC-123 Liquid 153 27.9 718

HCFC-124 Gas 136 –12 2,888

HCFC-141b Liquid 117 32 600

HCFC-22 Gas 86 –41 7,250

HCFC-225ca Liquid 202 25 240

HFC-125 Gas 120 –48.5 10,500

HFC-134a Gas 102 –26 4,730

HFC-227ea Gas 170 –17 3,375

HFC-236fa Gas 152 –1.4 2,043

HFC-32 Gas 52 –51.6 12,525

HFC-4310mee Liquid 196 55 226

HFE-7100 Liquid Mixturea 61 202

a HFE 7100 is a mixture of methyl nonafl uoroisobutyl ether and methyl nonafl uorobutyl ether.
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numerous sudden deaths did cardiac sensitization become once again a phenomenon needing further 
investigation. 

 In the 1960s the CFC propellants were being illegally abused to achieve a light anesthesia. In 
this application, the user attempted to get a “high” (stage I anesthesia) similar to that described 
for illicit drug use. However, there were numerous fatalities from “sniffi ng”1   of the propellants 
(Reinhardt et al., 1971). The deliberate, abusive “sniffi ng” of aerosol products and propellants to 
achieve a state of euphoria began in the early- to mid-1960s and peaked in the late 1960s and early 
1970s (Bass, 1970). Deaths from aerosol “sniffi ng” were always sudden, occurred during or shortly 
after inhalation of high concentrations of the aerosols, and were generally accompanied by physical 
exertion or some type of stress (for example, extreme excitation). The mechanism for most of these 
deaths was thought to be due to cardiac sensitization occurring from the inhalation of high concen-
trations of aerosol propellants, coupled with corresponding high blood levels of endogenous adrena-
line, resulting in the sudden onset of ventricular fi brillation. Autopsy of those that died of this abuse 
generally do not present any unusual fi ndings. No anatomical changes are observed in the heart, 
brain, or other organs. The diagnosis of cardiac sensitization is usually based on circumstantial 
evidence at the scene, i.e., position of the body, empty aerosol cans, and a lack of autopsy fi ndings 
that might otherwise be responsible for the death. Because of the increased illicit use of the CFC 
propellants, additional research was undertaken to describe this phenomenon in more detail. 

 Because of the reported increase in deaths from aerosol “sniffi ng,” many different groups under-
took a search for an animal model and the development of a methodology to predict cardiac sensiti-
zation potential. The most active groups during the period of the late 1960s and into the 1970s were 
Reinhardt and colleagues at DuPont’s Haskell Laboratory and Clark and Tinston at ICI’s Central 
Toxicology Laboratory. The research conducted by both groups centered primarily on selection of an 
appropriate animal model and simulating increases in blood adrenaline levels by intravenous injec-
tion of appropriate doses of epinephrine. 

 The method developed by Reinhardt is shown in Figure 32.1. In brief, a conscious beagle dog, 
fi tted with a fl ow-through mask, is exposed to various gaseous concentrations of the test compound 
in air and given an intravenous epinephrine injection before and during exposure to a potential sen-
sitizing agent. The ECG response is continuously monitored. For the fi rst 7 min of the experiment, 
the dog is allowed to breathe air alone. A control intravenous injection of epinephrine (8 �g/kg) is 
administered at 2 min over a 9-sec interval with exposure to air continued to 7 min. From 7 to 17 min, 
the dog is then allowed to breathe a specifi c concentration of a compound-air mixture. After 5 min 
of exposure to the compound-air mixture (12 min into the study), a challenge injection of epineph-
rine (8 �g/kg) is given. If the compound at the specifi ed concentration is a cardiac sensitizer, a 
life-threatening arrhythmia would be seen on the ECG. After 5 more minutes of exposure to the 
compound, the study is stopped (17-min point of the test protocol).   

 Because the normal pharmacological action of high doses of epinephrine alone causes ven-
tricular fi brillation, it was necessary to use a smaller dose in this assay. The dose of epinephrine 
used in the protocol of Reinhardt et al. (1971) was 8 �g/kg, which is similar to that used by other 
investigators (Meek et al., 1937; Chenoweth, 1946; Raventos, 1956; Clark and Tinston, 1973). This 
dose of epinephrine, given intravenously in 1 ml of saline over a 9-sec period, provides a dose rate 
of about 50 �g/kg/min. This dose rate of epinephrine is about ten times the dose calculated to occur 
in humans (5 �g/kg/min) during times of stress (Cannon, 1919; Mullin et al., 1972). 

 Length of exposure to the sensitizing agent was also investigated because it is an important vari-
able relative to the induction of cardiac sensitization. In a study on CFC-12 (Reinhardt et al., 1971), 
exposure to 13.5% for 30 sec induced cardiac sensitization in 2 of 7 dogs. In the standard 17-min 
protocol, where exposure lasts for 5 min before an epinephrine challenge, the threshold for cardiac 
sensitization was 5.0%. However, for more than 5 min of exposure, the threshold for sensitization 
appears to be independent of exposure duration. For example, with CFC-12, exposures of 30 or 

1 Aerosol “sniffi ng” is a misnomer. “Sniffi ng” is the deliberate, deep inhalation of highly concentrated vapors.
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even 60 min prior to epinephrine challenge did not lower the cardiac sensitization threshold of 5.0% 
seen in the standard 17-min protocol (Reinhardt et al., 1971). Because of this fi nding and the rapid 
equilibration in blood observed with fl uorocarbons, a 5-min exposure to the test agent (prior to epi-
nephrine challenge) was chosen for the Reinhardt protocol. 

 As mentioned previously, in the 1980s and into the 1990s, a signifi cant amount of toxicological 
investigation was undertaken to fi nd alternatives to the CFCs. Much of this work was done under 
the coordination of an international industry consortium (PAFT). Cardiac sensitization studies were 
part of PAFT’s research programs. The protocol used for these studies was similar to that described 
by Reinhardt et al. (1971). However, the dose of epinephrine used was titrated for each experimental 
animal and this modifi cation was expected to control for individual dog variation in response to 
cardiac sensitizers. 

 Prior to exposing the experimental animal (dog) to the fl uorocarbon, epinephrine was adminis-
tered (i.v.) at doses ranging from 2 to 12 �g/kg while the dog was exposed to air. The purpose of this 
procedure was to determine the dose of epinephrine that would be minimally arrhythmogenic. If an 
arrhythmia were observed, the dose of epinephrine would be decreased, or, if no arrhythmia was 
observed, the dose of epinephrine was increased up to a maximum dose of 12 �g/kg. Once the dose 
of epinephrine was established, that dose would be used when the dog was exposed to the fl uorocar-
bon following the same 17-min protocol (Figure 32.1). Although this approach addresses biological 
variation, it can result in selecting an epinephrine dose that is too high, resulting in a fatal arrhythmia, 
or too low, resulting in an insuffi cient challenge. Thus, if the same chemical were to be tested using 
the fi xed-dose method and the titration method, it is possible that the test results would differ relative 
to a no observable adverse effect level (NOAEL) or lowest observable adverse effect levels (LOAEL). 
Indeed, in studies with HCFC-141b, the cardiac sensitization LOAEL using the epinephrine- titration 
method was 9000 ppm (epinephrine dose, 10 �g/kg). However, when tested in the Reinhardt pro-
tocol (fi xed epinephrine dose, 8 �g/kg), the LOAEL was 5000 ppm (Brock et al., 1995). In a third 

FIGURE 32.1 General protocol for cardiac sensitization.

4049_C032_r03.indd   8344049_C032_r03.indd   834 11/15/2005   4:36:46 PM11/15/2005   4:36:46 PM



Fluorocarbon Alternatives—Methodologies for Special Studies and Results 835

 unpublished study, (G.M. Rusch, personal communication, 2002) the cardiac sensitization threshold 
was 20,000 ppm (epinephrine dose, 10 �g/kg). These three studies were conducted over a 30-year 
period. Clearly, the threshold for a cardiac sensitization response from these three studies varies, and 
this variation cannot be explained solely on the basis of epinephrine dose. 

 An issue raised with the use of the titration method was the possible severity of the response to a 
potential sensitizer. In the presence of a sensitizer, the challenge dose of epinephrine might result in 
a fatal response, an event that investigators attempted to avoid. To address this concern, an escalating 
epinephrine dose procedure was developed. With this procedure, the dog is challenged with increas-
ing epinephrine doses of 1.2, 2.4, 4.8, and 6 �g/kg during a 30-min exposure to air or test agent. 
Approximately 90 sec is required for “wash out” of the pharmacological effect of epinephrine. Once 
a positive sensitization response is observed, then an additional challenge with epinephrine could 
be repeated by using a lower dose, thereby conclusively determining whether a compound was a 
sensitizer. To our knowledge, this procedure has been used with only one fl uorocarbon, HFC-227ea 
(Chengelis, 1993). 

 Although this methodology may help to distinguish spurious fi ndings, administration of multiple 
epinephrine doses, coupled with an exposure duration of 30 min, could result in an overly sensitive 
test. Therefore, the NOAEL or LOAEL for cardiac sensitization for the same chemical could prove to 
be lower by using this method compared with the fi xed epinephrine and titration methods. 

 32.2.2.2 Neurotoxicity 

 In the toxicity-testing guidelines referenced above, guidance is provided indicating the need to 
physically examine animals prior to and following exposure. Indeed, the guidance refers to the use 
of FOB and Irwin methodologies for detecting neurological effects. Although such examinations 
and testing would be useful for those compounds with long clearance times, i.e., the half-life of 
elimination may be hours, this testing becomes more diffi cult with fl uorocarbons, particularly those 
with half-lives measured in minutes. In studies with HCFC-123 and HFC-134a, no changes in FOB 
measurements were observed in either subchronic or chronic studies (Malley et al., 1995a; Collins 
et al., 1995). For each compound, these materials are eliminated within about 30 minutes following 
exposure. 

 In studies with HFC-4310mee, Malley et al. (1995b) showed that this compound was poten-
tially neurotoxic when administered by inhalation. During exposure, rats began to exhibit tremors 
and convulsions, and these generally lasted about 20–30 min. After this time, the animals became 
lethargic and sedated. On termination of the exposure, the animals recovered fully, not showing any 
long-lasting toxicity. When the inhalation exposures were repeated the next day, this pattern of con-
vulsions followed by sedation was again evident. Changes in FOB parameters were not, however, 
observed in these studies primarily because of the compound being rapidly eliminated following ter-
mination of exposure. Clearly, such a conclusion of no effects on FOB parameters appears contrary 
to the effects observed during the inhalation exposures. 

 Additional studies with HFC-4310mee were undertaken to examine further the neurotoxicity 
of this compound. In these studies, an air-tight Plexiglas chamber, a modifi ed glove box, was con-
structed that allowed manipulation of the animals during exposure. Although all FOB parameters 
could not be assessed, the investigators were able to observe the rats in an open-fi eld test, and for 
tail-pinch and righting refl ex. These parameters were affected by exposure. 

 32.2.2.3 Genotoxicity 

 The purpose of genotoxicity testing is to screen chemicals for potential mutagenic and carcinogenic 
activity. Genotoxicity assays are short-term tests performed primarily in cell culture systems. The 
prediction of a chemical to produce cancer in humans is more reliable when information is available 
from several genotoxicity test systems, i.e., a “battery of tests.” For this reason, a battery of three or 
more assays is commonly performed for assessing genotoxicity. There are a wide variety of tests to 
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consider when selecting an assay. The  Salmonella typhimurium  reverse mutation assay, commonly 
referred as the Ames assay, is probably the most widely used genotoxicity test for assessing mutagen-
icity. Results provide information on whether the test substance causes point and frameshift muta-
tions in the genome of this bacterial organism. Details of the assay are available in OPPTS Series 
870.5265. Currently, four test strains (TA 1535, TA 1537, TA 98, and TA 100) are designated for 
testing, but a fi fth strain (TA 102) is recommended (OPPTS Series 870.5100). In addition, testing 
in an  Escherichia coli  strain is required when testing is to be submitted to regulatory authorities. 
Each strain is tested in the presence and absence of a metabolic activation system with appropriate 
positive control reference substances to ensure the effi cacy of the activation system. A preliminary 
“range-fi nding” experiment is required to determine the upper limits of a candidate’s concentra-
tion that will produce cytotoxicity and/or, for relatively insoluble chemicals, the limits of solubility. 
A maximum of 5 mg of test substance per plate is acceptable by EPA. 

 The Ames assay is fairly straightforward for liquid or solid test materials at ambient conditions. 
The assay is more complicated for gas or vapor replacement candidates, because of the time and 
skill required for exposing bacteria cultures to the test substance. Exposure chambers may have to 
be designed or modifi ed. Vapor generation systems and analytical methods to measure the exposure 
concentration of the test substance have to be developed and implemented. For example, Tedlar ®  
bags may be employed for preparation of vapor test atmospheres and exposure of bacteria. A deter-
mination of test substance solubility is desirable, particularly when no cytotoxicity is observed in 
the “range-fi nder” experiment. 

 Conduction of a mammalian cell assay will provide greater confi dence in predicting a potential 
genotoxicity health hazard. Again, there are several assays to consider, but the two most common 
are the  in vitro  gene mutation assays in Chinese hamster ovary (CHO) cells and mouse lymphoma 
(L5178Y) cells. EPA guidelines for these tests are available (OPPTS 870.5300). Two references for 
testing volatile substances in CHO cells are Krahn et al. (1982) and Zamora et al. (1983). A refer-
ence for testing vapor of halon replacement candidates in L5178Y cells was reported by Dodd et al. 
(1997a). Only one assay needs to be selected for chemical testing, because both assays give a similar 
type of genotoxicity information. The choice of an assay depends primarily on the historical back-
ground and familiarity of the laboratory performing the test. Similar to the Ames assay, a preliminary 
  “  range-fi nding  ”   experiment is performed to determine the upper limits of a candidate  ’  s concentra-
tion that will produce cytotoxicity. The use of an exogenous source of metabolic activation to mimic 
mammalian  in vivo  conditions is part of the study design. 

 Conducting an  in vivo  mammalian cell genotoxicity test will complete the “battery of tests.” An 
 in vivo  mammalian cell test is especially relevant to assessing mutagenic hazard in that it allows con-
sideration of factors of  in vivo  metabolism, pharmacokinetics, and DNA-repair processes, although 
these may vary among species, among tissues, and among genetic endpoints. The  in vivo  mamma-
lian cell system used frequently in a genotoxicity testing battery is the mouse micronucleus assay. 
The mouse micronucleus test detects the damage of chromosome or mitotic apparatus caused by a 
chemical in immature (polychromatic erythrocyte, PCE) cells of treated animals. Micronuclei are 
believed to be formed from chromosomes or chromosome fragments left behind during cell divi-
sion. After cell division, these fragments may not be included in the nuclei of the daughter cells and 
form single or multiple micronuclei in the cytoplasm. The micronucleus test can serve as a rapid 
screen for clastogenic agents and test materials that interfere with normal mitotic cell division, 
effecting spindle fi ber function or formation. The assay is based on the increase in the frequency of 
micronucleated PCEs in bone marrow of the treated animals. 

 General guidelines to be followed in the mouse micronucleus assay are described in EPA’s 
Health Effects Test Guidelines OPPTS 870.5395 or in the OECD Guidelines. More specifi cally, the 
assay is conducted using animals of both sexes and 3 to 4 concentrations of the test agent or negative 
control (e.g., air-only exposed or saline dosed). Treatment of animals is either by inhalation (volatile 
test chemicals) or by gavage for three consecutive days. A positive control agent, cyclophosphamide, 
dissolved in physiological saline, is given by intraperitoneal injection as a single dose. Twenty-four 
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hours following the last exposure/dose, mice are sacrifi ced, and bone marrow cells are collected and 
processed. The frequency of micronucleated cells is observed by counting 2000 PCEs per animal. 
Animal mortality and the ratio of PCE to mature erythrocytes (normochromatic erythrocyte, NCE) 
are used as indicators of test agent toxicity. The difference in the micronucleated PCE frequency and 
the ratio of PCE/NCE between treated and control animals are statistically evaluated by Chi-square 
analysis, and the dose-dependent response is examined by linear regression. A test agent is consid-
ered to have elicited a positive response in the mouse micronucleus test if there is a dose-related 
increase in micronuclei and if one or more of the doses induces a statistically signifi cant ( p  � 0.05) 
increase in micronuclei induction. 

 Results from the genotoxicity test battery provide moderate to strong confi dence in predicting 
carcinogenic potential of a chemical. If the  in vivo  mouse micronucleus test is carried out at either 
a limit dose or the maximum tolerated dose, or if it can be demonstrated that the test substance is 
reaching the target tissue, the results of this study normally would override the results of  in vitro 
 assays for the purpose of health hazard assessment. If results from the genotoxicity test battery 
remain equivocal and signifi cant exposure of unprotected personnel is possible, then lifetime studies 
in two species of animals may be required to determine the carcinogenic potential of exposure to 
a chemical. Also, important biological end points such as developmental toxicity and reproductive 
toxicity remain to be addressed more thoroughly. 

 32.2.2.4 Mechanistic Studies 

 In general, toxicology studies that investigate a chemical’s mechanism of toxic action, including its 
metabolism and toxicokinetics, are termed mechanistic studies. Mechanistic studies are not man-
dated by regulatory agencies, such as EPA, but they are encouraged by regulatory groups because 
the type of information gained is valuable for a better understanding of a chemical’s toxicity profi le 
and thus prediction of its health risk. Three mechanistic studies that are noteworthy for fl uorocar-
bon alternatives are those that investigate metabolism/toxicokinetics, peroxisome proliferation, and 
idiosyncratic hepatitis. Of these three, test guidelines prepared by either EPA’s Offi ce of Prevention, 
Pesticides, and Toxic Substances (OPPTS; Series 870.7485) or by OECD (Section 417 of Health 
Effects Guidelines) are available for metabolism and pharmacokinetics. 

 The primary objectives of metabolism/toxicokinetic studies are to (1) identify toxicologically 
important metabolites, (2) examine distribution of metabolites and the parent compound, (3) quan-
titate the amount of metabolites formed, (4) determine the time course of metabolite formation and 
elimination, and (5) identify the factors infl uencing metabolite formation and elimination. Analyzing 
fl uoride ion concentration in tissues and fl uids of laboratory animals treated with HFCs, HCFCs, or 
perfl uorocarbons is common. Measurement of concentration of trifl uoroacetic acid (TFA) in biosam-
ples is also common. Urinary fl uoride detection assists in predicting metabolic pathways, identify-
ing toxic metabolites, and estimating blood/tissue half-lives. A brief description of an experimental 
approach on metabolism and pharmacokinetics of select halon replacement candidates is by Dodd 
et al. (1993). 

 A large number of fl uorocarbons and fl uorocarbon alternatives are capable of inducing liver 
enlargement, proliferation of peroxisomes, and induction of microsomal fatty acid oxidation in labo-
ratory animals. Chemicals that produce these characteristics are called peroxisome proliferators. 
Long-term administration of peroxisome proliferators to rats and mice can cause liver tumors. The 
proposed mechanisms associated with the production of these tumors include sustained oxidative 
stress, enhanced cell replication, inhibition of apoptosis, and promotion of spontaneous preneoplas-
tic lesions (Dzhekova-Stojkova et al., 2001). To date, humans treated with drugs that are categorized 
as peroxisome proliferators do not appear to be susceptible to the hepatocarcinogenic effects. In 
mice, peroxisome proliferation is mediated through the peroxisome proliferator-activated receptor 
alpha (PPARalpha), a member of the nuclear receptor superfamily. Low levels of PPARalpha in 
humans may explain species differences in the carcinogenic response to peroxisome proliferators. 
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 To determine peroxisome proliferation potential, liver samples from animals treated with the test 
agent are collected at necropsy and measured for �-oxidation activity. Increased activity of �-oxidizing 
enzymes is considered to be an indication of increase in size (activity) and numbers of cytoplasmic per-
oxisomes (Moody et al., 1991). In addition, livers are weighed, and liver histopathology is performed. 
Because lipid metabolism is associated with peroxisomes, measures of blood cholesterol, lipids, trigyc-
eride, and glucose are included in clinical chemistry determinations. 

 Since the 1960s, inhalation anesthetics, such as halothane, enfl urane, and isofl urane have been 
associated with two types of toxic hepatitis, mild (nonfatal) and fulminant (often fatal) hepatic necro-
sis. The incidence of the mild form varies from 20 to 25% of anesthetized patients (Thompson and 
Friday, 1978), and the fulminant form (also referred to as idiosyncratic hepatitis) is 1 of 10,000–30,000 
patients (Bunker et al., 1969). There are a number of fl uorocarbon alternatives with structures similar 
to halothane (e.g., HCFC-123, HCFC-124, HFC-125) and they are, therefore, considered suspect for 
producing toxic hepatitis. 

 Halothane-induced idiosyncratic hepatitis is thought to result from immunologically mediated 
allergic or hypersensitivity reactions. Metabolism of halothane leads to the formation of a reactive 
intermediate, trifl uoroacetyl (TFA) chloride that binds with liver proteins to produce a neoantigen 
product that can illicit an immune response. Patients diagnosed with halothane hepatitis produce 
antibodies that recognize TFA-protein adducts (Hubbard et al., 1988). Fluorocarbon alternatives con-
taining a geminal dihalomethyl group (-CHX

 2 
) may be metabolized to an acyl halide reactive inter-

mediate. Harris et al. (1992) measured the rates of metabolism for select HCFCs and HFCs in rats and 
observed that urinary excretion of trifl uoroacetic acid correlated with levels of liver TFA-proteins. 
Further, no hepatic TFA-proteins were detected in rats treated with HFC-134a, a fl uoroethane that 
does not metabolize to a TFA halide. 

 Potential biomarkers for toxic hepatitis include levels of urinary trifl uoroacetic acid, presence of 
TFA-protein adducts in hepatic fractions, and serum enzyme concentrations of alanine aminotrans-
ferase (ALT) and isocitrate dehydrogenase (ICDH). The basis for the measurement of serum ALT 
and ICDH is because of an association between these liver-derived plasma enzymes and liver injury 
(determined histologically) in laboratory animals exposed to halothane (Lind and Gandolfi , 1991). 
The guinea pig is considered a representative animal model for idiosyncratic hepatitis; however, 
a quantitative association between these biomarkers and individual susceptibility to toxic hepatitis 
remains at large from a risk assessment perspective. 

 32.2.2.5 QSAR Analysis 

 Quantitative structure–activity relationships (QSARs) may be used as an integral part of health 
hazard assessment. This approach relies on an experienced toxicologist or chemist to fi t the new 
chemical alternative into a category of existing chemicals because of similarities in molecular structure 
or chemical functionality. For this approach to be of value, the existing chemicals category or 
close structural analog must have its own robust toxicology database. QSAR analysis programs 
have been formalized and computerized for some health end points (e.g., cancer, mutagenicity, 
teratogenicity) and may be useful with appropriate recognition of the limitations of these pro-
grams. A review of the various computerized QSAR programs available commercially is beyond 
the scope of this chapter, but this subject has been reviewed recently (Dearden et al., 1997). The 
EPA has grouped chemical substances with similar physical-chemical, structural, and toxicological 
properties into working categories. Additional candidate categories for EPA’s new chemical review 
process are proposed by TSCA New Chemicals Program (NCP) staff based on available data and 
experience of reviewing premanufacturer’s notifi cations on related substances. These groupings 
enable the user of the NCP Chemical Categories guidance document to benefi t from the accumu-
lated data and previous decisions within EPA’s new chemicals review process since 1987 to identify 
areas of health hazard concern. Currently, there are 45 chemical categories listed in the table of 
contents of the EPA document, the detailed summaries of which may be found at http://www.epa.
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gov/oppt/newchems/. The Organization for Economic Co-operation and Development (OECD) 
prepared a monograph on the evaluation of the predictive power of the QSAR techniques used by 
EPA in context of the new chemicals notifi cation scheme established by TSCA (http://www.epa.
gov/oppt/newchems/ene4147.pdf). 

 Recently, Nyden and Skaggs (1999) prepared a general listing of chemical classes, functional 
groups, possible toxic end points, and references of possible QSARs as part of a document on 
screening methods for fi re suppression alternative agents. 

 For close structural analogs that have been used for several years, relevant information may 
be gained from historical experience with human exposure from normal handling. For many exist-
ing chemicals with many years of widespread industrial use, no adverse health effects have been 
observed. On the other hand, in some cases of overexposure or where unexpected toxicity was 
discovered, adverse effects in occupational populations have occurred. When they are available, ret-
rospective (or case-control) epidemiological studies for close structural analogs may provide insight 
as to the potential for certain health effects by the new chemical. 

 32.3 RESULTS OF SPECIFIC STUDIES 

 In this section, the results of the toxicology programs for both HCFC-123 and HFC-134a will be 
briefl y described in comparison with the known toxicity of the CFC replacements, CFC-11 and 
CFC-12, respectively. The toxicity of other fl uorocarbons, such as the perfl uoroalkanes, HFE-7100, 
CF

 3 
I, Novec™ 1230, and perfl uorooctane sulfonate will also be summarized. 
 Although structurally related, HCFC-123 and HFC-134a have different toxicity profi les appar-

ently related to the incorporation of the chlorine in the ethane molecule. During the early 1990s a 
great deal of commercial debate ensued between various fl uorocarbon producers and the users and 
producers of air-conditioning systems. In these “chiller wars,” debate was centered on the differen-
tial toxicity of HCFC-123 compared with HFC-134a. It is clear, however, that given the different 
molecular makeup of the molecule, differences in toxicity would be expected,  thereby resulting 
in the commercial debate that one compound was superior to another. In retrospect and because of 
the need to limit fugitive emissions from air-conditioning systems, exposures to either of the com-
pounds in this application would have been limited. In contrast, exposures during the manufacturing 
of these compounds would have been greater, but still somewhat limited because of the engineering 
controls instituted for production. 

 32.3.1 HCFC-123 

 HCFC-123 has very low oral toxicity with an approximate lethal dose (ALD) in the rat of 9000 mg/kg. 
On the skin of guinea pigs, a 50% solution in propylene glycol produced no irritation or sensitiza-
tion and no irritation was observed when applied on the skin of rabbits. No deaths occurred in rats 
and rabbits topically administered 2000 mg/kg of HCFC-123 for 24 h under an impervious cover. 
No irritation was noted in the rats but slight to moderate erythema was noted in 6 of 10 rabbits. In 
the rabbit eye, a 50% solution of HCFC-123 in propylene glycol produced mild, temporary irrita-
tion and corneal opacity. HCFC-123 also has very low inhalation toxicity in rats with a 4-h LC

 50 
 

of 32,000 ppm. In experimental screening studies for cardiac sensitization with dogs, HCFC-123 
produced a cardiac sensitization response following an intravenous challenge with epinephrine at 
20,000 ppm and above (ECETOC, 1996). 

 In a 4-week, subchronic inhalation study, groups of 10 male and 10 female rats were exposed 6 h 
a day, 5 days a week to 1000, 5000, 10,000, or 20,000 ppm of HCFC-123. Exposures to 5000 ppm 
and above resulted in anesthetic-like effects during the exposure period. Body weights were signifi -
cantly lower in most of the exposed groups. The primary systemic effect observed in this study was 
an effect on the liver. Relative liver weights were higher in females at all exposure concentrations 
and in males exposed to 20,000 ppm. Male rats of the 20,000 ppm group had slightly higher liver 
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enzyme activities. However, no gross or microscopic pathological liver changes were noted in any 
of the exposed rats (ECETOC, 1996). 

 Three separate 90-d inhalation studies were conducted with HCFC-123 (Rusch et al., 1994). 
The concentrations used for these studies ranged up to 10,000 ppm with exposures occurring for 
6 h a day, 5 days a week. The rat was used in each of these studies, and the dog was used in one 
study. Overall, the primary fi nding with exposure to HCFC-123 was an effect on the liver with 
increases in relative and absolute liver weights occurring at concentrations of 5000 ppm and above. 
Increases in liver enzymes were also a common fi nding in these 90-d studies. Other fi ndings in 
these 90-d studies included kidney and heart weight changes and anesthetic effects at 5000 ppm 
and above. No microscopic changes were noted in rats in these studies, although liver necrosis and 
hypertrophy were observed in dogs exposed at 10,000 ppm. 

 In the third 90-d inhalation study, serum triglyceride, cholesterol, and glucose concentrations 
were signifi cantly reduced compared with controls at all exposure concentrations. Serum cholesterol 
was also signifi cantly lower in females exposed to 1000 or 5000 ppm. These effects, along with the 
increases in liver weights, were suggestive of an effect on lipid biosynthesis and possibly an effect 
on peroxisome production. Higher peroxisome �-oxidation activity was noted in all exposed rats in 
this study. Comparisons of liver sections from the control and high-level exposure groups by electron 
microscopy revealed that peroxisome number in high-dose animals were about 2-fold greater. This 
higher enzyme activity and peroxisome number indicate an induction of hepatic peroxisome prolif-
eration. This fi nding was the fi rst in a series of fi ndings for HCFC-123 that led to development of a 
hypothesis that this compound may induce tumors in a two-year bioassay (see below). Furthermore, 
the fi ndings at that time continued to fuel debate over the human relevance of peroxisome induction 
and the occurrence of a “triad” of tumors generally observed with this class of compounds. 

 In a two-year inhalation study, male and female rats were exposed 6 h a day, 5 days a week, 
to 300, 1000, or 5000 ppm of HCFC-123 (Malley et al., 1995a). After 12 months of exposure to 
HCFC-123, male and female rats exposed to 5000 ppm and females exposed to 1000 ppm had lower 
body weight and body weight gain. Rats exposed to 5000 ppm appeared sedated during exposure but 
quickly recovered after the end of the daily exposure. Serum triglyceride and glucose concentrations 
were signifi cantly decreased as they were in the 90-d study. Serum cholesterol was signifi cantly lower 
in all the exposed females and in the males exposed to 5000 ppm. Rats exposed to 5000 ppm had sig-
nifi cantly higher mean relative liver weights without any gross or microscopic pathological changes. 

 After 24 months of exposure, decreased body weights were observed in males exposed to 
5000 ppm of HCFC-123 and in females exposed to 1000 or 5000 ppm. A slight, reversible lethargy 
was noted in the 5000 ppm males during exposure, a fi nding consistent with the subchronic studies. 
Serum triglyceride, cholesterol, and glucose continued to be decreased in a dose-related manner. 
Liver weights were increased at 5000 ppm. A positive, dose-related effect on survival was noted in 
the HCFC-123 exposed groups. Histopathological examination revealed an increased incidence of 
benign tumors of the testes, pancreas (exocrine), and liver (Table 32.5)  . 

 When hepatocellular adenomas were statistically analyzed, only a signifi cant increase was 
observed in the animals of the 5000 ppm group, and the dose–response curve was fl at, affording no 
statistical signifi cance. Indeed, the shape of the dose–response curve suggested a threshold phenom-
enon, a response that has been observed in long-term bioassays with other peroxisome-proliferating 
compounds, e.g., clofi brate, WY-14,643. 

 Interstitial cell adenomas in the testes, unilateral and bilateral combined, exhibited only a mar-
ginal statistically signifi cant increase in the 5000 ppm group. As with hepatocellular adenomas, the 
shape of the dose–response curve suggested a threshold phenomenon. Furthermore, the response that 
was observed is a typical age-related response with the difference between control and high-dose 
groups in this study related to lower survival in the control group. Age-adjusted statistics supports 
this contention. 

 The pancreas was a target tissue in both males and females. However, the incidence of benign 
tumors was statistically signifi cantly increased in males only. There were increases in the incidence 

4049_C032_r03.indd   8404049_C032_r03.indd   840 11/15/2005   4:36:47 PM11/15/2005   4:36:47 PM



Fluorocarbon Alternatives—Methodologies for Special Studies and Results 841

of nonneoplastic hyperplasia in both sexes. In males, the incidence was increased signifi cantly in a 
dose-related manner. In females, while increases were noted, when adjusted for mortality (incidental 
tumor test and life table analysis) this increase was not statistically signifi cant. Acinar cell hyperplasia 
and acinar cell adenomas represent a continuum of toxicity. When the incidence of adenomas and 
hyperplasia were combined, the incidence in the high-dose group females was signifi cantly different 
from controls by pairwise comparison. However, no signifi cant dose–response trend was noted with 
the age-adjusted tests. 

 In addition to the tumor incidence above, the combined incidence of cholangiofi bromas was 
increased in female rats only at the high concentration (0 of 67 for control; 6 of 70 for the 5000 ppm 
group). However, the shape of the dose–response curve, like those of the other benign tumors observed 
in this study, exhibited a “hockey-stick” shape. When accounting for the changes in survival, the occur-
rence of this tumor was not statistically signifi cant by life table tests ( p  = 0.063). The diagnosis of 
cholangiofi broma as a benign tumor is supported in the literature. 

 HCFC-123 was not embryotoxic or teratogenic in groups of pregnant rats exposed 6 h/d on days 
6 through 15 of gestation to 5000 or 10,000 ppm (Malinverno et al., 1996). In rats exposed to 10,000 
ppm, maternal toxicity was evident at the end of each daily exposure and indicated as slight anesthesia. 
HCFC-123 was also not embryotoxic or teratogenic in groups of pregnant rabbits exposed on days 6 
through 18 of gestation to 500, 1500, or 5000 ppm. Dose-related maternal toxicity was characterized 
by reduced weight gain and reduced food consumption (Malinverno et al., 1996). 

 In a two-generation reproduction study, groups of male and female rats were exposed 6 h/d, 
7 d/week to 30, 100, 300, or 1000 ppm (Malinverno et al., 1996). The rats were exposed for 12 
weeks before being mated, throughout a 2-week mating period, during the 20-d gestation period, 
and until the offspring were weaned. Mating performance and duration of pregnancy were not 
affected throughout the study. No adverse clinical signs of toxicity were observed. Body weights 
were slightly lower between weeks 7 and 15 in males exposed to 1000 ppm and in females exposed 
to 300 or 1000 ppm. Liver weights were slightly increased in F

 0 
 rats exposed to 300 or 1000 ppm, 

but liver weights of the pups were not affected. Litter size of F
 1 
 pups was slightly decreased at 1000 

ppm. F
 1 
 pup body weights were reduced at �100 ppm during lactation days 4–21 only. In the F

 2 
 

generation, a decrease in pup weights was also observed during the period of lactation days 4–21 
at �30 ppm. The reduced total body weight is thought to be related to the decrease in maternal fat. 

TABLE 32.5  Incidence of Benign Tumors in Rats Exposed 
to HCFC-123 for Two Years 

0 ppm (control) 300 ppm 1000 ppm 5000 ppm
Leydig Cell Adenomas

4/67 (6%)a 12/66 (18%) 9/66 (14%) 14/66 (21%)

Pancreatic Acinar Cell Adenomas
Males

1/67 (1%) 4/66 (6%) 12/66 (19%) 14/66 (21%)

Females
0/65 (0%) 2/66 (3%) 0/67 (0%) 2/69 (3%)

Hepatocellular Adenomas
Males

3/67 (4%) 2/66 (3%) 2/66 (3%) 8/66 (12%)

Females
0/65 (0%) 5/67 (7%) 2/67 (3%) 7/69 (10%)

a Incidence of tumors/number of rats examined (percent incidence).
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To further examine this hypothesis, a cross-fostering study of control and HCFC-123 exposed rats 
was undertaken. 

 In the cross-fostering study (Buschmann et al., 2001), pregnant and lactating rats were exposed 
to air (control) or 1000 ppm for 6 h/d on gestation days 6–15 and from days 5 to 21 postpartum. 
Pups were cross-fostered to new dams within the fi rst 2 days after birth. In the HCFC-123-exposed 
maternal animals, decreases in body weights, cholesterol, and triglycerides were observed, and these 
fi ndings were consistent with previous studies with HCFC-123. Pups cross-fostered to HCFC-123 
maternal animals also had reduced body weights and triglyceride levels compared with pups cross-
fostered to control maternal animals. Milk production in HCFC-123 maternal animals was similar 
to controls, and total fat, glucose, and protein content were unaffected by HCFC-123 exposure. An 
increase in urinary trifl uoroacetate, the major metabolite of HCFC-123, was observed in cross-fostered 
pups. Overall, the effects observed in this study were considered to be due to maternal effects during 
lactation, not a direct effect on the pups, and were related to possible elimination of HCFC-123 or 
TFA through milk. 

 32.3.2 HFC-134a 

 HFC-134a has low acute toxicity by the inhalation route in several species. In the rat, the 15-min 
LC

 50 
 of �800,000 ppm and a 4-h LC

 50 
 �500,000 ppm were reported (ECETOC, 1995). During 

exposure rats showed incoordination, pumping respiration, unresponsiveness, cyanosis, convulsion, 
and death. Surviving rats regained their coordination within 5 min after exposure and appeared 
normal. In the dog, HFC-134a did not produce mortality following a 3- to 5-h exposure of 700,000 
or 800,000 ppm (ECETOC, 1995). A 10-min -EC

 50 
 for anesthetic effects, measured by the loss of 

the righting refl ex, was 280,000 ppm in the rat and 270,000 ppm in the mouse (ECETOC, 1995). 
 In repeated-exposure studies, male rats were exposed to 0 or 100,000, ppm HFC-134a (6 h/d, 

5 d/wk), over a 14-d period, or 1000, 10,000, or 50,000 ppm over a 28-d period. In the 14-d study, 
no treatment-related abnormalities were observed on body weight, clinical signs, clinical pathology, 
or histopathology. In the 28-d study, slight changes in liver, kidney, and gonad weights were noted in 
rats exposed to 50,000 ppm, and an increase in liver weight was observed at 10,000 ppm. No patho-
logical changes were observed in these organs and, therefore, the changes in organ weights were not 
considered to constitute toxic responses to treatment (ECETOC, 1995). 

 Male and female rats were exposed to concentrations of 0, 2000, 10,000, or 50,000 ppm 
HFC-134a (6 h/d, 5 d/wk) for 13 weeks. Animals were sacrifi ced either at the end of the exposure 
period or 4 weeks after the last exposure to evaluate for reversibility of any potential compound-
related effects. No signifi cant fi ndings were observed at any of the concentrations (ECETOC, 
1995). In a one-year dog study, no effects were observed at inhalation concentrations of up to 
120,000 ppm (Alexander, 1995). 

 A combined chronic toxicity/carcinogenicity study (104 weeks duration) was carried out in rats 
with exposure levels of 2500, 10,000, or 50,000 ppm HFC-134a (Collins et al., 1995). Ten rats of 
each sex from each group were designated for interim kill after 52 weeks. All groups had a similar 
survival rate, and there were no differences in in-life measures across all groups. No clinical pathol-
ogy changes were noted except of a slight increase in urinary fl uoride levels among rats exposed to 
10,000 and 50,000 ppm. The only treatment-related effect of toxicological signifi cance was confi ned 
to the testes of male rats exposed to 10,000 and 50,000 ppm. There was a statistically signifi cant 
increase in the weight of the testes of controls and there was an increased incidence of Leydig cell 
hyperplasia and benign Leydig cell tumors (Table 32.6). The no-effect level was considered to be 
10,000 ppm HFC-134a (ECETOC, 1995).   

 The benign tumors of the testicular interstitial cells (Leydig cell adenoma) are common in the 
aging rat and are not life threatening. The spontaneous incidence of this tumor type is variable 
from one strain to another, ranging from a few percent in Sprague–Dawley rats up to 100% in some 
Wistar derived and in Fisher 344 rats (Bar, 1992). However, these tumors are not likely to progress 
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to malignancy in the rat, because malignant Leydig cell tumors have not been observed in control 
Fisher rats (Boorman et al, 1990; Iawata et al, 1991; Cook et al., 1999). 

 In the two-year bioassay, male and female rats were exposed to inhalation concentrations of 
0, 2500, 15,000, or 50,000 ppm. For mice, exposure concentrations were 0, 2500, 15,000, or 75,000 ppm. 
Exposures were 1 h daily for 2 years. As noted previously, IPAC conducted a number of inhalation 
toxicity studies on HFC-134a because this compound was intended to replace CFC-12 and other 
compounds as the propellant in metered dose inhalers. Because of this application, the duration of 
exposure was limited to 1 h versus the 6 h used in the PAFT program. No treatment-related effects 
on in-life measures, e.g., survival, body weights, clinical observations were observed, and no clinical 
pathology or histopathological effects were observed (Alexander et al., 1996). 

 Male CD-1 mice were exposed 6 h/d for 5 d to levels of HFC-134a up to 212,000 mg/m 3  (50,000 
ppm) and mated with unexposed female mice. No effects on fertility were observed, as shown by 
investigating the parameters for reproductive performance (ECETOC, 1995). 

 The developmental toxicity of HFC-134a was tested in rats at 0, 1000, 10,000, and 50,000 ppm 
(Collins et al., 1995). Groups of pregnant Alpk/ApfSD, Wistar derived rats were exposed 6 h/d to 
HFC-134a from day 6 to 15 of pregnancy. The exposure to HFC-134a produced abnormal clinical 
signs in animals but did not affect maternal body weights. Mean fetal weights were slightly but 
signifi cantly lower in the 50,000 ppm group. Embryonic and fetal survival were unaffected by the 
treatment, and there was no evidence for teratogenicity except for a slight retardation of skeletal 
ossifi cation at 50,000 ppm (ECETOC, 1995). In another study using similar exposure conditions to 
the above, groups of Sprague–Dawley rats were tested at concentrations of 0, 30,000, 100,000, or 
300,000 ppm HFC-134a. No teratogenic effects were observed although some maternal growth and 
fetal development retardation in the form of delayed ossifi cation occurred. The minimum maternal 
effect dose was demonstrated to be 100,000 ppm, and the minimum embryofetal effect was demon-
strated to be 300,000 ppm (ECETOC, 1996). 

 Groups of New Zealand White rabbits were exposed by inhalation to target atmospheric con-
centrations of 0, 2500, 10,000, and 40,000 ppm HFC-134a for 6 h/d from days 7 to 19 of gestation. 
Exposure levels of 40,000 and 10,000 ppm HFC-134a were associated with slight maternal toxicity 
manifest as reduced body weight gain and food consumption. There was no evidence for maternal 
toxicity at the exposure level of 2500 ppm. There was no evidence of embryotoxicity or fetotoxicity 
at any concentration levels (Collins et al, 1995). 

 In addition to the preclinical studies, some authors have published short-term clinical studies to 
evaluate the safety of HFC-134a as a propellant in MDIs. In a 28-d double blind study conducted by 
Harrison et al. (1996), human subjects were exposed to HFC-134a or chlorofl uorocarbon propellant. 
(CFC-12 and CFC-11, 2.3:1, v/v). No signifi cant effects on cardiovascular or respiratory parameters 
were observed. In a separate study (Emmens et al., 2000), subjects were exposed, whole-body, to 
inhalation concentrations of 2000 ppm for 1 h during which the subjects were evaluated for blood 
pressure, pulse, EKG, and psychological performance tests. No effects were observed in any of the 
subjects in this study. 

  TABLE 32.6  Effect of HFC-134a on the Pathology of the Rat Testis 

Number of animals 
(n = 85) with findingb

Exposure concentration (ppm)a

0 2,500 10,000 50,000
Leydig cell hyperplasia 27 25c 31 40

Leydig cell adenoma 9 7c 12 23**

a Exposure was for 6 h/d, 5 d/wk for up to 104 weeks
b Data includes all animals from interim, intercurrent and terminal killings
c Data from 79 animals

** Signifi cantly different from control values p <0.01 (Fisher’s extact test)
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 32.3.3 Other Fluorocarbons 

 In addition to HFCs and HCFCs, several other fl uorocarbons have either replaced previously used 
fl uorocarbons, especially the CFCs, or are being considered as alternatives to currently used fl uo-
rocarbons. In some cases, a considerable amount of toxicology data is available on the fl uorocar-
bon agent, because the chemical manufacturer performed a battery of toxicity tests on the agent 
(e.g., HFE-7100). Physiologically based pharmacokinetic models have been developed for a few 
agents (e.g., CF

 3 
I). The environmental impact of PFOS is a most interesting risk assessment sce-

nario that led to the halting of its production by the chemical manufacturer. 

 32.3.3.1 Perfl uoroalkanes 

 Perfl uorination of alkanes makes these chemicals relatively biologically inert, therefore a number of can-
didate agents (e.g., perfl uoroethane [FC-116], perfl uoropropane [FC-218], perfl uorobutane [FC-3110], 
perfl uorohexane [FC-5114], etc.) have been considered for replacement of CFCs or halons. Toxicity 
studies in mammals confi rm the low toxicity associated with these chemicals. Acute toxicity and cardiac 
sensitization values are typically in the hundreds of thousands ppm range. For example, the NOAEL 
for cardiac sensitization of FC-3110 is 400,000 ppm. Similar to inert gases, the concern for minimum 
oxygen levels (approximately 20%) becomes a factor in experimental design of toxicity studies with 
perfl uoroalkanes. Ozone depletion potential is negligible. The major drawback that limits this family 
of chemicals for further consideration as CFC or halon replacement candidates is their atmospheric 
lifetime and global warming potential (GWP). FC-3110 has an atmospheric lifetime approximately 
25 times greater than CO

 2 
, and a GWP that is approximately 5000 times greater than CO

 2 
. Because of 

the environmental impact of PFCs, EPA restricts their use to when other alternatives are not technically 
feasible. 

 32.3.3.2 Hydrofl uoroether 7100 (HFE-7100) 

 HFE-7100 is a fl uorocarbon replacement agent intended for a variety of applications, such as clean-
ing and rinsing agents, lubricant carrier, drying agent, or heat transfer medium. It is a mixture of 
1-methoxy-1,1,2,2,3,3,4,4,4-nonafl uorobutane (40%) and 1-methoxy-2-trifl uoromethyl-1,1,2,3,3,3-
hexafl uoropropane (60%) with a vapor pressure of 170 mmHg at 20°C. Currently, EPA accepts 
HFE-7100 for use in several applications, such as refrigeration, heat transfer, and nonaerosol cleaning 
agents. 

 The acute inhalation LC
 50 

 (4-h) value in rats is greater than 100,000 ppm (highest concentration 
tested), and the acute oral LD

 50 
 value in rats is >5 g/kg (highest dose tested). Undiluted HFE-7100 

is not appreciably absorbed through the skin (rabbits) and is minimally irritating to the eyes or skin 
and is not a skin sensitizer (guinea pigs). The major metabolite of both isomers is heptafl uorobutyric 
acid. This metabolite was no longer detected in the serum of rabbits 48 h after a single intravenous 
injection of HFE-7100 at doses up to 10 mg/kg. 

 Cardiac sensitization potential was tested in beagle dogs at concentrations up to 100,000 ppm. 
The protocol was similar to that of Reinhardt et al .  (1971), including intravenous injections of 
epinephrine before and after inhalation of the test agent. HFE-7100 is not a cardiac sensitizer 
at �100,000 ppm (NOAEL). Results of an  in vitro  bacterial assay, an  in vitro  mammalian cell 
assay, and an  in vivo  mouse micronucleus test with the liquid state of HFE-7100 were negative 
for mutagenicity. Rats were used to determine and evaluate the potential for HFE-7100 to produce 
developmental toxicity. Exposure concentrations ranged from 0 to 30,000 ppm (6 h/d, gestation 
days 6 through 19). A mild increase in the number of fetuses with supernumerary ribs was observed 
at �15,000 ppm, but the effect was attributed to maternal stress. The NOAEL for developmental 
toxicity would be 4500 ppm. Twenty-eight-day and 90-day inhalation studies were performed in 
rats. In general, the effects observed in these studies were attributed to weak induction of peroxi-
somal proliferation (e.g., increased liver weight, palmitoyl-CoA oxidase activity, and incidence of 
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hypertrophy of centrilobular hepatocytes). The NOAEL was 7500 ppm. Urinary fl uoride concentra-
tions were monitored during both studies. Extrapolation of the urinary fl uoride data indicated that 
a urinary fl uoride value of 5 mg/l would be achieved at an exposure concentration of 1800 ppm for 
an 8-h work period. The 5 mg/l value is well below the 10 mg/l end-of-shift biological exposure 
index (BEI) for urinary fl uoride (ACGIH, 2000). The WEEL Guide (AIHA, 2002) recommends an 
occupational exposure level of 750 ppm. 

 32.3.3.3 Iodotrifl uoromethane (CF 3 I) 

 Because of its similarity in chemical structure to bromotrifl uoromethane (Halon 1301), CF
 3 
I was a 

likely candidate to be considered for replacement of Halon 1301, a common and widely used fi re 
suppressant. CF

 3 
I had both low ozone depletion potential and short atmospheric lifetime. However, 

from a cardiotoxic perspective, CF
 3 
I was much more potent than Halon 1301. Currently, EPA accepts 

the use of CF
 3 
I only in normally unoccupied areas. Except for its cardiac sensitization potential, 

CF
 3 
I has low acute inhalation toxicity. The 4-h LC

 50 
 value in rats is approximately 160,000 ppm 

(Ledbetter, 1994). The LOAEL for cardiac sensitization in epinephrine-challenged dogs is 4000 ppm; 
the NOAEL is 2000 ppm (Dodd and Vinegar, 1998). In comparison, similar values for cardiac sensi-
tization for Halon 1301 are 75,000 ppm (LOAEL) and 50,000 ppm (NOAEL). Genotoxicity assays 
with CF

 3 
I indicated a positive mutagenic effect in bacteria, no mutagenic effect in mammalian cells, 

and a NOAEL of 25,000 ppm for micronuclei formation in mouse peripheral blood cells (Dodd et al., 
1997a). Ninety-day inhalation toxicity and reproductive toxicity studies in rats indicate CF

 3 
I is not a 

reproductive hazard with a NOAEL of 20,000 ppm (Dodd et al., 1997b, 1999). 
 A physiologically based pharmacokinetics (PBPK) model was developed to simulate blood con-

centrations of CF
 3 
I during short-term (�5 min) inhalation exposure (Vinegar et al., 2000). Based 

on the 5-min blood concentration of dogs exposed to CF
 3 
I at the LOAEL of 4000 ppm, acceptable 

human exposure times of 0.35 to 5.0 min results in CF
 3 
I concentrations of 5000 to 3000 ppm, 

respectively. The NFPA 2001 Standard allows exposure to halocarbon agents in normally occu-
pied areas at a design concentration up to the LOAEL for a length of time determined using a 
PBPK model. Additionally, the PBPK model was used to simulate blood levels of CF

 3 
I in person-

nel exposed during its release from an F-15 jet engine nacelle (Vinegar et al., 1999). Blood levels 
reached during these exposures were compared with the blood level associated with the LOAEL (for 
cardiac sensitization) to evaluate the possibility of safe egress. Some egress paths resulted in peak 
blood concentrations that exceeded the LOAEL target blood concentration, whereas other egress 
paths resulted in lower than the LOAEL target blood concentration. 

 32.3.3.4 Novec™ 1230 

 A relatively new replacement alternative to HFCs and PFCs is Novec™ 1230 (1,1,1,2,2,4,5,5,5-
nonafl uoro-4-[trifl uoromethyl]-3-pentanone). It is a liquid at room temperature and has a fairly low 
vapor pressure of approximately 246 mmHg at 20°C. In a fi re situation, the fl uid rapidly gasifi es to 
extinguish a fi re. Other characteristics of Novec™ 1230 include zero ozone depletion potential, a 
5-d atmospheric lifetime, and a global warming potential of one. It has been reviewed by EPA for 
fl uorocarbon applications. The acute inhalation LC

 50 
 (4-h) value in rats is greater than 98,600 ppm 

(highest concentration tested), and the acute oral LD
 50 

 value in rats is �2g/kg (highest dose tested). 
Undiluted Novec™ 1230 is practically nonirritating to the eyes or skin of rabbits and is not a skin 
sensitizer (guinea pigs). 

 Cardiac sensitization potential was tested in epinephrine-challenged dogs at concentrations up to 
155,000 ppm. Severe clinical signs other than cardiotoxicity were observed at 155,000 ppm, thus the 
NOAEL for cardiac sensitization of Novec™ 1230 is �100,000 ppm. Results of an  in vitro  bacterial 
assay and an  in vitro  mammalian cell assay with the liquid state of Novec™ 1230 were considered 
negative for mutagenicity. A 28-d inhalation study was performed in rats. Pulmonary effects were 
observed in male and female rats exposed to 10,000 or 20,000 ppm. Hepatic effects were observed in 
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male rats at these concentrations and at the lower concentrations of 4000 and 1000 ppm. The hepatic 
effects were attributed to peroxisomal proliferation, thus the NOAEL for all other exposure related 
effects was 4000 ppm. 

 32.3.3.5 Perfl uorooctane Sulfonate (PFOS) 

 PFOS is a perfl uorinated organic acid manufactured primarily by the 3M Company and is used as 
a surfactant in products, such as fi re-fi ghting foams that are used to extinguish Class B fi res that 
involve fl ammable fuels. However, PFOS is also formed from the degradation of other fl uorocarbon 
products that are common in household items such as clothing, carpets, and food containers. PFOS 
is very stable and does not appear to be further degraded environmentally or by humans. Technical 
advances in analytical chemistry allowed for measurements of fl uorine in human serum and the 
environment at part per billion (ppb) levels. The potential health effects of PFOS have been assessed 
from a number of oral toxicity studies in rats and non-human primates, but the results in labora-
tory studies have not been associated with identifi able adverse effects on human health, wildlife, or 
the environment. Therefore, PFOS toxicity and its persistence have created considerable scientifi c 
debate regarding its health risk assessment. The 3M Company stopped manufacturing PFOS chemicals 
in December 2000. Products that once contained PFOS have been replaced with products that do 
not contain PFOS chemicals. 

 The majority of evidence suggests that PFOS toxicity may be related to a primary metabolic 
disorder. In laboratory animals, characteristic effects due to PFOS exposure include hepatomegaly, 
marked decreases in serum triglyceride and cholesterol, and accumulation of lipid vacuoles in the 
liver. Because PFOS is a perfl uorinated fatty acid, its toxicity may be related to alterations in fatty 
acid metabolism. A possible mechanism of action is activation of peroxisome proliferation, but 
not all species respond to PFOS-induced peroxisome proliferation. Results of reproductive toxicity 
studies in rats indicate sensitivity of neonates to PFOS, due to  in utero  exposure. The NOAEL for 
second-generation pups is 0.1 mg/kg/d. A two-year bioassay in rats resulted in a higher incidence of 
hepatocellular adenomas and thyroid follicular cell adenomas. 

 The dispersion of PFOS is global, including humans and various species of wildlife. Serum con-
centrations of PFOS in nonoccupational human samples are �0.1 ppm, but range from 2 to 11 ppm in 
occupational workers. The serum half-life of PFOS in retired workers is on the order of years, but is 
100 days in rats and 200 days in monkeys. Serum concentrations of PFOS approximate liver tissue con-
centrations, which is useful information for assessing risk. Yet, our lack of understanding of the mode 
of action of PFOS, the nature and extent of its toxicity in humans and wildlife, the potential genetic 
variations in its metabolism, and its susceptibility to adverse effects, provide scientifi c challenges for a 
complete risk characterization of PFOS. Also, it is unclear whether the hazard concerns of PFOS can be 
extrapolated to other perfl uorinated chemicals except where the chemical degrades to PFOS. 

 32.3.4 Combustion Products of Fluorocarbon Alternatives 

 Halons are the predominant chemicals used for fi re suppression. Halon 1301 is the primary total 
fl ooding agent, and Halon 1211 is the primary streaming agent. For the safety of unprotected fi re 
fi ghters and other personnel coming in contact with a fi re-fi ghting scenario, halon replacement 
chemicals need to be evaluated for potential toxicity of combustion products. However, combustion 
toxicology is a complex discipline with many uncertainties as to test procedures and data evaluation. 
Some biological end points of combustion toxicology testing, e.g., incapacitation, are diffi cult to 
assess in laboratory animal models and then extrapolate to humans. Currently, EPA does not man-
date a hazard evaluation of combustion products of halon substitutes. The most commonly analyzed 
and evaluated combustion product for toxicity potential is carbon monoxide (CO). For fl uorocar-
bons, there is also concern for the generation of hydrogen fl uoride (HF) and perfl uoroisobutylene 
(PFIB), because of their toxic potencies. Exposure concentrations above 50 ppm or 0.3 ppm of HF 
or PFIB, respectively, for short periods become a concern regarding either human performance or 
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life-threatening health effects. Subsequently, the health hazard code assigned by the National Fire 
Protection Association (NFPA) on a fl uorocarbon’s fi re and explosion characteristics includes possible 
HF or PFIB production and production rates. Manufacturers of fl uorocarbon products, such as 3M 
Company, carry out studies to determine HF or PFIB generation rates of select products. Results of 
these studies help rank products on the basis of HF or PFIB generation rates and provide generation 
rates versus temperature curves for extrapolating data on products. 

 32.4 DISCUSSION AND CONCLUSIONS 

 The search for fl uorocarbon alternatives was initiated more than 30 years ago following the dis-
covery of the effects of CFCs on the stratospheric ozone levels and the subsequent potential for 
serious health and environmental complications. The 1987 Montreal Protocol and its amendments 
were agreed to by most countries and established a schedule to phase out the worldwide production 
of ozone-depleting substances. Inhalation toxicologists have been very active researching fl uoro-
carbon alternatives because of their inherent physicochemical properties (e.g., high volatility) and 
their potential to produce toxicity (e.g., cardiac sensitization). Toxicology programs initiated by the 
chemical and pharmaceutical industries, such as PAFT and IPAC, worked closely with government 
regulatory agencies, such as U.S. EPA and OSHA, and built an extensive database of toxicology 
information on intended fl uorocarbon replacements. Most of these toxicology studies were per-
formed via the inhalation route and have followed the health effects testing guidelines established 
by OECD, TSCA, and/or FIFRA. 

 Specialized toxicity studies were designed to assess a wider range of potential health effects 
of fl uorocarbon alternatives. The purpose of this chapter was to identify these studies, describe 
their methodologies, their experimental approach and rationale, and provide examples of results for 
prototype chemicals. For example, the test for cardiac sensitization is described in detail, including 
information on how the experimental design evolved and comments on interpretation of test results. 
Methods for neurotoxicity evaluation have expanded to include behavioral assessments, and the 
 in vitro  genotoxicity of volatile agents is relatively new in approach. Inhalation chamber design and 
test agent generation play important roles in exposure methodology for both neurotoxicty and geno-
toxicity assessments of fl uorocarbon alternatives. Mechanistic studies are crucial in understanding 
the toxicity of chemicals including replacements for CFCs. In particular, evaluation of peroxisome 
proliferation of several HCFC and HFC replacement candidates in rodent studies broadened the 
scientifi c understanding on the health implications of this phenomenon. The same could be said 
about the occurrence of Leydig cell adenomas that were observed in several 2-year fl uorocarbon 
bioassays. In this case, knowledge about their potential to progress to malignant tumors has been 
gained and put into a risk perspective. 

 Toxicity summaries were provided for several fl uorocarbon replacement candidates, HCFC-123, 
HFC-134a, perfl uoroalkanes, HFE-7100, CF

 3 
I, Novec™ 1230, and PFOS. A wide range of toxicity 

concerns were identifi ed from this small set of examples, such as cardiac sensitization, peroxisome 
proliferation, heptaocellular adenomas, Leydig cell tumors, and reproductive/developmental effects. 
However, most of these concerns were not considered serious health risks, except for cardiac sen-
sitization under acute high-concentration exposure conditions. To date, hundreds of ODS alterna-
tives have been identifi ed and many of them have had inhalation toxicity tests (predominantly acute 
exposure) performed on them. In the United States, the driver behind much of the toxicity testing 
is EPA’s SNAP program. The EPA has an excellent Web site on their SNAP program. The Web site 
provides general information, decisions on particular substitutes on their end use (e.g., household 
refrigeration) within a sector (e.g., refrigeration and air conditioning), limits and conditions applied 
to acceptable substitutes, and a listing of SNAP submissions. Documents can be downloaded and 
printed. The Web site is www.epa.gov/Ozone/snap. 

 The future on toxicity testing and research of fl uorocarbon alternatives remains strong, in part, 
due to the continuous search for the ideal ODS replacement for a specifi c end use. In addition, the 
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phaseout for interim ODS replacements (e.g., HCFCs) is in progress (under the Montreal Protocol 
and its agreements), and in 2010, developing countries must cease production of ODS (under Article 
5 of Montreal Protocol). Thus, inhalation toxicology of fl uorocarbon alternatives will continue to 
grow for several more years. 
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 33.1 INTRODUCTION 

 Cigarette smoking produces considerable morbidity and mortality from many diseases, with three 
main categories (U.S. Department of Health and Human Services, 1982, 1983, 1984). Since the 
early epidemiological studies linking smoking with these diseases, scientists have performed animal 
studies to examine the links in a laboratory setting. In the classic toxicology rationale, well-designed 
animal studies eliminate those confounding factors inherent in epidemiology but also bring into 
question the extrapolation of results from laboratory animals (especially rodents) to humans. 

 This chapter is not concerned with the use of animal studies to establish causation of the exam-
ined diseases. Our aim was to review and (hopefully) establish the underlying mechanisms for these 
diseases. Given the mechanisms, scientists could then work on ways to test diagnostic tools, che-
mopreventative treatments, and designs for potentially reduced-exposure/risk products (PREP) (U.S. 
Institute of Medicine, 2001). In a recent report (U.S. Institute of Medicine, 2001), the U.S. Institute of 
Medicine determined that the concept of PREP cigarettes is feasible. It was also determined that manu-
facturers of PREP cigarettes should be required to conduct appropriate toxicological testing in  in vitro  
and  in vivo  models, as well as appropriate clinical testing, to support any potential claims. Given the 
complexity of diseases such as lung cancer (LC), cardiovascular disease (CVD), and chronic obstruc-
tive pulmonary disease (COPD), animal models are an essential part of a comprehensive pharmaco-
logical and toxicological assessment for the above-mentioned objectives, as part of a matrix together 
with analytical chemistry and  in vitro  assessments. 

 The initial phase of animal tests with cigarette mainstream smoke (MS) was in retrospect quite 
basic, preferentially using the mouse skin painting assay (see below) for carcinogenicity. Since 
then, sophisticated nose-only inhalation techniques have been introduced with MS. Even with these 
techniques, one disease state (CVD) has largely been omitted in the face of attempts to produce 
experimental LC, with COPD falling somewhere between the two. For CVD, many of the published 
studies have avoided exposures to MS, studying instead the effects of inhalation exposures to sur-
rogates for environmental tobacco smoke (ETSS). Although qualitatively similar, the concentration 
of ETSS is much more dilute than that of MS. Many studies used whole-body exposures, introduc-
ing complicating factors due to oral and dermal absorption of smoke components. Exposures using 
routes of exposure other than inhalation suffer another inherent limitation in extrapolating to human 
smokers and are beyond the scope of this chapter. 

 33.2 CARDIOVASCULAR DISEASE: PAST APPROACHES AND 
NEW IDEAS 

 33.2.1 Epidemiology 

 There are numerous epidemiological studies that link smoking with varying types of CVD (coronary 
heart disease, stroke, peripheral vascular disease, and congestive heart failure), with an increased risk 
for both thrombosis of narrowed vessels and increased atherosclerosis in those vessels (Burns, 2003). 
The relationships between smoking and other cardiovascular risk factors have recently been reviewed 
in the Third National Health and Nutrition Examination Survey (NHANES III), a major conclusion 
being that infl ammation may be a common underlying mechanism (Bazzano et al., 2003). 

 The contribution of oxidant stress to smoking-induced vascular injury has also been consid-
ered (Burke and FitzGerald, 2003). Endothelial abnormalities may also be involved at an early 
stage in the atherogenic and thrombotic change (Puranik and Celermajer, 2003), especially in the 
coronary endothelium (Czernin and Waldherr, 2003). There are clearly genetic factors involved in 
MS-induced CVD (Wang et al., 2003a). 

 It may be possible to develop models of MS-induced disease, based on the techniques used 
in the examination of cardiovascular responses in animals exposed to ETSS. The issue here is a 
paradox: epidemiological studies of nonsmokers whose spouses smoke have shown a small excess 
(30%, or an odds ratio of 1.3) in the risk of ischemic heart disease (Denson, 1999), whereas the 
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overall excess risk from smoking 20 cigarettes per day is reported to be 80% (or an odds ratio 
of 1.8, for a presumably much higher exposure than that of the nonsmoking spouse of a smoker) 
(Law and Wald, 2003). Others (Burns, 2003) have attempted to explain this paradox. 

 33.2.2 Basic Pathways Mediating MS-Induced CVD 

 To set the stage for a discussion on animal models for cigarette smoke-related CVD, this section will 
highlight the effects of cigarette smoke-derived constituents on diverse tissues. Access of gaseous 
and dissolved constituents of cigarette smoke to the circulatory system and subsequent distribution 
throughout the body is permitted by the proximity of the blood-containing capillary endothelial cells 
with the pulmonary epithelial lining of the lung. A textbook example of a compensatory response 
to a constituent in MS is the binding of carbon monoxide (CO) in MS to hemoglobin, reducing its 
oxygen-binding capacity, which can result in a compensatory increase in the production of red blood 
cells and blood viscosity. 

 Blood vessels are lined by a single layer of endothelial cells, which are recognized as a metaboli-
cally active tissue. Exposure of these cells to constituents of MS both  in vitro  and  in vivo  alters the 
production of several proteins and small molecular weight molecules, which also play key roles in 
infl ammatory processes. Current information suggests that endothelial cell activation during infl am-
mation is mediated by a diverse set of cells, ligands, receptors, and small molecular weight molecules 
(Szmitko et al., 2003a, 2003b). A classic example is the release of leukocyte-derived cytokines in 
response to an invading organism and the accompanied cytokine-induced expression of several endo-
thelial adhesive glycoproteins (e.g., intercellular adhesive glycoprotein-1, ICAM-1), which facilitates 
the binding and trans-endothelial migration of leukocytes into the surrounding tissue. 

 The infl ammatory response of the body to cigarette smoke is represented by a series of inhala-
tion experiments clarifying the role of tumor necrosis factor-alpha (TNF�) in this process. More 
specifi cally, nose-only MS inhalation experiments (a single exposure) with mice defi cient in the 
human receptor for TNF� revealed that these mice do not develop lung infl ammation, indicating 
that TNF� is important in the acute response to MS (Churg et al., 2002a). Experiments with mac-
rophage metalloelastase-defi cient (MMP-12 �/� ) mice indicated that both neutrophils and MMP-12 
are required for MS-induced infl ammation and matrix breakdown (Churg et al., 2002b). Subsequent 
experiments with MS-exposed mice (a single exposure) revealed that levels of E-Selectin, an endo-
thelial activation marker, were increased in only wild-type (MMP-12 �/� ) mice (Churg et al., 2003a). 
This same group has proposed a mechanistic model in which MMP-12 mediates MS-induced 
infl ammation by releasing TNF� from macrophages, which activates endothelial cells by binding to 
the TNF�-receptor on the cell surface of endothelial cells (Churg et al., 2003a). This results in the 
expression of cell surface adhesion glycoproteins that are required for leukocyte binding and effl ux 
into the surrounding tissues. 

 Acute exposure to MS can directly affect a number of tissues resulting in altered production of 
infl ammatory cytokines and other mediators that can subsequently indirectly affect the vasculature. For 
example, it has been reported (Zhang et al., 2001) that a 4-month whole-body exposure of 13-month-
old C57Bl/6 mice to sidestream smoke (30 min/day, 2 cigarettes every 10 min, 5 days/week) resulted in 
increases in both splenocyte interleukin-6 production and hepatic lipid peroxide production. Multiple 
antioxidants given orally effectively prevented these changes. 

 A cascade initiated by the activation of endothelial cells, the binding and trans-endothelial 
migration of monocytes into the subendothelial space and their subsequent transformation into mac-
rophages induced by constant inhalation of MS leads to a chronic infl ammatory process that sets 
the stage for the destructive modifi cation of blood vessels. The ability of MS-derived constituents 
to activate platelets further support conditions that are favorable for enhanced deposition of leuko-
cytes and platelets on the vessel wall and occlusive thrombosis formation. The negative effects of 
MS-derived constituents are not restrictive to the vessel wall but act in a similar manner on endothe-
lial cells that line the myocardium. MS-derived constituents have been observed to directly affect 
the oxygen-requiring myocytes and alter cardiac function and structure in a manner that predisposes 

4049_C033_r03.indd   8534049_C033_r03.indd   853 11/15/2005   4:41:13 PM11/15/2005   4:41:13 PM



854 Inhalation Toxicology

the myocardial tissue to ischemia and enhanced myocardial infarction. Thus, MS-induced CVD is 
not a single phenomenon but occurs as a combination of alterations or aberrant responses in the 
circulatory system that negatively impact mortality and morbidity and can be categorized as endo-
thelial dysfunction, atherogenesis, thrombosis, and impaired cardiac function. 

 33.2.3 Diffi culty in Developing Animal Models for 
Smoke-Induced CVD 

 Although multiple epidemiological, clinical, and pathological studies have strongly related cigarette 
smoking to the development of CVD, most species of laboratory animals appear to be resistant 
to the effects of MS and only minor changes in cardiovascular function are observed following 
chronic exposure to MS, even after exposure of several years. This situation has resulted in the use 
of compromised animal models (Kodavanti and Costa, 2001) in an attempt to further investigate 
the mechanisms by which MS affects the cardiovascular system. The following sections summarize 
observations obtained following the exposure of either ETSS or MS in both normal and compro-
mised animal models. 

 33.2.4 Animal Models to Investigate the Impact of Smoke on 
Endothelial Dysfunction (Including Vasodilation) 

 Cigarette smoke exerts both positive and negative effects on the synthesis/activity of proteins and 
other molecules. Endothelial-dependent vasodilation is decreased by MS in humans, and one mech-
anism is decreased production (or increased degradation) of the endothelium-derived vasodilator 
nitric oxide. A decreased vasodilatory capability of the vessels increases blood pressure, which can 
negatively impact the circulatory system. Because endothelial-dependent vasodilation is currently 
recognized as a basic marker for endothelial dysfunction, the effect of MS on vasodilation has been 
investigated in a series of different animal models. 

 An organ bath system is one useful assay for measuring the vasoconstrictor and vasodilator 
properties of a blood vessel after exposure to MS: typically, the thoracic aorta is used in this  in vitro  
assay. Exposure for 10 weeks, 6 h per day, to ETSS has been shown to reduce endothelial-dependent 
relaxation in normocholesterolemic rabbits (Hutchison et al., 1997a, 1997b) and rabbits with diet-
induced hypercholesterolemia (Hutchison et al., 1997b, 1999). 

 In addition to the thoracic aorta, several other vessels (e.g., carotid artery, infrarenal artery, 
superfi cial femoral artery) have also been analyzed in an organ bath system after exposure of 
animals to MS. For example, it was reported in rabbits (Hutchison et al., 2001) that 10 weeks 
of ETSS exposure also induced endothelial dysfunction in the pulmonary artery, possibly by 
decreasing arginine in the endothelium because dietary supplementation with arginine prevented 
the dysfunction. 

 An organ bath system has shown that 8 weeks of MS exposure impaired the endothelium-
 dependent relaxation to acetylcholine in rabbit superfi cial femoral arteries and saphenous veins 
(Traul et al., 1995). These observations were extended by investigating the effect of an antioxi-
dant (ascorbic acid) on the MS-mediated vascular injury of the superfi cial femoral artery (8-week 
exposure, no smoke concentrations provided) (Mays et al., 1999). Acetylcholine-dependent relax-
ation was signifi cantly reduced in the rings from the MS animals and the combined ascorbic acid 
and MS group. However, there were differences with regard to the sensitivity of a particular vessel 
to MS. For example, rabbits exposed to MS or supplied a diet supplemented with a high content 
of cholesterol did not exhibit a defective response to acetylcholine when the infrarenal aorta was 
analyzed (Mudaliar et al., 1997). However, endothelial damage, as measured by acetylcholine-
mediated vasorelaxation, was observed in the infrarenal aorta harvested from rabbits that were 
exposed to both MS and elevated dietary cholesterol (Mudaliar et al., 1997). The authors suggest 
that differences in the structure of vessels (e.g., content of elastin) might explain the ability of MS 
alone or the combination of MS and hypercholesterolemia to achieve an affect on vasorelaxation 
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in a particular animal model (Mudaliar et al., 1997). Other studies from the same group (Johnson 
et al., 1999) expanded upon this concept and demonstrated that cholesterol, but not an 8-week 
exposure to MS, decreased carotid artery endothelial-dependent relaxation in rabbits. 

 Confl icting reports using vessels harvested from MS-exposed rats have also been published. 
One group (Ribeiro-Jorge et al., 1995) observed impaired endothelial-dependent vasodilation in 
thoracic aorta rings harvested from Wistar rats that were exposed to ETSS for 30 days in a whole-
body chamber, whereas others (Zhu et al., 1996) reported that 6-week whole-body exposure to 
ETSS in Sprague–Dawley rats increased the endothelial sensitivity of aortic ring to acetylcholine 
and the maximal relaxation of the rings to acetylcholine was signifi cantly greater. These authors 
(Zhu et al., 1996) suggested that abnormal aortic ring vasodilation may have been mediated by 
chronic exposure to nitric oxide and CO. Nose-only exposure of Sprague–Dawley rats to MS for 
10 weeks was shown to augment endothelium-derived vasorelaxation of the thoracic aorta precon-
tracted with norepinephrine (Nene et al., 1997). 

 33.2.5 Endothelial Regeneration and Angiogenesis 

 The concept of endothelial dysfunction as a central point for smoke-induced vascular disease 
is further represented by the inhibition of new endothelial cell growth, required during mul-
tiple physiological processes, including those for development (Magers et al., 1995) and wound 
healing (Ma et al., 2000). For example, a MS-induced reduction in the angiogenic response 
in acetic acid-induced gastric ulcers was correlated with a reduction in nitric oxide synthesis 
and epidermal growth factor (EGF) biosynthesis (Ma et al., 2000). The adverse effects of MS 
on blood vessels can also be demonstrated by exposing the chick chorioallantoic membrane to 
smoke solutions for 4–5 days (Melkonian et al., 2000). Solutions of whole- or gas-phase MS and 
SS smoke caused a disruption in angiogenesis and extracellular matrix deposition in the chick 
chorioallantoic membrane. It may be possible to modify this assay to permit direct exposure 
of fertilized chicken eggs and develop a rapid assay to further dissect the effects of smoke on 
endothelial function. 

 Cigarette smoke has been found to stimulate endothelial cell growth in several model systems. 
First, Sarkar et al. (1999) subjected rats to balloon injury of the thoracic aorta and exposed the rats 
to MS at 6 cigarettes per day for 2 weeks. Exposure to smoke signifi cantly increased aortic endo-
thelial regeneration and was associated with an increase in serum nitric oxide levels. These authors 
suggested that the increased nitric oxide levels, possibly derived from the MS, may stimulate the 
vascular endothelium. Second, Sekhon et al. (1994) exposed rats to smoke from 7 cigarette per day 
for 1, 2, and 7 days and noted that the exposures produced proliferation of the endothelium of the 
pulmonary vasculature. Third, a pathological model for angiogenesis using Lewis lung cancer cells 
injected into mice (Zhu et al., 2003) showed that ETSS could increase tumor size and capillary 
density (see below). 

 33.2.6 Animal Models to Investigate the Impact of Smoke on 
Atherogenesis 

 Rabbits are a useful model for atherosclerotic research, with a high-fat diet stimulating this 
process. ETSS in whole-body exposures has been observed to further promote the atheroscle-
rotic process in normal and hypercholesterolemic New Zealand white rabbits (Zhu et al., 1993; 
Hutchison et al., 1997a). Apparently, the nicotine in the smoke does not contribute to the arterial 
lipid lesions in ETSS-exposed rabbits (Sun et al., 2001). Cockerels are another animal species that 
responds with enhanced atherosclerosis in response to ETSS (Penn and Snyder, 1993; Penn et al., 
1994, 1996), with increased atherosclerosis reported after a 16-week exposure to one cigarette per 
day, but (as a nonmammal) with questionable relevance to humans. 

 Rodents appear to be resistant to the effects of a high-fat diet and do not develop atheroscle-
rosis on a high-fat diet for 1 or 2 years. This situation has led to the development of transgenic 
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mice defi cient in genes important in lipid transport and metabolism, including the gene coding 
for apopolipoprotein E (“ApoE”) (Breslow, 1996). This molecule is important in the transport of 
cholesterol from tissues into the liver; the absence of ApoE results in the formation of lipid-rich 
plaques in murine vasculature, which is further enhanced by a high-fat diet. The mice develop 
vascular lesions that are reported to be very similar to those noted in humans (Breslow, 1996). 

 Gairola et al. (2001) exposed ApoE −/−  mice to ETSS in whole-body chambers for 6 h/d, 5 days 
per week for 14 weeks, using a particulate concentration of 25 mg/m 3 . Exposures resulted in sig-
nifi cant elevations in blood COHb concentrations (values were approximately 10%). Morphometric 
assessments showed increased plaque development in the intimal area of the aorta in the smoke-
exposed groups, confi rmed by measurement of tissue cholesterol concentration. 

 The aortic root plaques of ApoE −/−  mice exposed for 8 weeks to MS from unfi ltered cigarettes 
(no details given on smoke concentrations) have been shown to have higher levels of immunore-
activity for tissue factor, vascular cell adhesion molecule-1, and macrophages, as compared with 
nonexposed mice (Matetzky et al., 2000). Subgroups of smoke-exposed mice treated with aspirin 
showed reductions in tissue factor expression. 

 Exposure of ApoE −/−  mice to MS for 42 days, 6 h/d was shown to not only increase lesion 
formation but also increased mitochondrial DNA damage and protein nitration, while decreasing 
the specifi c activities of several mitochondrial enzymes (Knight-Lozano et al., 2002). Thus, the 
ApoE −/−  mouse may be useful for understanding the role of MS in fostering atherosclerosis. 

 There are only sparse reports in the literature on modeling of human cardiovascular disease 
in larger (nonrodent) animals exposed to MS. For example, Marshall (1986) briefl y summarized 
observations on the use of minipigs as models for atherosclerosis, work that suggested an effect of 
MS on platelet adhesion and atherosclerosis. A major exception is the National Cancer Institute 
study “Effects of nicotine and carbon monoxide on atherogenesis” (Hazleton, 1981). The purpose 
of the study was to “assess the relative and combined contributions of nicotine and carbon mon-
oxide in cigarette smoke as co-factors in the genesis of diet-induced atherosclerosis in the male 
beagle dog . ” The study involved hundreds of dogs, each with a permanent tracheotomy. Several 
of the dogs died during the experiment, primarily as a result of the diet (i.e., malnutrition and/or 
advanced atherosclerosis). 

 The study used cigarettes containing tobacco with different concentrations of nicotine (no data 
given), and some groups of animals were exposed to smoke enriched with added CO, or to CO 
alone, for 2 years. The results of this study “lent no support to the suggestion that cigarette smoking 
increases the rate of development of atherosclerosis.” The authors stated, in fact, that “these results 
appear to be more indicative of a possible protective effect from cigarette smoking and/or CO inha-
lation than of an atherogenic effect” (Hazleton, 1981). However, the results of this study have not 
appeared in the peer-reviewed literature. 

 Another study used baboons exposed to smoke for 3.3 years (Rogers et al., 1988), with 
again some groups being fed an atherogenic diet. Animals were taught to inhale smoke through 
the mouth, using operant conditioning with water rewards. Cigarette smoking did not increase 
the extent of diet-induced atherosclerosis, shown also in another non-human primate (Raymond 
et al., 1982). 

 33.2.7 Models to Detect the Impact of Smoke on Intimal 
Hyperplasia 

 Cigarette smoking has been identifi ed as a risk factor for restenosis and thrombosis in patients who 
undergo vascular surgical procedures and angioplasty. Petrik et al. (1995) and Law et al. (1996) 
examined the effect of MS on balloon catheter injury of the left common carotid artery. Intimal 
hyperplasia was measured by planimetry and smoke exposure was shown to accelerate carotid artery 
hyperplasia (Petrik et al., 1995; Law et al., 1996). Petrik et al. (1995) exposed rats to a target dose 
of smoke from 1 to 8 cigarettes per day, 5 days per week for 4 weeks, in an attempt to understand 
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the dose–response relationship of smoke and intimal hyperplasia. The data appear to demonstrate 
a threshold effect with no effect below 4 cigarettes per day, whereas a similar increase in intimal 
hyperplasia after injury was obtained at 6 and 8 cigarettes per day (Petrik et al., 1995). Tani et al. 
(2004) detected increased intimal thickening in ApoE −/−   mice exposed to MS (1 cigarette/day, for 
5 weeks, 21 days following placement of carotid arterial cuff). Research into the underlying mecha-
nisms leading to intimal thickening and plaque development have suggested a role of increased 
inducible nitric oxide synthase (iNOS) expression, using both the specifi c iNOS inhibitor mercapto-
ethylguanidine-treated wild-type mice and iNOS-defi cient mice exposed to MS from 1 cigarette/day 
(Anazawa et al., 2004). 

 33.2.8 Models to Detect the Impact of Smoke on Thrombosis and 
Platelet Activation 

 Although MS increases the risk of thromboembolic complications, it has been diffi cult to repro-
ducibly demonstrate a transient increase in  ex vivo  platelet activity either in humans or animals 
following exposure to MS (Folts et al., 1990). In an attempt to circumvent the problems associated 
with the processing of blood for  ex vivo  platelet aggregation studies, Folts and colleagues have 
developed an  in vivo  animal model of arterial stenosis (Keller and Folts, 1988; Folts et al., 1990). 
In brief, anesthetized dogs were mechanically ventilated and the periodic formation of acute 
platelet thrombi measured in a mechanically stenosed (70% diameter reduction) coronary artery 
using an electromagnetic fl ow probe. 

 This latter group have utilized this canine model to investigate the platelet activation ability of 
MS in comparison with smoke generated with a new type of cigarette where the tobacco was only 
heated (by a burning charcoal heat source) (Gering and Folts, 1990). The rate of fl ow declined simi-
larly in dogs exposed to both kinds of smoke, suggesting that the MS produced from both cigarette 
types had similar effects on acute platelet thrombus formation and myocardial oxygen supply. 

 A second model for detecting platelet activation following MS exposure from one cigarette 
using an observation chamber implanted onto the dorsal skin of hamsters and intravital microscopic 
examination of the microcirculation (Lehr et al., 1999). Exposure of hamsters to MS resulted in 
aggregation and adhesion of platelets and/or leukocytes to the microvascular endothelium in venules 
and arterioles (Lehr, 2000). Leukocyte adhesion to the vascular wall appears to be inhibited by 
platelet-activating factor receptor antagonist (Lehr et al., 1997) and by pretreatment with superoxide 
dismutase (Lehr et al., 1993). 

 Platelet function was measured in a 10-week study with cholesterol-fed rabbits, exposed whole-
body to two different concentrations of ETSS, 6 h/d (Zhu et al., 1993). At the end of the experiment, 
bleeding time measured at the end of the exposure was about 20% shorter in both ETSS groups than 
in controls. There was no effect on bleeding time preexposure; changes in platelet aggregation and 
platelet count were equivocal (Zhu et al., 1993). 

 33.2.9 Animal Models to Investigate the Impact of Smoke on the 
Myocardium and on Myocardial Function 

 Because exposures to both MS and ETSS have been reported to damage the heart, a number of 
laboratories have optimized assays that not only reveal a detrimental effect of MS on heart func-
tion but may also demonstrate mechanisms by which MS impacts the heart. Studies in the 1970s 
investigated the ability of MS to cause myocardial injury (cardiomegaly) in guinea pigs (Lough, 
1978). White albino male guinea pigs were restrained in an eight-channel smoking machine 
and exposed (12–15 weeks, 5 d/week) to two types of MS: (1) unfi ltered MS or (2) MS that 
was passed through a glass fi ber fi lter (“Cambridge fi lter”) to remove the particulate phase of 
the smoke. Heart weights of the smoking animals were signifi cantly increased in both the unfi l-
tered and Cambridge-fi ltered MS groups in comparison to non-MS-exposed animals. Although 
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no  differences were apparent upon light microscopic examination of the hearts by using three 
 histological stains (i.e., hematoxylin-eosin, periodic acid-Schiff, and trichrome), electron micro-
scopic examination revealed morphological changes associated with both the nonfi ltered and the 
Cambridge-fi ltered MS groups. For example, the mitochondria of the MS-exposed animals were 
shrunken and irregular with frequent separations of the outer mitochondrial membrane, as well as 
the presence of increased lipid and increased lysosomal residual bodies that were suggestive of 
increased autophagolysosomal activity. 

 Because the ultrastructural changes in the myocardium were similar in the nonfi ltered and 
Cambridge-fi ltered MS groups and resembled those changes that occurred in animals exposed to 
pure CO, the authors suggested that CO might be the toxic agent causing the cardiomyopathy in the 
MS-exposed guinea pigs, a suggestion confi rmed in later work using rats (Ayres et al., 1989). 

 Van Jaarsveld and coworkers (1992b, 1992a) investigated if MS-induced abnormalities in car-
diac mitochondrial ultrastructure would lead to mitochondrial dysfunction, which could be measured 
during the response of the cardiac tissue to stress, such as during low oxygen supply (ischemia). 
These investigators utilized an  in vitro  “working heart model” to examine if MS exposure aggra-
vated the ischemia/reperfusion injury (van Jaarsveld et al., 1992a, 1992b). These latter studies uti-
lized whole-body exposure of Sprague–Dawley rats to ETSS for 2 months. The hearts were isolated 
and perfused with an oxygenated Krebs buffer. The hearts were subjected to normothermic ischemic 
cardiac arrest for 10 min and either 5 or 10 min of reperfusion. 

 Mitochondria were isolated and functional analysis revealed that ischemia followed by reperfu-
sion depressed mitochondrial oxidative function, which was more severe in the smoke-exposed rats. 
In rats exposed to ETSS, cytosolic low molecular weight iron was observed to be higher and myocar-
dial �-tocopherol (an antioxidant) levels were more severely diminished during ischemia/ reperfusion 
than non-ETSS-exposed animals. Subsequently, dietary supplementation with �- tocopherol and 
�-carotene was shown to be able to partially protect smoke-exposed rats from myocardial ischemic/ 
reperfusion injury (van Jaarsveld et al., 1992a). More specifi cally, vitamin supplementation protected 
the smoke-exposed animals from losses in mitochondrial functional oxidative damage but not from 
increases in cellular low-molecular-weight iron content. 

 This group of researchers utilized this ischemic/reperfusion model to investigate the impact 
of MS exposure on the levels of several other antioxidants (van Jaarsveld et al., 1994). In the 
nonperfused hearts of MS-exposed rats, cysteine levels were diminished while myocardial glu-
tathione (GSH) concentrations were elevated. Following ischemia/reperfusion, further negative 
changes in cysteine and GSH levels were detected in the smoke-exposed animals, whereas no 
changes in these two parameters were detected following ischemia/reperfusion of hearts from 
control animals. 

 The negative effect of ETSS on antioxidant levels and heart function has also been examined 
in mouse models. Zhang et al. (2002) exposed C57Bl/6 mice nose-only to two doses of ETSS (i.e., 
1 or 2 h) over a period of 4 months and observed a dose-dependent decrease in �-tocopherol levels 
in cardiac tissue. Although most cardiac parameters were not affected by exposure to ETSS and 
agreed with the aforementioned diffi culty in detecting functional changes in normal animals, there 
was an increase in vascular impedance (effective arterial elastance) and a signifi cant reduction in 
the stroke volume at the higher ETSS dose (Zhang et al., 2002). Moreover, the decreases in cardiac 
�-tocopherol levels were strongly correlated with the reductions in stroke volume in the ETSS-
exposed animals. Both splenic interleukin (IL) � and TNF� secretion exhibited a strong negative 
correlation with stroke volume (Zhang et al., 2002). 

 As mentioned above, studies on cardiac function using the ApoE −/−  mouse model revealed that 
MS exposure increases mitochondrial damage (Knight-Lozano et al., 2002). 

 Zhu et al. (1994) examined the effects of exposure to ETSS on myocardial infarct size in an 
 in vivo  rat model of coronary artery occlusion and reperfusion. Sprague–Dawley rats were exposed 
whole-body to ETSS for 3 days, 3 weeks, or 6 weeks. The animals were anesthetized and mechani-
cally ventilated on a Harvard rodent respirator. A reversible coronary artery snare occluder was 
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placed around the proximal left anterior descending coronary artery via a midline sternotomy, 
and the animals were subjected to 35 min of left coronary artery occlusion followed by 120 min 
of reperfusion. Measurement of infarct size was performed by injection of phthalocyanine blue 
dye into the left ventricular cavity, allowing normally perfused myocardial tissue to stain blue. 
Utilizing this protocol, the ETSS exposure showed an increase in infarct size compared with the 
control groups, with longer exposure associated with larger infarct size (Zhu et al., 1994). For 
example, infarct size nearly doubled with 6 weeks of exposure. 

 In a follow-up study, this group investigated if decreased myocardial reperfusion in the ETSS-
exposed animals could have been mediated by endothelial cell damage and decreased vascu-
lar production of endothelium-derived relaxing factor, nitric oxide (Zhu et al., 1996). Because 
nitric oxide is metabolically derived from arginine and dietary supplementation with arginine has 
been shown to improve endothelial-dependent vasorelaxation and reduce myocardial and cerebral 
infarct size, an experiment was performed to examine the effect of arginine on infarct size fol-
lowing ETSS exposure. Sprague–Dawley rats were exposed for 6 weeks to ETSS, either in the 
presence or absence of 2.25% arginine in their drinking water; excised hearts were subsequently 
exposed to ischemia and reperfusion injury. Infarct size was similarly increased by ETSS expo-
sure but arginine supplementation signifi cantly reduced the infarct size in ETSS-exposed animals 
(Zhu et al., 1996). 

 This same group then utilized this model system to assess the effects of ETSS on infarct size in 
young rats exposed  in utero  or in the neonatal to adolescent period (Zhu et al., 1997). Exposure to 
ETSS in the neonatal to adolescent period was also observed to signifi cantly increase the myocardial 
infarct size; exposure to ETSS  in utero  for 3 weeks resulted only in a tendency for increased infarct 
size (Zhu et al., 1997). 

 Because MS is known to correlate with an increased propensity for hypertensive disease, this 
same group then attempted to defi ne the role of the renin-angiotensin system in the ETSS-induced 
sensitivity to ischemia/reperfusion injury (Zhu et al., 2002). Changes in the renin-angiotensin 
system were shown to lead to endothelial dysfunction and increased infarct size in this rat ischemia-
 reperfusion model; however, the renin-angiotensin system did not mediate the increased infarct size 
(Zhu et al., 2002). 

 33.2.10 Conclusion and Outlook 

 The literature indicates a number of biological processes associated with CVD are affected by the 
exposure of animals to cigarette smoke. Unfortunately, a lack of standardization exists concerning the 
generation of smoke (e.g., MS/ETSS, smoking procedure) and the exposure conditions (whole-body/
nose-only, concentrations used, length of treatment) which hinder comparisons between studies. 
Moreover, differences exist not only between species but also in the response of different blood 
vessels in a particular assay following smoke exposure. For example, smoke has been found to 
stimulate, inhibit, or have no effect on the vasodilatory properties of blood vessels using the aortic 
ring assay. However, a preponderance of studies indicates that endothelial function is altered in 
some manner following smoke exposure (e.g., expression of cell surface markers or alteration of 
growth). These observations are in accord with the current hypothesis concerning the importance of 
these cells in maintaining normal homeostasis and with the hypothesis that alterations in endothelial 
function are involved in the initiation of CVD. 

 Reports of increased atherosclerosis and thrombosis in inhalation models with smoke pro-
vide a further link to the progression of CVD and a basis for future experiments directed at 
dissecting the mechanisms by which the cigarette smoke initiates and promotes CVD. The detec-
tion of alterations in myocardial mitochondrial protein, enzyme, and DNA provide an initial 
mechanistic understanding concerning the elevation in nonatherosclerotic myocardial infarction 
in smokers. Because epidemiological data indicate that myocardial infarction and stroke are the 
two major CVDs elevated in smokers, additional animal model systems that progress to these 
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end points need to be developed and experimentally employed to fully defi ne the effects of ciga-
rette smoke on CVD. 

 33.3 CHRONIC OBSTRUCTIVE PULMONARY DISEASE: 
PAST APPROACHES AND NEW IDEAS 

 33.3.1 Epidemiology 

 Chronic obstructive pulmonary disease (COPD) is considered a major health concern (Halbert 
et al., 2003), with an overall prevalence in adults estimated at between 4 and 10% in countries 
where it has been rigorously measured (Halbert et al., 2003). A recent estimate for the incidence of 
COPD in the USA was given as 16 million people (Mahadeva and Shapiro, 2002). The major risk 
factors for COPD are considered to be cigarette smoking, use of biomass fuels, and air pollution 
(Halbert et al., 2003). Epidemiological studies however have shown that it is mainly susceptible 
smokers that develop COPD (Siafakas and Tzortzaki, 2002). 

 33.3.2 Basic Pathways Mediating MS-Induced COPD 

 COPD is a disease state characterized by airfl ow limitation that is not fully reversible. The airfl ow 
limitation is usually progressive and is associated with an abnormal infl ammatory response of the 
lungs to noxious particles and gases (Pauwels et al., 2001). The “abnormal” or chronic infl ammation 
leads to a narrowing of the small airways (bronchiolitis) and to alveolar wall destruction (Snider, 
2003; Hogg and Senior, 2002). The chronic infl ammation is characterized by increased numbers of 
alveolar macrophages, neutrophils, and cytotoxic T lymphocytes, and the release of multiple infl am-
matory mediators (lipids, chemokines, cytokines, growth factors) (Barnes, 2004, 2003; Rennard, 
1998; Barnes and Cosio, 2004). The abnormal infl ammatory response may be the key to suscep-
tibility (Agusti et al., 2003). Although many types of infl ammatory cells and mediators have been 
identifi ed in COPD patients, their role in the progression of the disease remains largely unknown 
(Barnes, 2004). 

 The chronic obstructive bronchitis with mucus hypersecretion may contribute to but is not 
necessarily associated with airfl ow limitation (Barnes, 2003; Cosio-Piqueras and Cosio, 2001). 
Emphysema is defi ned as a condition of the lung characterized by abnormal permanent enlargement 
of airspaces distal to the terminal bronchiole, accompanied by destruction of the lung parenchyma 
with or without obvious fi brosis and loss of lung elasticity (Snider, 1992a, 1992b; Cosio-Piqueras and 
Cosio, 2001; Snider, 2003). Subjects with COPD do not often show emphysema without  bronchitis 
and small-airway disease (March et al., 2000). 

 Cigarette smoke exposure has been shown to cause severe oxidative stress in the lung (MacNee 
and Rahman, 2001; Aoshiba et al., 2003a). The oxidants present in cigarette smoke, together with 
abundant infi ltration and activation status of infl ammatory cells in the smoker’s lung, releasing even 
more oxygen-based free radicals, may be involved in a proteolytic/antiproteolytic imbalance, lead-
ing to tissue destruction (Seagrave, 2000; Churg et al., 2003b). The incidence of such an imbalance 
in human populations was the subject of a recent review (deSerres, 2003). 

 Oxidative stress has been shown to directly inactivate antiproteinases such as �1-antitrypsin 
(�1-AT) and secretory leukoprotease inhibitor (SLPI) (Betsuyaku et al., 2002; Hill et al., 2000; 
Cavarra et al., 2001b), as well as activating MMPs (Selman et al., 2003; Belvisi and Bottomley, 
2003). Moreover, oxidative stress induces the transcription of many proinfl ammatory genes con-
trolled by the transcription factor NF�B (Di Stefano et al., 2002). The histone acetylation status of 
the redox-sensitive transcription factors (NF�B and AP-1) has been shown to be (at least in part) 
regulating proinfl ammatory gene expression (Adcock et al., 2005). Oxidative stress is also thought 
to be involved in the accumulation of macrophages in the alveolar interstitial spaces, independent 
of other proinfl ammatory stimuli (Kirkham et al., 2003). This latter group have hypothesized that 
the oxidative stress promotes the macrophage accumulation through the production of reactive 
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 carbonyls (particularly acrolein) (Kirkham et al., 2003). Susceptibility of the lung to oxidative injury 
has been shown to be largely dependent on the upregulation of antioxidant mechanisms in the lung 
(Rangasamy et al., 2004). 

 33.3.3 Animal Models 

 A number of animal models have been reported that exhibit at least one of the features of the com-
plicated pathology of COPD, such as chronic bronchitis (Nikula and Green, 2000) and emphysema 
(March et al., 2000; Wright and Churg, 2002; Mahadeva and Shapiro, 2002). In these models 
airspace enlargement has been demonstrated after chronic exposure to MS, and also in shorter 
exposures to high concentrations of smoke. 

 Ideally, such models need to represent the various patterns of alveolar wall destruction that have 
been reported in humans, as well as host factors that parallel the etiology of the pathological condi-
tion. Animal models with genetic predisposition (e.g., an inherent �1-AT defi ciency or increased 
sensitivity to oxidative stress) to develop emphysema are probably the most relevant in mimicking 
the susceptible human population (Kodavanti et al., 1998; Kodavanti and Costa, 2001; deSerres, 
2003). The application of genetic engineering strategies in mice offers a great potential to dissect the 
pathogenetic pathways of emphysema (Kodavanti and Costa, 2001; Mahadeva and Shapiro, 2002). 
A few examples of susceptible and genetically engineered models are described below. 

 Promising susceptible animal models have been described that develop emphysema following 
whole-body exposure to MS (Cavarra et al., 2001a; Takubo et al., 2002; Valenca et al., 2004). C57Bl/6J 
mice, which have a mild defi ciency in their antielastase screen, and DBA/2 mice, which are sensitive 
to oxidants, developed emphysema following 60 days to 6 months of exposure to cigarette smoke, 
whereas the mouse strain with normal antielastase screen and nonsensitivity to oxidants (ICR-mouse) 
did not (Cavarra et al., 2001a). 

 The pallid mouse (C57Bl/6J, pa �/� ), with a severe �1-AT defi ciency (Martorana et al., 1993; 
DeSanti et al., 1995), developed panlobular emphysema after only 4 months of whole-body exposure 
to cigarette smoke (Cavarra et al., 2001a; Takubo et al., 2002). The pallid mice exhibited features 
similar to the human situation, including a T-lymphocytic infl ammatory response and increased lung 
compliance (after 6 months of exposure). 

 The AKR mouse has been shown to develop emphysema after 6 months of exposure to MS 
(Guerassimov et al., 2004). This mouse model has many interesting features resembling human 
emphysema, including increased numbers of macrophages, neutrophils, interstitial T cells, and 
up-regulation of Th1 cytokine, and increased elastance (Htis). 

 The development of spontaneous emphysema has been studied in various transgenic mouse 
models (Mahadeva and Shapiro, 2002). Most of these models have contributed to the knowledge of 
certain aspects of the development of emphysema, but unfortunately most of them have not been 
challenged by exogenous noxious agents. 

 A transgenic mouse model was established that expresses low levels of human �1-AT (Churg 
et al., 2003b), as part of an effort to produce a treatment for cigarette smoke-induced emphysema. 
The transgenic mice were tolerant to exogenously applied human �1-AT. Mice were exposed to 
MS for up to 6 months; some of them received human �1-AT repeatedly. The latter treatment abol-
ished smoke-induced elevations of neutrophil counts in lavage, as well as the elastin and collagen 
breakdown products desmosine and hydroxyproline, respectively. Treatment also provided some 
protection against airspace size. It was concluded that �1-AT therapy reduced the infl ammation and 
partially protects the animals against emphysema. Recently, a promising transgenic mouse model 
has been developed in which the major murine isoform of �1-AT (the PI2-isoform, similar to the 
human �1-AT) has been disrupted (Kushi et al., 2004) .

 A murine model defi cient for macrophage elastase (MME �/� ) has been shown to be protected 
against development of MS-induced emphysema (Hautamaki et al., 1997). The authors conclude 
that macrophage elastase is probably suffi cient for the development of emphysema that results from 
chronic inhalation of MS. The role of the macrophage elastase in the smoke-induced infl ammation 
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and tissue destruction has been corroborated by elegant studies carried out by Ofulue and coworkers 
(1998), and the involvement of MMP-12 in the pathogenesis of MS-induced emphysema has been 
demonstrated in a rat model (Xu et al., 2004). It has become clear, however, that the idea that a single 
type of protease or infl ammatory cell is responsible for the development of emphysema in humans 
is unlikely to be true; a recent review (Churg and Wright, 2005) concludes that different cell types 
and proteases seem to be involved. 

 Rangasamy et al. (2004) demonstrated that genetic ablation of a nuclear factor, erythroid-derived-
2 (Nrf2), involved in the regulation of many detoxifi cation and antioxidant genes, renders mice more 
susceptible to pulmonary oxidative injury. These mice developed emphysema more rapidly than was 
found in their nontransgenic littermates (Rangasamy et al., 2004). 

 33.3.4 Infl ammation and Apoptosis 

 Recent work has suggested that a further consideration should be taken when examining the role of 
infl ammation and excessive proteolysis in the pulmonary tissue destruction (Aoshiba et al., 2003b). 
This work provided evidence that alveolar epithelial apoptosis causes emphysema in C57Bl/6J mice. 
The authors used a novel protein transfection agent (“Chariot”) to introduce active caspase-3 into 
bronchial epithelial cells  in vivo.  These fi ndings indicate that infl ammation, proteolysis, oxidative 
stress, apoptosis, or cell hemostasis in general, are interrelated mechanisms contributing to cigarette 
smoke-induced emphysema (Tuder et al., 2003a, 2003b). 

 In many of the studies described relatively minor attention was made to the “aberrant” infl am-
matory process mentioned earlier. Future models should provide a tool to understand the exact role 
of infl ammation on the etiology and progression of the disease. 

 33.3.5 Dosimetry 

 In the majority of the animal models described in the literature, few details are given on the actual 
concentrations of smoke that were used. Typically, animals are exposed for very short periods 
(minutes) often to undiluted smoke from nonfi ltered cigarettes (to obtain high particulate matter 
concentrations). Usually, no measurement of the composition of the smoke presented, and in some 
cases it is not clear whether MS, ETSS, or a mixture was in fact used. In this case, investigations 
are needed to elucidate whether the mechanisms that lead to the development of emphysema under 
these conditions are representative for the development of emphysema as it occurs in the human 
situation (long-term exposure to low concentrations of smoke). 

 33.4 LUNG CANCER: PAST APPROACHES AND NEW IDEAS 

 33.4.1 Epidemiology 

 Numerous epidemiological studies have indicated that smokers have a substantially increased risk 
of LC (Wynder and Hoffmann, 1994). Recent etiological studies have focused on a classifi cation 
into four major histologies: adenocarcinoma, squamous cell carcinomas, small cell carcinomas, 
and large cell carcinomas (Kuper et al., 2002). The adenocarcinoma appears to be showing a 
major disproportional increase in most parts of the world (Khuder, 2001; Devesa et al., 1999), and 
for some (unknown) reason this may now be the most predominant histology, replacing squamous 
cell carcinomas. Adenocarcinoma is much more common in women, young subjects,  nonsmok-
ers, and subjects from the Far East (Sobue et al., 2002; Toyooka et al., 2003a). 

 There are several hypotheses regarding this observation (Charloux et al., 1997). One is that 
lung cancer in former smokers is becoming an increasing percentage of the total number of lung 
cancer cases (Burns, 2000), and there are suggestions that adenocarcinoma is more likely to occur in 
former smokers than in current smokers. A second hypothesis suggests that the shift from nonfi lter 
to fi lter cigarettes may play a role; it has been suggested that increasing amounts of tobacco-specifi c 
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 nitrosamines could be responsible (Charloux et al., 1997). Diagnostic consistency may also be  relevant 
(Campobasso et al., 1993). 

 33.4.2 Basic Pathways Mediating MS-Induced LC 

 The term “lung cancer” subsumes several heterogeneous, complex proliferative diseases of the lung. 
The common features of most types of lung cancer include malignant tumors originating from dif-
ferent epithelial entities of the airways and the peripheral lung. Epidemiological data support the 
view that lung tumors, like tumors in other organs and tissues, are the result of a multistep process 
leading through several stages from a normal cell to a population of transformed cells that have the 
capacity to proliferate indefi nitely and to escape control mechanisms such as apoptosis (Figure 33.1) 
(Doll and Peto, 1976; Moolgavkar and Knudson, 1981). 

 In animal models, especially rodents, the multistage carcinogenesis concept has indeed been 
demonstrated (Maronpot, 1991). Discrete operational steps have been defi ned, e.g., in the mouse 
epidermal carcinogenesis (skin painting: see below) and in the rat liver carcinogenesis model. 
“Initiation” can be achieved by treatment with a genotoxic chemical or agent and is an irreversible, 
probably mutational event even though most initiated cells are likely to undergo apoptosis before 
they can develop into a tumor. According to their activity in initiation/promotion bioassays, carcino-
gens can be classifi ed as initiators (alkylating agents, many polyaromatic hydrocarbons, ionizing 
radiation) or promoters (phorbol esters, peroxides, okadaic acid). Most initiators can also act as 
“complete carcinogens” following a single, high dose without the need for any promotion. 

 Tobacco smoke elicits both initiating and promoting activity in the respective models. The 
prominent role of promotion in smoking-related lung cancer is supported by the increasing decline 
in the lung cancer mortality ratio of individuals who stopped smoking with the time after quitting, 
reaching almost complete reversibility after 20 years of cessation (Halpern et al., 1993; Enstrom and 
Heath, 1999; Burns, 2000). 

 A multitude of  in vivo  and  in vitro  investigations have shown that an initiated cell will behave 
as a “silent” cell like its normal counterparts, unless it is subjected to promoter effects. “Promotion” 
can be achieved by repeated treatment with an often nongenotoxic agent and is reversible over an 
extended period. Initiated cells can be clonally expanded by selective growth advantages under the 
infl uence of the tumor promoter due to their higher response to its proliferative signals (or their 
higher resistance to toxic effects of the promoter) as compared with the normal cells in the sur-
rounding tissue. During a prolonged promotion phase with enhanced cell proliferation and turnover, 
additional irreversible step(s) and functional adjustments may accumulate, e.g., functional losses of 

FIGURE 33.1 Carcinogenesis: multistage model.
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the tumor suppressor gene p53 that increase genetic instability (Robles et al., 2002), and thus result 
in a transformed cell. Once having reached this “progression” stage, the neoplastic cell population 
continues to proliferate in the absence of promotional stimuli, becomes stepwise autonomous, and 
induces its own growth signals and vascularization to overcome nutritional restraints. In the fi nal, 
malignant stage, tumor cells actively invade the surrounding tissue and metastasize into distant 
organs via the circulation. 

 On the histological level, a progressive sequence from hyperplasia → metaplasia → dysplasia → 
carcinoma  in situ  → malignant squamous-cell carcinoma has been proposed for human bronchial 
carcinoma (Trump et al., 1978; Auerbach et al., 1979). Whereas hyperplasia and metaplasia are in 
general reversible, the transition to an irreversible, neoplastic lesion may occur in the dysplastic stage. 
It has been shown that several cytogenetic and molecular markers increase in frequency within this 
sequence of lesions. These markers can frequently be linked to epigenetic mechanisms of action. 
Aneuploidy, mutations of p53, and aberrant methylation are associated with the progression from 
dysplasia to frank carcinoma (Hirsch et al., 2001). For small-cell carcinoma (SCLC), accounting 
for roughly 15–20% of lung cancer in smokers, the histological etiology from neuroendocrine cells 
appears to be different compared with bronchial carcinoma. Other molecular markers indicate that 
different pathways may also be involved, however, p53 mutations are found in over 90% of SCLC 
(Wistuba et al., 2001). 

 The histological changes and biomarkers that are specifi c for the transition to neoplastic trans-
formation occur late in the multistage process. Estimated intervals from the fi rst, initiating damage 
until clinical diagnosis may last up to several decades (Masui et al., 1986). The apparent lack of 
“early” biomarkers clearly related to LC makes risk evaluation even more diffi cult than in the case 
of CVD, where specifi c biomarkers of effect often occur early in the pathogenic process (see above). 
Therefore, animal disease models that mimic the typical and necessary conditions and processes of 
human lung cancer development in a compressed time frame are needed (Balmain and Harris, 2000) 
(Figure 33.2). 

 33.4.3 Animal Models 

 Although rodent lung cancer inhalation models have successfully been applied for investigations on, 
e.g., solid particles, nitrosamines, polyaromatic hydrocarbons, and many other respirable materials 

FIGURE 33.2 Biomarkers commonly used as assay end points in carcinogen testing.
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labeled “carcinogens,” their tumor spectra differ from the human situation: most rodent lung tumors 
originate in the peripheral lung (bronchiolo-alveolar adenoma and carcinoma), and it has been diffi -
cult to induce bronchogenic carcinomas (except following intratracheal instillation or implantation) 
in rats and mice (Figure 33.3). 

 There have been numerous attempts to produce lung tumors by exposing various species of 
animals to cigarette smoke. Reviews of these attempts are available (Wehner, 1983; Coggins, 1998, 
2001, 2002). One review concluded “signifi cant increases in the numbers of malignant tumors of the 
respiratory tract were not seen in rats, mice, hamsters, dogs, or nonhuman primates exposed for long 
periods of time to very high concentrations of mainstream cigarette smoke. The results are clearly 
at variance with the epidemiological evidence in smokers, and it is diffi cult to reconcile this major 
difference between observational studies in humans and controlled laboratory studies” (Coggins, 
2002). 

 Another unpublished study (Lovelace Respiratory Research Institute, 1995) used F-344 rats 
exposed nose-only to MS for 30 months, following an initial treatment with  239 PuO

 2 
. In this study 

there were severe body-weight effects, and only a marginally signifi cant effect on lung tumorigene-
sis by MS. There was a so-called “synergistic” or “supra-additive” effect, largely due to MS-induced 
impairment of  239 Pu clearance. Recently, part of the results have been published and demonstrate 
an incidence of 14% lung tumors in the smoke-exposed females, a statistically signifi cant increase 
above sham controls (0%) (Mauderly et al., 2004). However, no statistically signifi cant lung tumor 
induction was observed in the smoke-exposed male rats. The authors discuss that the use of step-
serial sections instead of one section per lung could possibly increase the sensitivity of the bioassay 
(Mauderly et al., 2004). 

 33.4.4 The A/J Mouse 

 Recent work (Witschi et al., 1997b) with the A/J strain of mice exposed to ETSS have demonstrated 
intriguing results: no difference in lung tumor incidences between sham exposed and ETSS-exposed 

FIGURE 33.3 Lack of homologous lung tumors in experimental models.
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mice was observed at the end of a fi ve-month exposure period, but a substantially higher incidence 
was seen in the ETSS-exposed mice at the end of an additional four months without any further treat-
ment. The fi ndings have now been confi rmed several times (Witschi et al., 2002, 2004; Obermueller-
Jevic et al., 2002) and have been replicated (D’Agostini et al., 2001; Stinn et al., 2005). In some of 
these studies adenocarcinomas were noted, in addition to the adenomas discussed in Figure 33.3. 
In one study, mice were exposed only to the vapor phase of the ETSS (using a fi lter to trap the par-
ticulates), and results were very similar to those with unfi ltered ETSS (Witschi et al., 1997a). Using 
mainstream smoke concentrations that were considered “maximally tolerable,” in a six-month study 
with only a fi ve week posttreatment interval, the A/J mouse strain “did not produce or promote lung 
cancer” (Finch et al., 1996). These two experimental designs were so different that no meaningful 
comparisons can be made. 

 The cumulative work with A/J mice was recently reviewed (Witschi et al., 2002), and compari-
sons were made with two other mouse strains (Balb/c and SWR). In these two strains the response to 
ETSS exposure was lower than that seen in the A/J strain, as assessed by both tumors per lung and 
lung tumor incidence. The SWR strain has also been used by other workers, who in a major review 
confi rmed that they are less sensitive than the A/J mice for tumorigenicity studies (De Flora et al., 
2003b). In the A/J study (Witschi et al., 2002) no differences were noted in the mutations in the  
k- ras  proto-oncogene, despite earlier reports of such a change but with much smaller concentrations 
of ETSS (Witschi et al., 1995). Mutation in the k- ras  gene shows a strong association with human 
pulmonary adenocarcinoma (Ahrendt et al., 2001). 

 Recent work from our laboratory (Knoerr et al., 2003; Stinn et al., 2002, 2005) has also con-
fi rmed the basic model, although no adenocarcinoma was produced in the ETSS-exposed A/J mice 
(adenomas only). Mutations in the k- ras  proto-oncogene were identical in sham- and ETSS-exposed 
mice, despite earlier reports of such a change but with much smaller concentrations of ETSS, as well 
as with the tobacco-specifi c nitrosamine NNK (Kawano et al., 1996). 

 33.4.5 Transgenic Strains 

 It is well known that lung cancer cells have many genetic and epigenetic changes when compared 
with healthy cells, and reviews of some of the more frequent molecular genetic changes are avail-
able (Mitsuuchi and Testa, 2002; Sekido et al., 2003). One of the most studied genetic changes is 
the inactivation of the p53 tumor suppression gene (Robles et al., 2002), and transgenic mice with 
deleted “knockout” and activated “knockin” p53 are available (Lubet et al., 2000; Storer et al., 2003; 
Wang et al., 2003b). A recent review of aspects of this work is available (Toyooka et al., 2003b). 
Recent work has combined the “susceptible” A/J strain with p53 transgenics, in whole-body expo-
sures to ETSS for up to 9 months (De Flora et al., 2003a). A weak but signifi cant increase in lung 
tumor incidence and multiplicity was reported in the p53 mutant mice, with no tumorigenic effect in 
the wild-type controls (De Flora et al., 2003a). 

 Genetically engineered mice are being used increasingly in carcinogenicity studies for sub-
stances other than MS, in that they can be used in smaller numbers and in shorter studies (Zhao 
et al., 2000; Storer et al., 2003). The transgenic  ras H2 mouse carrying the c-Ha- ras  gene “was 
created to improve conventional rodent carcinogenicity testing,” and results with a variety of 
materials have been recently reviewed (Tomisawa et al., 2003). 

 The  ras H2 mouse is responsive to both nongenotoxic and genotoxic chemicals (Morton et al., 
2002), and is considered to be superior to conventional mouse bioassays for cancer hazard identifi -
cation (Takaoka et al., 2003). Other alterations are being evaluated, including those genetic altera-
tions commonly found in human lung adenocarcinomas (Wang et al., 2003b). The authors of this 
latter work suggest that, through alterations in p53 and Ink4a/Arf, the mutant A/J mice provide the 
best preclinical estimate of the effectiveness of chemopreventative agents (Wang et al., 2003b). 
There is one report of the use of A/J and  ras H2 mice with MS, demonstrating small but signifi cant 
increases in lung tumor incidence and multiplicity (Curtin et al., 2004). Another transgenic mouse 
approach uses the targeted overexpression of  c-myc  or  c-raf  in alveolar type II cells only under 
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the control of the surfactant C (SPC) promoter, resulting in invasive and metastasizing peripheral 
lung tumors that more closely resemble the human tumor pathology (Kerkhoff et al., 2000; Ehrhardt 
et al., 2001). Initial exposure studies have demonstrated a positive effect of NNK exposure on lung 
tumor progression in  c-myc -SPC mice (Ehrhardt et al., 2003); however, it remains to be investigated 
how such a targeted transgenic model responds to MS. 

 33.4.6 DNA Repair 

 Identifying the role of MS in alterations in DNA-repair enzymes would be helpful in identifying the 
mechanism of the etiology of cancer (Hu et al., 2002) and could identify individuals at risk (Wei and 
Spitz, 1997; Spitz et al., 2003; Shen et al., 2003). The use of genetically modifi ed mice has now been 
extended into the study of DNA repair, in that transgenic and knockout mice are available for study-
ing DNA repair functions in both carcinogenesis and mutagenesis (Wijnhoven and vanSteeg, 2003). 
The  Xpa/p53  mutant mouse model is currently seen as being particularly promising (Wijnhoven and 
vanSteeg, 2003). 

 33.4.7 Tumor Angiogenesis 

 Most of the animal models for smoke-induced pulmonary carcinogenesis have focused on the 
initial, genotoxic, or epigenetic effects leading to the formation of an aggregate of autonomously 
proliferating, transformed cells. During the ongoing progression of growth, the tumor mass will 
organize its own vascularization. Angiogenesis is an important process that allows lung tumors to 
grow (Yano et al., 2003), with unknown links to components of MS. 

 Recent work with Lewis lung cancer cells injected subcutaneously into C57BL/6J mice exposed 
to ETSS (concentrations not given) indicated increased angiogenesis and tumor cell growth (Zhu 
et al., 2003). The authors hypothesized that nicotine may be involved in the angiogenesis, follow-
ing other studies in wound healing (Heeschen et al., 2003). An alternative hypothesis is that MS 
interferes with hypoxia-driven angiogenesis, at least in normal tissue (Michaud et al., 2003). 

 33.4.8 Surrogate End Points and Models 

 In the absence of a reliable and reproducible experimental model for smoke-induced lung cancer, 
histopathological changes in the respiratory tract of rodents have traditionally been used as surro-
gates to evaluate the potential carcinogenic risk of cigarette smoke (Coggins et al., 1982b; Gaworski 
et al., 1997; Vanscheeuwijck et al., 2002; Terpstra et al., 2003). However, no direct link to smoke-
induced neoplastic lesions can be made, because all the lesions observed are either adaptive and 
reversible (hyperplasia, metaplasia), regressive (atrophy), or infl ammatory/ulcerative, but never 
progressive (dysplasia, carcinoma  in situ,  invasive carcinoma). Furthermore, the rodent models are 
generally more sensitive in the upper respiratory tract, whereas only weak histological changes can 
be observed in the lung. The fact that rodents as obligate nose breathers may retain certain smoke 
constituents in their nasal passages could result in a relatively low availability of such substances 
in the lung. 

 33.4.9 Mouse Skin Painting 

 In the context of this review, special attention will be given to the surrogate (dermal) model of MS 
lung carcinogenesis in mice. 

 The concept of initiation and promotion as essential steps in experimental carcinogenesis, 
refl ecting the multistage aspect of human cancer etiology, has largely been built upon this repro-
ducible tumor model, and also on the rat liver carcinogenesis model. Historically, the lack of an 
inhalation model for tobacco carcinogenesis has led researchers to use a technique termed “mouse 
skin painting.” In this technique, tobacco smoke condensate (obtained by trapping the particulates 
of MS, usually in a cold trap) is applied to the backs of shaved mice, resulting in various types of 
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skin tumors (Flory, 1941; Wynder et al., 1953). The technique has been used to differentiate between 
different types of cigarettes (Coggins et al., 1982a; Brown et al., 1998; Gaworski et al., 1999). The 
technique was shortened from the original 2-year assay (Coggins et al., 1982a) to around 6 months 
(Gaworski et al., 1999), by the use of an inbred strain of mice (“SENCAR”), and work in this area 
continues (Stern et al., 1998; Watson et al., 2003). Finally, transgenic mice are also being used in the 
mouse skin painting assay (Stoll et al., 2001; Ohara et al., 2003), but no reports as yet with tobacco 
smoke condensate. Although a surrogate, this model is sensitive to an epigenetic, tumor-promoting 
activity of the particulate fraction of MS, an activity that might be missed in the available inhalation 
models. 

 33.4.10 Conclusion and Outlook 

 Despite the large relative risk for lung cancer in smokers and the variety of recent approaches, no 
reproducible model for lung tumorigenesis by inhalation of MS has been reported. The reasons 
for this apparent discrepancy are not known, but may be either host-specifi c or related to a lack of 
understanding of the pathogenesis of the disease and, hence, the lack of specifi c “biomarkers of 
effect” that would be required for model extrapolations. In particular, the role of epigenetic mecha-
nisms might not have been considered appropriately in choosing the experimental models. 

 Therefore, the currently available models can only support a weight-of-evidence approach 
relying on surrogate markers and models when being applied to evaluate the lung cancer risk of 
cigarettes or PREPs (U.S. Institute of Medicine, 2001). The ongoing development of transgenic 
models and novel molecular approaches (genomics, proteomics, etc.) may hopefully give new 
insights into the complex pathogenesis of lung cancer and thus help to fi nd improved models for 
risk evaluation. 

 33.5 GENERAL CONCLUSION 

 There are today no “adequate” animal models for the human cigarette-smoke-induced diseases 
reviewed here. Probably there will never be a model covering all aspects of a specifi c disease. 
However, progress has been made in developing models for certain mechanistic aspects of each dis-
ease, maybe with the exception of LC. Even with more models being eventually available, an overall 
weight-of-the-evidence evaluation will be necessary for a sound scientifi c assessment of risk. 

 Novel tools such as transgenic and/or “compromised” animal models (some of which are 
reviewed here), along with evolving  in vitro  technologies, may in the near future be combined with 
traditional techniques. Such models will be useful for the assessment of PREPs, but also for the 
investigation of diagnostic and therapeutic means for the respective diseases. 

 The recent work reviewed here clearly shows that immense progress has been made in the 
 establishment of animal models to identify mechanisms. It is highly probable with evolving toxico-
logical techniques such as transgenic and/or “compromised” animals that this rate of progress will 
continue to accelerate, even for LC. 
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 34.1 INTRODUCTION 

 Those who choose to engage in tobacco smoking subject themselves to air pollution and increase 
their risk for many chronic diseases. However, it is becoming increasingly apparent that nonsmokers 
exposed to environmental tobacco smoke (ETS) also are subject to the risks of such air pollution 
whether the exposure occurs indoors or outdoors. In addition, there is reason to believe that vulner-
able subpopulations may be even more susceptible to the adverse health effects of ETS, such as, 
the elderly, the very young, those with compromised health, and pregnant women and their unborn 
children. 

 To understand the impact of cigarette smoking on pregnancy, it is important to consider a 
global and historical perspective of this serious health threat. This chapter reviews literature relat-
ing to tobacco use, health effects, reproductive issues, oxidative stress, biomarker research, and 
economics. Also addressed is ETS. ETS is a ubiquitous environmental pollutant found in highest 
concentrations in the homes of smokers and in work places where smoking is permitted (CA EPA 
1997c; CDC 1993b; Nafstad et al.,   1995a; Sterling et al., 1995). The Environmental Protection 
Agency (EPA) has defi ned ETS as a Class A carcinogen (Environmental Protection Agency, 1993), 
rich in carbon monoxide and nicotine, which has come under consideration by the EPA as an 
indoor air pollutant. 
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 34.2 TOBACCO USE BY SELECTED DEMOGRAPHIC 
VARIABLES—UNITED STATES 

 34.2.1 Gender/Age 

 The Centers for Disease Control and Prevention (CDC) estimated that for the year 2000, 23.3% 
of American adults were active smokers (CDC, 2002c). The  Profi le of General Demographic 
Characteristics  reported the total adult (18 years and older) population of the United States for 
the year 2000 was 209,128,094. Of this number, 108,133,727 were female and 100,994,367 were 
male (U.S. Census Bureau, 2002). This means there were an estimated 48.7 million adults who 
were active smokers. Approximately 26 million were men (25.7%) and more than 22.7 million were 
women (21%). The highest prevalence was in the age group 18 to 44, which includes the majority 
of the childbearing years (CDC, 2002c, 2002d). 

 34.2.2 Race/Ethnicity 

 The prevalence of cigarette smoking in racial/ethnic groups was highest among American Indians 
and Alaska Natives (36%). The lowest prevalence was in Asians (14.4%) and Hispanics (18.6%) 
(CDC, 2002c). See Table 34.1. 

 34.2.3 Income 

 The prevalence of cigarette smoking is generally inversely related to income level. Nationally, the 
median percent of smoking among individuals with an income of less than $15,000 is 29.7; whereas, 
for those with an income between $35,000 and $49,999, the median percent drops to 24.3. There is a 
dramatic drop to 17.2% for those with incomes greater than $50,000 (CDC, 2002d). See Table 34.2. 

TABLE 34.1 Percentage of Cigarette 
Smoking by Race, 2000

Race US
White 24.1

Black 23.2

Hispanic 18.6

American Indian/Alaskan Native 36.0

Asian/Pacifi c Islander 14.4

Other 24.4

Source: CDC (2002c).

TABLE 34.2 Percentage 
of Cigarette Smoking by 
Income, 2000

Income US
� $15,000 29.7

$15,000–24,999 28.6

$25,000–34,999 26.1

$35,000–49,999 24.3

$50,000 � 17.2

Source: CDC (2002d).
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 34.2.4 Education 

 The prevalence of cigarette smoking is also inversely related to educational level. In 2000, smoking prev-
alence was highest among adults who had earned a General Education Development diploma (47.2%). 
Individuals with advanced degrees (e.g., Master’s, Doctoral, and other professional degrees) had the 
lowest prevalence (8.4%) (CDC, 2002c, 2002d). The national Behavioral Risk Factor Surveillance 
System (BRFSS) data summarizing this relationship are presented in Table 34.3 (CDC, 2002d). 

 Kahn et al. (2002) studied the smoking behavior of a representative cohort of 8285 women 
before, during, and after pregnancy. The results of their study validated the premise that more edu-
cated women may quit smoking altogether during pregnancy and not relapse to smoking after their 
pregnancies, when compared with less educated women. Their recommendation is to target lower 
socioeconomic pregnant women with smoking interventions. 

 34.3 TOBACCO-RELATED MORTALITY 

 Tobacco products are the number one killer of the American public (CDC, 2002a). According to 
Dr. C. Everett Koop, former Surgeon General of the United States, tobacco is the only product which, 
when used exactly as intended by the manufacturer, causes the death of the consumer (Surgeon 
General, 1988). It is estimated that 430,000 to 450,000 Americans die of tobacco-related morbidity 
each year (CDC, 2002a). According to Hoppock and Houston (1990), the number of Americans who 
die each year of tobacco-related diseases is greater than the number of deaths from drug-related and 
alcohol-related causes, and more than the total American military fatalities in World Wars I and II, 
and Vietnam. Radecki and Zdunich (1993) characterized the number of smokers who die each year 
from tobacco-related diseases as greater than the deaths caused by accidents, suicides, homicides, 
AIDS, alcohol abuse, and illegal drug use combined. In 2000, CDC (CDC, 2002a) reported that the 
number of tobacco-related deaths is greater than the total of deaths from AIDS, alcohol, cocaine, 
heroin, homicide, suicide, motor vehicle accidents, and fi res. In addition to mortality for the active 
smoker, there are about 3000 deaths per year for individuals who were passively exposed to cigarette 
smoke (CDC, 2002a, 2002c). 

 In the United States, smoking-related illnesses account for approximately 25% of total deaths and 
greater than 25% of deaths in the age group 35–64 years (Bartecchi et al., 1994; CDC, 2002a; McGinnis 
and Foege, 1993). Smoking contributes to the leading causes of death: cardiovascular disease, cerebro-
vascular accidents, lung cancer, and other lung diseases (CDC, 1992, 2002a, 2002c). Annually, from 
1995 to 1999, there were approximately 124,813 deaths from lung cancer, 81,976 from ischemic heart 
disease, and 64,735 from chronic obstructive pulmonary disease (COPD) (CDC, 2002a). 

 According to former Surgeon General, Joycelyn Elders, “Cigarette smoking is still considered 
the chief preventable cause of premature disease and death in the United States” (CDC, 1994). CDC 
studies also point to the use of tobacco products as the leading preventable cause of premature mor-
bidity and mortality (CDC, 2002a, 2002c). Although it is often diffi cult to place a monetary value 
on illness, and even more diffi cult to place a monetary value on human life, there are measurable 
economic impacts related to tobacco use. 

TABLE 34.3 Percentage of 
Cigarette Smoking by Level of 
Education, 2000

Education US
� HS 31.7

HS or GED 27.7

Some post HS 23.5

College graduate 12.3

Source: CDC (2002d).
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 34.4 TOBACCO-RELATED MORBIDITY 

 Tobacco use usually begins in early adolescence (Altman et al., 1989, 1991; Banspach et al .,  1989; CDC, 
1994, 2000; DiFranza, 1992; Elder and Stern, 1986). This behavior often leads to addiction (Benowitz, 
1992; CDC, 1994, 1995, 2002d; DiFranza, 1992; Stolerman and Jarvis, 1995; Surgeon General, 1988) 
and signifi cant adult pathology, including cancers, emphysema, asthma, chronic obstructive pulmo-
nary disease, osteoporotic disease, reproductive disorders, periodontal disease, premature aging of 
the skin, and premature disability and death (CDC, 1989, 1991,1992, 1993a, 2000, 2002a; Offi ce on 
Smoking and Health/National Center for Chronic Disease Prevention, 1995; Sims, 1994; Strategic 
Coalition of Girls & Women United Against Tobacco, 1995b; Surgeon General, 1988). These types of 
morbidity do not include those persons who are injured or killed in smoking-related fi res. 

 Of the 170,000 new lung cancer cases diagnosed each year, only 13% are related to industrial expo-
sure to carcinogens (e.g., asbestos fi bers, radon gas). The remaining 87% are related to cigarette smok-
ing (CDC, 2002a; Nadakavukaren, 2000a). Unfortunately, many persons do not understand the concept 
of synergism and how tobacco use can enhance the activity of other carcinogens, creating even greater 
risk to the individual (Eaton and Klaassen, 1996; Nadakavukaren, 2000b, 2000c; Timbrell, 1994). 

 There is also morbidity for the passive smoker. There are many studies that correlate passive expo-
sure and adverse health effects (Byrd, 1992; California EPA, 1997a, 1997b; Council on Scientifi c Affairs, 
1994; Glantz and Parmley, 1995; Kritz et al., 1995; Pacifi ci et al., 1995; Witschi et al., 1995, 1997). 

 The exposure of the U.S. population to ETS was investigated using participants from the Third 
National Health and Nutrition Examination Survey (NHANES III), 1988–1991 (Pirkle et al., 1996). 
The purpose of the study was to estimate how much the workplace and home environments contrib-
uted to passive exposure. This study used a nationally representative cross-sectional survey with a 
population total of 16,818, and an age range of two months and older. Cotinine measurements were 
performed on 10,642 of the participants four years of age and older. The cotinine levels refl ected 
exposure to ETS from the previous one to two days. Based on the survey, questionnaire information, 
and serum cotinine levels, it was determined a signifi cant proportion of the population was exposed 
to ETS at home and at the workplace. From the NHANES III questionnaire data for ages two months 
to 11 years, the prevalence of reported ETS exposure at home was 43%. Of adult nontobacco users 
aged 17 years and older, 37.4% reported exposure to ETS at home or at work with the percentage 
for males (43.5%) being higher than for females (32.9%). Approximately 47.7% of working adults 
reported ETS exposure at home or at work with an average exposure duration of 4.4 h. However, 
when examining the population of persons tested for serum cotinine levels, of the nontobacco users 
aged four years and older, 87.9% had detectable cotinine levels in their serum. This argues that there 
is much greater exposure to ETS than the self-report by interview would indicate. Therefore, in 
addition to the morbidity among the 25–30% of tobacco users, there is reason to be concerned about 
the health of the  nontobacco-using, but ETS-exposed, population as well. 

 Some of the same diseases that affect the active smoker also affect the passive smoker. Glantz 
and Parmley (1995) studied peer-reviewed literature from 1986 to 1994 with most of the investiga-
tion focusing on the years 1990 to 1994. Their review supported an estimation that ETS contributed 
to 37,000 heart disease deaths, making passive exposure to smoking the third leading cause of pre-
ventable death in the United States. 

 34.5 WOMEN AND TOBACCO 

 34.5.1 Addiction 

 CDC (1995) analyzed data from 1991 and 1992 to assess nicotine addiction in American women. 
Their analysis showed that in females 12 years and older, 75% of the interviewees described feelings of 
dependency on cigarettes and an inability to quit smoking. This study did not look at all the symptoms 
of addiction and is not considered comprehensive. Nevertheless, this information has ramifi cations for 
pregnancy because more women are initiating smoking behavior in adolescence, becoming pregnant at 
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younger ages, and smoking more heavily than in the past. Further, women have greater diffi culty than 
men in quitting (CDC, 1991, 1993a, 1993b, 1995, 2002d; Fortmann and Killen, 1994). 

 The 2001 Report of the Surgeon General gave similar fi ndings. Greater than 75% of the women 
interviewed wanted to quit smoking and more than 46% had tried to quit, unsuccessfully, during the 
previous year. These women all demonstrated indicators of addiction as measured by time of fi rst 
cigarette after waking, withdrawal symptoms, using cigarettes as a calming agent, and feelings of 
dependency on cigarettes (Surgeon General, 2002). 

 Selby et al. (2001) conducted an investigation of 19 white pregnant women who smoked heavily 
and could not quit. On average, they had begun smoking at 14.5 years and had smoked for 17 � 6 
years. Nicotine and cotinine levels were assessed and nicotine levels were lower than expected. The 
conclusion of the study was that heavily smoking women may be rapid metabolizers of nicotine to 
cotinine and therefore smoke more to maintain nicotine levels. 

 34.6 TOBACCO AND PREGNANCY 

 34.6.1 Prevalence of Smoking during Pregnancy 

 More than 22 million American women were smoking in 2000 (CDC, 2002c). It is estimated that 12 
to 30% of women smoke during pregnancy (CDC, 2002b; Surgeon General, 2002). During the year 
2000, there were 4.3 million births in the United States and there were approximately 62 million 
women of childbearing age. Therefore, there was a pregnancy rate of about 7%. There is an incon-
gruence in the reported data regarding the percent of pregnant women who smoke and the number 
of low-birthweight (LBW) babies. On one hand, reported smoking rates among pregnant women are 
falling, while the rate of LBW has not fallen but has risen slightly (Surgeon General, 2002). This may 
be, in part, a result of diffi culty in assessing the actual number and percent of women who smoked 
during pregnancy. Many states do not record this information in the birth record. Nevertheless, it can 
be estimated that there are 48,000 to 1.2 million women per year who smoke during pregnancy. In 
a year-long survey in the low-income prenatal clinic used for the present study, the rate of smoking 
was approximately 30% (unpublished data). 

 Ross et al. (2002) reported the prevalence of smoking in pregnant women in Women, Infants, 
and Children’s Clinics (WIC) in Minneapolis and Saint Paul, Minnesota, as 21%. Ninety-eight 
women were interviewed and did not know their self-reported smoking status would be biologically 
confi rmed. Five women who denied smoking had cotinine levels consistent with active smoking 
(mean � 64 ng/ml). The deception rate was 25%. 

 Tappin et al. (1997) collected anonymous antenatal blood specimens from the fi rst two prenatal 
visits over a six-month period. Samples from pregnancies that were confi rmed to have ended in a 
live birth were analyzed for cotinine. Slightly more than 35% of the samples were positive for coti-
nine levels consistent with active smoking. 

 34.6.2 Reproductive Morbidity and Mortality 

 34.6.2.1 Maternal Active Smoking 

 It is hypothesized that 25% of pregnancies end in spontaneous abortion and it is rarely possible to 
determine an exact cause. Spontaneous abortion is more common in cigarette smokers than in non-
smokers. A carefully controlled study suggested an 80% increase in the rate of spontaneous abortion 
in smokers when compared with nonsmokers (Kline et al.,   1977). 

 In 1982, Weinberger and Weiss described cigarette smoking as one of the risk factors which can 
(1) reduce fertility and (2) increase the incidence of spontaneous abortion, abruptio placentae, pla-
centa previa, bleeding during pregnancy, and premature rupture of the placental membranes. Thus, 
smoking can prevent pregnancy from occurring, cause serious complications during the pregnancy, 
and may prevent the pregnancy from going to term (Windham et al., 1992). 
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 McDonald et al. (2002) investigated the effect of smoking on homocysteine and folate levels 
in 40 actively smoking and 40 nonsmoking pregnant women. Inadequate folate levels have been 
linked to several negative reproductive outcomes, including neural tube defects in the fetus, abrup-
tio placentae, miscarriage, and stillbirth. Homocysteine levels should decrease in healthy pregnant 
women. Although there was no difference in homocysteine levels between the two groups, there 
was a difference in folate levels. Serum folate was signifi cantly lower in pregnant smokers than in 
pregnant nonsmokers. 

 34.6.2.2 ETS Exposure and Pregnancy 

 Environmental tobacco smoke, as stated previously, is a ubiquitous environmental pollutant. 
Approximately 65–85% of the nonsmoking American public, including pregnant women, fetuses, 
neonates, infants, and children, show detectable levels of cotinine (the nicotine biomarker) in serum 
and plasma samples, as well as other body fl uids and tissues (Matt et al., 1999; Pirkle et al.,   1996). 
For the past several years, concern has been mounting about the deleterious health effects caused by 
ETS, especially in vulnerable populations (Ahluwalia et al., 1997; Kaufman et al., 2002; Mannino 
et al., 2001). 

 In the fi rst of two studies, Nelson et al. (1999b) passively exposed pregnant Wistar rats to vary-
ing numbers of cigarettes (1–4) during the fi rst, second, or third week of gestation. They investi-
gated the carboxyhemoglobin (COHb) levels pre- and postexposure, as well as the birthweight of 
the pups. Although no macroscopically gross abnormalities were seen, upon autopsy, widespread 
skeletal retardation was seen in all exposed groups regardless of the dose. Further, the COHb levels 
rose from 1.2% preexposure to 6–12% postexposure depending on the number of cigarettes to which 
those pregnant rats had been exposed. 

 In a subsequent study, Nelson et al. (1999a) again passively exposed pregnant Wistar rats to vary-
ing numbers of cigarettes (1–4) during the fi rst, second, or third week of gestation. They autopsied 
the animals and examined them for histological changes in lung, liver, renal, gastric, and intestinal tis-
sues. One of the frequent changes they found was an increased incidence of apoptosis (controlled cell 
death). Therefore, they concluded exposure to ETS may cause adverse tissue changes in the fetus. 

 34.6.2.3 Infant Morbidity and Adverse Birth Outcomes 

 The following studies show an epidemiological association between active and   passive exposure 
to tobacco and adverse birth outcomes. These outcomes often continue into childhood and may 
lead to an increase in morbidity and mortality among the neonates, infants, and children exposed to 
tobacco. There may also be an association between  in utero  tobacco exposure and childhood cancer, 
leading to premature death. 

 34.6.3 Low Birthweight (LBW), Intrauterine Growth Restriction/
Retardation (IUGR), and Small for Gestational Age (SGA) 

 34.6.3.1 Active Smoking 

 Restriction of fetal growth is a primary fi nding in studies of fetuses and neonates of smoking women. 
Smoking is related, in a dose–response manner, to the delivery of LBW babies. Analyses of sev-
eral studies showed that small for gestational age (SGA) births and intrauterine growth restriction 
or retardation (IUGR) were higher in a smoking group than in a nonsmoking group (CDC, 1990; 
Miyao et al., 1995; Spinillo et al., 1994b ,  1994c). 

 Goldenberg (1994) investigated the historical trends in LBW. It is not clear if he did this by a 
review of the literature or by studying the randomized trials funded by the National Institutes of 
Health. However, he found that despite the research dollars spent and the clinical care resources 
utilized, there has been only limited success in reducing the incidence of fetal growth restriction. He 
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also concluded that, although there has been success in keeping LBW babies alive, there are many 
variables related to fetal growth retardation. At the top of the list is cigarette smoking.   Actively 
smoking mothers, more than any other risk factor, account for the preponderance of LBW infants. 

 England et al. (2001) investigated maternal smoking at enrollment in their study and during the third 
trimester of pregnancy to ascertain if there was a decrease in neonatal birthweight. Although they col-
lected self-reported smoking behavior from 1583 subjects, they also analyzed urine cotinine. They dis-
covered that third-trimester smoking increases resulted in a sharp decrease in birthweight. This decrease 
leveled off at greater than eight cigarettes per day. Their recommendation is that women who cannot quit 
smoking during pregnancy limit their cigarette consumption to fewer than eight cigarettes per day. 

 Spinillo et al. (1994b), in a case-control study of prospectively recorded data, examined the risk 
of fetal growth retardation from prenatal smoking when compared with other risk factors. The other 
variables included maternal age, nulliparity, low maternal prepregnancy weight, previous LBW 
infant, female fetal sex, maternal prenatal hypertension, low socioeconomic conditions, and caffeine 
consumption. The cases included 347 singleton pregnancies with a diagnosis of IUGR, and 694 con-
trols with appropriate growth for gestational age fetuses. The database was collected during a fi ve-
year period from 1988 to 1992 at the Department of Obstetrics and Gynaecology of the University 
of Pavia, Italy. Growth restriction was studied using a series of sonogram measurements. The results 
of this study showed that in actively smoking nulliparous women, the risk of IUGR was signifi cant 
and increased by a factor of three. Additionally, IUGR was increased 5.4 times in actively smoking 
women 20 years of age or younger when compared to older women. For actively smoking   women 
with low prepregnancy weight, IUGR increased fourfold. The researchers concluded that there is a 
cumulative effect when there are multiple risk factors and they recommend that prenatal counseling 
include a discussion of the effects of smoking on pregnancy outcome. 

 In a case-control study, Spinillo et al. (1994c) evaluated the interactions between smoking in preg-
nancy and fetal growth and gender. All the patients were delivered at Policlinico San Matteo Hospital 
in Pavia, Italy. Cases were 530 singleton neonates, with both a sonographic diagnosis of IUGR and 
a birthweight below the 10th percentile, who were delivered between 1987 and 1992. The controls 
were 782 singleton pregnancies with fetuses of appropriate growth delivered from September through 
November 1989 and January through April 1991. Information related to maternal sociodemograph-
ics and clinical history was collected at delivery. After controlling for the variables of social class, 
gestational hypertension, and preeclampsia, the results showed that fetal growth retardation was sig-
nifi cantly greater in male fetuses than in female fetuses. The results of this study also validated other 
studies showing that the factor which best correlates with decreased birthweight is maternal smoking 
during pregnancy. This study also validates a previous study by Spinillo et al. (1994b) that showed 
there is a synergistic effect of smoking when combined with any other risk factor. 

 Miyao et al. (1995) used a matched-pair longitudinal method to study the relationship   between 
maternal prenatal smoking and neonatal head circumference. From April 1990 to March 1992, these 
investigators surveyed 508 primiparas in 11 hospitals in Aichi, Japan. All of the 508 newborns were 
measured for birthweight and head circumference. For this case-control study, 47 smokers and their 
neonates and 47 nonsmokers and their neonates were chosen in random order from a computer data-
base. The results of the study showed that head circumference was signifi cantly smaller in neonates 
of smoking mothers when compared with nonsmoking mothers. The researchers expressed concern 
because microcephaly has been associated with mental retardation and the rate of smoking among 
Japanese females is increasing. 

 Milner et al. (1999) studied maternal smoking and its effect on neonatal lung function. The 
study included 189 pregnant smokers and 100 pregnant nonsmokers and their neonates. Although 
their study did not fi nd an adverse effect on fetal lung growth, they did note a statistically signifi cant 
reduction in birthweight and length for the infants of smokers. This fi nding is not surprising because 
neonates are exposed to nicotine through placental circulation rather than respiration. 

 Horta et al. (1997) investigated 5166 births, maternal cigarette smoking, and the frequency of 
LBW, premature delivery, and IUGR. While they found no association between maternal smoking 
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and preterm birth, they did note a direct dose–response relationship between the number of cigarettes 
smoked and IUGR. Because of the IUGR, there was an increase in LBW. Their study also demon-
strated that ETS-exposed pregnant women are at risk for selected adverse pregnancy outcomes. 

 34.6.3.2 Active Smoking or Passive Exposure 

 Lieberman et al. (1994) evaluated the risk of SGA infants born to women who stopped smoking or 
began smoking during their pregnancies. This cohort study was conducted at Boston Hospital from 
1977 to 1980 and examined a variety of exposure levels and birth outcomes. The fi nal study popula-
tion was 11,177 women and their infants. Data were collected from interviews and medical record 
reviews. The data included medical and obstetric history, course of the current pregnancy, and infant 
outcome. The researchers discovered that the number of cigarettes smoked and how long the mother 
smoked during the pregnancy greatly infl uenced the effect of LBW when compared to women who 
quit smoking early in the pregnancy or cut down signifi cantly. Women who initiated smoking in 
the third trimester had the same risk as those who smoked continuously throughout the pregnancy. 
These results present a compelling reason to provide targeted smoking cessation interventions for all 
pregnant women, especially in their third trimester (Kendrick et al., 1995; Windsor et al., 1998). 

 Mainous and Hueston (1994) looked for a threshold effect when studying LBW and passive 
smoke exposure. They analyzed the data from the 1988 National Health Interview Survey. The 
information was collected from family members residing in the household. The sample was lim-
ited to information supplied by the biological mother of children less than six years old. Data were 
taken only from mothers who had not smoked in the year prior to their pregnancy and who did not 
smoke throughout their pregnancy. The study results showed that mothers with a high exposure to 
ETS were 2.31 times more likely to have a LBW infant (�2500g) when compared with mothers 
with a low exposure. The investigators concluded that prenatal counseling needs to include not 
only advice for the active smoker to quit smoking, but also advice to nonsmokers to avoid exposure 
to ETS. 

 Roquer  et al.  (1995) studied the infl uence of various degrees of active and passive smoking 
exposure   on 129 term neonates. After delivery, the smoking habits of the mother were surveyed 
and newborns were classifi ed in one of four exposure groups: (1) nonsmoking and nonexposed 
mother, (2) nonsmoking but exposed   mother at home or at work; (3) mother smoking fewer than 
10 cigarettes/day; and (4) mother smoking 10 cigarettes/day or more. After controlling for work 
environment and parity, this epidemiological study showed that active smoking and exposure to a 
signifi cant level of passive smoking had the same effect. Further, all growth parameters in the infant 
were reduced, and the results suggested that these reductions in length may persist throughout child-
hood. These investigators recommend that in any study of the effect of smoking on the fetus and 
infant, the effect of passive smoking should be studied as well. 

 34.6.3.3 Passive Exposure 

 Martinez et al. (1994) studied the effect of paternal smoking on the birthweight of neonates whose 
mothers were nonsmokers. They also assessed paternal smoking by self-report questionnaire and 
neonatal serum cotinine levels from cord blood for 175 newborns. Of the 138 mothers who reported 
that they had not smoked during pregnancy, only two of these had newborns with cotinine levels 
indicating that their mothers were, in fact, active smokers. Of the 136 nonsmoking mothers, their 
infants’ cord blood cotinine level was signifi cantly correlated with the number of cigarettes smoked 
per day by the father. A mean birthweight defi cit of 88 grams was found in newborns whose fathers 
smoked more than 20 cigarettes per day and whose mothers were nonsmokers. Their study showed 
no signifi cant relationship between maternal exposure to ETS and duration of pregnancy. However, 
the reduction in birthweight, which is caused by active and passive exposure to ETS, may lead to an 
increased risk of infant mortality during the fi rst year of life. 
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 Rebagliato et al. (1995) conducted a prospective cohort study in Valencia, Spain with a popula-
tion of 710 nonsmoking pregnant women in their third trimester. This study examined the exposure 
of these women to ETS and the relationship to low infant birthweight. Each woman was interviewed 
by using a structured questionnaire eliciting information related to ETS exposure during the previ-
ous two days and throughout the entire pregnancy. The questionnaire assessed the woman’s expo-
sure from four potential sources: (1) partner smoking at home; (2) other family members smoking at 
home; (3) exposure at the worksite, and (4) exposure in indoor and outdoor public and private places 
and in transportation. Saliva was collected from the participants to assess their cotinine levels by gas 
chromatography. Data were also collected on pregnancy outcome and neonatal condition from both 
the mothers and the hospital records. Birthweight was the outcome measured. This investigation 
suggested a weak correlation between passive ETS exposure and LBW. However, the cotinine level 
in the maternal saliva was signifi cant and could only have come from very high exposure to ETS. 
To reduce the risk of IUGR and LBW, these researchers recommend a smoking restriction policy in 
public and enclosed workplaces where nonsmoking pregnant women are present. 

 34.6.4 Preterm Birth 

 In 1957, there was still controversy in the medical community about whether smoking was harmful 
to the pregnant woman and the developing fetus. Simpson (1957) studied active cigarette smoking 
during pregnancy and gave the fi rst report about a possible relationship between active smoking and 
premature delivery. Approximately 47% of the study participants admitted smoking. Prematurity 
rates were compared among three groups: nonsmokers, light smokers, and heavy smokers, as well as 
number of cigarettes smoked per day. This preliminary study was based on information from greater 
than 7000 patients and demonstrated an increased incidence of prematurity for active smokers at 
twice the rate for nonsmokers. 

 Simpson also reported that as early as 1935, approximately 48% of pregnant women in the 
United States and Canada were smoking. This information came from a survey sent to leading obste-
tricians in those two countries by Dr. A.M. Campbell (results reported in the  J. Mich. Med. Soc.,  34, 
146, 1935; article no longer available). She cited another study by Dr. P. Bernard ( Medizinische,  3, 
58, 1949; article no longer available) based on 20 years of observations from his practice compar-
ing women who smoked and women who did not smoke. He related that health disorders, including 
problems during pregnancy, were more frequent in smokers. 

 Spinillo et al. (1994a) evaluated several risk factors (lack of adequate prenatal care, intrave-
nous drug use, abdominal trauma, preexisting or gestational diabetes, preeclampsia and chronic 
hypertension) associated with abruptio placentae and preterm deliveries. In a prospective study 
conducted from 1985 to1991, they investigated all of the 24- to 36-week gestation deliveries in 
the Department of Obstetrics and Gynaecology of the University of Pavia, Italy. Their case-control 
investigation of 55 consecutive index cases and 726 control cases supported the fact that smoking 
during pregnancy was a signifi cant risk factor for abruption, low gestational age, and preterm deliv-
ery. They recommend intensive surveillance for pregnant women with high-risk factors, including 
smoking. 

 Peacock et al.   (1995), in a prospective study of several risk factors and pregnancy outcome, 
examined the relationship between several variables and preterm birth. In addition to smoking, 
these investigators studied the effect of socioeconomic status, education, alcohol and caffeine con-
sumption, and psychological stress. The study was conducted in a district general hospital in inner 
London with a population of 1513 women. While they found no apparent affect of smoking on the 
overall length of gestation, they did show a relationship between delivery prior to 32 weeks and 
smoking. Their study also supported the fi nding that lack of fetal growth is strongly associated with 
smoking during pregnancy. 

 There may be other adverse effects on birth outcomes. The following studies describe some of 
these effects, which are related to the mother’s active or passive smoking. 
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 34.6.5 Pulmonary and Respiratory Function 

 34.6.5.1 Active Smoking 

 Tager et al. (1993) prospectively followed 97 newborns for whom they had obtained pulmonary 
function data prior to six months of age. The purpose of the study was twofold: (1) to determine 
whether a relationship exists between lung function and subsequent lower respiratory infections 
(LRI); and (2) to determine whether there is a correlation between maternal smoking and lung func-
tion and LRI. Infant pulmonary function was assessed by partial respiratory fl ow volume curves 
and helium-dilution measurement of functional residual capacity. Maternal prenatal smoking was 
assessed by urine cotinine measurements and standard questionnaire. Occurrence of LRI was evalu-
ated using standardized questionnaires at each well-baby   visit, making weekly telephone calls to  
 mothers,   and reviewing all medical records. Infants who developed LRI during the fi rst year of life 
had lower preillness length-corrected forced expiratory fl ow than those who did not experience LRI. 
Maternal prenatal smoking may contribute independently to reduced airway size and/or changes in 
respiratory mechanics especially in female infants. 

 Tager et al. (1995) prospectively studied 159 infants during the fi rst 18 months of life. Infant pul-
monary function was assessed at two to six weeks of age and at four to six months, nine to 12 months, 
and 15–18 months of age by partial expiratory fl ow-volume curves and helium-dilution. Maternal 
smoking was assessed by standard questionnaire and urine cotinine measurements. After controlling 
for the effects of growth (length), maternal smoking during pregnancy was associated with a signifi -
cant reduction in infant lung function. 

 34.6.5.2 Active Smoking or Passive Exposure 

 Researchers in Boston conducted   a longitudinal investigation of the effects of prenatal smoking and 
postnatal passive smoking on pulmonary function and infant respiratory illness (Hanrahan et al., 
1992; Tager et al., 1993, 1995). These studies were conducted at East Boston Neighborhood Health 
Center. The researchers concluded that there are defi cits in children that are the residual effects of 
prenatal smoking and are present at birth; further, postnatal exposure cannot completely account 
for lower fl ow levels found in infants of smoking mothers. The fi rst published study was conducted 
on women seeking prenatal care from March 25, 1986 to May 1, 1989. The pulmonary function of 
eighty healthy infants was tested shortly after birth. The mothers’ prenatal smoking was measured 
at each prenatal visit by a questionnaire and by urine cotinine measurements. The results of the 
study showed that in young infants there were signifi cant reductions in forced expiratory fl ow rates. 
The researchers hypothesize that exposure to tobacco smoke may impair fetal airway development 
and/or alter the elastic properties of the lung. 

 34.6.6 Germinal Matrix and Intracranial Hemorrhage 

 Studies by Spinillo et al. (1995a, 1995b) support the hypotheses that heavy maternal smoking may 
be associated with an increased risk of germinal matrix and intracranial hemorrhage, as well as 
infl uence the progression of intraventricular hemorrhage in preterm infants. As many as 50% of 
infants delivered prior to 34 weeks gestation may experience germinal matrix or intraventricular 
hemorrhage, which may lead to cerebral palsy and neurodevelopmental delays. 

 Spinillo et al. (1995a) evaluated the effect of prenatal risk factors in 302 singleton preterm infants 
delivered between 24 and 33 weeks gestation. In addition to cigarette smoking, the investigators looked 
at maternal social class, nulliparity, oral tocolysis (used to treat preterm labor), and use of low-dose 
aspirin. They used sonograms for all infants to detect the presence of intracranial hemorrhage. For the 
population studied, 9.6% of infants (29 of 302) experienced germinal matrix hemorrhage and 11.6% 
(35 of 302) experienced intraventricular hemorrhage. The risk factor of signifi cance was cigarette smok-
ing, with the number of cigarettes smoked increasing the risk for both types of hemorrhage. The other 
variables outlined above did not seem to infl uence the prevalence of this neonatal problem. However, 
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gestational age was an infl uencing factor whereas birthweight was not. These researchers recommend 
reducing the antenatal risk factors that lead to prematurity and either germinal matrix or intraventricular 
hemorrhage. Once again it is noted that cigarette smoking is a preventable cause of prematurity. 

 Spinillo et al. (1995b) conducted a prospective observational case-control study of infants delivered 
from 1987 to1993 at the University of Pavia, Italy, Department of Obstetrics and Gynaecology. This 
study was designed to evaluate the effect of prenatal maternal smoking during the second and third tri-
mester and risk factors for fetal and neonatal intracranial hemorrhage. Information about maternal his-
tory, pregnancy, and delivery was collected. In addition to a detailed smoking history, the data included 
maternal sociodemographic variables. Sonograms were performed to determine fetal growth retarda-
tion based on abdominal or cephalic circumferences   at less than the 10th percentile. The prenatal and 
postnatal   characteristics of infants born at 24–33 weeks gestation with intracranial hemorrhage were 
compared with selected age-matched control infants. A crude analysis of the data showed a prevalence 
of intracranial hemorrhage of 20.7% (96 of 463). The research team also studied postnatal risk factors 
in the neonate, including low fi ve-minute Apgar scores, respiratory distress syndrome, acidosis, and 
bronchopulmonary dysplasia. All of these factors were signifi cantly associated with intracranial hem-
orrhage; therefore, the investigators had to examine these associations independently to evaluate the 
risk from maternal smoking. They cross-tabulated all variables and the multivariate analysis showed 
that the risk of intracranial hemorrhage in infants was confi ned to those born to heavy smokers. 

 34.6.7 Craniosynostosis 

 Studies by Alderman et al. (1994) and Beeram et al. (1993) suggest an association between fetal 
tobacco exposure and the occurrence of craniosynostosis, usually a rare condition. Their research 
suggests a link between intrauterine tobacco exposure and premature closure of the sutures. Alderman 
et al.   (1994) analyzed data from a population-based case-control study to evaluate the relationship 
between maternal prenatal smoking and alcohol consumption and the risk of   craniosynostosis. They 
used data obtained from the Colorado Craniosynostosis Registry from 1986 to1989. Two hundred 
thirty-three children had a confi rmed diagnosis of craniosynostosis by an independent radiologist. 
Two hundred twelve children (91%) participated in the study as cases. A random sampling of birth 
records provided 367 eligible controls, and 291 (79%) of these participated in the study. Interviews 
were conducted with the mothers of the children and a regression technique was devised to estimate 
the odds ratio of craniosynostosis for smoking and alcohol consumption. The relative odds ratio 
(ROR) for   craniosynostosis for an infant born to a smoker was 1.7. The ROR increased to 3.5 for an 
infant born to a mother who smoked more than one pack per day. No strong association was found 
for alcohol consumption and craniosynostosis. The researchers concluded that maternal prenatal 
smoking may increase the risk for craniosynostosis in infants. 

 Beeram et al. (1993) studied the clinical data for three infants with craniosynostosis born to 
African-American mothers in Washington, DC, who used crack cocaine and tobacco throughout their 
pregnancies. The usual incidence of craniosynostosis has been reported to be 3.1 to 5 per 10,000 live 
births, and is usually lower in blacks, singleton, and female births. These three infants were the only 
reported cases of this condition during the past 10 years at the DC General Hospital. The investiga-
tors ruled out other hypothesized causes of craniosynostosis such as family history, hyperthyroidism, 
disturbances of calcium and phosphate metabolism, and exposure to teratogens. The researchers point 
out that three cases do not prove a cause-and-effect relationship. However, they argue there is an asso-
ciation and base this hypothesis on the fact that fetal prenatal exposure to tobacco has been associated 
with fetal growth retardation and this may be a predisposing factor for craniosynostosis. They recom-
mend that all infants born with this condition be assessed for exposure to tobacco and cocaine. 

 34.6.8 Congenital Urinary Tract Anomaly 

 There appears to be an association between active maternal smoking and other adverse birth out-
comes. Li et al. (1996) conducted a case-control study of infants born in western Washington in 
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1990 and 1991. They interviewed 117 of 187 mothers of infants with a confi rmed congenital urinary 
tract anomaly. Also interviewed were 369 mothers of controls who were randomly selected from all 
singleton live births delivered in fi ve major hospitals in western Washington for the same period. 
Mothers were interviewed in person and a detailed smoking history was elicited. The data were 
analyzed, controlling for confounding variables such as maternal age, socioeconomic demograph-
ics, parity, previous prenatal history, family medical history, infant gender, and county of residence. 
The data suggest an association between maternal smoking and the risk of congenital urinary tract 
anomalies. This study also suggests an inverse dose–response relationship with a stronger associa-
tion between light smoking and these anomalies. 

 Studies demonstrating an epidemiological relationship are strengthened when basic scientifi c 
research can fi nd a biologically plausible mechanism to explain the epidemiological association 
(Fushimi et al., 1992; Haak et al.,   1994; Haddow et al.,   1991; Joschko et al., 1991; Ong et al., 1994; 
Reiben, 1992; Schuller et al., 1993). The following studies suggest some mechanisms whereby the 
insult to the fetus may occur. 

 34.6.9 Childhood Brain Tumors 

 There may also be a link between fetal exposure to nicotine and the risk of brain tumors in children. 
A European study of mothers’ active smoking and passive exposure during pregnancy supported 
a possible association between  in utero  exposure to tobacco smoke and an increased risk of brain 
tumor development (Filippini et al.,   1994). These researchers conducted a retrospective case-control  
 study of 91 (of a possible 103) cases and 321 population controls from northern Italy. The partici-
pants were matched for age, gender, and residence. The cases were children up to 15 years of age fi rst 
diagnosed with a primary brain tumor between January 1, 1985 and December 31, 1988. Controls 
were randomly selected from the computerized records of the Regional Health Service. Information 
was collected by direct interview and questionnaire. Specifi c questions covered parental smoking 
habits, the child’s exposure to the active smoking of the mother prenatally, and the child’s passive 
exposure to parental smoking postnatally. The investigators identify that the sample size was small 
and the study was conducted in a single geographic area. However, the odds ratio (OR) appears to be 
elevated with smoking, although not signifi cantly. The OR increases when both the smoking of the 
mother and her passive exposure to other smokers is considered. There seems to be a greater associa-
tion between paternal smoking and the risk of development of childhood brain tumor. The authors 
also identify that self-report bias may affect accuracy in retrospective studies. They believe there is 
cause for concern for prenatal and postnatal exposure of children to cigarette smoke. 

 34.6.10 Genotoxicity and Carcinogenesis 

 34.6.10.1 Active Smoking 

 A study by Lahdetie et al. (1993) looked at the relationship between maternal smoking and genotoxic-
ity in second trimester amniotic fl uid. Cotinine concentrations were measured in amniotic fl uid sam-
ples from 22 smoking and 37 nonsmoking pregnant women. In addition, 15 samples from the smokers 
and nonsmokers were studied by induction of sister-chromatid exchanges in Chinese hamster ovary 
cells as an indicator of exposure to potential genotoxic activity during pregnancy. In the metabolic 
tests, there were signifi cantly increased sister-chromatid exchanges in the amniotic fl uid of smokers 
when compared with nonsmokers. This is an indication of potential genotoxicity to the fetus. 

 Coghlin et al. (1991) studied the maternal–fetal exchange of a potent tobacco-related human 
carcinogen (4-aminobyphenyl)   in 14 smoking and 38 nonsmoking pregnant   women. Carcinogen-
hemoglobin adducts were detected in all maternal and fetal blood samples with signifi cantly higher 
levels in maternal and fetal blood samples from smokers. This study showed that this particu-
lar xenobiotic crosses the placenta and binds to fetal hemoglobin. Further research to examine the 
“fi ngerprint” of childhood cancers to see if there is a match is suggested. 
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 34.6.10.2 Active Smoking or Passive Exposure 

 Ammenheuser et al. (1994) studied cord blood samples from 10 newborns whose mothers 
smoked during pregnancy and 10 newborns of nonsmoking mothers. In addition, blood samples 
were obtained from fi ve of the smoking and fi ve of the nonsmoking mothers. In an assay for 
somatic cell mutation, investigators found that there were elevated frequencies of mutant lym-
phocytes at the hprt locus in the blood samples of smoking mothers and their newborns. This 
study suggests there is a potential for carcinogenic agents to cross the placenta when an actively 
or passively exposed mother exposes the fetus to cigarette smoke. This study adds to the grow-
ing evidence of the hazard of maternal smoking and maternal ETS exposure to the health of the 
fetus and neonate. 

 Lackmann and coworkers (1999) studied the exposure carcinogens transferred from the mother 
to the fetus. Until their study, there was little information regarding fetal uptake of these compounds. 
They analyzed the fi rst urine output from neonates of 17 nonsmokers and 31 smokers for several 
carcinogenic compounds. Their results demonstrated that the urine samples from neonates of moth-
ers who smoked had 5–10% of the levels of adult smokers of two metabolites of NNK, the tobacco-
specifi c transplacental carcinogen. 

 34.6.11 Placental Insuffi ciency and Fetal Hypoxia 

 Bush et al. (2000) studied the effect of maternal cigarette smoking and oxygen diffusion across the 
placenta. They used randomly selected placental tissue sections from two groups, nonsmokers and 
smokers. Although they could not demonstrate a conductance problem when comparing nonsmok-
ers and smokers, their results did show that the fetus experiences chronic hypoxia, which implies 
a reduced transplacental partial pressure gradient. This was evidenced by elevated hematocrits and 
suggests a causal mechanism for LBW babies. 

 34.6.12 Fetal Heart Rate and Activity Problems 

 Coppens et al.  ( 2001) investigated maternal smoking and the effect on the fetus by monitoring fetal 
heart rate and activity with an ultrasound transducer. There were 13 nonsmokers and 13 smokers for 
comparison and parameters were analyzed by computer. They also assessed changes, by Doppler, 
in the umbilical artery. The results showed that fetuses of smoking mothers had signifi cantly more 
time with a low fetal heart rate than those of nonsmoking mothers. Fetal activity was reduced at both 
low and high heart rates. The umbilical artery showed acute and transient increases in the pulsatility 
index. The conclusion, based on the computer fi ndings, was that these alterations may be indicative 
of a problem in neurodevelopmental maturation from chronic fetal hypoxemia. 

 34.6.12.1 Infant Mortality 

 Wise et al. (1995) studied the 1988 national linked birth/infant death data. Their analysis showed 
that very LBW infants (�1500 g) were only 1.2% of all births but represented a disproportionate 
64.2% of all neonatal deaths. LBW is causally linked to fetal tobacco exposure.   The studies cited 
provide evidence of a relationship between fetal  in utero  exposure to tobacco smoke and thousands 
of preventable fetal, neonatal, and infant deaths. In addition to the fi nancial impact, for the families 
who lose a pregnancy, a newborn, or infant, there is a human cost in feelings of guilt, anger, fear, 
and grieving. 

 Andres and Day (2000) conducted a meta-analysis of greater than 30 studies investigating the 
effects of maternal tobacco use and perinatal complications. Their estimation, after this analysis, is 
that 15–20% of pregnant women smoke. They specifi cally looked at studies related to perinatal mor-
tality, preterm birth, premature rupture of the membranes, and abnormalities of fetal growth. They 
also looked at placental complications, such as abruptio placentae and placenta previa. Finally, they 
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looked at studies regarding smoking and sudden infant death syndrome (SIDS). The results of the 
meta-analysis suggest that tobacco use in pregnancy is related to the following: 

  • 20–30% of all LBW neonates 
  • 15% of all preterm births 
  • 150% increase in overall perinatal mortality, including SIDS 

 34.6.13 Sudden Infant Death Syndrome (SIDS) 

 Smoking has also been implicated in numerous studies of sudden infant death syndrome (SIDS) 
(DiFranza and Lew, 1995; Haglund, 1993; Haglund et al., 1995; Klonoff-Cohen et al., 1995; Milerad 
et al., 1993 ,  1994; Reid, 1991; Schoendorf and Kiely, 1992). An association between maternal 
smoking and SIDS has been postulated since 1966 (Haglund 1993). 

 34.6.13.1 Active Smoking 

 DiFranza and Lew (1995), in a review of the literature, found 20 studies   related to the effect of 
maternal cigarette smoking on pregnancy complications and sudden infant death syndrome. Their 
meta-analyses showed that 13 of the studies supported an association between spontaneous abor-
tion and maternal smoking. They estimated that 19,000 to 141,000 tobacco-induced abortions occur 
each year. This association remained even after controlling for other parameters such as age, race, 
ethnicity, education, and employment status. They concluded that cigarette smoking is a preventable 
cause of pregnancy complications and that all women should be advised to quit smoking. They also 
recommended that effort should be expended to prevent nicotine addiction in young girls, given that 
smoking cessation has a low success rate. 

 DiFranza and Lew (1995) conducted a review of the literature related to the annual morbid-
ity and mortality among fetuses and infants that can be associated with tobacco use by pregnant 
women. Their meta-analysis, described earlier, demonstrated a threefold increased risk of SIDS 
related to smoking during and after pregnancy. This relationship is still apparent after controlling 
for other variables such as age, race, ethnicity, education, and employment status. The risk of SIDS 
is increased when there is exposure to ETS. 

 Haglund (1993) reviewed literature from 1959 to1992. At the time of his review there were only 
43 articles where SIDS and smoking were the main topic. The OR for SIDS ranges between 1.5 
and 5. The author discovered a dose–response relationship between different levels of smoking and 
the OR, sometimes as great as 2.7. Haglund concluded that “maternal smoking is one of the most 
important preventable risk factors for SIDS” (p. 38). 

 A cohort study by Haglund et al. (1995) determined the relative risk for SIDS based on smoking 
behavior and seasonality. This investigation supported their previous studies that linked smoking 
and an increase in SIDS cases.   Of a possible 831,000 survivors of the neonatal period, the study 
included 813,000 infants born in Sweden between 1983 and 1990 who survived the fi rst week of 
life. Also included were all SIDS cases from 1973 to 1990 when the time trend seasonal pattern was 
evaluated. Haglund et al. found the risk for SIDS in winter to be 3.5 times greater than the risk in 
summer. When taken together, maternal smoking and winter season showed the highest incidence 
rate of SIDS, and nonsmoking and summer the lowest incidence rate. Additionally, the effect of 
smoking is more pronounced for early (7–90 days) SIDS deaths (relative rate, 3.5), than for late 
(91–180 days) SIDS deaths   (relative rate, 2.5). The authors   acknowledge that maternal self-report 
may have affected the validity of the results and increasing antismoking publicity could also create 
bias. If this is true, the risk estimates would have been even higher than observed. 

 34.6.13.2 Active Smoking and Passive Exposure 

 Klonoff-Cohen et al .  (1995) studied the relationship between SIDS and smoking during pregnancy, 
postnatal smoke exposure from either parent, other live-in adults, daycare providers, and exposure 
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from breast-feeding. In this case-control study, conducted in fi ve counties in southern California, 
there were 200 families of various racial and ethnic groups with infants who died of SIDS. 
Investigators obtained the prenatal and postnatal smoking histories of 200 women and all members 
of their households who had apparently healthy infants die of SIDS. These were compared with the 
prenatal and postnatal smoking histories of 200 women and all members of their households deliv-
ering healthy infants who are living. The case-control selection process and details related to the 
interview process were not included in this article. The investigators examined the dose–response 
effect by looking at: (1) the total number of adults smoking; (2) the total number of adults smok-
ing in the same room as the infant; and (3) the total number of cigarettes the infant was exposed 
to per day. Breast-feeding factors were recorded especially with regard to the number of cigarettes 
smoked by the mother while breast-feeding.   This study is the fi rst of its type in the United States to 
review passive smoking and passive smoking during breast-feeding. This study showed that infants 
who died of SIDS had more exposure to tobacco smoke. This effect was seen after controlling for 
variables such as prenatal exposure to tobacco smoke, parental age and educational status, maternal 
recreational drug use, prenatal care, medical   conditions at birth, birthweight, infant’s routine sleep 
position, and breast-feeding status.   Although breast-feeding is usually protective against SIDS and 
other childhood illnesses, analysis of this study’s data showed that infant exposure to maternal ciga-
rette smoke negated this protective function. 

 Lewis and Bosque (1995) studied the infants of 13 pregnant smokers and 34 pregnant nonsmok-
ers. Serum samples were analyzed for cotinine and the infants were assessed at two and three months 
of age for ventilatory and awakening responses to hypoxia. Their study demonstrated that cotinine 
levels were higher in maternal smokers and their infants had lower birthweights. Further, more 
infants of smokers had a defi cient hypoxia awakening response, which may be a risk for SIDS. 

 Milerad et al. (1993)   reviewed epidemiological data from a previous study in Sweden con-
ducted by Norvenius. They compared birth records and circumstances of death for infants who died 
between 1975 and 1977 with the same information for infants who died between 1985 and 1987. 
The data were collected from autopsy records and matched to the birth certifi cates with attention 
being given to any risk factors associated with the increasing incidence of SIDS. The SIDS death 
rate for the years 1975 to 1977 was 0.51 per 1000 live births based on a total of 298,010 live births 
and 151 deaths from SIDS. The SIDS death rate for the years 1985 to 1987 was 0.93 per 1000 live 
births based on a total of 304,860 live births and 283 SIDS deaths. After controlling for preterm 
birth and LBW, maternal smoking was found to be one of the major risk factors. Elevated levels of 
nicotine metabolites have been found in the pericardial fl uid of infants who died of SIDS, pointing 
to signifi cant tobacco exposure just prior to death. Tobacco use in Sweden has increased among 
young women and the incidence of SIDS has increased twofold when comparing the 1970s data 
with the 1980s data. These investigators also confi rmed the increased incidence in the winter and 
suggest the increase is a multifactorial problem related to exposure to tobacco smoke, unfavorable 
thermal environment, prone sleeping position, and increased respiratory infections. These   authors 
recommend prospective case-control studies be conducted to determine the   contribution of each of 
the risk factors to SIDS. 

 Milerad et al. (1994) analyzed the nicotine and cotinine levels in the pericardial fl uid of 24 
infants who died between the fall of 1988 and the spring of 1989. The pericardial fl uid was obtained 
during autopsy. Sixteen of the cases fi t the classic defi nition of SIDS: the unexpected death of an 
infant where the medical history gives no explanation and a postmortem examination fails to dem-
onstrate an adequate cause of death. Eight victims had other contributing causes of death. Seven of 
the 16 SIDS cases and fi ve non-SIDS cases had moderate to marked exposure to nicotine as evi-
denced by cotinine levels. Two SIDS and two non-SIDS cases had been heavily exposed. The study 
results showed that the level of cotinine in the pericardial fl uid of almost half of the infants demon-
strated moderate exposure to nicotine near the time of death. The pericardial fl uid of one-third of the 
infants showed heavy exposure to nicotine at the time of death. Approximately 43% of the women 
who returned the questionnaire classifi ed themselves as smokers or heavy smokers. The autopsies 
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showed that 71% of the infants had detectable cotinine levels. Milerad et al. concluded that ETS was 
present in most cases of sudden death, both SIDS and non-SIDS cases. 

 Schoendorf and Kiely (1992) performed a case-control analysis on the 1988 National Maternal 
and Infant Health Survey data. This database included 10,000 live births, 4000 fetal deaths, and 6000 
infant deaths. The study included only infants born to African-American, non-Hispanic, or white 
non-Hispanic mothers. Retrospective data were collected for all infants by a survey questionnaire 
that included 200 questions related to pregnancy and infancy, parental and family characteristics, and 
maternal and infant health. Birth   certifi cate information was available for all participants and death 
certifi cate information was available for infants in the death cohort. The fi nal population consisted 
of 201 black infants and 234 white infants who died of SIDS, and a control group of approximately 
3000 infants of each race. Analysis of the data showed that infants who died of SIDS had greater 
exposure to tobacco smoke than the control group infants. The data also suggested that there is an 
independent association between both prenatal exposure and postnatal exposure to tobacco smoke 
and an increased risk of SIDS. However, prenatal exposure to tobacco smoke has also been associ-
ated with LBW, which can lead to infant mortality. These authors also point out that self-report of 
smoking habit may be problematic, especially if the mother has had an infant die of SIDS. 

 Kinney et al. (1993) have shown, in baseline studies on the brains of aborted fetuses and infants 
who had died of SIDS, that there are brain stem changes in infants exposed to cigarette smoke 
 in utero  that may lead to SIDS. They analyzed brain stem sections from fi ve fetuses with a median 
gestational age of 22 weeks and fi ve infants with a median age of 47 weeks postconception. In this 
experimental design study they documented the marked (qualitative) decline in [ 3 H]nicotine binding 
in the developing brain stem, which may provide a neurochemical basis for SIDS, and neurological 
defi cits in the infants of actively smoking mothers. 

 34.6.14 Oxidative Stress 

 Over 4000 components are found in the gas-phase and particulate-phase mixture of cigarette 
smoke including noxious chemicals such as reactive oxygen species (ROS), reactive nitrogen spe-
cies (RNS), polycyclic hydrocarbons, heterocyclic nitrosamines, redox compounds, aldehydes, and 
acrolein (Pryor, 1997; Cross et al., 1999; Traber et al., 2000). Many of these chemicals have been 
implicated in cigarette-smoke-related diseases, atherosclerosis, and cancer, and likely involve facets 
of oxidative stress. Thus, there is an accumulation of studies targeting the interactions between 
cigarette smoke, oxidative stress, and the potential role that antioxidants perform in the modulation 
of such diseases. However, because the molecular mechanisms involved between cigarette smoke 
and disease are far from clear, the role played by antioxidant therapy in cigarette-smoke-induced 
diseases remains poorly understood. Coincidentally, ETS is also associated with atherosclerotic 
vascular disease (Glantz and Parmley, 1991; Steenland, 1992) and cancer (Wald, 1986). Passive 
smoking may be involved in atherogenesis by altering lipoproteins, increasing oxidized low-density 
lipoproteins, and decreasing plasma antioxidants. ETS, like cigarette smoke, may play a role in 
carcinogenesis because it contains a number of cocarcinogens, which have been found to increase in 
the blood and urine of ETS-exposed individuals. 

 ROS include oxygen radicals and other oxidants that do not contain unpaired electron spe-
cies. The primary oxygen-derived free radical produced by biological systems is the superoxide 
anion (O

 2 
 � ) (Reddy and Omaye, 1987; Elsayed, 2001). Biological systems include activated phago-

cytes and the mitochondria of all cells (by-products of leaky aerobic respiration). Depending on 
concentration amounts and cellular location of O

 2 
 �  generation, oxidative damage may be non- or 

consequential resulting in cellular damage. RNS refers to the family of metabolites derived from 
NO•, such as nitrogen dioxide and peroxynitrite, which are potential mediators of cellular damage. 
Oxidative/nitrosative stress can have diverse effects such as the induction of defense systems, which 
attempt to protect cells from damage. Moreover, if prooxidant effects exceed defense effects, damage 
can occur to essential proteins, lipids, carbohydrates, and DNA/RNA bases leading to abnormal 
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increases in intracellular “free” calcium and perhaps induction of apoptosis or necrosis (Halliwell 
and Gutteridge, 1999; van der Vliet and Cross, 2000). 

 Antioxidant defense systems are broadly divided into exogenous and endogenous parallel sub-
systems (Reddy and Omaye, 1987; Halliwell and Gutteridge, 1999; Elsayed and Bendich, 2001). 
The endogenous system is composed of enzyme systems, specifi c synthesized compounds, and 
other compounds that exhibit antioxidant activity but usually serve other biological purposes. The 
glutathione (GSH) peroxidase system and the superoxide dismutase system are two examples of 
enzyme systems that play very important roles in protecting against oxidative stress or minimiz-
ing the oxidation damage in lung and other tissues. Endogenous antioxidants include melatonin, 
lipoic acid, coenzyme Q, vitamin E, and vitamin C. Endogenous compounds that act as antioxidants 
include bilirubin, uric acid, and many proteins, particularly those that contain reactive sulfur moi-
eties. Exogenous antioxidants are those compounds derived from the diet or provided as therapeutic 
agents, e.g., vitamin E, vitamin C, various iron-chelating compounds, and probucol (Halliwell and 
Gutteridge, 1999; Weisburger and Chung, 2002). 

 Like tobacco smoke, ETS can aggravate and likely initiate health problems associated with oxi-
dative stress; however, the differences being quantitatively less pronounced (Faruque et al., 1995). 
Plasma vitamin C concentrations are found to be intermediate, between active smokers and nonsmokers 
not exposed to ETS (Tribble et al., 1993; Jacob, 2000; Alberg, 2002). In ETS-exposed individuals, 
serum lipid peroxidation, assessed by the thiobarbituric acid and conjugated dienes indices were 
increased and serum total antioxidant defense and vitamin C concentrations were decreased. In addi-
tion, the ability of low-density lipoproteins to resist  ex vivo  copper-initiated oxidation was reduced, 
along with an increased uptake of LDL cholesterol into isolated cultured macrophages (Valkonen and 
Kuusi,1998). However, ironically, ETS does not affect fat-soluble antioxidants, such as vitamin E 
and beta-carotene. Also, when healthy Japanese males were subjected to smoking, no differences in 
lipid peroxidation were found between active smokers, ETS-exposed, and nonsmokers, but the ratio 
of oxidized to reduced vitamin C in plasma was greater in both the active and ETS groups than in the 
nonsmokers (Ayaori et al., 2000). Such studies emphasize the crucial role for the water-soluble anti-
oxidant, vitamin C, in the dynamics of protecting blood components from oxidative stress. Also, such 
fi ndings are consistent with our recent suggestion that inadequate plasma vitamin C may compromise 
the ability of blood vitamin E to regenerate (recycle) back to the protective reduced form of vitamin E, 
thereby promoting more oxidative stress due to the prooxidant vitamin E radical (Nakamura and 
Omaye, unpublished results, 2003). Prior ingestion of vitamin C prevents smoke-induced decrease in 
plasma antioxidant defense, decrease in resistance of LDL to oxidation, and increase in plasma lipid 
peroxidation (Valkonen and Kuusi, 2000). Thus, antioxidants, particularly, aqueous soluble antioxidants 
like vitamin C, are crucial in the protection of tissue against oxidative damage. 

 34.6.15 Adult 

 Zhou et al. (2000) studied oxidative stress, cigarette smoking, smoking cessation, and the effects on 
plasma constituents and enzymes in 1255 smokers and 524 nonsmokers. Among the many param-
eters investigated were vitamin E, vitamin C, and lipoperoxides. As expected, in the smokers, lipo-
peroxide levels were increased and antioxidants were decreased. For the group of smokers who 
quit, after one year their values were not signifi cantly different from the matched control group. 
The results of this study support the theory that smoking increases oxidative stress and that many 
months of cessation have to pass before plasma levels of lipoperoxides decrease and antioxidant 
status returns to normal. 

 34.6.16 Neonatal 

 Schwarz et al. (1997) investigated the effects of maternal smoking by studying 26 neonates of non-
smoking mothers and 19 neonates of smoking mothers. Their primary goal was to ascertain if formula 
was prooxidant compared with colostrum by measuring breath ethane. When the initial breath ethane 
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test was conducted on all the neonates, it was shown that infants of smokers had higher ethane levels 
than nonsmokers, thus demonstrating that smoking is prooxidant for the fetus. 

 One of the risks to the fetus of a smoking mother is prematurity. Robles et al. (2001) studied 
oxidative stress in 10 newborns delivered at term (group A) and 10 newborns who were premature 
(group B). In group A, they analyzed cord blood samples for �-tocopherol, Coenzyme Q10, and 
hydroperoxides, and venous samples at 3 and 72 h. In group B, they analyzed in the same manner 
and added a sample at 24 h and 7 d. Hydroperoxides were increased in both groups at birth; however, 
they were higher in premature neonates. In term newborns, levels of vitamin E increased signifi -
cantly by 72 h; however, in premature newborns vitamin E remained two to three times lower. All 
neonates demonstrate an increase in oxidative stress and a decrease in antioxidants at birth; however, 
the increase in oxidative stress and the decrease in antioxidant protection are greater in premature 
infants. The study results did not identify if any of the mothers were smokers. 

 34.6.17 Thiobarbituric Acid (TBARS) and Lipid Peroxidation 

 One of the indicators of oxidative stress is an increase in lipid peroxidation above what occurs from 
normal metabolic processes and aging (Halliwell and Gutteridge, 1999; Jahn et al.,   1997). Excessive 
oxidative stress with concomitant lipid peroxidation and a decrease in vitamin E status leads to several 
disease states including atherosclerosis. Thiobarbituric acid reacts with lipoperoxidation aldehydes, 
such as malondialdehyde. The TBARS assay is one of the most common methods used to assess lipid 
peroxidation. Unfortunately, although this is a simple and inexpensive assay, it does not have good 
specifi city (Agarwal and Chase, 2002; Hong et al., 2000; Jardine et al., 2002; LaPenna et al., 2001). 

 Little and Gladen (1999) conducted a review of 48 studies to determine the levels of lipid peroxi-
dation in a normal pregnancy. They cited 19 studies that found higher lipid peroxide levels in healthy 
pregnant women than in healthy, nonpregnant women. These higher levels begin in the second tri-
mester and taper off during the third trimester. Studies were cited that suggest that problems during 
a pregnancy such as preeclampsia may increase lipid peroxidation even further. Uncontrolled oxida-
tive stress may lead to maternal and fetal morbidity. 

 Mihailovic et al. (2000) compared blood samples and plasma samples from 20 healthy nonpreg-
nant women and 115 pregnant women. Samples were taken during the second and third trimesters 
and within 2 d of delivery. The samples consisted of amniotic fl uid and umbilical cord blood and 
were analyzed by glutathione peroxidase and malondialdehyde (MDA). The results of the study 
demonstrated an increase in MDA, probably related to lipid peroxidation, and a decrease in total 
antioxidant status. 

 34.6.18 Nutrition and Tobacco Exposure 

 In discussing oxidative stress, it is important to take into consideration the impact that tobacco use 
has on nutritional state. In general, it is assumed that a smoker has a less healthy nutritional pattern 
than a nonsmoker. Dallongeville et al. (1998) conducted a meta-analysis of 51 studies from 15 coun-
tries, involving 47,250 nonsmokers and 35,870 smokers. They assessed both the size of the sample 
and the nutrient intake of the participants. While smokers had greater energy intakes, the energy was 
in the form of total fat, saturated fat, cholesterol, and alcohol, with less intake of polyunsaturated fat. 
There was no difference in nutrient intake between the two groups for protein and carbohydrate. The 
conclusion of this analysis was that there are substantial differences between the nutrition of smok-
ers and nonsmokers. For the smoker, these differences may lead to oxidative stress and an increased 
incidence of cancer and coronary heart disease. 

 34.6.18.1 Vitamin C 

 Vitamin C is also known as the water-soluble ascorbic acid. Humans cannot synthesize this vitamin, 
yet it must be present in the diet to prevent the disease scurvy. Vitamin C is an essential cofactor 
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for at least eight enzymes. According to Halliwell and Gutteridge (1999), it is unknown whether 
vitamin C has antioxidant properties  in vivo  (p. 203). However,  in vitro  studies have demonstrated 
the ability of vitamin C to act as a reducing agent, to scavenge free radicals such as the superoxide 
and hydroxyl radicals, O

 3 
, and the nitrite ion, and to protect membranes and lipoproteins against 

peroxidation induced by the toxic compounds in cigarette smoke. Vitamin C also has an essential 
function in the recycling of the vitamin E radical to vitamin E. This system of recycling vitamin E 
is considered to be the most important function of vitamin C  in vivo.  

 Zhang et al. (1999) studied 24 subjects with varying smoking habits. They hypothesized that 
the velocity of blood fl ow is reduced because of oxidative stress caused by smoking. They further 
hypothesized that this effect could be counteracted by vitamin C. They tested the nail-fold circulation 
prior to, and one and 30 minutes after, smoking. The results of this test demonstrated a dramatically 
reduced microcirculatory blood fl ow (by 40–50%) in 23 of 24 subjects. The same test was performed 
twice more with the same subjects. Prior to the second test, the subjects were given a 1-g dose of 
vitamin C with no effect. However, when a 2-g dose of vitamin C was given 2 h prior to smoking, the 
blood fl ow was decreased by only about 20–25%. The conclusion was that pretreatment with a single 
high dose of vitamin C can markedly reduce the microcirculatory effect caused by smoking. 

 Valkonen and Kuusi (2000) investigated vitamin C and the atherogenic effects of exposure to 
ETS. Blood samples were taken from 10 nonsmoking individuals (fi ve women and fi ve men) who 
were apparently healthy. All of the subjects lived and worked in smoke-free environments. After two 
days of making certain they were not exposed to any ETS, the participants were exposed to either 
normal air or ETS (to act as their own controls). On the fi rst day, the subjects breathed normal air; 
on day 2 they breathed ETS for 30 min; on day 3 ETS for 30 min; and on day 4 normal air. On days 
3 and 4, 2 h prior to exposure, the participants were given 3 g, orally, of vitamin C. Blood samples 
were drawn prior to and 1.5 h after the exposure periods. On day 2, when there was no vitamin C 
supplementation prior to ETS exposure, there was a signifi cant decrease in vitamin C 1.5 h after the 
exposure, but no change in vitamin E. There was also a signifi cant increase in TBARS. On day 3, 
when vitamin C supplementation was given, the decrease in vitamin C was more apparent; however, 
the formation of TBARS was signifi cantly lower. One of the fi ndings of the study is that 30 min of 
ETS exposure causes depletions in the antioxidant defense system and could lead to atherosclerosis. 

 34.6.18.2 Vitamin E 

 Vitamin E is also known as the fat-soluble vitamin E. The most important function of vitamin E is 
to inhibit lipid peroxidation. During this process, vitamin E is converted to the vitamin E radical. 
Although there are other potential outcomes for the vitamin E radical, such as conversion to vitamin 
E-quinone or other metabolites excreted in the urine, with suffi cient vitamin C the vitamin E radical 
is regenerated to vitamin E. 

 34.6.18.3 Total Antioxidant Defense 

 Kim and Lee (2001) investigated the potential for antioxidant protection in individuals who smoked 20 
or more cigarettes per day. They assessed vitamin E, beta-carotene, vitamin C, and red ginseng infl uence 
on lipid peroxidation as measured by plasma MDA concentrations. At baseline, smokers had signifi -
cantly elevated levels of total cholesterol, triacylglycerols, and MDA. At baseline, smokers also had 
signifi cantly lower levels of vitamin C, beta-carotene, and vitamin E. Study subjects were supplemented 
with antioxidants for 4 wk. When reevaluated, smokers had signifi cantly higher levels of antioxidants, 
high-density lipoprotein, and lower MDA values. These authors concluded that smokers have inad-
equate antioxidant defense systems and supplementation may help to alleviate oxidative stress. 

 Wei et al. (2001) used NHANES III data to investigate the relationship between smoking and 
serum levels of antioxidants in 7873 subjects. Cotinine assay was used to determine actual smok-
ing status. Their study confi rmed that smokers have reduced dietary intakes of antioxidants and the 
effects of smoking further reduce their serum antioxidant levels. 
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 34.6.19 Nutrition and Pregnancy 

 During pregnancy, it is necessary to augment almost all nutrients. It is especially important to 
increase folic acid (Pitkin, 1977) to prevent neural tube defects. Many, but not all, of the nutrients 
can be obtained in the diet provided the pregnant woman has suffi cient intake. However, in the case 
of a smoker, the normal nutrition may not be adequate. Therefore, supplementation with folic acid 
and prenatal vitamins is essential. 

 34.6.19.1 Vitamin C 

 Barrett et al. (1991) analyzed serum and amniotic fl uid samples from 34 pregnant women, 15 smokers, 
and 19 nonsmokers. The primary purpose of the study was to ascertain if vitamin C levels were lower 
in women experiencing premature rupture of the membranes (PROM) when compared with women 
without PROM. Although they did not fi nd a relationship between PROM and lower vitamin C levels, 
these researchers did fi nd lower vitamin C levels in smokers (41.9 �m/l) than in nonsmokers 
(64.7 �m/l). 

 Based on a study comparing levels of vitamin C and E in maternal and fetal plasma, amniotic 
fl uid, and chorioamnion, Woods et al. (2002) concluded that the process of labor causes oxidative 
stress. They studied fi ve healthy women undergoing a repeat cesarean section and fi ve women having 
an uncomplicated vaginal delivery. The study did not specify whether all the women were nonsmok-
ers. The nutrient intakes for vitamins were similar in both groups of women. In general, maternal 
and neonatal vitamin E levels were the same. However, in the women undergoing labor, vitamin C 
levels in all three measured fl uids were lower. It was surmised that vitamin C is depleted during labor 
while it scavenges ROS and recycles the lipid-soluble vitamin E to stop ROS tissue damage. This is 
an important fi nding because women who smoke may not have suffi cient vitamin C to adequately 
withstand the stress of labor. 

 On the other hand, there can also be a prooxidant effect of vitamin C. Many pregnant women 
are given iron supplementation in combination with vitamin C, which can promote the generation 
of free radicals. Lachili et al. (2001) studied the effect of this type of supplementation in 27 third-
trimester pregnant women. The matched control group also numbered 27 third-trimester pregnant 
women who did not receive supplementation. They analyzed plasma levels of TBARS, antioxi-
dants, including vitamin E, and iron. As expected, in the supplemented group, iron levels were 
higher. However, TBARS were also elevated and vitamin E was lower. Therefore, iron and elevated 
vitamin C intake can cause oxidative stress during the pregnancy for the mother and the fetus. 

 34.6.19.2 Vitamin E 

 Bolisetty et al. (2002) collected maternal and cord blood samples on the day of delivery and again 
on day 4 from 14 smokers and 18 nonsmokers. The purpose of their investigation was to assess the 
infl uence of smoking on plasma antioxidant vitamins, including vitamin E. Unfortunately, they did 
not biologically confi rm smoking status with a cotinine assay. There was no difference in MDA 
levels; however, the analysis did demonstrate a signifi cant difference in vitamin E concentration 
between the two groups. 

 34.6.19.3 Total Antioxidant Defense 

 Steuerer et al. (1999) investigated birthweight, antioxidant vitamin concentrations, and the effects 
of maternal smoking. Over a four-year period, 222 pregnant women participated in the study. There 
were 58 active smokers, 107 ETS exposed, and 57 nonsmokers not exposed. Their study established 
a signifi cant correlation between maternal and umbilical cotinine levels. Babies born to smoking 
mothers who were less than the 25th percentile had signifi cantly lower vitamin E levels. Because 
smoking causes oxidative stress and affects placental perfusion, this was suggested as a possible 
reason for the birthweight reduction in children of smoking mothers. 
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 34.7 BIOMARKERS FOR TOBACCO EXPOSURE 

 As previously stated, epidemiological studies have documented that maternal cigarette smoking 
is associated with an increased incidence of infant morbidity and mortality (Ahlsten et al.,   1993; 
Lahdetie et al.,  1 993; Reid 1991; Whincup et al.,  1 994; Wise et al.,   1995). One problem in conduct-
ing research designed to assess fetal exposure to tobacco smoke is the inaccuracy of self-reported 
exposures from mothers (Apseloff et al., 1994; Emmons et al., 1994; Etzel et al., 1985; Giovino et al., 
1995; Kintz et al., 1993; Koren 1995; Perez-Stable et al., 1995). Self-reporting is not considered reli-
able for assessing either smokers’ or nonsmokers’ levels of exposure (Apseloff et al .,  1994; Emmons 
et al., 1994; Nafstad et al., 1996; Perez-Stable et al., 1995; Windsor, 1998). 

 34.7.1 Nicotine 

 It is estimated that for each cigarette smoked, the smoker receives about 1 mg of nicotine (Benowitz, 
1992). There has been some research documenting biological markers for this exposure in both the 
mother and the neonate (Eliopoulos et al., 1994; Etzel et al., 1985; Jordanov, 1990; Kintz et al., 1992b, 
1993; Klein et al., 1994; Koren, 1995; Luck and Nau, 1985; Luck et al., 1985; Nafstad et al., 1995b; 
Oryszczyn et al., 1991; Ostrea et al., 1994). Attempts have been made to measure serum levels of 
nicotine; however, the half-life of nicotine in humans is quite short, ranging from 1 to 3 h (Etzel et al., 
1985; Rama Sastry and Janson, 1995; Schulte-Hobein et al., 1992). 

 34.7.2 Cotinine 

 Cotinine is the major metabolite of nicotine and is only found  in vivo  in individuals who have been, 
actively or passively, exposed to tobacco smoke (Ahlsten et al., 1993; Ammenheuser et   al .,  1994; 
Benowitz and Jacob, 1994; Deutsch et al., 1992; Eskenazi and Bergmann, 1995; Kintz, 1992; Koren, 
1995; Li and Gorrod, 1994; Manchester et al., 1992; Takeda et al., 1993; Urakawa et al., 1994). The 
half-life of cotinine is approximately 19–39 h, making it a more useful biomarker than nicotine 
(Apseloff et al., 1994; Bardy et al., 1993; Rama Sastry and Janson, 1995). There is a dose–response 
relationship between serum cotinine and the level of active exposure to tobacco smoke (Rosa et al., 
1992). Therefore, active smokers demonstrate a positive correlation between their serum cotinine 
level and the number of cigarettes smoked per day (Benowitz, 1992; Kintz, 1992; Perez-Stable et al., 
1995; Rosa et al., 1992). When conducting clinical trials, because of deception or underestimation, 
it is considered important to measure cotinine levels to identify smokers and to biologically confi rm 
active and passive exposure (Apseloff et al., 1994; Nafstad et al., 1996; Roussel et al., 1991). 

 Mathews et al. (1999) questioned whether cotinine levels were of value in predicting adverse 
birth outcomes in nulliparous women. Subjects were recruited and randomly selected from antenatal 
clinics. Cotinine levels were analyzed for 845 women at 16 wks gestation and compared with self-
reported smoking status. Both measures of smoking status were used to predict premature delivery 
and SGA neonates. The results of this study confi rm that 15–35% of pregnant women have cotinine 
levels inconsistent with their reported smoking behavior. Therefore, it is more accurate to use coti-
nine levels to determine actual smoking status, especially if one is interested in predicting a poor 
pregnancy outcome. 

 34.7.3 Biomarker Compartments 

 Nicotine and cotinine have been found in many bodily fl uids and tissues in both animal and human 
studies. Electron-impact and chemical ionization were used in 1992 to study both nicotine and 
cotinine in rat plasma and brain (Deutsch et al., 1992). Rat hair studies were conducted in 1995 to 
elucidate differences in uptake of nicotine and cotinine based on pigmentation, using capillary gas 
chromatography (Gerstenberg et al., 1995). 

 In humans, studies have included investigating the concentrations of nicotine and its metabolite, 
cotinine, in saliva and urine (Jordanov, 1990; Luck and Nau, 1985; Takeda et al., 1995); serum and 
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plasma (English et al., 1994; Eskenazi and Bergmann, 1995; Eskenazi and Trupin, 1995; Luck and 
Nau, 1985; Rosa et al., 1992); the fetus and placenta (Luck et al., 1985); amniotic fl uid (Jordanov, 
1990; Luck et al., 1985; Ruhle et al., 1995); meconium and cord blood (Nafstad et al., 1995b; 
Oryszczyn et al., 1991); breast milk (Luck and Nau, 1985; Schulte-Hobein et al., 1992); and hair 
(Gwent et al., 1995; Kintz, 1992; Kintz et al., 1992a; Koren, 1995; Uematsu, 1993). Nicotine and 
cotinine studies were conducted on liver, kidney, spleen, lung, skeletal, and adipose tissue, from 10 
human autopsies, using capillary gas chromatography/mass spectrometry (GC/MS) (Urakawa et al., 
1994). Concentrations of nicotine and cotinine in hair have been studied for several years in forensic 
science and toxicology (Kintz, 1992; Kintz et al., 1992a). 

 34.7.4 Fetal and Neonatal Biomarker Research 

 The clinical signifi cance of cotinine in researching the adverse effects of fetal exposure to cigarette 
smoke has come to the forefront during the last fi ve years with nicotine and cotinine being stud-
ied in women and their newborns (Eliopoulos et al.,   1994; English et al., 1994; Jordanov, 1990; 
Koren, 1995; Luck and Nau, 1985; Nafstad et al., 1995b; Oryszczyn et al., 1991; Ruhle et al., 
1995; Schulte-Hobein et al., 1992). For the most part, these studies were done using maternal 
and neonatal urine, serum, and hair. It is sometimes diffi cult to obtain neonatal urine samples; 
therefore, a good alternative is to use the discarded cord blood to obtain a serum sample. When 
studying infant cotinine levels, it is better to use maternal serum or plasma to compare results 
with matched infant cord blood. Cotinine in hair gives the most defi nitive results, but it is not 
always possible to obtain a suffi cient sample as some infants have very little hair at birth. Also, 
about 10% of mothers who participated in these studies preferred not to have their baby’s hair 
cut (Eliopoulos et al., 1994). 

 34.7.5 Biomarkers and Prenatal ETS Exposure 

 Although there is considerable research outlining the relationships among active smoking, cotinine 
levels, and adverse birth outcomes, until recently there had been little published research on the asso-
ciations among the following factors: prenatal maternal exposure to ETS, cotinine levels, and adverse 
birth outcomes (CA EPA, 1997b, 1997c; Emmons et al., 1994; Ey et al., 1995; Jordanov, 1990; Luck 
and Nau, 1985; Mainous and Hueston, 1994; Ostrea et al., 1994; Strategic Coalition of Girls & Women 
United Against Tobacco, 1995a; Witschi et al., 1995, 1997). As with active smoking, it is also diffi cult 
to gauge ETS exposure levels through self-report of nonsmokers (Apseloff et al., 1994; Eskenazi and 
Bergmann, 1995; Eskenazi and Trupin, 1995; Nafstad et al., 1995a). It has been documented that coti-
nine crosses the placental barrier and can be measured in fetal blood (Ammenheuser et al., 1994; Etzel 
et al., 1985; Kintz et al., 1992b, 1993; Koren, 1995; Lahdetie et al., 1993; Manchester et al., 1992; 
Milart et al., 1994; Nafstad et al., 1995b; Olsen, 1992; Rama Sastry and Janson, 1995). Therefore, the 
neonate of a mother who has been exposed to ETS may have detectable cotinine in the umbilical cord 
blood. 

 34.7.6 Bioaccumulation of Cotinine in Hair 

 Unfortunately, because of its half-life, cotinine is a suitable biomarker only for tobacco exposure 
that occurred within the last 19 to 40 h. When measured at delivery, cotinine assays will not detect 
tobacco exposures that occurred greater than two days prior. Cotinine testing may also miss inter-
mittent ETS exposure in nonsmoking mothers. One method of overcoming these shortcomings is to 
measure cotinine levels in the hair of the maternal-infant dyad. 

 During the last decade, the use of hair has emerged for estimation of long-term exposure to drugs 
or chemicals (Eliopoulos et al., 1994, 1996; Gerstenberg et al., 1995; Ishiyama et al., 1983; Kintz, 
1992; Kintz et al., 1992a, 1992b, 1993; Klein et al., 1994; Koren, 1995; Uematsu, 1993). According 
to Eliopoulos et al. (1996), bioaccumulation of cotinine in hair refl ects long-term systemic exposure 
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to cigarette smoke. Evaluation of cotinine in hair does not present the same half-life problem as evalu-
ating cotinine in other body fl uids and tissues, e.g., serum, blood, and plasma. Cotinine is taken up 
in the hair shaft and remains fi rmly sequestered (Kintz et al., 1993). Many infants begin hair growth 
during the seventh month of gestation and it is estimated that each centimeter of growth represents 
one month of exposure (Kintz, 1992; Uematsu, 1993). Analysis of hair samples may detect not just 
the presence and level of exposure but also time-dependent changes in exposure to xenobiotic agents. 
These factors may be the key to determining prenatal and perinatal risk. 

 34.7.7 Laboratory Methods for Biomarker Detection 

 There are other chemicals from tobacco smoke that can be investigated in both the mother and the 
neonate, such as carbon monoxide and thiocyanate. However, the methods for detecting and the 
detection limits for cotinine have proven to be the most accurate and cost-effective. Minimum detec-
tion limits (MDL) of 5 ng/ml are considered good and detection limits below that are considered 
excellent (Bernert et al.,   2000). 

 Several methods have been utilized to effectively detect both nicotine and cotinine. Cotinine is 
generated by nicotine after metabolism in the liver and, on average, 70% of nicotine is metabolized 
by C-oxidation to cotinine. There is individual variation in how much nicotine is actually metabolized 
to cotinine, with a range of 55–92%, and there are persons who convert less nicotine to cotinine. 
A dual-isotope method to study the metabolism of nicotine to cotinine in serum samples has provided 
information on the conversion of nicotine to cotinine, and the clearance of cotinine from the body 
(Benowitz and Jacob, 1994). The MDL was approximately 24.5 ng/ml and a positive correlation was 
established in the Benowitz and Jacob study for the clearance of both nicotine and cotinine. This is 
signifi cant when looking at individual differences in the clearance of the toxic nicotine. 

 In a study using saliva, GC/MS was used to measure cotinine concentrations (Emmons et   al., 
1994). The MDL was �0.5 ng/ml. To obtain a saliva sample, wax is chewed and the saliva spit into a 
container. While this is a cost-effective method for detecting nicotine and cotinine, it is not possible 
to use saliva testing in the study of infants since infants cannot chew and spit. 

 Radioimmunoassay (RIA) was used to determine cotinine levels in a study investigating Black-
White differences in serum cotinine levels among pregnant women and the birthweight of their infants. 
The MDL was 2 ng/ml (English et al., 1994). Van Vunakis et al. (1993) used RIA to determine nico-
tine and cotinine levels in various biological tissues such as urine, serum, saliva, and cerebrospinal 
fl uid. The MDL was approximately 0.5 ng/ml for cotinine in serum or plasma and 10–15 ng/ml for 
cotinine in saliva or urine. No levels of detection were given for nicotine. 

 Solid-phase extraction, with high-performance liquid chromatography (HPLC) and HPLC-particle 
beam mass spectrometry, has been used to detect nicotine and cotinine concentrations in the serum 
of cigarette smokers. Nonsmokers with no exposure to ETS for one week were used as controls. The 
mean concentration of cotinine was 133.5 � 75.0 ng/ml of serum (Pacifi ci et al., 1993). Pichini et al. 
(1992), and Zuccaro et al. (1993) used HPLC with ultraviolet (UV) photometric detection for quantifi -
cation of cotinine and trans-3�-hydroxycotinine in human serum. These investigators studied smokers’ 
daily intake and showed a correlation between nicotine intake and the serum levels of the two metabo-
lites. Rop et al. (1993) used HPLC to determine nicotine and several of its metabolites in the urine 
of smokers and nonsmokers. They recommend that all biomarkers, not only nicotine and cotinine, be 
assessed when trying to determine the exposure of smokers and nonsmokers. 

 Cotinine has been measured in amniotic fl uid by direct colorimetric method with an MDL of 
0.65 �mol/l (Jordanov, 1990).   This method involves an invasive   procedure to obtain the amniotic 
fl uid. For this reason, and also for economic considerations, this test would not ordinarily be done 
unless the pregnant woman was having amniocentesis for a medically necessary purpose. 

 Luck and Nau (1985) studied urine and serum samples from infants and breast milk and serum 
samples from smoking mothers. Nicotine and cotinine measurements in milk and urine samples were 
done by GC with a nitrogen-selective detector (PN-detector). The MDL for nicotine was 0.2 ng/ml 
and for cotinine was 5 ng/ml. 
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 Nafstad et al. (1995b) studied thiocyanate and cotinine in maternal serum and infant cord serum. 
Thiocyanate was measured by colorimetric method and cotinine by double antibody RIA. The MDL 
for thiocyanate was 5 �mol/l and for cotinine 5 ng/ml. 

 Oryszczyn et al. (1991) studied cord blood immunoglobulin E (IgE) and cotinine to compare 
infants of smokers and nonsmokers. Cotinine was measured by competitive RIA. The MDL in cord 
blood was 0.5 ng/ml. 

 Hair concentrations of nicotine and cotinine have been measured using RIA with an MDL of 
0.25 ng/ml for nicotine and 0.1 ng/ml for cotinine (Eliopoulos et al., 1994, 1996). Kintz (1992) used 
GC/MS to analyze for nicotine and cotinine to differentiate between smokers and nonsmokers. An 
MDL of 0.005 ng/mg for nicotine and 0.01 ng/mg for cotinine was achieved. A value of 2 ng/mg of 
hair was determined to distinguish between smokers and nonsmokers. In a related study, Kintz 
et al.   (1992a) used GC/MS to analyze nicotine and cotinine in human hair. In the hair of nonsmok-
ers, the MDL for nicotine was 0.06 to 1.82 ng/mg, and 0.01 to 0.13 ng/mg for cotinine. There was a 
signifi cant difference in the MDL of the two analytes in the hair of smokers. Nicotine ranged from 
0.91 to 33.89 and cotinine ranged from 0.09 to 4.99. 

 A method called isotope dilution-liquid chromatography-tandem mass spectrometry has been 
developed for the detection of cotinine in serum. This method has a reported MDL as low as 0.030 
ng/ml (Bernert et al.,   1997; CDC, 1993b). All of the analytical methods and instrumentation are very 
costly. A simple cotinine analysis by GC can cost $37/test, and hair analysis for cotinine starts at 
$123/test. Although this type of testing is usually done in research facilities, some insurance com-
panies are now testing employees of private companies to make certain they are nonsmokers and/or 
do not use illegal drugs. 

 34.8 HEALTH ISSUES AND NATIONAL OBJECTIVES 

 In light of the health-related issues discussed above, the federal government has established health 
objectives for the nation. These have been established for each decade since 1990. The year 2000 
objectives were only partially met. The current objectives for 2010 that relate to tobacco and preg-
nancy issues include: 

  • Reduce cigarette smoking from 24 to 12% among people aged 18 and older. 
  • Reduce tobacco use by adolescents from 40 to 21%. 
  • Reduce the initiation of tobacco use among children and adolescents. 
  • Increase from 41 to 75% the smoking cessation attempts by adult smokers. 
  • Increase from 14 to 40% smoking cessation during pregnancy. 
  • Increase tobacco cessation attempts from 76 to 84% among adolescents. 
  • Reduce from 27 to 10% the proportion of children who are regularly exposed to tobacco 

smoke at home. 
  • Reduce from 65 to 45% the proportion of nonsmokers exposed to ETS. 

 These objectives are of great importance in addressing some of the causative factors related to poor 
pregnancy outcomes in the United States. Achieving these objectives will reduce the human and 
economic cost of tobacco use. 

 34.9 TOBACCO AND ECONOMIC IMPACT 

 34.9.1 National Morbidity 

 The costs of tobacco-related morbidity to society are about $100 billion each year in lost productivity 
and $50 billion in direct medical costs (Bartecchi et al., 1994; CDC, 2002a; MacKenzie et al., 1994). 
Miller et al. (1999) used an econometric statistical model to determine the “smoking attributable 
fraction” (p. 1) for individual annual U.S. medical care costs attributable to smoking. They specifi cally 
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investigated four types of medical services: hospital, ambulatory, prescription drug, and other (includ-
ing home healthcare and durable medical equipment). The major conclusion of this economic study is 
that cigarette use “. . . affects medical expenditures to a signifi cant and substantial degree” (p. 390). This 
study validates studies by Bartecchi et al. (1994) and MacKenzie et al. (1994) that suggested smoking 
costs society over $50 billion per year in direct medical costs. These costs are not exclusively borne 
by the smokers. Individuals who smoke may be receiving services through Medicare and Medicaid. 
Therefore, the cost is spread over most of the taxpaying public, 75% of whom do not smoke. 

 Persons who smoke, and their dependents, have more healthcare offi ce visits than do nonsmok-
ers. On average, smokers visit healthcare practitioners six times more per year than nonsmokers, 
and dependents of smokers average four visits more per year than those of nonsmokers (DiFranza, 
1996; Lesmes and Donofrio, 1992; MacKenzie et al., 1994). Smokers may have higher premiums 
for health insurance (Wallace, 2002).   Unfortunately, this cost is spread over the group being insured 
because premiums are based on the number of persons in the group (Lesmes, 1992; St. Mary’s 
HealthFirst Insurance Underwriter, personal communication, March 26, 1997). 

 Smokers may also pay higher premiums for term life insurance because they die prematurely at 
twice the rate of nonsmokers (MacKenzie et al., 1994 ).  Insurance companies may give as much as 
a 15% discount on policies written for nonsmoking drivers and 10% for nonsmoking homeowners 
(Action on Smoking and Health, 1998; Finance Centers, 2002; Horowitz, 2002; Western Insurance 
Information Service, 2002; WorldNow and KRQE, 2002). 

 Smokers may also have lost workdays, which cost their employers in terms of decreased produc-
tivity. The U.S. Offi ce of Technology Assessment (as cited in MacKenzie et al .,  1994) estimates that 
lost productivity related to disability and premature death from smoking cost $47 billion annually 
(1990 dollars) for smokers and $8.6 billion for passive smokers. These statistics represent: (1) loss 
of workdays, as cigarette smokers, on average, lose 6.5 days more per year than nonsmokers (CDC, 
2000a; MacKenzie et al.,   1994); (2) premature morbidity and mortality (an average 11.5 years of 
potential life lost [YPLL] for an approximate total of 5 million YPLL); and (3) adverse fi nancial 
effects for the families of smokers. 

 The latest CDC (2002a) report on annual smoking-attributable mortality, YPLL, and economic 
costs for the years 1995 to 1999, confi rm the number of premature deaths to be about 440,000. CDC 
estimates a staggering $157 billion loss in annual health-related costs. For men and women who 
smoked, the YPLL was 13.2 and 14.5, respectively. In reality, these fi gures may be underestimations 
because smoking may not be given as the actual cause of death. 

 34.9.2 National Mortality 

 The economic impact related to victims of smoking-related fi res comes from the National Fire 
Protection Association (as cited in MacKenzie et al., 1994). Cigarette smoking caused 187,000 fi res 
in the United States in 1991, which cost approximately $552 million in direct property damage. This 
fi gure does not include the medical care costs or funeral costs for victims of the fi res. 

 These morbidity and mortality statistics and costs to society do not include the worldwide sta-
tistics. Nor do they include the fetuses, neonates, and infants who die of a cause related to a preg-
nant woman’s active smoking (CDC, 1990, 1991, 1993a; DiFranza and Lew, 1995) or a pregnant 
woman’s passive exposure to mainstream and sidestream smoke, which together comprise what is 
known as ETS (Byrd, 1992; CA EPA, 1997a, 1997d; CDC, 1993b; Chen and Petitti, 1995). 

 34.10 SUMMARY 

 For many years it was believed that the uterine environment provided total protection to the devel-
oping fetus. Three decades of research has shown that this environment is, in fact, impacted by a 
number of external variables. Many of these factors are under the mother’s direct control, whereas 
some are the result of her passive interaction with environmental toxins. Much of the literature 
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suggesting a correlation between maternal smoking and birth outcomes is based on epidemiologi-
cal association. This literature review examined the more global perspective of the environment 
of tobacco use. It then focused on various aspects of basic science and epidemiological research 
to provide scientifi c information on fetal tobacco exposure, nicotine, the cotinine biomarker, and 
adverse birth outcomes. 

 This chapter points to the importance of identifying successful efforts to reduce or eliminate 
smoking during pregnancy. Some of the biomarker information can be used to form the basis for 
additional research exploring the relationship between various levels of ETS exposure and birth 
outcomes. 

 Much of the literature on adverse birth outcomes is related to LBW and SGA babies. More 
research is needed, examining  in utero  tobacco exposure and its effect on head circumference, birth 
height, and Apgar scores. 

 Research also shows that maternal self-reporting is not a reliable indicator of actual smoking 
behavior, nor of passive exposure to ETS. Cotinine is a useful biomarker for determining this expo-
sure, and although this assay represents an expense, it may be of great practical value for determin-
ing effectiveness of clinic-based tobacco cessation / reduction interventions. The purpose of this 
review was to report and critique literature related to tobacco smoke exposure  in utero,  biomarkers 
for this exposure, and adverse pregnancy and birth outcomes. 
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 35.1 INTRODUCTION 

 Bioaerosols are colloidal suspensions in air of liquid droplets or solid particles that contain, or have 
adsorbed to them, biologically active materials. These materials include living organisms (bacteria, 
fungi, viruses, algae, protozoa) and the products of living organisms (such as pollen, dander, fecal 
material, toxins, etc.). The particles in a bioaerosol can range in size from a single virus or bacterial 
spore (less than one micrometer), to particles or liquid droplets that are visible to the eye. Particles in 
a bioaerosol may also be “compound” in nature (for example, a particle composed of microorganisms 
clinging to larger biological particles such as pollen or skin fl akes). 

 A review of the inhalation toxicology literature confi rms what most urban dwellers know: we 
live in a sea of airborne chemicals. Synthetic and naturally occurring compounds enter the lungs and 
may affect the respiratory system directly or, by using this route as a portal of entry, may adversely 
affect some other part of the body (Salem, 1987). The chemicals potentially inhaled by people in 
industrialized urban environments number in the tens to hundreds of thousands. Similarly, bacteria, 
viruses, pollen, and mold abound in ambient air. However, unlike many chemicals, most micro-
organisms do not survive the desiccation that results from being suspended in air, being separated 
from a suitable host, or from exposure to the ambient UV radiation in sunlight. Free-living micro-
organisms that remain viable are further assumed not to be able to propagate, due to the lack of growth 

 35 
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substrate in air, but can be transmitted over long distances, and some can be transmitted from person 
to person. Different microorganisms are found at various heights from the ground, and the size 
and diversity of microbial populations in air are dependent on geographic location, the population 
density and activity of humans, and environmental factors such as temperature, humidity, and the 
intensity of UV radiation in sunlight (Al-Dagal and Fung, 1990). Viable microorganisms are known 
to occur at altitudes of 20 miles, and fungal spores have been isolated from air over the North Pole. 

 Bioaerosols affect the health of plants and the state of the environment. Plant pathogenic bacte-
ria, fungi, and viruses can be aerosolized by the impact of rain droplets on diseased leaves or plant 
litter, carried by wind and deposited on healthy but susceptible host plants. Some plant pathogens, 
such as  Pseudomonas syringae,  infl ict their damage in part by seeding the formation of ice crystals 
on the surface of host plant leaves (reviewed by Hirano and Upper, 2000); this activity, which is 
likely present in other organisms as well, almost certainly affects the small-scale spatial distribution 
of snowfall. The ice-nucleating properties of  P. syringae  are now exploited by the ski resort industry. 
Cells of  P. syringae  are grown in large batches, killed, and added to water in snowmaking systems 
to facilitate the formation of ice crystals. These systems spray a fi ne mist of water into cold air. The 
addition of ice crystal-nucleating bacteria raises the mean temperature at which ice crystals will 
form, resulting in snowmaking that is more effi cient at higher temperatures. Commercial formula-
tions of  P. syringae,  such as “Snomax ® ” (www.snomax.com; York International, Victor, NY) are 
sold worldwide. 

 The presence of biological materials in aerosols likewise has a dramatic infl uence on human and 
animal health. We are all familiar with the effects of pollen on hay fever sufferers. Likewise, the out-
come of having a sneezing victim of the common cold show up for work is well-understood: aerosolized 
rhinoviruses infect coworkers, who later become ill and can transmit the illness to others. More seri-
ously, the inhalation of aerosolized  Mycobacterium tuberculosus  cells is the primary means of acquir-
ing tuberculosis (Beggs et al., 2003) (http://www.emedicine.com/med/ topic1103.htm). So-called “sick 
buildings” disseminate microorganisms from damp, dusty ventilation systems, resulting in workers 
with a variety of symptoms (Manuel, 2003). A severe example of infections originating in a ventilation 
system was the outbreak of Legionnaires’ disease in Philadelphia in 1976 (Shelton et al., 2000), which 
sickened over 200 convention goers and killed 34. This proven ability for pathogens to be distributed 
over wide areas by air has made aerosolization the dissemination method of choice by workers in bio-
logical weapons (BW) research efforts, both in the United States (until the end of the offensive effort in 
1969; Regis, 1999) and abroad. The aim of this chapter is to review the sources of bioaerosols and basic 
aerobiology as it pertains to disease. 

 35.1.1 Airborne Contagion 

 Air has long been recognized as a vehicle for dissemination of microorganisms, whether dynamic con-
tagion is involved with a geometric increase in cases, or static infection arising from a single source, 
and whether humans, animals, or plants are implicated as hosts (Kundsin, 1980). Examples of micro-
organisms causing respiratory infection or sensitization when inhaled are presented in Table 35.1 
Air itself has even been mistakenly blamed for the spread of disease; nighttime air historically was 
blamed as the cause of malaria (“mal-aria,” or bad air), rather than  Plasmodium  spp. (vectored 
by mosquitoes), the actual causative agent. Wells (1955) originally described airborne contagion 
as the chain reaction indoors resulting from person-to-person transfer of droplet nuclei implicated 
in respiratory tract infection. At a conference on Airborne Contagion sponsored in 1979 by the 
New York Academy of Sciences, the concept of airborne contagion was expanded to include aerosols 
from intermediary or inanimate sources such as air conditioners, dental drills, fungal spores from 
soil, and insulating materials, as well as long-range outdoor transfer of microorganisms. Many envi-
ronmental and physiological factors may play a signifi cant role in the pathogenesis of infectious 
diseases. Some bacteria (especially members of the genuses  Bacillus  and  Clostridium ) and fungi 
produce spores that are hardy and may persist in the environment for many years. Microbial spores 
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are easily transported through the air, and their concentrations in the air are subject to seasonal, 
diurnal, and geographic variations. The outdoors are abundant with microbial spores which freely 
penetrate indoors by many routes, including open windows and mechanical air intakes. Mannis 
et al. (1986) reported that protozoa (unicellular, often motile organisms) also grow in indoor reser-
voirs and can cause severe infections as well as producing antigenic or toxic metabolites. These may 
contribute to hypersensitivity pneumonitis and “humidifi er fever” (Edwards et al., 1976).   

 Naturally occurring airborne organisms comprise the “seed cultures” that begin the process of 
“sick building syndrome” (SBS), a set of illnesses (rhinitis, asthma, other allergic and systemic reac-
tions) that result from blooms of microbial growth in damp air-handling systems (Burge, 2004; Fung 
and Hughson, 2003). Buildings and building materials are colonized by naturally occurring microfl ora 
during construction, early occupation, and throughout the life span of the building. In ventilated build-
ings, the indoor air concentrations are directly correlated with the outdoor concentrations. Additionally, 
many thousands of spores are present per gram of surface dust in most enclosed spaces (Spendlove and 
Fannin, 1983). “Tight” buildings have been associated with SBS; the emphasis on energy conservation 
requires the recirculation of air in such buildings, whether heated or air-conditioned. In buildings with 
accumulations of water in walls, carpeting, or ventilation systems, less make-up outdoor air from the 
outside results in an accumulation of signifi cant concentrations of mold or other allergens. Making 
buildings more airtight can result in higher exposures to more recirculated air with an increased poten-
tial for exposure to more airborne microorganisms. 

 35.1.2 Sources of Bioaerosols 

 Microorganisms (viruses, bacteria, protozoa, and fungi) require a growth medium (or host) for 
growth and reproduction. Although some of these organisms may survive on nutrient-poor envi-
ronmental surfaces for various durations of time, they only very rarely survive to cause disease 
when they reenter the air (Burge, 1990). Exceptions to this are found among organisms that produce 
environmentally hardy structures such as spores. Microorganisms, although frequently found in 
air, are not known to multiply there, again largely because of a lack of nutrients. Outdoor air rarely 
contains pathogens, in part, because of the bactericidal effects of drying, ozone, and ultraviolet 
irradiation. Indoor air, however, may contain pathogenic organisms that are shed from the skin, 
hands, and respiratory tract of humans as well as from their clothing. Talking, coughing, and sneez-
ing can produce respiratory droplets containing bacteria, and viruses can spread infection only to 
susceptible individuals in proximity to the source (Gallis, 1976). Likewise, as mentioned above, 
organisms that thrive in building air and water-handling systems may be aerosolized and inspired 
by humans. It has been shown that many microorganisms are capable of producing volatile organic 
compounds (VOCs) (Kaminski et al., 1974). Low levels of these compounds have been associated 
with moldy or mildewy odors; higher concentrations conceivably can be irritants or systemic toxins. 
Microorganisms also produce a variety of higher-molecular-weight toxins (Burge, 1987). However, 
the postulated involvement of secondary metabolites produced by fungi as a cause of SBS (Jarvis, 
2003) has not been confi rmed by controlled studies (Fung and Hughson, 2003), leaving open the 
question of whether microbial products, as well as the organisms themselves, cause illness in the 
SBS context. 

 The size of particles containing bacterial or viral pathogens or their products determines the 
duration of time that pathogens are in the air. Their settling velocity is a function of particle size 
and determines the “hang time” in air that limits the probability of transfer between persons in the 
environment. Hatch and Gross (1964) showed that, in a confi ned space with a 10 ft ceiling, settling 
due to gravity would reduce the concentration of particles greater than 13 �m by 63% in less than 
10 min. A comparable reduction due only to gravity would require several hours for particles of 
2–3 �m (approximately the size of a single bacterium). The removal of particles from the air is also 
dependent on the extent of building ventilation and fi ltration. Therefore, the risk of direct respiratory 
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Table 35.1 Microorganisms Causing Respiratory Infection or Sensitization When Inhaled

 Disease  Causative Organism  Primary Reservoir  Reference

Bacterial Disease

Pneumonia Streptococcus pneumoniae  Humans Baquero et al. (2002)

Pneumonia (nosocomial) Klebsiella pneumoniae  Humans Podschun and Ullman 
(1998)

Pneumonia Haemophilius infl uenzae Humans Watt et al. (2003)

Walking pneumonia Mycoplasma pneumoniae Humans Loens et al. (2003)

Q fever Coxiella bunetii Animals (sheep) Marrie (2003)

Ornithosis, psittacosis, parrot 
fever

Chlamydia psittaci Birds (domestic and wild) Eidson (2002)

Brucellosisa Brucella melitensis Animals Kaufmann et al. (1990)

Legionaires’ disease, pontiac 
fever

Legionella pneumoniae 
Legionella ansia

Water (indoor and outdoor) Shelton et al. (2000); 
Breiman et al. (1990); 
Lee and West (1991)

Tuberculosis Mycobacterium tuberculosis Humans Young and Duncan 
(1995)

Hypersensitivity pneumonitis Thermoactinomyces Heated water, soil, 
compost, moldy hay

Burge (1990)

Diphtheria Corynebacterium diphtheriae Humans Hadfi eld et al. (2000)

Pertussis, whooping cough Bordetella pertussis Humans Yeh (2003)

Inhalation anthrax Bacillus anthracis Animals Mock and Fouet 
(2001)

Bubonic plague

Pneumonic plaguea

Yersinia pestis Animals Rollins et al. (2003)

Tularemia Francisella tularensis Animals Feldman (2003)

Viral Disease
Infl uenza Infl uenza viruses Humans, birds, swine Webby and Webster 

(2003)

Croup, bronchiolitis Parainfl uenza viruses, 
respiratory syncytial viruses 
(RSV)

Humans Wright et al. (2002)

Mumpsa Mumps (paramyxovirus) Humans Galazka et al. (1999)

Measles Measles virus Humans Schneider-Schaulies 
and ter Meulen 
(1999)

Common cold Rhinoviruses Humans Savolainen et al. 
(2003)

Chicken poxa (shingles) Varicella-Zoster virus Humans Gershon (1995)

Smallpoxa Variola virus Humans Henderson et al. 
(1999)

Algal, Fungal, and Protozoan Disease
Asthma, rhintis Alternaria, Cladosporium 

Penicillium, various algae
Outdoor air, dead plant 
litter, indoor/outdoor 
damp organic material, 
water  reservoirs

Burge (1990)

Hypersensitivity pneumonitis Protozoa Water reservoirs Burge (1990)
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exchange of infectious particles is greatest from those small particles dispersed from the respiratory 
tracts of infected individuals, and the hazard from the inhalation of particles resuspended from dust 
deposits on the fl oor is limited by their relatively large size. 

 Microorganisms are dispersed into the air as liquid droplets varying in size from greater than 
100 �m to less than 10 �m. Salem and Aviado (1970) reported that of the respiratory activities of 
sneezing, coughing, and talking, sneezing produced the highest proportion of the small droplets. It 
has long been known that nearly all of the airborne small droplets containing bacteria originate from 
the front of the mouth; only a few originate from the nose (Duguid, 1945). The spread has been 
observed by high-speed stroboscopic light photography. 

 As far back as 1934, Wells demonstrated that large water droplets evaporate rapidly and the 
residual particles of solute, which he termed droplet nuclei, were only a few micrometers in size. 
The smaller droplets resulting from a sneeze remain suspended in air, evaporate quickly, and leave 
droplet nuclei a few micrometers in diameter, which may or may not contain microorganisms. He 
also showed that even in an atmosphere of 90% relative humidity, droplets with diameters in the 
order of 80 �m evaporate before settling to the fl oor from a height of 6 ft. 

 The droplet nuclei settle very slowly because of their small size and may remain suspended in 
air almost indefi nitely, especially in a room in which the movements of air and people keep them 
suspended. This creates an environment with a high concentration of potentially infective particles. 
Larger particles are expelled up to a distance of 2 m and at a velocity of at least 142 ft/sec (Gallis, 
1976; Jennison, 1942). These large particles, though quick to settle from air, can be resuspended by 
sweeping, dusting, movement such as walking, and wind. 

 35.1.3 Particle Size and Dose–Response 

 As discussed above, the particle size of bioaerosols determines the duration of its availability in the 
atmosphere, the distance it can travel, and the site of its ultimate deposition in the respiratory tract 
of the next host. The same principles govern how deeply particles of a given size are inhaled. Hatch 
(1961) showed that for droplet nuclei (2–3 �m), pulmonary deposition is higher than that for the 
upper respiratory tract, whereas for dust-borne bacteria and liquid droplets, which are larger in size, 
deposition is essentially limited to the nasopharyngeal area (Figure 35.1). Wells et al. (1948) demon-
strated that, to establish disease, the infectious particles must be deposited as virulent organisms at 
the critical site and that only droplet nuclei can contribute signifi cantly to the atmospheric spread of 
diseases initiated by deposition of infectious particles in the lungs. This was demonstrated in their 
quantitative study of tuberculosis infection in rabbits. Using suspensions of  Mycobacterium tubercu-
losis  as single organisms of 2–3 �m and 13 �m, they found that the number of tubercles developing 
in the rabbits’ lungs approximated the number of inhaled organisms of 2–3 �m, whereas only 6% of 
the 13-�m particles reached the lungs to produce tubercles. These studies not only confi rmed their 

Table 35.1 Microorganisms Causing Respiratory Infection or Sensitization When Inhaled 
(Continued)

 Disease  Causative Organism  Primary Reservoir  Reference
Pulmonary aspergillosis Aspergillus Soil, compost Herman (1980)

Coccidioidomycosis Coccidioides immitis Soil of arid regions Deresinski (2001)

Histoplasmosis Histoplasma capsulatum Animals, 
soil, keratonaceous 
materials (feathers)

Joseph Wheat (2003)

a Diseases transmitted via respiratory tract, but signs of infection are seen elsewhere in the body.
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prediction that larger particles would not reach the depths of the lungs but also demonstrated the 
selectivity of tissue susceptibility. Cells of  M. tuberculosis  implanted on the mucosa of the upper 
respiratory tract proved to be innocuous. Effective contact required implantation on a particular part 
of the respiratory tract, or a part from which susceptible tissue can be reached. This is in contrast to 
chemical aerosols where deposition, while also dependent on particle size, can cause damage and 
lethality at any region of the respiratory tract. (For this reason, Salem et al. [1992] recommended 
that particle sizes between 1 and 4 �m be used for toxicity testing in rodents.)   

 Early studies of other diseases acquired by inhalation produced similar results. Druett et al. 
(1953) found striking differences in the atmospheric concentration of anthrax spores of different 
sizes required to produce disease in 50% of the exposed animals. There was a 17-fold increase in 
the concentration of particles larger than 12 �m to produce disease than with anthrax spores in a 
particle. Goodlow and Leonard (1961) confi rmed this fi nding with aerosol particles of  Francisella 
tularensis  of different sizes. To produce 50% mortality in guinea pigs and rhesus monkeys required 
3 and 17 cells of 1-�m particle size, 6500 and 240 cells of 7-�m particle size, 20,000 and 540 cells 
of 12-�m particle size, and 170,000 and 3,000 cells of 22-�m particle size, respectively. Brucellosis, 
a zoonotic disease, can be transmitted from its animal reservoir to humans by the inhalation of infec-
tious aerosols in addition to skin and conjunctival contact as well as ingestion. Aerosol transmission 
of brucellosis, which has a very low infectious dose, has been widely accepted as a potential aerosol 
hazard in laboratories and must be handled at Biosafety Level 3 (BSL3) containment (Olle-Goig and 
Canela-Soler, 1987; Staszkiewicz et al., 1991). 

 35.1.4 Inhalation of Bioaerosols 

 The traditional study of inhalation of bioaerosols in animal models has had two main goals: to be 
able to estimate infectivity of a given agent in humans, and to be able to defi ne the mechanisms 
of the pathogenesis of the airborne disease. Animal studies have provided a scientifi cally sound 

FIGURE 35.1 Total and regional deposition of inhaled particles in relation to aerody-
namic particle size, showing the relative positions of single viral and bacterial particles, 
droplet nuclei, and dust-borne bacteria on the size–deposition curve (from Hatch [1961]).
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approach to providing cause-effect data under well-controlled and defi ned conditions under a legion 
of exposure conditions. 

 Both the site of deposition and the total dose of an airborne infectious agent delivered to the 
respiratory tract can be signifi cantly affected by the geometry of the pulmonary anatomy; the route 
of breathing (nose versus oral-nasal); the depth and rate of airfl ow; and the physical properties that 
govern particle transport and deposition. Studies of these factors over the past 50 years have sig-
nifi cantly improved our ability to (1) understand the pathogenesis of the infectious disease process; 
(2) extrapolate laboratory animal studies to humans; (3) predict and assess health risk associated 
with airborne pathogens; and (4) provide guidance in identifying a most effective mode of treatment 
for respiratory infections. 

 35.2 ANATOMICAL AND PHYSIOLOGICAL FACTORS IN 
RESPIRATORY DEPOSITION OF INFECTIOUS ORGANISMS 

 The anatomical structure and the physical dimensions of the respiratory system are important fac-
tors that govern the deposition and fate of inhaled organisms. The respiratory system of terrestrial 
mammals can be conveniently divided into three major components or regions (Figure 35.2). Each 
of these regions has anatomical features that infl uence the entry, transport, deposition, and clearance 
pattern of airborne microorganisms (reviewed in Gardner et al., 1988; Crystal et al., 1991; McClellan 
and Henderson, 1989; Miller and Menzel, 1989). This brief review will provide basic understanding 
of the anatomical and physiological factors associated with the inhalation of bioaerosols.   

 The uppermost (nasopharyngeal) region, as discussed here, consists of the area extending from 
the nares down to the epiglottis and larynx at the entrance to the trachea. The mouth is included in 
this region as an alternate entry route during mouth breathing. This region has a complicated mor-
phology consisting of the turbinates, epiglottis, glottis, pharynx, and larynx. The complicated shape 
of the nasal passages is not solely related to the role of the nose as an olfactory organ, but also plays 
a major physiological function in the modifi cation of inspired air prior to its entry into the lungs. 
Upon inspiration, the air enters the nose through the anterior nares passing into the airway passages 
where it is ultimately carried to the pharynx. These airway passages are lined with small hairs and 

FIGURE 35.2 Major anatomical components of the respiratory system.
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membranes that are populated with goblet and mucous-secreting cells. The high surface-to-volume 
ratio facilitates humidifi cation and warming of the incoming air. In this region, fi ltration hairs and 
cilia, and impaction on (and adhesion to) the mucous membranes removes the largest inhaled par-
ticles, preventing them from being deposited deeper in the respiratory system. 

 The tracheobronchial (TB) region consists of the conducting airways beginning at the trachea 
and extending down to the terminal bronchioles. The TB region functions to deliver inspired air to 
the deeper portions of the lung. The dimensions and number of branching airways varies from spe-
cies to species, making defi nitive extrapolation of animal studies to humans diffi cult. The trachea is 
an elastic tube supported by 16–20 cartilaginous rings that circle about three-fourths of its circum-
ference and is the fi rst and largest of a series of branching airways. Air enters the left and right lungs 
via two major bronchi that branch off the trachea. Each bronchus distributes air into separate lobes; 
in humans, the left lung consists of an upper and lower lobe, and the right lung has an upper, middle, 
and lower lobe. Humans differ from some laboratory species in this respect. Although rats also have 
fi ve lobes, they have only a single lobe on the left and four on the right. The conducting airways in 
each lobe consist of up to 18–20 dichotomous branches from the bronchi to the terminal bronchiole. 
Beyond the terminal bronchi, the airways become very thin-walled and are referred to as respiratory 
bronchioles, which have numerous small air sacs (alveoli) protruding from its walls). 

 The lowest (pulmonary) region primarily functions in gas exchange. However, because it con-
tacts the smallest inhaled particles, it also possesses features that function in pulmonary clearance 
and immunological defense. This region begins with the partially alveolated respiratory bronchioles. 
The epithelium of the respiratory bronchioles is nonciliated. Each respiratory bronchiole divides into 
alveolar ducts. These ducts are actually bronchioles where almost their entire wall has been com-
pletely alveolated. These ducts lead ultimately into the alveolar sacs. The total number of ducts and 
sacs has been estimated to be 7 � 10 6  and 8.4 � 10 6 , respectively (Gardner et al., 1988). The alveoli, 
which are evaginations of the alveolar sacs, are thin walled and surrounded by a meshwork of blood 
capillaries. In the alveolus, the atmosphere and the blood are brought into an intimate contact, in 
which an exchange of O

 2  
and CO

 2 
 can take place. The surface of the alveoli is primarily made up 

of two types of cells. Type 1 cells are very thin and cover the greatest surface area. Type 2 cells are 
larger, display numerous microvilli, and secrete a surface-lining surfactant fl uid that reduces surface 
tension, lessening tendency of alveoli to collapse. The total respiratory surface of the lung has been 
estimated to be 50 m 2  during expiration and as much as 100 m 2  during the deepest inspiration. 

 35.3 DOSIMETRY FACTORS FOR INHALED MICROORGANISMS 

 As mentioned, aerosolization often greatly reduces the viability of microorganisms, and the actual 
number of infectious organisms reaching the respiratory tract may be greatly reduced. In considering 
the delivery of an agent in a bioaerosols to a test subject, it is important to distinguish between the 
concentration generated and the dose delivered. Posology is the study of  dose  and  dosage.  Although 
the term dose and dosage are often used interchangeably, dose correctly is the total amount of a test 
article administered.  Dose  refers to the total amount of the microorganism that is actually inhaled, 
delivered, and deposited to the tissue. A dose of 10 mg, for example, means that this is the amount of 
material administered whether it is to a mouse, rat, dog, or human, no matter by what route (oral, by 
inhalation, etc).  Dose  refers to the total amount of the microorganism that is actually inhaled, deliv-
ered, and deposited to the tissue.  Dosage,  on the other hand, is a relative amount; it is the amount 
of material administered relative to the body weight, body surface, and/or time (mg kg −1 , mg m −2 ). 
Concentration or dosage in inhalation studies is the amount of material per unit volume, that is, the 
amount of a substance in the air or in the test medium. Dosage is often expressed as concentration or 
concentration and duration (i.e., LC

 50 
 as mg kg −1 , mg kg −3 , ppm, ppb, or LCt

 50 
 as mg-min m −3 ) and 

the route of administration is usually specifi ed. 
 Developing a quantitative understanding of the relationship among exposure concentration, dose 

delivered to the tissue, and a specifi c pulmonary response is a basic fundamental goal of inhalation 

4049_C035_r03.indd   9204049_C035_r03.indd   920 11/15/2005   4:42:33 PM11/15/2005   4:42:33 PM



Health Aspects of Bioaerosols 921

scientists. The term  deposition  refers specifi cally to the amount of inhaled, airborne agent that is 
deposited in the respiratory tract. The fate of the organism can be expressed in terms of  clearance,  
which refers to the subsequent translocation of and removal of deposited agent from the respiratory 
tract, and  retention,  which refers to inhaled agent that remains in the respiratory tract and is not 
cleared. 

 The infective dose for microbial aerosols has been shown in animals to be greatly infl uenced by 
particle size, which in turn, controls the site of deposition. Particle size is also critical in situations 
in which one part of the respiratory system is more susceptible to the inhaled organism than another. 
Airborne microbes may comprise particles varying in size from a single virus (as small as 0.1 �m in 
diameter) to the largest fungal spores and pollens (50–100 �m). 

 A number of generic factors can signifi cantly infl uence the deposition of particles. The arrangement 
of ventilation in the aerosol test chamber is important because the physics of airfl ow governs deposi-
tion of the agent in the chamber. The rate and depth at which the test subject breathes infl uences the 
volume of air and, hence, the mass of infectious agent entering the respiratory tract and the total surface 
area over which deposition can occur. The route of breathing (oral, nasal, or oronasal) infl uences fi lter-
ing effi ciency of inhaled materials and thus, impacts the dose delivered to the lower respiratory tract. 

 Although most adults are nasal breathers at rest, they may resort to chronic or periodic mouth 
breathing under certain conditions such as exercise, nasal obstruction, or in the presence of chemi-
cal irritants. As respiratory demands increase, the proportion of air entering via the mouth also 
increases. Such action can signifi cantly alter the pattern of deposition and, thus, the response to 
the inhaled substance. For instance, nearly 100% of particles having an aerodynamic size of about 
10 �m or larger are deposited in the nasopharyngeal region during nasal breathing. This compares 
with only about 65% deposition of such particles under conditions of oronasal breathing. There is 
also increased penetration of larger particles deeper into the respiratory tract with oronasal breath-
ing. Although nasal breathing offers an effective means of protecting sensitive lower respiratory 
tract tissues from airborne particles, it should be remembered that rodents do not breathe through 
the mouth, a factor that must be taken into consideration when extrapolating such rodent data to 
humans. Also, a great difference exists in the complexity of the nasal passages, resulting in dif-
ferences in nasal airfl ow patterns between humans and the laboratory animal that may account for 
species-specifi c lesion distribution following inhalation exposure to certain agents. 

 Chemical agents can alter physiological responses during exercise by causing pulmonary function 
changes (e.g., increased airway resistance through constriction) which tend to decrease the volume of air 
penetrating to the alveoli and can result in a shift to rapid, shallow breathing. Exercise has been shown 
to have a pronounced effect on pulmonary tissue uptake of gaseous pollutants but have little effect on 
tracheobronchial tissue. The deposition, clearance, and retention of inhaled particles have been exten-
sively reviewed (National Research Council, 1991; Bates et al., 1989; Gardner et al., 1988). 

 For particles, the overriding factors infl uencing regional respiratory tract deposition are those 
based on the aerodynamic properties, which, in turn, depend on a variety of physical properties. 
Particles of the same physical size do not necessarily behave the same aerodynamically. Because 
a denser particle will tend to fall faster than a less dense particle of the same diameter, the size 
of airborne particles is expressed in terms of their “aerodynamic diameter” which is the diameter 
equivalent to that of a theoretical spherical particle with a density of 1 that has the same terminal set-
tling velocity (i.e., behaves aerodynamically in the same way) as the particle in question. Using such 
an adjustment permits a more valid comparison among particles of different physical sizes. These 
differences between actual and aerodynamic sizes are important in predicting respiratory deposition 
of inhaled particles. 

 35.4 MECHANISMS OF AGENT DEPOSITION 

 To begin causing an infection, or injury due to toxic or immunological effects, an agent must be 
deposited in a signifi cant dose onto susceptible tissue. Figure 35.3 illustrates the fi ve mechanisms 
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by which particle deposition can occur: impaction, sedimentation, Brownian diffusion, interception, 
and electrostatic precipitation. Electrostatic attraction and interception will not be considered here; 
electrostatic deposition of particles to the walls of respiratory airways plays a minor, if any role and 
is not important for the inhalation deposition of most environmental contaminants, whereas inter-
ception is more important for fi ber deposition.   

 Impaction is the main mechanism for the deposition of particles having an aerodynamic size 
of �2.0 �m. Larger particles are removed from the inhaled air by the mechanism of impaction at the 
various bifurcations. Impaction onto an airway surface occurs when a particle’s momentum prevents 
it from changing course in an area where there is rapid change in the direction of the airfl ow. The 
largest size particles are deposited in the anterior regions of the nose and are then most effectively 
cleared by mechanical means, including sneezing, coughing, and nose blowing. Deposited microbes 
may also be cleared from the upper airways by mucociliary transport from the airways to the throat, 
where it may be swallowed or expectorated. The probability of impaction increases with increased 
air velocity, rate of breathing, particle size, and density. 

 Sedimentation is deposition due to gravity and is important for particles with an aerodynamic 
size of �0.5 �m in medium and small airways, where the air velocity is relatively low. Such par-
ticles will fall out of the airstream at a constant rate when the total force due to air buoyancy and air 
resistance balances the gravitational forces on the airborne particle. 

 Brownian diffusion is a major mechanism for deposition in airways where the airfl ow is low, 
such as found in the alveoli and bronchiole. The smallest particles (�0.5 �m) may be deposited onto 
the airway walls because of their bombardment by surrounding air molecules. Figure 35.1 depicts 
the regional deposition of inhaled aerosols as a function of aerodynamic diameter. The degree of 
virulence of an organism may also be due to certain enzymes and other metabolic substances that 
are produced by the organisms. These biological products can play a signifi cant role in determining 
the outcome of an infection. 

FIGURE 35.3 Mechanisms of particle deposition in the respiratory system.
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 35.4.1 Biological Factors Infl uencing Airborne Contagion 

 We discussed above the factors that infl uence the deposition and retention of inhaled biological 
materials or microorganisms for one main reason: the likelihood that exposure to a given pathogen 
will result in disease is directly correlated with the number of organisms that reach sites in the host 
where infection can occur. This number varies from organism to organism. The average number of 
individual infectious organisms required to cause disease in a given host is called the infective dose. 
The infective dose varies not only with the species and/or strain of the microorganism, but also with 
the host. Not all hosts are equally susceptible to each strain of a pathogen; for instance, ( L ive  V accine 
 S train) causes a mild, if any, infection in humans and has been studied and used as a human vaccine 
against tularemia. However,  F. tularensis  strain LVS causes a severe infection in mice. A number 
of environmental factors also play a role in making the host susceptible to a pathogen. Stresses on 
the host such as fatigue, poor nutrition, age, other infections, and the interaction of the infectious 
agent with pollutants can modify and complicate the etiology and pathogenesis of airborne disease 
(Gardner, 1988; Coffi n and Gardner, 1972; Graham et al., 1987; Parker et al., 1989). Prior expo-
sure to the pathogen is often protective, as some pathogens do not vary signifi cantly the molecular 
structures they display to the immune system. However, as in the common cold and infl uenza (as 
discussed later) this is not always the case. 

 Organisms that have evolved the capacity to cause disease are said to possess the property of 
 pathogenicity.  Pathogenicity genes are those that, when inactivated by mutation, prevent the organism 
from causing disease with any degree of severity. This idea is complementary to that of  virulence,  
which describes the severity of the disease caused by a pathogen. In general, the number of organ-
isms required to cause disease is usually proportional to their virulence. Bacteria such as  Francisella 
tularensis  and  Brucella abortus  are infectious at doses as low as 10s of organisms; the estimates for 
the infectious dose of  Bacillus anthracis  vary, but most fall in the range of thousands to tens of thou-
sands of spores (http://www.usamriid.army.mil/education/bluebook.html). The mass of an infective 
dose of  B. anthracis  spores is far below the lethal dose of even the most potent toxin, botulinum 
toxin. 

 Once deposited in the respiratory tract, a pathogen must be able to grow and multiply to pro-
duce disease. This is accomplished by increasing in number in a local lesion or by spreading sys-
temically throughout the host. The success of the infection depends on (1) the specifi c properties of 
the invading organism to produce disease and (2) the manner in which the infected host responses 
to the microbial invasion. The mechanisms of pathogenicity and virulence of infectious organisms 

  Table.35.2  Some Principal Bacterial Toxins 

Species Toxin Associated Disease
Clostridium botulinum Type-specifi c neurotoxins Botulism (neurotoxin, paralytic)

Clostridium perfringens �-Toxins and others Gas gangrene

Clostridium tetani Tetanospasmin; tetanolysin Tetanus

Corynebacterium diphtheriae Diptheria toxin Diphtheria (modifi es enzymes)

Staphylococcus aureus �, �, �-toxins; leukocidin 
Enterotoxin 

Erythrogenic toxin

Staphylococcal pyogenic infections 
Staphylococcal food poisoning 

Staphylococcal scarlet fever

Streptococcus pyogenes Steptolysins O and S 
Erythrogenic toxin

Streptococcal pyogenic infections

Shigella dysenteriae Neurotoxin Bacillary dysentery

Salmonella typhi Endotoxins Gastroenteritis, enteric fever

Vibrio cholerae Endotoxins Cholera
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are nearly as varied as the agents themselves, and a complete review is beyond the scope of this 
chapter. However, it is possible conceptually to divide bacteria into those whose primary means 
of damaging the host is the production of toxins and those whose action is primarily intracel-
lular. The latter include species that produce single polypeptide toxins such as  Staphylococcus 
aureus  (staphylococcal enterotoxins), large, multisubunit toxins such as  Clostridium botulinum  
(botulinum toxin), or complex multisubunit toxins, such as  Bacillus anthracis  (the tripartite toxin 
consisting of lethal factor, edema factor, and the so-called protective antigen) (Mock and Fouet, 
2001). Others are listed in Table 35.2. Vaccines that protect against the effects of these organisms 
are generally preparations of toxoids, inactive forms of the toxins that are still recognizable by 
the immune system. Intracellular bacterial pathogens include  Salmonella typhimurium, Listeria 
monocytogenes, Coxiella burnetii  (the causative agent of Q fever), and  Brucella abortus.  Some 
bacterial pathogens act in both manners simultaneously. Viruses cause damage directly to host cells 
by co-opting host cell metabolic functions, and redirecting them to the replication and spread of 
progeny viral particles.   

 35.5 METHODS OF STUDY 

 The classical criteria for determining whether a given microorganism is the causative agent for 
a particular disease were fi rst set forth by Robert Koch and emerged from his seminal studies of 
anthrax and tuberculosis. His use of animals to passage microorganisms to obtain pure cultures led 
to his formulation of what became known as  Koch ’ s Postulates.  Formalized in 1882, they state that 
to prove that an organism causes a disease, it is necessary to demonstrate: 

  • That the organism is present in every instance of a given disease; 
  • That, when removed from an infected host, the organism could be grown in pure 

culture; 
  • That the disease could be reproduced in healthy experimental animals by introducing the 

cultured microorganism several generations removed from the initial isolate; and 
  • That the organism could then be re-isolated from the experimental animal and freshly 

cultured. 

 The postulates are not directly applicable to all organisms that cause disease. Early on, before the 
nature of viruses was fully understood and before cell culture techniques were available, the appli-
cation of the postulates to viruses was problematic. Currently, they cannot be applied ethically to 
diseases that, like HIV, infect only humans. (The third postulate, requiring the intentional infection 
of a suitable host, is not likely to pass scrutiny with Institutional Review Boards reviewing the use 
of humans in research.) Therefore, much work in HIV research has been devoted to the develop-
ment of suitable animal models and determining the degree to which the infection of chimpanzees 
with Simian Immunodefi ciency Virus mimics AIDS in humans. Although controlled human clinical 
studies offer the best opportunity to directly relate an infectious agent to human disease, ethical 
tests can have no long-term residual effects, restricting such studies to exposures to organisms with 
limited or no pathogenicity, or in extreme cases to organisms for which highly effective treatments 
are readily available. 

 The primary strength of well-designed animal studies is the degree to which variables can 
be controlled, in ways generally not available in the human clinical setting. The researcher has 
the choice of a wide range of concentrations, exposure regimens, biological agents, biologi-
cal parameters, and test species. Such studies are most useful in studying the mechanisms of 
pathogenesis of disease. Because many physiological mechanisms are common to animals and 
humans, the worker studying infectious disease hypothesizes that if an agent is infective in sev-
eral animal species, it is likely to cause similar effect in humans. However, as mentioned above, 
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care must be taken in attempting to quantitatively extrapolate the effective airborne infectious 
concentration in animals to the human and that certain defense mechanisms may differ in vari-
ous species. 

 Apart from information obtained from the direct clinical/laboratory observation of human and 
animal disease, epidemiological studies (on various time–space scales) can determine the correlation 
between exposure and disease, but have great diffi culty in proving causal relationships because 
of the many confounding variables. Such studies can show an association between exposure and 
effects, and identify qualitatively the potential for human risk. 

 35.6 EXPIRIMENTAL INFECTIONS OF THE LUNG 

 Laboratory-induced pulmonary infections have been useful in understanding the (1) pathogenicity 
of microorganisms, (2) environmental factors that alter susceptibility to respiratory disease, and 
(3) mechanisms of host resistance to infection. By using the appropriate animal model, one can 
measure subtle defects of the total pulmonary defense system by testing the lungs ability to effi -
ciently defend itself against invading, potentially pathogenic organisms. The three experimental 
techniques that have been most widely used in the laboratory to expose a test animal to an air-
borne infectious organism include (1) aerosolization, (2) intratracheal instillation, and (3) intra-
nasal inoculation. 

 Aerosolization of the microorganism most closely simulates an airborne exposure (whether nat-
urally occurring or intentional). This method provides the most uniform exposure of the animal and 
is applicable to a wide variety of pathogenic organisms. To conduct such exposures requires expen-
sive equipment and a team of scientists with expertise in aerosol sciences, engineering, and biology 
as well as specialized containment to ensure the health and safety of the investigators (Phalen, 1984; 
Gardner, 1988). Organisms may also be instilled intratracheally in an anesthetized animal. Although 
these studies are less costly, one cannot guarantee a uniform distribution throughout the lung as 
with inhalation exposure (Hatch et al., 1981; Phalen, 1984). Also, the need to anesthetize the test 
animal results in an unnatural condition of exposure and alters the host’s physiology in ways that 
may affect early events in the infection process. Intranasal inoculation of microorganisms has been 
used for years. With this method, one must depend on the aspiration of the inoculum to spread the 
infectious organism from the upper respiratory tract to the conducting airways and deep lung. Both 
this technique and intratracheal instillation can result in considerably more animal-to-animal varia-
tion than with the aerosol challenge. 

 Ideally, whichever experimental method and host animal are chosen, the study design must 
(1) yield reproducible data; (2) permit correlation among species of test animals; (3) ensure the 
sensitivity of the test animal to the microorganism, and (4) facilitate the comparison of data with 
that from other laboratory studies. The test organism must be able to (1) multiply within the infected 
susceptible hose tissue, (2) be quantifi able at the administered dose, (3) trace and follow during the 
infectious and recovery phase; (4) not greatly infl uence mortality rate with small variations in dose 
or virulence, and (5) withstand the vigors of aerosolization if the route of administration is by inha-
lation. Such  in vivo  exposure studies can be used to provide vital information on survival statistics, 
growth, replication, and fate of the infectious organism in the host tissue and mechanistic studies 
using sensitive biochemical and immunological measurements. 

 Although it is unlikely that there will be acceptable substitutes to whole-animal studies in the 
near future, the advent of microarray technology is beginning to offer a higher throughput method 
of examining the effects of infection on host cell transcription (Kato-Maeda et al., 2001). The entire 
genetic complement of both hosts and pathogens is being studied at each stage of infection to determine 
the alterations in each organism stimulated by the presence of the other, to understand better both 
the molecular details of pathogenesis and resistance, and to provide novel markers for the detection 
and diagnosis of disease. 
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 35.7 EMERGING ISSUES IN AIRBORNE DISEASE: ENGINEERED 
AND NATURALLY OCCURRING EMERGING INFECTIOUS 
DISEASES 

 35.7.1 Engineered Microorganisms 

 Few debates in modern biology stir so much argumentative ardor, both within and outside the scien-
tifi c community, as the release to the environment of genetically engineered organisms, from salmon 
to cotton, from corn to cows. Particularly hotly debated is the release of engineered microorganisms 
(Wilson and Lindow, 1993). As mentioned in the introduction, ice-nucleating strains of  P. syringae  
are capable of injuring plants by nucleating the formation of ice crystals on leaf surfaces, causing 
frost damage. The bacterium benefi ts presumably by consuming substrates leaked from damaged 
leaf tissue. It was found that strains of  P. syringae  engineered to remove the gene responsible for ice 
nucleation served as an effective competitive inhibitor for native ice-nucleating strains, providing a 
means for biological control of frost damage on crop plants (Wilson and Lindow, 1994). Field trials 
of this work were highly controversial, and protesters damaged experimental fi eld plots. 

 Genetic engineering has also been reported to have been employed for intentionally nefarious 
purposes. Ken Alibek, a worker in the offensive biological warfare program of the former Soviet 
Union, described efforts there to modify pathogens to evade existing vaccines, resist antibiotic 
treatment (for bacterial pathogens), and combine the properties of different viral pathogens in a 
single agent (Alibek, 1999). The success of these efforts is partly a matter of record, and partly 
a matter of conjecture. The addition of a hemolysin gene from  Bacillus cereus  allowed a viru-
lent strain of  B. anthracis  to evade vaccination with strains to which the hemolysin gene had not 
been added (Pomerantsev et al., 1997). Antibiotic-resistant strains of  Burkholderia mallei  (formerly  
Pseudomonas mallei ) were isolated by classical selection methods, ostensibly to study the effect of 
resistance to additional drugs not used in the initial selection (Stepanshin et al., 1994; Manzeniuk, 
1994). The success of the program in enhancing or modifying viruses remains a topic of discussion. 
However, a group in Australia studying mouse ectromelia virus reported that the addition of the gene 
encoding mouse IL4 greatly enhanced the virulence of the virus under study (Jackson et al., 2001), 
suggesting that modifi cations to enhance viral virulence are possible. However, critics of the work 
stated that the result was predictable (Müllbacher and Lobigs, 2001). 

 35.7.2 Infl uenza 

 A concern potentially greater than the intentional release of a pathogen is the emergence of novel, 
previously undescribed variants of known diseases, or entirely new diseases, that are easily trans-
mitted through the air. The infl uenza pandemic of the early twentieth century killed over 700,000 
in the United States and upwards of 40 million people worldwide (Reid and Taubenberger, 2003); 
common variants of infl uenza strain A cause over 30,000 deaths in the Unites States each year and 
sicken millions more. The strains that caused pandemics in 1968 and 1957 are thought to have arisen 
from genetic reassortment of the hemagglutinin gene between human and avian infl uenza strains. 
Recently, the highly virulent H5N1 and H7N7 strains of avian infl uenza, among others, bridged the 
avian-human barrier in Asia, a direct transfer not seen before 1997 (Webby and Webster, 2003). 
Infl uenza vaccine manufacturers were not able to respond quickly with effective vaccines, high-
lighting the need for additional resources in both strain monitoring and rapid vaccine development. 
The 1918 variant is also likely to have arisen through genetic rearrangement among strains, but the 
mechanisms are not yet clear. 

 35.7.3 Multidrug-Resistant Tuberculosis 

 Tuberculosis (TB) is another disease that is easily spread by airborne droplets, created by the cough-
ing and sneezing of patients. No other disease has killed as many people; there were approximately 
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90 million fatalities worldwide due to TB in the twentieth century alone, by one estimate (Young and 
Duncan, 1995). Approximately one-third of the global population is believed to carry  M. tuberculosis  
(Drobniewski et al., 2003), and over 8 million cases are diagnosed each year, resulting in about 
2 million deaths. Initial successes in antibiotic therapy led to unrealistically optimistic claims that 
TB would be eradicated. Unfortunately, the last decade has seen a surge in the incidence of strains 
of  M. tuberculosis  that are resistant to two of the most widely used antitubucular drugs, isoniazid 
(an inhibitor of one-carbon metabolism) and rifampicin (an inhibitor of RNA polymerase). The 
cause of this emergence is in part rooted in poor public hygiene: the overcrowding of prisons 
and the inconsistent use of antibiotics. Additionally, coinfection with HIV and TB contributes 
to the elevated mortality due to TB. Advances in the fi ght against TB lie in several areas: new 
techniques, including polymerase chain reaction (PCR), for early diagnosis (especially the iden-
tifi cation of multi drug-resistant strains), the identifi cation of new drug targets in  M. tuberculosis  
through the use of genomics and microarray technology and continuing efforts to improve public 
health infrastructure. 

 35.7.4 SARS 

 The appearance of severe acute respiratory syndrome (SARS) has been called “the fi rst pandemic 
of the 21 st  century” (Peiris et al., 2003). SARS infected more than 8000 patients, resulting in 
over 700 deaths in 26 countries within months after its emergence in the Guangdong Province 
of mainland China. Caused by a newly discovered coronavirus (SARS-CoV), SARS is likely to 
have bridged the animal-to-human species barrier among people involved in the raising of small 
mammals for food, including civet cats. Epidemiological studies suggest that SARS-CoV is less 
transmissible than originally thought (each case giving rise to 2–4 additional cases); however, a 
few infected individuals have been responsible for the subsequent infection of larger groups of 
people, in so-called super-spreading events. The authors concluded that SARS-CoV is suffi ciently 
transmissible to cause a very large epidemic if no preventive public health measures are taken, but 
not so contagious that good public hygiene could not control the spread of the disease. Empirical 
evidence supporting this conclusion may be the experience of Canada, in which rapid quarantine 
of cases and all of their contacts halted the spread of SARS-CoV in several weeks. These and other 
public health measures worldwide were based on an estimate of the maximal incubation period 
being 10 days. 

 35.7.5 Poxviruses 

 One of the great triumphs of modern medicine is the eradication of Variola virus (smallpox) by 
an aggressive, worldwide immunization campaign (Henderson et al., 1999). Smallpox was fatal 
in only 30% of cases, but severely disfi gured survivors and was very readily transmissible by 
several means, including aerosols created by the coughing of patients. The eradication of small-
pox was made easier because the disease was confi ned entirely to humans; there are no other 
known hosts for Variola virus in nature. However, other members of the poxvirus family can also 
infect humans, albeit with less virulence than Variola virus. In 2003 there were several reports 
of persons, including at least three children, in the midwestern United States who contracted 
monkeypox virus from prairie dogs that had been cohoused with exotic rodent pets imported 
from western Africa (Anderson et al., 2003). Allegations that the former Soviet Union grew large 
stocks of Variola virus (Alibek, 1999) revived the fear of the reemergence of smallpox as a bio-
logical weapon (Poupard et al., 1984) and caused the United States and other western govern-
ments to invest in a program to update and improve the vaccine for smallpox (Poland and Neff, 
2003). While the route of infection was unclear, what is evident from consideration of infl uenza, 
SARS, and monkeypox is that the increased global transportation of people and trade in animals 
will continue to contribute to the spread of emerging diseases, especially those readily transmitted 
by the airborne route. 
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 35.7.6 Biological Weapons and Bioterrorism 

 The choice of a particular agent for use in a biological attack depends on several factors. Military 
consideration of the use of biological weapons stressed organisms with the greatest virulence, lowest 
infective doses, ease of large-scale production, and the ability to be disseminated as an aerosol 
without signifi cantly decreasing the viability of the organism (Regis, 1999).  Bacillus anthracis  pos-
sesses all of these traits, making it perhaps the most intensively studied organism for this purpose. 
While not reported to have been genetically modifi ed, the strain of  Bacillus anthracis  used in the 
mail attacks in late 2001 was reported to have been carefully milled and prepared so that the size 
of spore-carrying particles was ideal for deep inhalation (Jernigan et al., 2001), suggesting that the 
perpetrator had at least a basic understanding of the aerosol science underlying the transmission of 
disease. 

 Similarly, powdered ricin toxin has been found in a recent biological “incident” in the offi ces 
of the U.S. Senate majority leader. Ricin toxin, derived from the seeds of castor bean plants 
(Figure 35.4), is a potent toxin that acts by catalytically disabling ribosomes, the cellular organelles 
that translate genetic information into active proteins (Lord et al., 2003). Theoretically a single ricin 

FIGURE 35.4 Castor bean plants (Ricinus communis L.) grown 
in a research greenhouse by one of the authors (K.P.O’C).
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molecule can kill one cell. The ubiquity and “dual-use” nature of castor products make restricting 
the availability of the plants problematic. Castor plants are found worldwide and can be purchased 
over the Internet, making the raw ingredient for this material perhaps one of the most widely avail-
able biological agents of concern. Castor plants are widely cultivated because their other important 
product, castor oil, has a multitude of uses as a lubricant, chemical feedstock, food and cosmetics 
additive, and precursor for the synthesis of plastics. Ricin toxin itself is under legitimate study as a 
component of “immunotoxins,” medicines directed specifi cally at tumor cells that spare surrounding 
healthy tissue (Lord et al., 1994).   

 It is important to remember, however, that terrorists are capable of fi nding biological “weapons of 
opportunity” from among the more commonplace pathogens. Members of a fringe religious commu-
nity in Oregon committed the largest known biological attack in the United States in 1984, spraying a 
clinical isolate of  Salmonella typhimurium  over salad bars in the town of Antelope. The timing of the 
attack was intended to sicken a number of people suffi ciently to infl uence the outcome of a local election 
(Torok et al., 1997). It is believed that a member of the group obtained the  Salmonella  culture from a 
local clinical laboratory. Over 750 cases of gastroenteritis were associated with the attack. 

 35.8 SUMMARY 

 We have reviewed briefl y the aerosol science and biological factors that contribute to the spread of 
biological agents (organisms and their products) as bioaerosols. A major challenge in the study of 
biological aerosols is the application of what is known to the sampling of air over large occupied 
areas, for the purpose of public health and biological defense. The low infective doses required by 
some agents to cause disease and the complex environmental background of both synthetic and 
natural materials in air present a signifi cant challenge to workers attempting to protect cities from 
the intentional release of airborne pathogens. Aerosol physicists are faced with the problem of effec-
tive sampling, and microbiologists must contend with the challenge of devising ever more sensitive 
assays for the detection of pathogens and toxins that are accurate and nearly real-time in their ability 
to report the presence of danger. Modelers must devise better simulations of airfl ow in the complex 
landscape of cities, as well as improve the models by which the spread of diseases in increasingly 
mobile human and animal populations can be predicted. Perhaps most daunting of all, the public 
policies regarding the investment in this infrastructure, and what is done when an attack is detected, 
are rightly a subject of current, lively, and on-going debate. 
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 36.1 INTRODUCTION 

 Emerging and reemerging pathogens continue to maintain a constant presence in the world, presenting 
new challenges to health care workers and scientists. Some of these pathogens are also considered 
potential weapons of mass destruction (“select agents”) or cause exotic diseases, placing them with 
classic agents of concern such as anthrax and smallpox. Pathogens have the ability to cause epidem-
ics, and with global travel and intermixing populations, the possibility for large pandemics is an 
ever-present concern. Many select agents are prevalent in the world, still causing disease in many 
people every year. Some pathogens that have been relatively well controlled have developed resis-
tance to antibiotics and other drugs used to treat disease. The deliberate release of an agent or emer-
gence of a new strain or organism could lead to the rapid spread of a disease throughout the world 
before the health care system realized there was a problem: The recent severe acute respiratory 
syndrome (SARS) is an excellent example of the phenomenon. The possibility of this scenario has 
led the scientifi c, health care, and public health communities to look outside their realms of expertise 
and develop collaborations with each other. These groups now realize that rapid, coordinated recog-
nition of an outbreak, whether natural or deliberate, is essential for its control. 

 In present-day society, a large proportion of the population is susceptible to new emerging dis-
eases, such as West Nile Virus and SARS, as well as to the classic pathogens that cause smallpox, 
plague, polio, etc. Most people in developed countries have been vaccinated against those bacteria 
and viruses that ravaged populations centuries ago. Smallpox has since been eradicated and a large 
percentage of the world’s population has not been vaccinated or exposed to the disease. This makes 
smallpox a scary and effi cient weapon, because one case of smallpox disease might represent an 
epidemic in the unvaccinated and unprotected society. Other diseases of interest to those in the arena 
of biological defense include anthrax, plague, and tularemia. Also, emerging pathogens such as 
West Nile Virus and the virus that causes SARS have been the objects of signifi cant attention in the 
scientifi c community because of their high prevalence and pathogenicity. 

  36 
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 Bioterrorism is not a new phenomenon. Plague and smallpox have been used in war;  Salmonella 
typhimurium  was used in a domestic U.S. terrorist event by the Rajneeshee cult in 1984. Cult mem-
bers in Oregon sprinkled bacteria on salad bars, causing hundreds of people to fall ill with food 
poisoning. We will explore ancient epidemics, both natural and deliberate, caused by agents that are 
today considered to be weapons of mass destruction. 

 The greatest pandemic in the world was caused by  Yersinia pestis,  the causative agent of plague, 
in the 1300s, and massive epidemics continued throughout the 1500s and 1600s. Also known as the 
Black Death, plague killed millions of people, approximately a third of the population of Europe 
and Asia. The disease generated social upheaval, leading to the destruction of the feudal system in 
England and the decreasing role of the Church in politics (Cartwright, 1972). Plague was also used 
during this time by the Tartars in the Siege of Kaffa. The Tartars threw the dead bodies of plague 
victims over the walls into Kaffa, to spread the disease, in an effort to take control of the trading 
post. The Tartars were carriers of the Black Death as they continued their travels. This was an early 
example of using a disease to fi ght an opponent, in other words, an early form of biological warfare 
(Cartwright, 1972). 

 Plague and smallpox caused such devastating effects due to the lack of protection within the 
population against infectious disease. Conditions were not sanitary, rodents ran rampant through-
out villages and cities, carrying fl eas and spreading the plague. Because of the high morbidity and 
mortality seen with these epidemics, it is possible that it was pneumonic plague instead of the 
more common bubonic form. Similarly, smallpox was prevalent in populations that had not been 
previously exposed to the disease. For example, when exploration of the Americas began, settlers 
brought smallpox with them, and the susceptible tribes experienced extreme mortality. As new gen-
erations were born, smallpox was again an issue because the small children were susceptible. There 
were instances of people self-vaccinating against smallpox, a method described as variolation. This 
method was useful at times, but many people still contracted the disease. In the twentieth cen-
tury, a vaccine was produced for smallpox, antibiotics and vaccines were developed for plague, and 
technological advances for sanitation and rodent control were developed and helped to bring these 
pathogens under control. Smallpox has since been eradicated, because humans are its only host, but 
there are still instances of plague, mainly bubonic, in the world every year in endemic areas, such as 
the southwestern United States. 

 Today, potential agents of biowarfare are categorized by the Centers for Disease Control into 
three classes, A, B, and C. The regulations that created this categorization were developed in the 
wake of several domestic incidents with possession of biological agents for terrorist purposes. The 
regulations have become more stringent in the wake of the September 11th attacks and the October 
2001 anthrax letters. Category A and B agents are called Select Agents and are strictly regulated 
by federal and state laws in the United States. Agents are placed in categories based on their avail-
ability, ease of dissemination and production, and morbidity and mortality from disease. Category A 
agents include some discussed in this chapter, such as anthrax, plague, tularemia, botulinum toxin, 
and smallpox. These agents are listed as “A” agents because they are easily produced, easily dissem-
inated, can cause extreme public panic, and will require special efforts from the public health system 
to contain the outbreaks. Infections by these organisms tend to be acute; some are highly conta-
gious and very rare. Category B agents include glanders, ricin toxin, and the tick-borne encephalitis 
viruses among many others. These organisms are not as easy to disseminate and/or the disease is not 
as acute, and morbidity and mortality fi gures are less than those of Category A agents. Category C 
includes agents that could be engineered for mass production, such as multidrup-resistant tubercu-
losis, Hantavirus, and tick-borne hemorrhagic fever viruses. These agents have the ability to cause a 
major public health impact and they are prevalent in society. Some agents listed as category C agents 
are those that are emerging or reemerging infections, such as tuberculosis. 

  Bacillus anthracis,  the causative agent of anthrax, has played an important role throughout history 
in the fi elds of microbiology and immunology. Robert Koch used anthrax to develop his postulates 
in 1876, which established a microbial link to causation of disease for the fi rst time. Louis Pasteur 

4049_C036_r03.indd   9344049_C036_r03.indd   934 11/15/2005   4:42:51 PM11/15/2005   4:42:51 PM



Emerging Biothreats: Natural and Deliberate 935

developed the fi rst live vaccine using this bacterium in 1881. Anthrax is found mainly in herbivores 
and is an accidental pathogen of humans, usually when a person handles contaminated hides or 
meat. This disease is called Woolsorter’s disease but has almost been completely eliminated in 
developed nations by immunization (Broussard, 2001). In the second half of the nineteenth century, 
anthrax showed its ability to cause inhalational disease in humans when a group of Woolsorters fell 
ill because of the aerosolization of infectious spores in animal hides. This outbreak was the fi rst 
reported incident of a respiratory infectious disease acquired in the workplace (Friedlander, 1997). 
The ability of  Bacillus anthracis  to sporulate and spread easily via aerosols thus causing great 
mortality led military leaders to recognize anthrax as a possible agent for biological warfare. This 
recognition and concern was affi rmed when there was an accidental release of anthrax spores from 
a military research facility in Sverdlovsk, Russia in 1979. The release caused the largest inhalational 
anthrax epidemic in history, with a total of 68 confi rmed deaths (Meselson et al., 1994). Casualties 
were seen in humans and in animals (Friedlander, 1997). 

 In the fall of 2001, bioterrorism presented itself in the United States in the form of letters con-
taining white powder, which were sent through the U.S. mail to media companies and government 
buildings. These letters contained purifi ed anthrax spores. There were cases of cutaneous and inha-
lational anthrax in several states, including Florida, New York, and New Jersey. Cross-contamination 
occurred in post offi ces via letters and equipment (Greene et al., 2002). Several post offi ces are still 
closed as of the summer of 2003. These attacks spawned new legislation regulating the import/
transfer and possession of these agents more stringently than previous legislation. 

 36.2 ANTHRAX 

  Bacillus anthracis  is a  gram-positive, spore-forming, nonmotile bacillus (1–1.5 �m � 3–10 �m). 
The bacterium can grow readily on many different nutrient media and is nonhemolytic when grown 
on sheep blood agar plates, a characteristic used for identifi cation and distinction from other species of 
 Bacillus.  In all growth conditions,  B. anthracis  forms a capsule, whereas sporulation occurs only in the 
environment or when the organism is experimentally starved for nutrients. The endospores are resistant 
to heat and dessicaiton and survive in the soil for decades.  B. anthracis  has two virulence plasmids; one 
codes for an antiphagocytic capsule and the other for a tripartite toxin. The capsule is composed of a 
poly- d -glutamic acid polymer which confers resistance to phagocytosis and which may also contribute 
to the resistance of anthrax bacteria to the lysis by serum cationic proteins (Friedlander, 1997). 

 The tripartite toxin is composed of three subunits, to form the A-B toxin binding, protective 
antigen (PA), lethal factor (LF), and edema factor (EF). Protective antigen is common to both toxins. 
If PA combines with LF it produces lethal toxin, which causes shock and death. If it combines with 
EF it will produce the edema toxin. PA binds to the surface of the target cell and delivers the enzy-
matic proteins to the cytosol. EF is an adenylate cyclase whose catalytic properties are dependent 
on the presence of eukaryotic cytoplasmic cofactor calmodulin and calcium. EF is responsible for 
affecting monocyte cytokine profi les, creating cAMP, which alters the water homeostasis and can 
also disrupt phagocytic antibacterial responses (Hanna, 1998). Lethal factor is a zinc metallopro-
tease, exhibits a cytotoxic effect on macrophages, and causes shock and death of cells. LF cleaves 
MEK1 which blocks activation of the mitogen-activated protein kinase kinase (MAPKK) pathways 
(Duesbery et al., 2001). The MAPKK isoforms MEK1 and 2 are the cytosolic targets for LF activity. 
These isoforms are dual specifi c kinases with roles in cell growth, proliferation, differentiation, and 
apoptosis and are also key mediators of signal transduction from the cell surface to the nucleus. The 
signaling pathways involving MAPKK1, 2, and 3 are crucial in the activation of macrophages and 
are involved in the production of cytokines (Pellizzari et al., 1999). 

 It has been shown that the deletion of the toxin plasmid (Friedlander, 1997), the capsule plasmid 
(Friedlander, 1997), or the gene coding protective antigen (Friedlander, 1997) can attenuate the 
organism. The gene for transcriptional activation, AtxA, which mediates the toxin and the capsule 
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genes, regulates virulence of the organism. This gene controls regulation in environments where the 
temperature is greater than 37°C, a carbon dioxide concentration of more than 5% and in the presence 
of serum (Broussard, 2001). Also, it has been shown that in mouse models lethal factor plays a more 
signifi cant role in virulence than the edema toxin (Friedlander, 1997). The clinical manifestations 
of anthrax infection vary depending on the route of infection, but anthrax disease is not transmis-
sible from person to person. Cutaneous anthrax, the most common form of anthrax disease, has an 
incubation period of 1–5 days. The fi rst sign of disease is a small papule, which progresses into a 
vesicle after a few days. This vesicle will rupture and leave a necrotic ulcer, which then forms the 
characteristic black eschar. This eschar is present for approximately two to three weeks. This ulcer 
is relatively painless, and patients usually present with edema at the infection site, headache, fever, 
and malaise. Cutaneous anthrax is easily cured with antibiotic treatment. 

 Inhalational anthrax manifests with nonspecifi c symptoms 1–6 days postinfection. These symp-
toms include headache, fever, and malaise, and a nonproductive cough may be present. Symptoms persist 
for 2–3 days, followed by a short recovery period. Following this short recovery period, a sudden onset 
of respiratory stress will occur. A chest x-ray will show the characteristic widening of the mediasti-
num. Shock and death will follow within 24 h. Despite treatment, mortality is essentially 100%. 

 Gastrointestinal anthrax occurs after the ingestion of insuffi ciently cooked contaminated meat. 
This form of the disease begins with nausea, vomiting, fever, with severe abdominal pain following 
the fi rst wave of symptoms. Mortality from this form can be as high as 50%. Cases of oropharyngeal 
anthrax have occurred also due to ingestion of contaminated meat. This manifests with a sore throat, 
or a local oral ulcer. Swelling of the neck can occur accompanied by a fever due to edema at the site. 
This form also has a mortality of approximately 50%. 

  Bacillus anthracis  is listed as a Category A select agent. This bacterium is extremely easy and 
inexpensive to cultivate, because it grows readily on many different bacteriological media.  B. anthracis, 
 found ubiquitously in nature, is a zoonotic bacterium, thus eradication is not possible because the 
organism can be isolated from soil and still is a prevalent cause of disease in livestock. As previously 
mentioned, this bacterium forms protective spores, which allow it to persist in nonadvantageous 
environments. The spores are stable for decades in many different environments. The spores, when 
fi nely milled, are able to attach to the bronchi and begin growing and replicating. This powder is 
easily disseminated and is extremely effective at causing disease via the respiratory route. An addi-
tional characteristic that has led to the development of anthrax as a biological weapon is that the 
symptoms are nonspecifi c. Early diagnosis of anthrax is diffi cult, the presenting symptoms can be 
easily confused with the common cold or fl u virus, but if it is not detected early, inhalational anthrax 
has an extremely high mortality rate. 

 36.3 PLAGUE 

  Yersinia pestis,  the causative agent of plague, was responsible for three devastating pandemics and 
continues to be prevalent throughout the world. The fi rst plague epidemic was in AD541, beginning 
in Egypt and sweeping across Europe, Africa, and Asia. Population losses were between 50 and 60% 
(Inglesby et al., 2000). The second pandemic lasted 130 years and is known as the Black Death. It 
began in 1346 and by its conclusion killed 20–30 million people; it had major political, cultural, and 
religious ramifi cations (Inglesby et al., 2000). The third pandemic, in China in 1855, spread to all 
inhabited continents and killed 12 million people in China and India alone (Inglesby et al., 2000). 
There have also been instances throughout history in which  Y. pestis  has been used as a biological 
weapon. During World War II (WWII), Unit 731, a branch of the Japanese Army dropped plague-
infected fl eas over areas of China, thus causing plague outbreaks (Inglesby et al., 2000). During the 
years after WWII, as a part of the United States Offensive Biological Weapons Program and the Soviet 
Union program, scientists developed techniques to aerosol the plague bacterium, thus eliminating the 
zoonotic spread of the disease. Also, in 1995 a microbiologist attempted to acquire plague illegally. 
This acquisition inspired new antiterrorism legislation in the United States. 
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 Plague is a zoonotic infection, spread by rodents carrying fl eas infected with the  Y. pestis  
bacterium.  Y. pestis  is a nonmotile,  gram-negative, non-spore-forming bacillus, with a bipolar staining 
morphology. The bacterium is a lactose nonfermenter, it is urease and indole negative, and it grows 
well at 28°C on MacConkey Agar or blood agar. 

  Yersinia  bacteria persist in lymphatic tissue and Peyer’s Patches. Bacteria colonize the liver 
and spleen and can cause death in three to four days. There are three manifestations of plague, 
bubonic, septicemic, and pneumonic. Bubonic plague is caused by a bite from an infected fl ea. A bubo 
will form at the site of infection approximately one day after the primary symptoms of fever, mal-
aise, and chills appear. Persons infected with fl eas may also develop the disease minus the bubos. 
This form is known as septicemic plague. There are instances where persons with bubonic plague 
develop septicemic plague. Septicemia plague can cause necrosis of blood vessels and intravascular 
coagulation, thus producing the characteristic gangrene on the nose, fi ngers, and toes. Secondary 
pneumonic plague can develop from the bubonic and septicemic forms in about 50% of cases. This 
form manifests when bacilli move to the lungs and patients experience symptoms of severe bron-
chitis (Inglesby et al., 2000). Primary pneumonic plague occurs due to the inhalation of bacilli and 
occurs rarely in the United States. This form of plague can be contracted after handling infected 
animals or after a deliberate release of aerosolized  Yersinia  bacteria. These bacteria are able to resist 
the host primary immune defenses because of a plethora of virulence factors. 

  Y. pestis  possesses three virulence plasmids, pCD1 (also known as pYV [Cornelius, 2000]) and 
pMT1 and pPCP1 (Fields et al., 1999). This bacterium also possesses additional chromosomally 
encoded virulence factors; a possible adhesion protein and lipopolysaccharide (Benner et al., 1999). 
pMT1 encodes a murine toxin and a capsular fraction 1 protein. A plasminogen activator serine 
protease, Pla, is encoded by pPCP1. Pla is an outer membrane protease required for full virulence 
from peripheral infectious routes (Fields et al., 1999). The pCD1 is a 70–75 kb low-calcium response 
plasmid, which encodes the V antigen (LcrV) and the Yops proteins. Also encoded on this plasmid is 
a specialized apparatus for secretion and translocation of bacterial proteins into host cells.  Yersinia 
pestis  encodes a type III secretion system (Ysc) on pCD1, which translocates and secretes the Yops 
proteins and LcrV. The low-calcium response plasmid is thermally regulated by LcrF, a transcriptional 
activator, to maximally induce LcrV and the Yops proteins only when in contact with a eukaryotic 
cell or when the bacterium is in a calcium-defi cient medium. LcrV and most of the Yops proteins 
have been shown to be essential for virulence (Fields et al., 1999). There are three categories of Yops 
proteins: those with direct antihost functions, translocation proteins, and regulatory proteins. Those 
with direct antihost function are mainly translocated into the cell and can cause cytotoxicity (YopE) 
and apoptosis induction (YopJ) and inhibit platelet aggregation  in vitro  by binding to thrombin 
(yopM) (Heuck, 1998). The regulatory proteins (YopN, LcrG, LcrV, and LcrQ) mediate cell contact 
dependent induction of Yop gene expression and secretion (Heuck, 1998). 

  Y. pestis  is also included in the Category A listing of select agents. Unlike anthrax, a person with 
pneumonic plague can transmit the disease to other persons within close proximity. This transmissi-
bility along with the ease of production and dissemination placed  Y. pestis  in the category favored by 
those looking to develop biological weapons. This bacterium is also a zoonotic pathogen, using fl eas 
and rodents as its host carriers. Plague still occurs throughout the world, in the southwestern area of the 
United States, for example, mainly in the bubonic form. Pneumonic plague, the form that would most 
likely be seen in a biological attack, has a high mortality rate, and there is no vaccine available for pre-
ventative treatment and protection of the population. As with anthrax, this disease presents with com-
monly seen, nonspecifi c symptoms, thus clouding the ability to properly diagnose and treat patients. 

 36.4 TULAREMIA 

  Francisella tularensis,  the causative agent of tularemia,   is one of the most infectious of the biothreat 
agents. The disease, known also as rabbit fever, was fi rst described in 1911 as a plaguelike disease 
in rodents and as a severe and fatal disease in humans. Large outbreaks occurred in Europe and the 
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USSR in the 1930s and 1940s due to a contaminated water supply (JAMA, 2001). There were also 
zoonotic cases in the United States at the same time (Dennis et al., 2001). This disease gained notori-
ety as a result of being a prevalent laboratory-acquired biohazard because of the extreme infectivity 
(LD

 50 
 � 10 CFU) (Dennis et al., 2001). Effective methods to disseminate the tularemia bacterium 

were developed by the United States in the 1950s and 1960s as a part of the proliferation and devel-
opment of offense biological weapons. Unit 731, the Japanese unit known for its use of biological 
weapons in warfare, studied tularemia from 1932 to 1945 (Dennis et al., 2001). 

 Tularemia is caused by a small,  nonmotile, aerobic,  gram-negative, coccobacillus. Strains of 
 F. tularensis  are divided into two biovars, types A and B. The two types are differentiated based on 
virulence testing, biochemical reactions, and epidemiological factors. Type A strains, such as the 
SCHU strain, are highly virulent in humans and animals and are most commonly found in North 
America. Type B strains are relatively avirulent and are most common in Europe. A major difference 
between these types is that type A strains can make acid from glycerol, whereas type B strains lack 
this ability. 

 Little is known about the virulence of  F. tularensis.  The organism survives in macrophages and 
has the ability to combat host responses to survive and replicate. There have been studies focusing 
on the murine model of tularemia disease. This model demonstrates that neutrophils are critical in 
the fi rst few days of infection (Stenmark et al., 1999). In the early stages of murine infection, inter-
leukin 12 (IL-12) and tumor necrosis factor alpha (TNF�) are expressed by mononuclear phagocytes. 
These cytokines then stimulate the production of interferon gamma (IFN�) by NK cells. If these cyto-
kines are neutralized early on in the infection process, the disease symptoms are lethally exacerbated 
(Stenmark et al., 1999). 

 Tularemia has been studied for years by many governments and other entities to develop tech-
niques for dissemination and production of biological weapons. Because the infectivity of this agent, 
tularemia is also listed as a Category A agent. Tularemia is not transmissible person to person and 
does not cause an acute infection. Tularemia infections are usually limiting with low mortality but 
people are inconvenienced and incapacitated. There is no licensed vaccine for tularemia, but most 
cases are controlled by antibiotic treatment.  F. tularensis  is more fastidious than  B. anthracis  or 
 Y. pestis,  but is still an effective incapacitating agent. 

 36.5 BOTULISM 

 Botulinum intoxication occurs via exposure to the toxin or by infection with the  Clostridium bot-
ulinum  bacterium, which produces the most poisonous neurotoxin known. The extreme lethality and 
potency of botulinum toxin have led to its development as a biothreat agent beginning over sixty years 
ago: a single gram of dispersed and inhaled toxin could kill more than one million people. There have 
been instances of the use of this toxin throughout history, such as the production of toxin by the Japanese 
extremist group, Aum Shinrikyo. The group spread botulinum toxin aerosols over Tokyo three times 
between 1990 and 1995 (Arnon et al., 2001). The attempts failed because of poor microbiological tech-
niques, defi cient aerosol-generating equipment, and internal sabotage (Arnon et al., 2001). 

 Botulinum intoxication is a naturally occurring disease, affecting mainly children and people who 
have consumed contaminated home-canned food items. There are three forms of natural botulism: 
food borne, intestinal, and wound. Inhalational botulism is a man-made form of botulism and is 
caused by the dispersion of botulinum toxin aerosols. All forms of botulism exhibit virtually the 
same neurological symptoms, with abdominal cramps and vomiting preceding these symptoms in 
gastrointestinal intoxication instances (Arnon et al., 2001). These symptoms include double vision, 
and acute, febrile, symmetric descending paralysis. The trademark symptom of botulism is the pres-
ence of multiple cranial nerve palsies. The rapidity and onset of these symptoms directly relates to 
the amount of toxin that has absorbed into the bloodstream. Intoxication does not cross the blood–
brain barrier, so patients with botulism are still lucid, even though speech may be slurred and they 
may appear lethargic (Arnon et al., 2001). 
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 There are eight immunologically distinct botulinum neurotoxins (denoted A, B, C1, C2, D, E, 
F, and G). Types A, B, E, and F are responsible for human poisonings, with type A being the form 
most commonly responsible for food-borne outbreaks. The types of toxin are defi ned by the absence 
of cross-neutralization and serve as epidemiological markers (Arnon et al., 2001). The type A neu-
rotoxin is a complex of hemagglutinin and neurotoxin. The hemagglutinin protects the neurotoxin 
from the stomach acids and lowered pHs to maintain stability and cause botulism disease (Boyd, 
1995). The toxin is released in the intestine, absorbed, and then transported to the lymph via the 
bloodstream. Clinical symptoms will appear 24–72 h postabsorption. Botulinum toxin acts on the 
the peripheral nervous system, the cranial nerves, in particular, not the central nervouse system 
(CNS) (Boyd, 1995). The toxin is composed of a 100-kDa “heavy chain,” simple dichain polypep-
tide joined to a 50-kDa “light chain” by a single disulfi de bond (Arnon et al., 2001). The light chain 
is a zinc-containing endopeptidase that blocks acetylcholine-containing vesicles from fusing with 
the terminal membrane of motor neurons. This inhibition of transmission results in fl accid paraly-
sis (Arnon et al., 2001). Fatality rates are high, approximately 75% for type A intoxication (Boyd, 
1995) with the only treatment being a trivalent antitoxin containing neutralizing antibodies against 
types a, b, and e (Arnon et al., 2001). 

 There have already been attempts to use botulinum toxin as a biological weapon: Aum Shinrikyo 
tried on several occasions between 1990 and 1995 to release botulinum toxin in Tokyo (Arnon et al., 
2001). The toxin’s extreme toxicity and low infectious dose have led to its development by a number 
of countries, before and after the Biological Weapons Convention of 1972, in the effort to stockpile 
an effective  bioweapon (Arnon et al., 2001). 

 36.6 SMALLPOX 

 Smallpox disease is caused by the Variola major virus. This is the only virus in history to be eradi-
cated throughout the entire world. Humans are the only host of smallpox, and eradication occurred 
in 1977 with the last case of smallpox disease in Ethiopia (Henderson et al., 1999). Once the disease 
was eradicated, vaccination programs slowed and eventually ceased in 1980 after recommendation 
by the World Health Organization (WHO) (Henderson et al., 1999). With eradication came the agree-
ment that there would be only two stocks of Variola major virus in the world, at the centers for disease 
control in Atlanta, GA, and in the Institute of Virus Preparations in Moscow, Russia (Henderson et al., 
1999). There is a concern that some smallpox stocks may have strayed from Russia as a repercussion 
of the smallpox proliferation studies and the breakup of the Soviet Union (Henderson et al., 1999). 
This concern contributes to the fear that this virus could be used as a bioweapon. Variola major virus 
is an attractive bioweapon because of its ease of person-to-person transmission, high mortality rate, 
and the lack of an effective antiviral therapy (Bronze et al., 2002). The discovery of one case of small-
pox is treated will be as an international health emergency (Henderson et al., 1999). 

 Smallpox is transmitted from person to person by infectious aerosols and by direct physical 
contact, primarily to close contacts and family members. The virus has the ability to survive for 
extended periods within the scabs, and contaminated bed sheets remain infectious. Approximately 
10–15 days postexposure, an infected person will begin to experience the early symptoms of 
smallpox disease. These symptoms include headache, fever, and malaise. Three to four days after 
initial symptoms a red rash will appear over the entire body, with small blisters/vesicles. The 
vesicles mature into fl uid-fi lled lesions, also called pustules, which then dry out and form scabs 
in the skin. These scabs will fall off and leave sunken marks in the skin. Unlike other diseases, 
every smallpox lesion is at the same stage at the same time. The lesions are most prominent in 
the face and extremities (Henderson et al., 1999). Mortality from smallpox is between 25 and 
30% (Henderson et al., 1999). In addition there are alternate forms of smallpox, fl at black pox 
and hemorrhagic black pox. In fl at black pox (also called the malignant form) the pox are black, 
smooth, and velvety to the touch. Pus is not formed and skin can fall away from the body in sheets 
(Henderson et al., 1999). The hemorrhagic form of smallpox is usually always fatal. This form 

4049_C036_r03.indd   9394049_C036_r03.indd   939 11/15/2005   4:42:53 PM11/15/2005   4:42:53 PM



940 Inhalation Toxicology

occurs when blood seeps from the infected person’s orifi ces, and internal membranes that line the 
organs can and will break down. 

 Smallpox is a double-stranded DNA (dsDNA) virus in the genus Orthopoxvirus (family 
Poxviridae). It is a brick-shaped virus, with a diameter of approximately 200 nm, which has the 
capability of replicating in the cytoplasm of cells. Unlike the other DNA viruses, it is not dependent 
on replication within the nucleus. To be infectious, the virus must be completely assembled. The 
DNA alone is not infectious. Cell-mediated and humoral responses by the host immune system are 
important to combat this disease. The complement system is also an important player in the innate 
immune response (Bernet et al., 2003). In an effort to combat the complement system, poxviruses 
have complement regulatory proteins (CRPs). CRPs differ with response to ligand specifi city and 
the mechanism of convertase inactivation. (Rosengard et al., 2002). Also, the effi cacy of the viral 
CRPs can determine whether a cell will be destroyed or whether it will be maintained as a site for 
viral replication (Rosengard et al., 2002). These proteins are encoded mainly in the terminal repeat 
sections of the Variola major chromosome. Other genes, important in modulation and virulence, are 
also encoded in these regions (Rosengard et al., 2002). 

 There are also enzymes called SPICE, smallpox inhibitor of complement enzymes, an encoded 
CRP, which is composed of four short consensus repeats. SPICE is a more potent inhibitor of the 
complement system and effectively prevents stability of the human complement proteins. This in 
turn allows the smallpox virus to overcome the classical and the alternative complement pathways 
(Rosengard et al., 2002). 

 There is a vaccine available against smallpox, made with the vaccinia virus. This vaccine can be 
administered up to four days postexposure and can prevent/lessen disease symptoms. Immunity will 
last up to ten years, with boosters available to provide longer lasting immunity. There are stockpiles 
of vaccines with a few million doses at the CDC. The federal government has recently enacted a 
new vaccination policy to ensure health care workers, fi rst responders, and laboratory workers are 
immunized in the event of a smallpox incident (Traynor, 2003). Also, production of the vaccine has 
resumed to maintain enough vaccines for the U.S. population in the event of a large-scale release 
of smallpox or an incident of smallpox disease and the need for prophylactic public vaccinations 
(Traynor, 2002). 

 The likelihood that smallpox will appear in the world is slim, since it has been eradicated and 
research on the virus has largely ceased, or has been limited to two research sites, one in the United 
States and the second in Russia. Thus the appearance of smallpox might indicate deliberate infec-
tion from the use of the smallpox virus as a weapon. This virus is a most feared weapon because it 
has been eradicated and the majority of the world population is susceptible to infection. Mortality 
is approximately 30% in those who experience smallpox infection, and the disease is highly conta-
gious. Smallpox virus is very stable in powdered purifi ed form and is easily disseminated. Until the 
rash appears an infected person exhibits nonspecifi c symptoms of disease and is already contagious. 
This virus is the ideal weapon in that it is easily spread and transmissible, and large segments of the 
population are susceptible. The downside of this weapon is the environment one needs to produce 
the virus safely. 

 36.7 WEST NILE ENCEPHALITIS 

 West Nile Virus is an emerging pathogen that fi rst appeared in North America in 1999. The appear-
ance of an “old world” fl avivirus in the “new world” is contributed to the increasing global com-
merce and travel (Petersen, 2001). West Nile virus (WN virus) was fi rst isolated in 1937 in Uganda 
and has caused disease in Africa, southern Europe, central and southern Asia, and Oceania (Xiao 
et al., 2001). Outbreaks have been sporadic since the discovery of the virus in 1937, with only two 
being considered notable, Israel (1951–54 and 1971) and South Africa (1974) (Petersen, 2001). 
However, West Nile virus is considered an emerging disease because of several epidemiological 
factors that have developed over time. The virus has increasingly caused outbreaks of disease in 
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humans and in horses, with an apparent increase in the severity of the human cases and a high 
avian death rate accompanying the human outbreaks (Petersen, 2001). A new variant of the virus 
has emerged and now the WN viruses can be divided into two lineages. Class WN1 is associated 
with clinical human encephalitis and has been isolated from many countries worldwide. The WN2 
viruses are clustered in Africa and are not associated with clinical human encephalitis (Petersen, 
2001). Despite the different classifi cations, the two viruses are antigenically similar and also show 
similarity to other fl aviviruses. This similarity accounts for the cross-reactions in serological testing 
in diagnostic laboratories and thus requires diagnostic tests to be more specialized to differentiate 
between the different classes of viruses. 

 WN virus is a zoonotic disease, spread by the bite of an infected mosquito. Many infected indi-
viduals are nonsymptomatic or their symptoms are not recognized. Some patients may experience a 
denguelike illness, and some may have frank meningitis and encephalitis. Unlike other closely related 
fl aviviruses, WN virus targets the Purkinje cells of the cerebellum (Xiao et al., 2001). WN virus is a 
30- to 35-nm icosehedral core virus composed of multiple copies of its 12-kDa capsid protein. The 
viral capsid contains a single-stranded positive strand RNA, 11,000 nt in length (DeGroot et al., 2001). 
An envelope surrounds the capsule, is derived of host-cell components, but has been modifi ed by the 
insertion of two integral membrane glycoproteins, E (53 kDa) and prM (18–20 kDa) (Petersen, 
2001). The fully infectious virion particle measures 45 nm to 50 nm in diameter (Petersen, 2001). 
The E-glycoprotein is the viral hemagglutinin and also mediates cell binding. This protein elicits 
the most virus-neutralizing antibodies (Petersen, 2001). The prM protein is cleaved to M protein late 
in virus maturation by a cellular protease and is then incorporated into the virion (Petersen, 2001). 
There is also a capsid protein and fi ve nonstructural proteins, which includes an RNA-directed poly-
merase (DeGroot et al., 2001). 

 The pathogenesis of this virus is still largely unknown. The model for pathogensis is borrowed 
from dengue and JE virus, both fl aviviruses and similar to WN virus. This model suggests that the 
Langerhans cells in the epidermis play an important role in the up-regulation of immunological 
proteins that respond to viral infection and are responsible for antigen processing and presentation 
to T cells (DeGroot et al., 2001). Also, the mobilization of dendritic cells and their presentation of 
antigen to T cells in lymphoid follicles may play an important role in the host response to WN virus 
infection (DeGroot et al., 2001). The incubation period of WN disease is 5–15 days, with detectable 
antibodies present at 3–7 days postinfection. However, to confi rm WN virus infection, antibody test-
ing must be performed in the acute and convalescent stages (DeGroot et al., 2001). 

 West Nile Virus is an emerging pathogen that most states in the United States are now battling. 
The disease goes largely unnoticed in the human population because many people do not exhibit 
symptoms, but many deaths occur in the avian population from the bites of mosquitoes. The spread 
of West Nile Virus illustrates the course followed by many emerging pathogens, and the pathogens’ 
ability to spread to many geographic areas. 

 36.8 SARS 

 A novel Coronavirus, designated SARS-CoV, causes severe acute respiratory syndrome (SARS) 
(Rota et al., 2003). Coronaviruses are common cold viruses in humans, responsible for 15–30% 
of all colds in the United States each year, and also can cause infection of the gastrointestinal tract 
(Holmes, 2003b). In general, coronaviruses are species specifi c and are categorized into three 
classes based on host range, antigenic relationships, and genomic organization (Rota et al., 2003). 
Coronaviruses in groups one and two cause disease in mammals, whereas the group three viruses are 
avian specifi c. Coronaviruses are large, enveloped, positive stranded RNA viruses, with a genome 
of 29,727 nucleotides, for SARS-CoV. These viruses are the largest RNA viruses known, with very 
narrow host ranges and are very fastidious in cell culture (Rota et al., 2003). The genomic organi-
zation of SARS-CoV is characteristic of the coronavirus genome arrangement, 5�-replicase (rep), 
spike (S), envelope (E), membrane (M), and nucleocapsid (N)-3� (Rota et al., 2003). 
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 SARS was fi rst identifi ed in the People’s Republic of China in 2002. Only after cases of severe 
respiratory disease sprouted in Hong Kong, Vietnam, and Canada did the World Health Organization 
recognize SARS as an emerging virus and issued a global alert for severe acute respiratory syn-
drome, thus giving a name to the coronavirus. Shortly thereafter, a coronavirus was isolated, in early 
2003, which was shown to be the causative agent of SARS (Holmes, 2003a). SARS-CoV has been 
isolated from fecal material as well as respiratory specimens, which supports the hypothesis that 
this virus is spread through the oral and fecal routes, as are many other mammalian coronaviruses 
(Holmes, 2003a). Infection with SARS presents with a fever, nonproductive cough, and shortness of 
breath two to seven days postinfection. Mortality occurs in 3–10% of cases (Rota et al., 2003). There 
are no vaccines against SARS, although antiviral therapies against SARS are a topic of intense 
investigation. A promising approach is the development of protease inhibitors that will prevent the 
cleavage of the viral S glycoprotein or the processing of the RNA polymerase (Holmes, 2003a). As 
of June 11, 2003, there were 8430 cases of SARS worldwide, with 789 deaths (ProMed Digest 238; 
see footnote). 

 SARS provided a striking illustration of the ease with which an infectious disease can spread 
throughout the world, because most countries have experienced at least one case of SARS. The 
WHO implemented travel advisories in an attempt to control the spread of the disease across bor-
ders of towns, states, and countries. The SARS outbreak also serves as a model for transmission of 
an infectious biological weapon and highlights the strengths and weaknesses of the global health 
network. 

 36.9 CONCLUSION 

 The rapid development of antibiotics and vaccines during the post-WWII years led to a heady confi -
dence of the successful eradication of infectious disease. In 1967, the U.S. Surgeon General William 
H. Stewart declared that infectious diseases were a thing of the past and that the attention of bio-
medical researches and public health offi cials should be focused on chronic diseases such as heart 
disease and cancer (Stewart, 1967). But in subsequent years, it has become increasingly clear that 
infectious disease is perhaps the most serious of all the contemporary challenges to global health. 1  
The WHO estimates that 1500 people die of an infectious disease every hour; measles remains the 
leading killer of children; one person dies of tuberculosis every 15 sec. Added to the list of existing 
diseases are emerging infections; superimposed on these natural occurrences is the now real threat 
of intentional release of infectious organisms. The challenge ahead is to develop novel, coordinated, 
global approaches to prevention, detection, tracking, and containment of outbreaks of communi-
cable diseases, whether unintentional or intentional. 
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 37.1 INTRODUCTION 

 Fungi are a group of eukaryotic unicellular or multicellular microorganisms that lack chlorophyll. 
“Mold” is the common term for multicellular fungi that grow as microscopic fi laments (hyphae). 
There are more than 200 different types of fungi to which people are routinely exposed (National 
Academy, 2002). Fungi are ubiquitous in both indoor and outdoor environments and human expo-
sure is therefore inevitable and for the most part innocuous. However, the growth of molds in homes, 
schools, offi ces, and other public buildings has recently been implicated in a number of cases as the 
cause of a wide variety of human ailments and disabilities, and “toxic molds” have received a great 
deal of public and media attention over the past few years. This in turn has triggered increased sci-
entifi c interest in the potential health effects of inhalation exposure to molds, particularly in indoor 
environments. 

 Respiratory exposures to fungi have been associated with an array of effects including irritation, 
which may originate from nonspecifi c infl ammatory reactions or direct stimulation of nerve end-
ings, specifi c allergic (hypersensitivity) responses, asthma, pulmonary hemosiderosis, and infection. 
Additionally, fungi produce and release metabolites, some of which are toxic to vertebrates. These 
mycotoxins may be cytotoxic, carcinogenic, estrogenic, vasoactive or neurotoxic (National Academy, 
2000). However, ingestion has been the route of exposure for most mycotoxin studies. Specifi c human 
toxicity due to inhaled mycotoxins has yet to be defi nitively established (Fung and Hughson, 2003; 
Hardin et al., 2003). Because the leading pathogenic fungi for persons with nonimpaired immune 

 37
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function do not normally grow in indoor environments, we will not consider infectivity in this  chapter 
but will focus instead on immune-mediated injury as well as the potential for disease related to 
 mycotoxin production. 

 Hypersensitivity pneumonitis and asthma are both immune-mediated diseases that have been 
associated with mold exposure. Asthma is a particular concern because the incidence of this disease 
in industrialized nations has increased dramatically over the past 25–30 years (Stafford et al., 2003; 
Centers for Disease Control, 2002), particularly among children. The indoor environment is thought 
to have some role in this increased incidence because children now spend 90–95% of their time 
indoors (Spengler and Sexton, 1983; Platts-Mills, 1995) and steps to conserve energy have greatly 
reduced dilution of indoor air by outdoor air. Immune-mediated effects associated with exposure to 
fungi can be divided into nonspecifi c infl ammatory responses, specifi c hypersensitivity responses, 
and adjuvant effects. Because the indoor environment often includes a mix of several species of 
fungi and these fungi are complex mixtures of proteins and other components, any or all of these 
responses could occur as a result of fungal exposure. 

 Nonspecifi c infl ammatory responses are characterized by the infi ltration of polymorphonuclear 
leukocytes, production of infl ammatory cytokines, edema, and some cell damage. These nonspe-
cifi c responses do not result in the induction of immunological memory. Therefore on subsequent 
exposure local infl ammation will again result, but there is no enhancement of the magnitude of 
the response and no change in the dose required to induce the response. Nonspecifi c infl amma-
tion may contribute to the exacerbation of asthma symptoms associated with moldy environments 
and could also be involved in the pulmonary hemosiderosis observed in some infants exposed 
to moldy environments. Infl ammation also creates a milieu that is particularly conducive to the 
induction of allergic responses to specifi c proteins and may therefore mediate the adjuvant effect 
described below. 

 In contrast to nonspecifi c responses, hypersensitivity responses are characterized by an induc-
tion or sensitization period during which exposures may not cause any overt response, although the 
immune system is being primed. Once immunological memory is established, reexposure results 
in an exaggerated response and a lower dose of allergen is typically needed to elicit a response. 
Gell and Coombs (Janeway et al., 2001) originally described four hypersensitivity reactions based 
on immune mechanisms, three of these are important in mold hypersensitivities. Type I hypersen-
sitivity (also called atopy) is mediated by antigen-specifi c cytophilic antibody (usually IgE) that 
binds to mast cells and basophils. When antigen cross-links these cell-bound antibodies, mediators 
are released causing immediate reactions, including the bronchoconstriction experienced by aller-
gic asthmatics immediately after exposure to allergen. Type III reactions are the result of antigen-
antibody (IgG) complexes that accumulate in tissues or the circulation, activate macrophages and 
the complement system, and trigger the infl ux of granulocytes and lymphocytes (infl ammation). 
Pathologically this response may look very much like a type IV response although the underlying 
mechanisms are different. In the lung, type III responses are involved in hypersensitivity pneumo-
nitis and may contribute to the late-phase asthmatic response, which occurs 6–8 h after allergen 
exposure and is characterized by mucus hypersecretion, bronchoconstriction, airway hyperrespon-
siveness to a variety of nonspecifi c stimuli, and airway infl ammation characterized by eosinophils. 
Type IV or delayed-type hypersensitivity (DTH) is a cell-mediated rather than antibody-mediated 
process. Activated T cells release cytokines that cause accumulation and activation of macrophages, 
which in turn cause local damage. Type IV responses also are involved in hypersensitivity pneumo-
nitis. Note that none of these responses are mutually exclusive. 

 Fungi may also cause adverse health effects through adjuvancy. An adjuvant is a compound 
administered in conjunction with an antigen that nonspecifi cally enhances the immune response 
to that antigen. Fungal cell walls are composed of acetylglucosamine polymer (chitin) fi brils 
embedded in a matrix of glucose polymers (1,3)β-d-glucans. These glucans are potent adjuvants 
and may facilitate the induction of both immediate and delayed type responses to fungal proteins 
(Wan et al., 1999). 
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 37.2 EXPOSURE 

 Methods applicable to the assessment of mold exposures have recently been reviewed (Dillon 
et al., 1999; Burge, 2002; Levetin and Horner, 2002). Use of questionnaire or inspection survey 
 information for visible signs or the characteristic smell of molds or dampness is the simplest 
and therefore most frequently used method. Unfortunately this provides little information on the 
degree of exposure and involves a certain amount of reporting bias. Settlement plates, dust samples 
(e.g., from vacuum cleaner bags), and air samples, have also been used as well as personal moni-
tors (Toivola et al., 2002). Traditional methods for quantitative assessment of these samples have 
involved culturing and counting colonies or microscopic counts of fungal propagules (spores). 
The former technique fails to detect nonviable spores or fungal components where importantly 
allergens could be associated. Because there are few distinctive features among different species 
of indoor mold contaminants, the latter approach provides little opportunity for characterizing 
the specifi c types of molds present. More sophisticated approaches to quantitate exposure include 
surrogate measures (markers) of fungal mass and growth including ergosterol (the primary cell 
membrane sterol of most fungi) and (1,3)β-d-glucans. Another approach is polymerase chain reac-
tion, a highly specifi c molecular method (Gaskell et al .,  1997; Haugland et al., 1999) that is quan-
titative and provides information on specifi c species of fungi present in an environmental sample. 
Furthermore, high-performance liquid chromatography (HPLC) and other chromatographic meth-
ods have been developed to assess specifi c mycotoxins (Frisvad and Gravesen, 1994). Finally, 
where specifi c fungal allergens or other components have been identifi ed, antibodies to these com-
ponents in human sera can be monitored as biomarkers of exposure (von Emon et al., 2003). 

 Exposure assessment efforts have focused largely on fungal spores, most of which are about 
10 µm in diameter. However, exposure to vegetative components of molds is also possible, par-
ticularly if they grow in and are dispersed by humidifying systems or heating and air-conditioning 
systems. A large degree of variability, both qualitative and quantitative, has been observed when 
repeated-exposure assessments have been performed in the same environment. This variability both 
within and between homes may in part explain why many sampling studies, unlike studies that rely 
on reported mold exposure, have been unable to show an association between mold exposure and 
symptoms (Douwes and Pearce, 2003). It is also possible that very-low-level exposures could be 
amplifi ed by colonization of (or at least partial germination in) nasal passageways. For example, 
allergic fungal sinusitis has been described for  Aspergillus  (Leonard et al., 2001). Improvements in 
exposure assessment procedures and protocols may be the key to demonstrating more robust cause/
effect relationships between mold exposure and health effects. 

 Fungal growth occurs only in the presence of moisture. The amount of water needed depends 
on availability of food material, temperature, and the fungal species. The most commonly identifi ed 
fungi (both indoors and outdoors in all parts of the world) are species of  Penicillium, Cladosporium,  
and  Aspergillus  (Kolstad et al .,  2002).  Curvularia, Alternaria,  and  Fusarium  are also commonly 
encountered genera (Hargreaves et al., 2003).  Trichoderma  and  Stachybotrys,  which require high 
moisture levels for growth, are infrequent. However,  Stachybotrys  has been identifi ed more fre-
quently in buildings with mold problems (Kolstad et al., 2002). 

 In a few cases, animal studies have been used to study effects of respiratory exposures to several 
types of molds including  Aspergillus versicolor  (Korpi et al, 2003a),  Pencillium chrysogenum  (Schwab 
et al., 2003),  Metarhizium anisopliae  (Ward et al., 2000a, 2000b), and  Stachybotry chartarum  (Viana 
et al., 2002; Korpi, 2002). Approaches to respiratory exposures have included aerosol exposure using 
an atomizer and collection of aerosols through a side steam outlet to an optical particle counter for 
mass concentration determination, as well as simpler intranasal, intratracheal, or involuntary aspiration 
administration. In most cases, mice were exposed to a crude extract of fungal spores plus vegetative 
material or spores alone. However, in several cases (1,3)β-d-glucan was delivered as an aerosol to mice 
or guinea pigs (Fogelmark et al., 2001; Korpi et al., 2003b; Wan et al., 1999). There have been rela-
tively few animal studies and approaches to exposure have varied considerably. Because the specifi cs 
of human exposure are poorly understood, it is diffi cult to mimic the human situation exactly. 

4049_C037_r03.indd   9474049_C037_r03.indd   947 11/15/2005   4:44:52 PM11/15/2005   4:44:52 PM



948 Inhalation Toxicology

 37.3 IMMUNE-MEDIATED EFFECTS 

 37.3.1 Allergy/Asthma 

 Asthma is a complex chronic respiratory disorder characterized by pulmonary infl ammation, mucus 
secretion, and intermittent airway constriction and airway hyperresponsiveness. These physiological 
responses result in symptoms of chest tightness, wheeze, and shortness of breath. Although asthma is 
most prevalent in young children, approximately half of these individuals stop wheezing by adolescence. 
The most severely asthmatic children usually have a clear allergic component, become symptomatic 
early in life, and continue through adolescence (Holt et al., 1999). The percentage of adult asthmatics 
that are allergic asthmatics is somewhat controversial with estimates ranging from 50% (Pearce et al., 
1999) to �90% (Holt et al., 1999). It has been established that allergic asthma is a T-cell-mediated 
immune response driven by allergenic peptide presentation to memory Th2 cells (Holt et al., 1999) and 
is further characterized by a biphasic response composed of acute (IgE-mediated) and late-phase reac-
tions, thought to be mediated by the presence of Th2 cells, mast cells, and eosinophils within the walls 
of the lower respiratory tract (Kobayashi et al., 2000). 

 The concept of molds as causative agents for allergy/asthma is not new. In fact many fungal 
genera have been associated with allergic lung disease, but only a few fungi are well studied and 
even fewer fungal allergens well characterized. The complexity and variability of fungal propagules 
in environmental samples make identifi cation and characterization of fungal allergens a challenge. 
Because the question of what makes a protein an allergen has not been answered for allergy research 
in general, no structural motifs are available to easily pick mold allergens out of the mix. More 
traditional approaches to allergen identifi cation, which rely on serum antibody responses to fungal 
components or positive skin testing, are hampered by the lack of standardized mold extracts for 
human testing. 

 A number of studies have shown an association between positive skin tests to molds, basid-
iospores (Lehrer et al., 1994; Chavasco et al., 1997),  Alternaria  and  Penicillium  (Eggleston et al., 
1998), and asthma. Jacob et al. (2002) found  Cladosporium  and  Apergillus  spore counts were 
associated with increased risk of allergic sensitization. A prospective study of infants at high risk 
for asthma development found that these infants had signifi cant risk for wheeze and persistent 
cough when exposed to high levels of  Penicillium  (Gent et al., 2002). Barnes  et al.  (2001), measur-
ing the antigen concentration in the house dust of allergy clinic pediatric patients, found measur-
able amounts of the fungi  Alternaria  and  Cladosporium  among other allergens. However, major 
 Alternaria  (Alt a 1, Alt a 70kD) and house dust mite (Der p 1) allergens were signifi cantly higher 
in the homes of asthmatics. Cooley et al. (1998) found a strong association between the presence 
of  Penicillium  species (especially  P. chrysogenum ) and  Stachybotrys  species and sick building syn-
drome. However, such species specifi c associations generally are not made or are complicated by 
positive results to multiple molds and/or other agents. An example of this complexity is Santilli and 
Rockwell’s (2003) study of two Connecticut elementary schools with personnel reporting symp-
toms associated with poor indoor air quality. In both schools high levels of fungal contamination 
were found. Individuals that permitted skin testing, exhibited positive reactions to multiple molds. 
Table 37.1 is a summary of known allergens from inhaled fungi (from www.allergome.org, an 
allergenic molecules database). 

 An apparently unique hypersensitivity disorder resulting from the frank colonization of the lungs 
by  Aspergillus fumigatus  is called allergic bronchopulmonary aspergillosis (ABPA). ABPA is most 
common in patients with asthma and cystic fi brosis. Diagnostic criteria include  A. fumigatus -specifi c 
responses such as immediate cutaneous reactivity, precipitating IgG antibodies, and elevated IgE, 
as well as peripheral eosinophilia coincident with chest radiographic infi ltrates and the presence of 
 A. fumigatus  in sputum (Leonard et al., 2001). 

 Clearly, associations between mold exposures and allergic lung disease (as well as other adverse 
health effects) identifi ed in epidemiological and case studies can be better elucidated in animal 
studies. A study of  P. chrysogenum -exposed mice demonstrated that six weekly intranasal instillations of 
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viable (averaging 25% viability)  P. chrysogenum  conidia induced allergic asthmalike responses, 
including elevated total and specifi c IgE and IgG1 and eosinophilia compared with controls. 
However, instillation of nonviable conidia resulted in a signifi cant increase in total serum IgG2a, 
suggesting a Th1-mediated immune response (Cooley et al., 2000). Subsequent studies found 
that mice did not develop allergic responses with intranasal low-level  P. chrysogenum  conidia 

TABLE 37.1 Summary of Inhaled Fungi Allergens from Allergome Database 
(www.allergome.org)

Fungi No. identified Examples of 
identified allergens

Biological function

Alternaria alternata, 
Alternaria tenuis

14 Alt a 3 
Alt a 10

Heat shock proteins 
Aldehyde, dehydrogenase

Aspergillus fumigatus 20 Asp f 2 
Asp f 13

Fibrinogen-binding 
protein Alkaline serine 
protease

Aspergillus fl avus 3 Asp fl  1 
Asp fl  18

Alkaline serine protease 
Vacuolar serine protease

Aspergillus niger 5 Asp n 18 
Asp n Phytase

Vacuolar serine protease 
phosphatase

Aspergillus oryzae 3 Asp o 13 
Asp o Lactase

Alkaline serine protease 
galactosidase

Candida albicans 5 Cand a CyP 
Cand a Enolase

Cyclophilin 
Enolase

Cladosporium herbarum 13 Cla h 3 
Cla h 8

Aldehyde dehydrogenase 
Cold shock protein

Coprius comatus 7 Cop c 1 Leucine zipper protein

Epicoccum nigrum 
Epicoccum purpurascens

1 Epi p 1 Serine protease

Fusarium culmorum 3 Fus c 1 No function determined

Fusarium solani 2 Fus s 45kD No function determined

Penicillium brevicompactum 1 Pen b 13 Alkaline serine protease

Penicillium citrinum 7 Pen c 1 
Pen c 3

Alkaline serine protease 
Peroxisomal membrane 
protein

Penicillium chrysogenum 3 Pen ch 13 
Pen ch 20

Alkaline serine protease 
N-acetyl glucosaminidase

Psilocybe cubensis 2 Psi c 2 Rotamase

Rhodotorula mucilaginosa 1 Rho m 1 Glycolytic enzyme

Saccharomyces cerevisiae 
Baker’s Yeast

3 Sac c CyP 
Sac c MnSOD

Cyclophilin/rotamase 
Mn superoxide desmutase

Stachybotrys chartarum 1 Sta c Cellulase Glycosyl hydrolase

Thermomyces lanuginosus 1 The l Lipase Lipase

Trichophyton rubrum 2 Tri r 2, Tri r  4 Serine protease

Trichophyton tonsurans 2 Tri t 1 
Tri t 4

No function determined 
Serine protease
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(10 2  viable conidia) exposures over 11 weeks (Schwab et al., 2003). Additionally, Schwab  et al.  
(2003) found that intraperitoneal sensitization with an aqueous protease extract from viable  
P. chrysogenum  spores resulted in signifi cant increases in serum IgE and IgG1 when the mice were 
intranasally challenged with the protease extract or viable spores but not nonviable spores. These 
studies clearly suggest that viable  P. chrysogenum  spores can play a role in allergy development. 
Additionally, they suggest that the level of exposure is a critical factor in allergic sensitization. 

 We have evaluated the allergic potential of molds that are generally underrepresented in tra-
ditional sampling methods ( Stachybotrys chartarum;  Viana et al., 2002) or that may be used for 
indoor pest control ( Metarhizium anisopliae;  Ward et al., 1998, 2002a, 2002b). Involuntary aspira-
tion by BALB/c mice to both  S. chartarum  and  M. anisopliae  extracts resulted in responses that are 
consistent with human allergic airway disease. Our studies demonstrated that these fungal extracts 
induced antigen nonspecifi c lung injury through increased permeability (bronchoalveolar lavage 
fl uid [BALF] total protein) and cell damage (BALF lactase dehydrogenase [LDH] activity), as well 
as neutrophil infl ux. These nonspecifi c responses appeared shortly after exposure and waned by 
3 days postexposure. Additionally, repeated exposure to these extracts induced responses indicative 
of an antigen-specifi c immune response. The responses included elevated BALF interleukin (IL)-5, 
serum IgE, and both immediate airway reactivity (specifi c fungal exposure) and hyperresponsive-
ness to nonspecifi c challenge (methacholine challenge). Figures 37.1 and 37.2 show representative 
data from  Metarhizium anisopliae  (M.D.W. Ward, unpublished data) and  Stachybotrys chartarum  
(Viana et al., 2002) studies illustrating characteristic features of allergic asthma in this BALB/c 
mouse model. These studies suggest potential risks as a result of mold exposure. Currently studies 
are underway to identify the specifi c fungal allergens for these two mold extracts. Human study pro-
tocols to assess sera for antibodies to these allergens are currently under development. Such studies 
are needed before actual risks to humans can be adequately assessed. 

 37.3.2 Nonspecifi c Infl ammation/Adjuvancy 

 Indoor air is a complex mixture that includes material from both bacterial (endotoxin, LPS) and 
fungal sources (glucans) that cause nonspecifi c infl ammation and may act as adjuvants. Of particu-
lar interest for this chapter is (1,3)β- d -glucan, commonly isolated from fungal cell walls. Studies 
of human (1,3)β- d -glucan inhalation are somewhat limited. However, Rylander’s (1999) review of 
fi eld studies relating (1,3)β- d -glucan as a marker of biomass to increased extent of symptoms and 
infl ammation suggested that (1,3)β- d -glucan may be a useful measure of fungal contamination/
exposure in assessing risk of adverse health effects. 

 Several studies indicate that (1,3)β- d -glucan induces nonspecifi c infl ammatory responses. The 
lung lavage fl uid of mice intratracheally instilled with a (1,3)β- d -glucan rich  Pneumocystis carinii  
cell wall fraction demonstrated a neutrophilic infi ltrate and an increase tumor necrosis factor alpha 
(TNFα) levels (Vassallo et al., 2000). Additionally, primary mouse alveolar macrophages stimu-
lated with this cell wall fraction  in vitro  produced proinfl ammatory responses such as the induction 
of TNFα and the potent neutrophil chemoattractant, macrophage-infl ammatory protein-2 (MIP-2) 
(Vassallo et al., 2000). Fogelmark et al. (2001) found daily inhalation exposures of guinea pigs to 
(1,3)β- d -glucan for fi ve weeks resulted in increased number of eosinophils in lung lavage, lung 
interstitium, and airway epithelium as well as an interstitial increase in lymphocytes. Endotoxin did 
not cause these effects and in fact modulated the effects of (1,3)β- d -glucan. 

 Other studies have shown that (1,3)β- d -glucan can enhance allergic responses to known anti-
gens. Studies in mice have demonstrated that mice exposed to aerosolized (1,3)β- d -glucan in an 
ovalbumin (OVA) allergy model had higher levels of OVA-specifi c IgE and IgG1 then mice exposed 
to OVA alone (Ormstad et al., 2000; Wan et al., 1999). Additionally, there was no increase in IgG2a. 
Furthermore, Wan et al. (1999) found that (1,3)β- d -glucan increased eosinophils in lung lavage, as 
well as, increased IL-10 mRNA and decreased IL-12 mRNA in mouse lung cells. Collectively, these 
studies suggest that (1,3)β- d -glucan may act as an adjuvant during the initiation phase of allergic 
responses. 
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 Fungal cell wall components may not be the only source of fungal-induced respiratory irritation. 
Acute exposures to  S. chartarum  (Korpi et al., 2002) and  Aspergillus versicolor  (Korpi et al., 2003a), 
fungi frequently found in water-damaged buildings, provoked a dose-dependent upper respiratory 
tract irritation in mouse airways. The investigators (Korpi et al., 2003b) found that pure β-glucan 
exposure resulted in lower sensory irritation responses than did  A. versicolor  extract. They concluded 
that β-glucan was unlikely to be the major source of the irritation but could not rule out ergosterol 
because its biological effects are unclear. In their  S. chartarum  study, they found that the extract 
caused sensory irritation in both immunized and nonimmunized mice. Additionally, repeated expo-
sures resulted in a signifi cantly increased IgE. Mice intratracheally instilled one time with spores of 
 Streptomyces californicus  isolated from the air of a water-damaged building had elevated proinfl am-
matory cytokines (TNFα and IL-6) in their BALF (Jussila et al., 2001). Additionally, there was a 
dose-dependent increase in BALF total protein, albumin, hemoglobin, and LDH markers indicative 
of cytotoxicity. Jussila et al. (2001) concluded that  S. californicus  is a species capable of inducing 
adverse health effects. 

 37.3.3 Hypersensitivity Pneumonitis (HP) 

 Hypersensitivity pneumonitis (extrinsic allergic alveolitis) (reviewed in Patel et al., 2001), is an aller-
gic lung syndrome considered to be features of both type III (elevated levels of IgG to the antigen) 
and type IV (CD8 �  lymphocytes) hypersensitivity responses. HP is caused by the inhalation of a 
variety of organic dusts. These dusts contain antigenic substances including fungal/bacterial com-
ponents, animal proteins, and some chemicals. Although HP is relatively rare (only 1% of exposed 
individuals develop disease), it is a chronic disease that can progress to disabling or even fatal lung 

FIGURE 37.1 Mice were exposed 4 times to Metarhizium anisopliae extract (MACA), Hank’s balanced 
salt solution (HBSS) (vehicle control), bovine serum albumin (BSA) (negative control), or one time to 
fungal extract (HB/MA) (nonspecifi c infl ammatory control). Before (D0) aand at 1 day (D1) and 3 days 
(D3) following the fourth exposure, the mice were assessed for end points characteristic of allergic lung 
disease. (a) BALF neurotphil infl ux. (b) Eosionphil infl ux. (c) BALF IL-5. (d) Serum total IgE. *Signifi cant 
difference from vehicle and negative controls (p � 0.05). Error bars represent standard error of the mean; 
n � 5–6 (M.D.W. Ward, unpublished data).
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disease. HP, while somewhat diffi cult to characterize, is associated with the predominance of mono-
nuclear infl ammation of the lung interstitium, terminal bronchioles and alveoli. This infl ammation is 
often associated with the most signifi cant clinical feature, granuloma formation, possibly progress-
ing to lung fi brosis. Historically, HP has predominantly resulted from occupational exposures and 
therefore has a variety of names based on occupation or antigen association. Table 37.2 provides a 
list of these along with the strain and species of organisms identifi ed as the causative agent. There are 
a number of reports of HP in mushroom workers attributed to thermophilic actinomycetes (a spore-
forming bacterium) in the organic dusts from compost. However, case studies have also identifi ed 
the product mushroom as the source of disease (Matsui et al., 1992; Nakazawa and Tochigi, 1989; 
Tanaka et al., 2000). Additionally, home exposures to molds have been associated with HP (Yoshida 
et al., 1989; Apostolakos et al., 2001). A nonallergic, noninfectious, respiratory illness caused by 
inhalation of organic dust is organic dust toxic syndrome (ODTS). ODTS is usually an acute self-
limited illness resulting from heavy airborne organic dust exposure. ODTS is superfi cially similar 
to HP. However, in ODTS chest roentgenograms are normal, serology is negative to a HP allergy 
panel, and lung lavage fl uid has an increased number of neutrophils rather than a mononuclear cell 
infl ux. Additionally, repeated exposures do not lead to chronic lung disease as they generally do 
in the development of HP. In one study of 44 mushroom farm workers with chronic cough, 2 were 
diagnosed with HP, 6 with ODTS, 18 with postnasal drip syndrome, 3 with eosinophilic bronchitis, 
and 15 with cough variant asthma (Tanaka et al., 2002). A study of saw mill populations found a 
 Rhizopus micropsporus  ssp.  rhizopoliformis  to be the most prevalent mold associated with symp-
toms ranging from mucous membrane irritation to allergic alveolitis and including ODTS (Eduard 
et al., 1993). Two studies of Swedish farmers with allergic alveolitis and ODTS compared types 
of exposures to microorganisms (spore counts) or moldy agricultural products (hay, grain, etc.) 

FIGURE 37.2 Respiratory immediate and hyperreactivity responses were assessed using enhanced pause 
(PenH) in a BUXCO whole-body plethysmograph. (a) Immediate respiratory physiological responses to 
aspirated Stachybotrys chartarum (SCE-1) in mice exposed to four doses of SCE-1, or Hank’s balanced 
salt solution (HBSS) (vehicle control), or three doses of HBSS plus one dose of SCE-1 (HBSS/SCE-1) 
(nonspecifi c infl ammatory control). (b) Respiratory hyperreactivity responses to doubling doses of metha-
choline at day 1 and day 3 after fi nal exposure as previously described. *Signifi cant difference from 
 controls (p � 0.05). Error bars represent standard error of the mean. (Adapted from Viana et al., 2002.)
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(Malmberg et al., 1988, 1993). Both studies found that the major difference in exposures for the two 
respiratory conditions was that allergic alveolitis appeared to require repeated exposures, whereas 
ODTS was associated with occasional heavy exposure to mold dust. These studies point out the 
various health outcomes from constitutively similar but quantitatively different in both dose and 
pattern of exposures. 

 37.4 MYCOTOXINS 

 Mycotoxins, low-molecular-weight natural products, are secondary metabolites produced by fi la-
mentous fungi. They may be found in all components of fungi, for example, mycelia, spores, and 
matrix of molds (Palmgren and Lee, 1986; Wicklow and Shotwell, 1983). Because these compo-
nents, especially spores, are readily airborne and respirable sizes, ranging from 7 to less than 1 µm 
in diameter (Hendry and Cole, 1993), inhalation is a likely route of exposure to mycotoxins. The 
diseases produced by exposure to mycotoxins are collectively called mycotoxicoses. This section 
describes mycotoxicoses in humans and animals due to inhaled mycotoxins, such as afl atoxins, 
trichothecenes, and ochratoxins. Table 37.3 lists the mycotoxins discussed in this chapter along with 
their toxic effects and structures. 

 37.4.1 Afl atoxins 

 Afl atoxins are found in a variety of crops used for human and animal consumption. The main sources 
for these toxins are  Aspergillus fl avus  and  A. parasiticus,  producing B afl atoxins and B and G afl a-
toxins, respectively. The M afl atoxins are oxidative metabolites of B afl atoxins found in animal and 
human excretions including milk. Among these afl atoxins, afl atoxin B1 (AFB1) is the most potent 
natural carcinogen known (Squire, 1981) and the major afl atoxin produced by the fungi mentioned 
above. Afl atoxins are potent liver toxins and are carcinogenic by ingestion exposure. 

 AFB1 has been detected in respirable dust (Burg et al., 1981) and inhalation exposure has been 
associated with human and animal health effects. Some epidemiological studies showed an asso-
ciation of AFB1-containing grain dust with lung cancer incidence in certain occupational settings 
(Hayes   et al., 1984; Olsen   et al., 1988). Hayes et al. (1984) reported increased mortality for both 
total-cancer and respiratory cancer in afl atoxin-exposed individuals. Olsen et al. (1988) observed 
elevated risks for liver and biliary tract cancers among animal feed workers seemingly involving a 

TABLE 37.2 Example of Occupational Fungi Exposure-Induced Hypersensitivity 
Pneumonitis

HP disease Source Associated Agent
Farmer’s Lung Moldy hay/grain Thermoactinomyces vulgaris

Bagassosis Moldy sugarcane Thermoactinomyces sacchari

Maple bark stripper’s disease Mold bark Cryptostroma corticale

Tobacco-worker’s lung Tobacco mold Aspergillus species

Cheese-washer’s lung Cheese mold Penicillium casei

Woodworker’s lung Moldy wood dust
Wood pulp

P. chrysogenum 
Alternaria species

Summer-type HP Mold in Japanese homes Trichosporon cutaneum

Sauna-taker’s lung Contaminated water Aureobasidium species

Sax lung Saxophone mouthpiece Candida albicans

Paprika-splitter’s lung Paprika Mucor stolonifer
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10-year latency period. Their daily “intake” of AFB1 by pulmonary exposure was estimated to be 
approximately 170 ng. Autrup et al. (1991) found afl atoxin bound to serum albumin, as an index of 
exposure to AFB1, in 7 of 45 workers exposed to AFB1 contaminated feed. Furthermore, 3 of the 7 
serum-bound, afl atoxin-positive workers were known to have high exposures. 

 Jakab et al. (1994) demonstrated immune suppression in laboratory rats and mice exposed to 
AFB1 through either aerosol inhalation or intratracheal instillation, including suppression of alveolar 
macrophage phagocytosis. Additionally, intratracheal instillation also suppressed the primary splenic 
antibody response, suggesting that respiratory tract exposure to AFB1 can damage the adaptive as 
well as innate immune responses. Inhaled afl atoxin may also be carcinogenic (Zarba   et al., 1992). 
In their nose-only aerosol inhalation experiments, rats were exposed for up to 120 min. The amount 
of afl atoxin-N7-guanine adducts in the liver was time-dependently increased, indicating that aerosol 
inhalation is an effective AFB1 exposure route resulting in genotoxic damage in the rat liver. 

 37.4.2 Trichothecenes 

 Trichothecenes are a family of sesquiterpenoid mycotoxins (compounds formed from three isoprene 
units), which include some of the most potent protein synthesis inhibitors known (Ueno, 1983). 
These mycotoxins have immunomodulatory effects in rats and mice (Bondy and Pestka, 2000). 
More than 180 trichothecenes have been identifi ed and are categorized into four types based on 
functional groups attached to the trichothecene ring (Grove, 1993, 1996). Type A trichothecenes, the 
second most toxic category of the trichothecenes, include T-2 toxin, whereas type D trichothecenes 
include macrocyclic trichothecenes, such as satratoxins, verrucarin, and roridin. T-2 toxin and the 
macrocyclic trichothecenes are of concern regarding their inhalation toxicity. 

TABLE 37.3 List of Mycotoxins Mentioned in This Text and Their Adverse Effects in 
Animal Studies

Toxins Source Structure Mode of action Toxic effect
Afl atoxin B1 Aspergillus species

 

O

OO

O

OO OCH3

Formation of DNA 
adduct

Carcinogenic Mutagenic 
Hepatotoxic Teratogenic 
Immunosuppressive

T-2 toxin Fusarium species

 O

O

O

OO

O
O

O

CH3
CH3

CH3

H3C

H3C

H3C

OH
H H

Inhibition of DNA 
and protein synthesis

Immunomodulating 
Cytotoxic

Macrocyclic 
trichothecenes

Stachybotrys, 
Myrothecium, 
and Trichothecium 
species

O

O

O
O

O
O

O O

O

OH

Satratoxin G

Inhibition of DNA and 
protein synthesis

Immunomodulating 
Cytotoxic

Ochratoxin A Penicillium and 
Aspergillus 
species

CH3

Cl

H
O

OOH
NH CO

COOH

CHCH2

Formation of DNA 
adduct 

Protein synthesis 
inhibition Break of DNA 
single strand

Nephrotoxic Hepatotoxic 
Teratogenic 
Carcinogenic 
Immunosuppressive 
Oxidative stress
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 T-2 toxin is found in certain agricultural commodities (e.g., wheat, corn, oat, rice, and rye) that 
become contaminated with  Fusarium sporotrichioides  and  Fusarium poae.  There are few data on 
inhalation exposure of humans to T-2. However, human illness associated with oral exposure to T-2 
toxin occurred in Russia in the 1930s. This toxin was thought to be the main cause of alimentary 
toxic aleukia (Joffe, 1978). People under near famine were forced to consume overwintered grain 
that was contaminated with  F. poae  and  F. sporotrichioides.  The  F. sporotrichioides  species isolated 
from the epidemic produced 4.1 g of T-2 toxin/kg of infected millet (Joffe, 1986). In addition, 
T-2 toxin and other trichothecenes have been detected in the dust from offi ce ventilation system 
(Smoragiewicz   et al., 1993). 

 Studies have been conducted on the acute toxicity of T-2 toxin because of its potential use in 
chemical warfare. In animal experiments assessing the LD

 50 
, inhaled T-2 toxin was at least 10 times 

more toxic than systemic administration and at least 20 times more toxic than dermal exposure 
(Creasia   et al., 1987). In another acute inhalation toxicity study assessing LD

 50 
, inhaled T-2 toxin 

was approximately 20 times more toxic in rats and at least twice as toxic in guinea pigs than intra-
peritoneally administered T-2 toxin (Creasia   et al., 1990). However, these results were not consis-
tently demonstrated in swine (Pang   et al., 1987). 

 Macrocyclic trichothecenes are 10 to 100 times more toxic than other types of trichothecenes 
based on mouse LD

 50 
 studies, HeLa cell cytotoxicity tests, and rabbit reticulocyte protein synthesis 

inhibition assays (Ueno, 1983).  Stachybotrys chartarum  is best known as a producer of macrocyclic 
trichothecenes: mainly satratoxin H, G, F, roridins E and L-2 (Jarvis   et al., 1998; Nielsen   et al., 
1998; Vesper   et al., 2000). Satratoxins have been detected in quantities ranging from 2 to 15 ng/cm 2  
in building materials heavily contaminated by  S. chartarum  (Nielsen   et al., 1998). 

 Human exposure, presumably by inhalation, to  S. chartarum  spores has been associated with 
outbreaks of  Stachybotrys -associated human disease (Dearborn, 1997; Etzel et al., 1998; Johanning 
et al., 1996). Symptoms reported by exposed individuals include recurrent cough, irritation of the 
eyes and skin, mucous membrane disorders, headache, and fatigue, which are also characteristics of 
indoor air illnesses. Notably, pulmonary hemorrhage and hemosiderosis in infants have been associ-
ated with toxigenic  S. chartarum -contaminated homes (Etzel et al., 1998). Spores of this fungus were 
isolated from the lungs of a child with pulmonary hemorrhage (Elidemir   et al., 1999). In addition, 
macrocyclic trichochecenes and other metabolites have been detected in dust and air samples from 
homes contaminated with  Stachybotrys  (Nielsen   et al., 2002; Vesper   et al., 2000; Yike   et al., 1999). 
However, the Centers for Disease Control (CDC) reviewed literature for the role of  Stachybotrys  
mycotoxins in building-related disease and announced that there is inadequate evidence to support a 
causal relationship between symptoms or illness among building occupants and exposure to myco-
toxins (Page and Trout, 2001). With this controversy, a number of review articles about  Stachybotrys  
and their mycotoxins in human health have been published. Evidence is consistent with the pos-
sibility that  Stachybotrys  spores and their toxins may adversely affect human health; however, the 
evidence is not conclusive (Chapman   et al., 2003; Etzel, 2003; Hodgson and Dearborn, 2002; Kuhn 
and Ghannoum, 2003; Miller   et al., 2003; Revankar, 2003; Terr, 2001). 

 In addition, macrocyclic trichothecenes have been etiologically associated with stachybot-
ryotoxicosis in horse and sheep in Central Europe (Bata   et al., 1985; Harrach   et al., 1981, 1983; 
Hintikka, 1978). Clinical fi ndings of this disease include leukopenia, thrombocytopenia, hemor-
rhage, arrhythmias, and death (Forgacs, 1972). Intranasal (Nikulin et al., 1997) and intratracheal 
(Rao et al., 2000b) exposures to  Stachybotrys  spores can cause infl ammation in mouse lungs. 
When the spores are introduced to the lung, the number of alveolar macrophages, which can not 
only phagocytose the spores but also secrete various immune mediators, are increased (Rao   et al . , 
2000b). Relatedly, Rao et al. (2000a) demonstrated that removal of toxins from  Stachybotrys  
spores reduces infl ammatory effects in the lungs of mice. Yike et al. (2002) studied stachybotrys-
toxicosis in infant rats after intratracheal instillation. Death due to hemorrhagic lungs, increased 
respiratory resistance, infl ammation in lungs, and increased macrophages, lymphocytes, and neu-
trophils in BAL fl uid were reported. Extraction of metabolites from spores showed a minimal 
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effect on the parameters measured in BAL fl uid. These studies imply that toxins from the spores 
may enhance the hemorrhagic and infl ammatory response in this organ. Alveolar type II cells are 
sensitive to exposure to  S. chartarum  spores and to macrocyclic trichothecene, isosatratoxin-F in 
a juvenile mouse model (Mason   et al., 2001) and consequently pulmonary surfactant is accumu-
lated in the alveolar space after exposure (Rand   et al., 2002). This increased pulmonary surfactant 
may be a host defense mechanisms or the result of cellular trauma. Recently, localization of satra-
toxin G (SG), macrocyclic trichothecene, after intratracheal exposure was evaluated in mouse 
lungs (Gregory   et al., 2004). Alveolar macrophages and alveolar type II cells showed SG labeling, 
especially in nuclear heterochromatin, RER and/or lysosomes. These observations indicate that 
the alveolar macrophages may play an important role in the sequestration and immobilization of 
the toxin. 

 37.4.3 Ochratoxins 

 Ochratoxins are commonly found in cereal products, especially in barley-containing food products 
that are contaminated with  Penicillium  (mainly  P. verrucosum ) and  Aspergillus  (mainly  A. alutaceus ) 
species of storage fungi. Airborne dust and fungal conidia can also be sources of Ochratoxin A 
(Richard   et al., 1999; Skaug   et al., 2001). Ochratoxin A is a nephrotoxin to all animal species studied 
to date and is most likely toxic to humans (Marquardt and Frohlich, 1992). In addition, ochratoxin A 
is also hepatotoxic, immunosuppressive, teratogenic, and carcinogenic in animal studies (Kuiper-
Goodman and Scott, 1989) and is considered a possible human carcinogen (category 2B) (Beardall 
and Miller, 1994). 

 A case of acute renal failure most likely due to inhalation of ochratoxin was reported in a woman 
spending 8 h in a moldy granary (Di Paolo   et al., 1993). She developed transient respiratory distress 
and within 24 h had developed tubulonecrosis which required over 3 weeks to achieve resolution. 
Exposure to toxins was not demonstrated in this study, but a strain of  A. ochraceus  producing och-
ratoxin was isolated from the wheat. In another study accumulated dust samples in heating duct 
contained 300–1500 ppb of ochratoxin A in a household where signs resembling ochratoxin poison-
ing in animals occurred (Richard   et al., 1999). The human residents complained of increased thirst, 
edema, skin rash, and general lethargy. Ochratoxin A was intratracheal administered in rat and toxi-
cokinetics of ochratoxin A was studied. The lung effi ciently absorbed the ochratoxin; the biological 
half-life of ochratoxin A was 127 h (Breitholtz-Emanuelsson et al., 1995). 

 37.5 CONCLUSIONS 

 In conclusion, respiratory exposures to fungi and fungal extracts have been associated with a variety 
of health effects. Animal studies suggest that both immune-mediated and direct toxic effects may 
result from such exposures. However, to date the database for both human and animal studies is 
rather limited. It is clear that there are still a number of questions, both qualitative and quantitative, 
that need to be answered before the risks associated with indoor exposure to fungi can be adequately 
assessed. Improved exposure assessment capabilities and current public interest make this an area 
that requires and deserves further investigation. 
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 38.1 INTRODUCTION 

  Clostridium botulinum  is a spore-forming, anaerobic gram-positive bacillus found in soils, aquatic 
sediments, and decaying animal carcasses (Sathyamoorthy and DasGupta, 1985; Hatheway, 1989). 
Toxigenic strains of  C. botulinum  elaborate seven antigenically distinct protein neurotoxins (types 
A, B, C1, D, E, F, and G). These botulinum neurotoxins (BoNTs) act primarily on the neuromuscu-
lar junction, causing paralysis of skeletal muscle by impairing the release of the neurotransmitter, 
acetylcholine (ACh). The clinical symptoms of botulism refl ect toxin-induced blockade of ACh 
release from neuromuscular and neuroeffector junctions (Ambache, 1951; Simpson, 1981). 

 The basic syndrome of BoNT intoxication is similar for all naturally occurring forms and does 
not vary appreciably among serotypes (Simpson, 1981; Habermann and Dreyer, 1986; Hatheway, 
1989; Brin, 1997). The earliest symptoms generally include visual disturbances, followed by dys-
phasia, dysphonia, dysarthria, refl ecting an especially high susceptibility of cranial efferent terminals 
to BoNT action (Sellin, 1981; Habermann and Dreyer, 1986; Brin, 1997). A descending general-
ized skeletal muscle weakness may then develop, progressing from the upper to lower extremities. 
Involvement of the diaphragm and intercostal muscles can lead to ventilatory failure and death unless 
appropriate supportive care is provided (Shapiro et al., 1989;   Robinson and Nahata, 2003). Among 
the distinguishing characteristics of botulism are the symmetrical nature of the muscle weakness, 
the descending progression of symptoms, and the absence of central nervous system or sensory 
involvement (Simpson, 1981; Brin, 1997; Shapiro et al., 1989; Hatheway, 1989; Simpson, 2004). 

 38 
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 Symptoms are usually observed 12–36 h after exposure, although onset times as short as 4 h or 
as long as 8 days have been reported (Shapiro et al., 1989). The preponderance of symptoms, includ-
ing the potentially lethal respiratory collapse, stems from inhibition of neuromuscular transmission. 
Gastrointestinal disturbances that sometimes accompany foodborne botulism (constipation, nausea, 
diarrhea) may be of parasympathetic origin (Ambache, 1951); the latter may also be a consequence 
of ingestion of other bacteria or bacterial toxins in the contaminated food product (Lund, 1990; 
Bonventre, 1979). 

 The BoNTs are secreted in an anaerobic environment as relatively inactive 150-kDa single-
chain protoxins (range, 140–167 kDa), surrounded by complex of several associated proteins. The 
protoxin is subsequently cleaved to form the active disulfi de-linked dichain neurotoxin consisting 
of a ~100-kDA heavy chain (HC) and ~50-kDa light chain (LC) (DasGupta and Sugiyama, 1972). 
The BoNTs have three functional domains. The carboxy-terminal end of the HC interacts with 
gangliosides and putative high-affi nity protein receptors of motor neurons (Dong et al., 2003). The 
amino-terminal region of the HC promotes translocation of the LC into the cytosol (Koriazova 
and Montal, 2003). The LC is a zinc-containing endoprotease that cleaves serotype- and substrate-
specifi c sites in the SNARE (soluble  N -ethylmaleamide sensitive factor attachment protein receptors) 
complex, which leads to a cessation of evoked transmitter release (Brin, 1997; Simpson, 2004). 

 Substantial work in the past decade has led to the identifi cation of the targets for the prote-
ase activity of the BoNT LC. Serotypes A and E cleave the active zone protein SNAP-25 near its 
carboxy terminus: type A cleaves the fi nal 9 amino acids and type E cleaves the last 26 residues 
(Schiavo et al., 1993; Binz et al., 1993). Serotypes B, D, F, and G cleave various sites on synap-
tobrevin/VAMP, a small transmembrane protein located on the surface of small synaptic vesicles 
(Schiavo et al., 1992; Yamasaki et al., 1994). Serotype C1 cleaves the active zone protein syntaxin 
as well as SNAP-25 (Blasi et al., 1993; Williamson and Neale, 1998). 

 38.2 MANIFESTATIONS OF BOTULISM 

 38.2.1 Foodborne Botulism 

 Worldwide, BoNT intoxication is most commonly associated with food poisoning, although in the 
United States, infant botulism (see section 38.2.2) is currently more prevalent. Foodborne botulism 
results from ingestion of preformed toxin in foods that are contaminated with toxin spores. For BoNT 
production to occur, the spores must germinate under anaerobic conditions (Hutchinson, 1992). Other 
permissive factors include a low-acid environment (pH � 4.6), water activity �0.94, temperature 
between 4 and 40°C and lack of adequate preservatives (Baird-Parker and Freame, 1967; Shapiro 
et al., 1998). Currently, the primary vehicle for foodborne botulism is improperly prepared home-
preserved food products, often involving vegetables with a low-acid content. Other sources are res-
taurants that use unsafe food preparation procedures and contaminated commercially canned food 
products; the latter has become rare since the introduction of modern canning methods. 

 Although implicated in only a small fraction of all foodborne illnesses (�0.1%), the clinical syn-
drome of botulism is so severe that each outbreak is viewed as a potential health crisis and extensive sur-
veillance and control measures have been mandated by the Centers for Disease Control and Prevention 
(Shapiro et al., 1998). Prompt recognition of an outbreak and early treatment with serotype-specifi c 
botulinum antitoxin is essential to limit the number of casualties and the severity of the disease. 

 In the United States, approximately half of all cases of foodborne botulism (average, 24 per year) 
is caused by serotype A and the remainder is contributed equally by serotypes B and E. Although the 
number of outbreaks of foodborne botulism have remained relatively constant, the case-to-fatality 
ratio has improved markedly; during the fi rst half of the twentieth century, foodborne botulism was 
associated with a 60% mortality, whereas for the past decade, mortality has decreased to less than 
10% of symptomatic individuals (Shapiro et al., 1998).   
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 38.2.2 Infant Botulism 

 Currently the most prevalent form of BoNT intoxication in the United States is infant botulism 
(Arnon, 1998), which is a consequence of ingestion or inhalation of clostridial spores of serotypes 
A or B, which colonize the large intestines, germinate, and elaborate toxin into the bloodstream. 
Young infants, especially between 2 and 4 months of age, are especially susceptible to infant botu-
lism. Although infant botulism may be acquired by inhalation of spores, this differs from “inhalation 
botulism” discussed in section 38.4 because, in the latter, preformed aerosolized toxin rather than 
spores are inhaled. Spores do not generally pose a threat in older infants or in most adults (Arnon, 
1995, 1998; Cox and Hinkle, 2002; Simpson, 2004). 

 The characteristic symptoms of infant botulism are poor sucking, constipation, generalized 
weakness, and respiratory insuffi ciency that can progress to respiratory failure (Cox and Hinkle, 
2002). The risk factors are not completely understood, but the incidence falls sharply after 28 weeks 
of age, which is likely to be related to development of a more diversifi ed intestinal fl ora. The latter 
has been shown to suppress germination and growth of  Clostridium botulinum  spores in mice 
(Sugiyama and Mills, 1978). Honey has been the one product most often implicated in infant botu-
lism and it is therefore recommended that honey not be given to infants in the susceptible age group 
(Spika et al.,1989; Arnon, 1998). 

 Although infant botulism was not recognized until a large outbreak occurred in California in 
1976, it currently accounts for approximately 70% of all cases in the United States (Arnon, 1998; 
Shapiro et al., 1998). Because infant botulism results from a continual elaboration of BoNT, it 
is more effectively treated by antitoxin than is foodborne botulism. A human botulinum immune 
globulin preparation (BabyBIG), containing antibodies to BoNT serotypes A and B, has recently 
been approved by the U.S. Food and Drug Administration for use in infant botulism. In addition, the 
symptoms in infant botulism tend to develop more gradually than in classical foodborne intoxica-
tion, which generally has a more acute presentation. 

 Under rare conditions, adults may manifest a syndrome similar to infant botulism. Such cases 
generally occur in hospitalized patients treated with a long course of multiple antibiotics that elimi-
nate the normally suppressive intestinal fl ora. Other predisposing factors include infl ammatory 
bowel disease and surgical alterations of the bowel (Arnon, 1995). 

 38.2.3 Wound Botulism 

 The rarest form of naturally occurring BoNT intoxication is wound botulism in which  C. botulinum 
 organisms colonize a wound and elaborate toxin; wound botulism currently accounts for less than 
25% of all BoNT outbreaks (Sandrock and Murin, 2001). The majority of cases are caused by 
serotype A and the remainder by serotype B (Shapiro et al., 1998). The neurological symptoms 
of wound botulism differ little from that of foodborne botulism except for the general absence 
of gastrointestinal symptoms. Historically, this form of botulism was so uncommon that it was 
not even recognized until the last half of the twentieth century. From its discovery in 1943 until 
1985, only 33 incidents of wound botulism were documented (Merson and Dowell, 1973; Shapiro 
et al., 1998). An examination of these cases indicated that wounds susceptible to  Clostridium
botulinum  are generally described as penetrating, with avascular areas, but need not appear obvi-
ously infected or necrotic. Additional risk factors include compound fractures and extensive crush 
injuries (Merson and Dowell, 1973; Shapiro et al., 1998). Contamination of wounds with  Clostridium
botulinum  spores leads to germination and colonization at the site of injury; systemic botulism 
occurs from toxin transmitted via the bloodstream to distant targets (Merson and Dowell, 1973). 

 From 1980 to the present time, wound botulism has been observed predominantly in illicit drug 
users, following repeated subcutaneous administration of narcotics, or in individuals with nasal or 
sinus lesions from chronic cocaine abuse (Shapiro et al., 1998; Sandrock and Murin, 2001; Chang and 
Ganguly, 2003). Recent increases in subcutaneous and intranasal routes for drug abuse have led to a 
greater incidence of wound botulism. During the past decade alone, wound botulism in the population 
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above has exceeded the total reported in the preceding 40 years by a factor of almost 3 (Shapiro et al., 
1998; Sandrock and Murin, 2001). Early antitoxin infusion (�12 h after presentation) increases that rate 
of recovery and reduces the need for artifi cial ventilation, whereas use of antibiotics and debridement of 
the wound does not appear to alter the time course of the disease (Sandrock and Murin, 2001). 

 For reasons that are not completely understood, wounds are much more likely to be contami-
nated by  Clostridium tetani  than with  Clostridium botulinum.  Although an aggressive vaccine 
program has nearly eliminated tetanus in developed nations, the absence of universal tetanus vac-
cination in many “third world” countries results in over 300,000 cases of tetanus annually; a large 
number of these occur in neonates, often by infection of the umbilical stump (Snydman, 1989). 

 38.3 BIOWARFARE AND BIOTERRORIST THREAT 

 During and shortly after World War II, BoNT was developed as a biological weapon because of its 
ability to cause extensive morbidity and mortality (Middlebrook and Franz, 1997). BoNT reverted 
once again to this role with the Iraqi stockpiling BoNT prior to the Persian Gulf War of 1991, and 
with the rise of terrorist and “religious” groups such as the Japanese Aum Shinrikyo cult, who have 
not only produced but actually deployed biological and chemical agents (Arnon et al., 2001). As 
a potential biological weapon, BoNT would be used as an aerosol or as a food contaminant. The 
former produces a form of the disease designated as inhalation botulism that is not found in nature 
(Robinson and Nahata, 2003); the latter would produce foodborne botulism, indistinguishable from 
the natural disease with the exception of an unusually large clustering of cases. 

 The critical issues regarding inhalation botulism from the point of view of treatment options are 
potency, rate of onset, and the presence of unique symptoms. 

 38.4 INHALATION BOTULISM 

 38.4.1 Unique Characteristics 

 Relative to the extensive database on naturally occurring botulism, there are comparatively few reports 
on inhalation botulism. With the exception of the single human outbreak described below, there are no 
documented cases of human exposure by the inhalation route; each case of inhalation botulism must 
therefore be viewed with suspicion and considered as a hostile act (Robinson and Nahata, 2003). 

 Among the earliest studies to examine different routes of BoNT administration was that reported 
by Cardella (1964). This author compared intraperitoneal (i.p.), respiratory and oral BoNT challenges 
in guinea pigs. Inhalation was achieved by exposing animals to static aerosols of toxin, and over 60% 
of the particles were smaller than 5 µm in diameter. The results are provided in Table 38.1.   

 Inhalation exposure was found to be intermediate in lethality between i.p. and oral administration. 
This may be surprising at fi rst because many toxins are more lethal by inhalation than by injection. 
Thus T-2 mycotoxin, tetrodotoxin, and saxitoxin are all more toxic by inhalation than by parenteral 
administration (Creasia et al., 1990).   However, it must be borne in mind that BoNT is a large protein, 

Table 38.1 Lethality of BoNT Serotypes A-E by Various 
Routes of Administration in the Guinea Piga

Serotype i. p. Aerosol Oral
A 5.2 141 717

B 4.2 350 306

C1 1.6 87 177

D 4.1 186 436

E 34.3 778 —

a The doses are normalized to mouse i.p. LD
50

 units.
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and aerosolized toxin must gain entry by fi rst binding to receptors in airway epithelial cells and then 
undergo active transport. Because the BoNT receptors in the airways must be fi nite and saturable, 
only a fraction of the inhaled dose may be presumed to gain entry into the general circulation. 

 In an elegant study, Park and Simpson (2003) demonstrated that BoNT/A or the pure HC can 
bind to airway epithelial cells and undergo energy-dependent transcytosis, with net transport being 
in the apical-to-basolateral direction. This was the fi rst direct demonstration of BoNT entry relevant 
to inhalation exposure. 

 38.4.2 Human Case Report of Inhalation Botulism 

 To date, only one human outbreak of inhalation botulism has ever been reported (Holzer, 1962). 
Three laboratory investigators in Germany exposed rabbits and guinea pigs to an aerosol of pure 
BoNT/A that was stabilized by addition of colloids. They performed autopsies on the animals the 
following day wearing protective gloves but no mask or respirator. Exposure to BoNT/A apparently 
occurred when the skin of the animals was removed, and the toxin that was deposited on the fur from 
the aerosol exposure became airborne and was inhaled. All three investigators became symptom-
atic, and in each case, after a 3-day latent period. The most prominent symptoms were dysphagia, 
dysphonia, dizziness, headaches, and blurred vision. All three individuals were hospitalized for 
approximately 1 week, and showed a positive serum test for the presence of BoNT by the mouse 
bioassay. Two of the patients received infusions of equine antitoxin, but it is unclear whether this led 
to a signifi cant improvement in their recovery. The nature of the symptoms and the relatively rapid 
recovery described in this case report, are consistent with systemic botulism involving a relatively 
low dose of toxin. 

 38.4.3 Absence of Specifi c Pulmonary Symptoms from 
Inhalation of BoNT 

 Although BoNT gained entry via the lungs in the above-mentioned human intoxications, no altera-
tion of pulmonary function was reported in any of the three laboratory investigators. Since inhala-
tion of BoNT would be expected to generate high initial concentrations of toxin in the lungs, it may 
be thought that severe pulmonary dysfunction would result from inhalation of aerosolized BoNT. 
However, inhibition of ACh release by BoNT causes relaxation of bronchiolar smooth muscle, 
which would improve rather than depress respiration (Abad Santos et al., 2003). 

 In subsequent animal experiments, it was demonstrated that no specifi c pulmonary alterations 
result from inhalation of BoNT, even at lethal doses (Franz et al., 1993; Gelzleichter et al., 1999). 
This is consistent with fi ndings that (with the possible exception of serotype C1), exposure to BoNT 
does not result in morphological alterations, even at the ultrastructural level (Duchen, 1971). The 
absence of cytotoxicity allows BoNT to be used as a therapeutic agent for the treatment of dystonias, 
movement disorders, and muscle spasms in humans (Brin, 1997). 

 In contrast to BoNT, inhalation of many biowarfare toxins leads to potentially fatal necrotic 
lesions, especially of the airways. Thus, Poli et al. (1996) demonstrated that inhalation of ricin 
in mice led to diffuse airway epithelial necrosis, characterized by severe interstitial edema and 
infl ammation, and that all mice died 48–96 h after an aerosol challenge with ricin. Inhalation of 
anthrax spores has been reported to produce splenomegaly, enlargement of lymph nodes and hemor-
rhages in various organs, particularly the lungs, mediastinum, meninges, and gastrointestinal tract 
(Vasconcelos et al., 2003). Similarly, inhalation of aerosolized staphylococcal enterotoxin B resulted 
in pulmonary lesions that included severe, diffuse interstitial and alveolar pulmonary edema, leuko-
cytic infi ltrates, perivascular edema, and alveolar fi brin deposition (LeClair et al., 1996). 

 38.4.4 Treatment of Inhalation Botulism 

 A critical question for botulinum therapeutics is whether the conventional vaccine and antitoxin 
currently used for foodborne and wound botulism would be effective in treating patients following 
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an inhalation exposure of BoNT. Because inhalation botulism does not occur in nature, and the only 
experience in humans comes from the laboratory workers described earlier, it is necessary to deter-
mine whether the currently used vaccine and antitoxin are effective following inhalation challenge 
of BoNT. 

 38.4.4.1 Effi cacy of the Vaccine (Toxoid) in Inhalation Botulism 

 BoNT serotypes A–E are converted into toxoid for immunization by incubation for several weeks 
in 0.6% formalin at 35 to 37°C under mildly acidic conditions (pH 5.5–6.5) (Cardella, 1964). This 
vaccine has been available for immunization of high-risk individuals, such as laboratory personnel 
who handle BoNT, for over 50 years. There are extensive data on the effi cacy of the pentavalent vac-
cine in oral and i.p. challenge by BoNT but there is comparatively little awareness of its effi cacy in 
inhalation botulism (Cardella, 1964; Shapiro et al., 1998). In experiments where guinea pigs were 
immunized with the pentavalent toxoid and challenged by i.p., oral, or inhalation BoNT, the vaccine 
was found to be equally protective against an inhalation challenge as against challenge by the other 
routes of administration. Guinea pigs that were immunized with 1 ml of pentavalent toxoid were 
able to survive an aerosol challenge of ~2000 LD

 50 
 of BoNT 50 days later (Cardella, 1964). 

 Although the vaccine is effective against an aerosol challenge of BoNT, it is unlikely that the 
population vulnerable to an aerosol attack will have been vaccinated. Two compelling factors argue 
against mass vaccination for botulism. First, the incidence of botulism from natural sources is 
exceedingly rare. During the past three decades, the total number of cases of botulism in the United 
States has averaged approximately 100 per year from all causes (Shapiro et al., 1998). This would 
hardly justify prophylaxis of large segments of the population. Second, BoNT serotypes A and B 
are currently the treatments of choice for movement disorders, and immunized individuals would be 
precluded from this treatment if they developed disorders of muscle tone (Brin, 1997). 

 38.4.4.2 Effi cacy of the Antitoxin in Inhalation Botulism 

 Because a postexposure therapeutic for botulinum intoxication is not currently available (Adler 
et al., 2001), the most effective treatment for BoNT intoxication is infusion of antitoxin as soon as 
possible after exposure is established. Both human- and equine-derived antitoxin have   been tested 
for protection against an inhalation challenge of BoNT, and both were found to be highly effective. 
In a pivotal study, Rhesus monkeys were injected with 8–16 IU/kg of human hyperimmune globulin 
or 14–143 IU of equine F(ab′)

 2 
 antitoxin. These yielded plasma titers of �0.02 to 0.6 IU for BoNT 

serotype A. The animals were challenged head-only with an ~6 LD
 50 

 dose of aerosolized liquid 
BoNT/A 48 h later (Franz et al., 1993). All animals not only survived this challenge but were also 
free of any signs of BoNT intoxication. Animals even survived challenge by BoNT/A 6 weeks after 
a single administration of 16 IU/kg of human hyperimmune globulin. Control animals, on the other 
hand, died 2–4 days after BoNT/A challenge and exhibited clinical signs of intoxication 12–18 hr 
before death. These signs were similar to those observed with other forms of botulism in non-human 
primates and consisted of, in order of onset, muscle weakness, intermittent ptosis, poor head control, 
dysphagia, and fi nally lateral recumbency. 

 Additional experiments were carried out in which the high dose of equine F(ab′)
 2 
 antitoxin 

(143 IU/kg) was given 46 h after an aerosol exposure of BoNT/A. In general, animals that were 
highly symptomatic at the time of antitoxin administration died during the next two days, whereas 
those with minimal or no signs at the time of antitoxin infusion recovered over the next 10 days and 
survived. From these data, the window for antitoxin administration in inhalation botulism is simi-
lar to that for other forms of botulism and is highly dependent on the severity of symptoms before 
therapy is initiated. This is reasonable since antitoxin acts by neutralizing BoNT that is free in cir-
culation or bound to nerve terminals but not yet internalized (Shapiro et al., 1998). 

 A similar study was performed on passively immunized guinea pigs with comparable results 
(Gelzleichter et al., 1999). Animals were injected i.p. with human botulinum immune globulin 
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obtained from volunteers vaccinated with botulinum toxoid to generate a serum titer of 0.25 IU/ml; 
0.25 IU is considered to be protective by the U.S. Centers for Disease Control and Prevention. 
Guinea pigs were challenged 24 h later with aerosolized BoNT serotypes A, B, C1, D, or E at 
doses corresponded to 25 � LCt

 50 
. Ninety percent of guinea pigs survived the aerosol challenge by 

serotypes A, B, and E, and all animals survived challenge by serotypes C and D. It was also found 
that surviving guinea pigs were asymptomatic, thus passive immunization also prevented all BoNT-
related signs. Since the antibodies were derived from human volunteers, these data further suggest 
that the volunteer would have survived inhalation challenge by BoNT. 

 38.5 CONCLUSIONS 

 BoNT is the most toxic substance known to mankind and has the potential for both alleviating a 
variety of muscle disorders (Brin, 1997) and for causing massive loss of life if deployed by terrorists 
or hostile nations (Arnon et al., 2001). BoNT also has its traditional role as the causative agent in 
foodborne, infant, and wound botulism. Deployment of BoNT by terrorists is expected to involve 
food contamination or aerosol exposure. Battlefi eld use of BoNT would most likely involve aerosol 
exposure from exploding munitions or aerial spraying. Although inhalation BoNT has not been well 
studied, there is suffi cient information to indicate that the symptoms would be similar to foodborne 
botulism with the possible exception of diarrhea and nausea, and that the vaccine and antitoxin 
would still be effective. Moreover, the latency would also be similar to that observed for foodborne 
botulism, and the potency would be intermediate between parenteral and oral exposure to toxin. 
Because vaccination is not considered practical for the general population, and the antitoxin has a 
limited window, it is essential to develop therapeutic agents that will inhibit the catalytic activity of 
the LC and restore function in patients exhibiting moderate to severe symptoms (Adler et al., 2001). 
Much progress has already been made in this direction and it is reasonable to expect serotype selec-
tive inhibitors of the LC to be developed by the next decade. 
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 39.1 INTRODUCTION 

 Ricin is an extremely potent toxin (Fodstad et al., 1976) derived from the castor bean,  Ricinus 
communis, Euphorbiaceae,  with an estimated human lethal dose as low as 1 �g/kg. It is a potential 
biological warfare and terrorist threat to military and civilian personnel. No effective antidote cur-
rently exists for toxic exposure to ricin. 

 Ricin is one of four plant toxins, including abrin, modeccin, and viscumin, which have similar 
structure and mechanism of action. Their properties have been reviewed by Olsnes and Pihl (1982a). 
Ricin remains in the residue mash of castor beans from which oils and other materials have been 
extracted by cold-pressing seeds of the plant (Brugsch, 1960). Highly purifi ed ricin is commercially 
available. The toxin is synthesized as a single polypeptide in maturing castor beans where it accu-
mulates in the storage granules of the seeds. The toxin consists of two dissimilar polypeptide chains 
held together by a disulfi de bond, which joins cysteinyl residues near the carboxy terminus of the 
A-chain and the amino terminus of the B-chain. One of these polypeptides (32 kDa, designated the 
A-chain) is a potent inhibitor of protein synthesis. The other (34 kDa, the B-chain) is a galactose- or 
an  N -acetylgalactosamine-binding lectin (Lin et al., 1971; Funatsu et al., 1978; Lord et al., 1987) .

 When administered parenterally to animals, ricin is one of the most toxic compounds known. 
The toxic consequences of ricin are attributed to the biological activity of the A-chain, whereas the 
B-chain function is to bind the toxin to cell surface receptors. During endocytosis, the A-chain of 
ricin is transferred to the cytosol where ribosome inactivation occurs. This results in an inhibition 

  39 
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of protein synthesis by inhibiting elongation factor-2 (EF-2)-dependent GTPase activity of the 
ribosome (Lin et. al, 1971; Nicolson et al., 1975; Olsnes, and Pihl, 1976; Funatsu et al., 1978; Lord 
et al., 1987; Endo et al., 1988; Stirpe et al., 1988; Preijers et al., 1989) .

 When the A-chain of ricin is separated from the B-chain and administered parenterally to animals, 
it has little or no toxicity (Olsnes and Pihl, 1976, 1982b; Lord et al., 1987; Soler-Rodriguez et al., 1992). 
It has been combined with cell-specifi c antibodies to form immunotoxins that are being evaluated in 
phase I and II clinical studies in cancer patients (Mendelsohn, 1991; Byers and Baldwin, 1992; Vitetta 
et al.,, 1993; Ghetie and Vitetta, 1994). The A-chain of ricin is a glycoprotein that is rapidly cleared 
from circulation (Wawrzynczak et al, 1991; Trown et. al., 1991). When the A-chain of ricin toxin is 
deglycosylated (dgRTA), it is cleared from the circulation at a slower rate than the native chain (Blakey, 
and Thorpe, 1986; Foxwell et al., 1987). 

 39.2 AEROSOL PROCEDURES 

 39.2.1 Methods 

 There are various methods and equipment used in research for aerosol delivery. Changes in either 
the method or equipment used to generate and deliver the aerosol can affect the properties of the 
aerosol such as the particle size which can alter the location of ricin deposition within the animal 
(Doebler et al, 1995; Roy et al., 2003; Phalen, 1984). These variations in location of deposition may 
potentially have an impact on the pathogenesis in the case of ricin where the target organ may also be 
the initial site of deposition (Xu et al., 1995; Rauber and Heard, 1985; Fodstad et al., 1984; Baluna 
and Sausville, 1996; Balint, 2000). Therefore, methods and equipment must be carefully reviewed 
when evaluating research data. Data must also be interpreted in light of which animal model was 
used in the research. For example, the use of various strains of inbred and outbred mice have yielded 
different LD

 50 
 levels, different times to death, and different pathology (Wilhelmsen,1997) .

 Inhalation aerosols may be generated and studied by using whole-body exposure chambers, 
nose-only and head only exposure systems, or closed-loop metabolism chambers. The aerosol cham-
ber is designed to accommodate the type of exposure method by allowing the animals head, snout, 
or whole body to be exposed to the generated aerosol. Aerosols can be generated using wet-droplet 
dispersions or dry-powder agent preparations (Baron et al., 2001). Wet preparation of agent is nor-
mally used and is the method of preparation for the studies cited in the following sections of this 
chapter. Wet dispersion of aerosols is normally generated with a collision nebulizer (Neb) and the 
aerosol concentration is normally sampled using all-glass impingers (AGIs) or impactors although 
other types of generators and collection devices are available. The concentration of the sampled 
aerosol may be determined by protein assay, but other methods may be used, such as labeling the 
ricin with fl uorescent dye or radioisotope tags and analyzing the sample for such activity. After the 
amount of ricin in the collected sample is determined, the aerosol concentration (Aero conc.) can 
be calculated as follows (Jemski and Phillips, 1964): 

 Aero conc.
 �g/ml  

� (AGI conc.
 �g/ml 

 � AGI volume.
 ml 

) � (exposure time
 min 

 � AGI flow rate
 ml/min 

) 

 The animal’s minute volume (MV) is either determined by plethysmography just prior to or during the 
exposure. It may also be empirically determined using Guyton’s formula as follows (Guyton, 1947): 

 MV � 2.1 (weight
 gm 

)  0.75  

 The total amount of ricin the animal inhaled from the aerosol exposure can be calculated with the 
following formula (Jemski and Phillips, 1964): 

 Total dose � Aerosol conc.
  �g/ml  

� Minute volume
 ml 

 � Exposure time
 min 
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 The effi ciency of the system for delivering the toxin is refl ected in the spray factor (SF). The SF 
is the ratio between the number of organisms in the aerosol and the number of organisms from the 
suspension from which the aerosol was generated. The SF can be derived from the following formulas 
(Miller and Gremillion, 1963). 

 SF � Microorganisms per liter of aerosol/ microorganism per liter of liquid suspension 
 SF �  [(AGI conc.

  �g/ml 
 � AGI volume.

 ml 
) � (exposure time

 min 
 

� AGI total flow rate 
 ml/min 

)] � nebulizer conc.
 �g/ml 

 

 The concentration of suspension from which the aerosol was generated is known as the starting 
concentration (Cst) and can be calculated as shown below. The historical spray factor (hSF) can be 
determined by averaging the SFs of previous sprays that used the same methods and starting con-
centrations (Miller and Gremillion, 1963). 

 Cst � Aerosol concentration/spray factor 
 Cst � [(Dose/animal   

 �g 
) / (MV 

 ml 
 � time 

 min 
)] / hSF 

 39.3 ANIMAL TOXICOLOGY 

 39.3.1 Mice and Rats 

 A well-characterized mouse inhalation model (Hewetson et. al., 1996) was developed to study 
toxicity of aerosolized ricin. An inbred strain of mice (BALB/c) has been used in most of the ricin 
toxicity studies. The median lethal dose (LD

 50 
) of ricin by whole-body aerosol route of expo-

sure was 11.2 �g/kg, with 95% confi dence limits of 10.0 to 12.8 �g/kg. Similar results (12.1 and 
14.8 �g/kg) were obtained using a different source of ricin in whole-body aerosol exposure to BALB/c 
mice (Wilhelmsen, 1997). However, there appears to a strain susceptible to ricin toxicity by aerosol 
exposure (Wilhelmsen, 1997). The most susceptible strain was BXSB (LD

 50  
�2.8 �g/kg) and the 

least susceptible strain was BALB/c. Other strains and the outbred stock were intermediated in 
susceptibility (LD

 50  
NIH Swiss �4.9 �g/kg; LD

 50 
 CBA/J, C57BL/6J, C2H/HeJ �5.3 �g/kg; LD

 50 
 

A/J �8.2 �g/kg; LD
 50 

 C3H/HeN �9.0 �g/kg). 
 The onset of illness, morbidity, and death is very rapid in mice. While we are dedicated to reduc-

ing distress in all animals, it is diffi cult to identify terminally ill mice that should be euthanized 
without jeopardizing the integrity of the study. Time to death is dose dependent and can vary from 
3 to 12 days for aerosol exposure. On day 1 after aerosol challenge, the lungs of the mice exposed to 
a lethal dose of ricin had perivascular edema, alveolar fl ooding, acute peribronchovasculitis, acute 
bronchitis, acute alveolitis, perivascular cuffi ng, and eosinophilia. The bronchiolar alveolar lavage 
(BAL) fl uid had a marked increase in the albumin concentration on day 1 after exposure to a lethal 
dose of aerosolized ricin. An elevation in the albumin concentration in the BAL fl uid is considered 
to be a biochemical marker of lung injury. In contrast, in mice injected with a lethal i.p. dose of ricin, 
the only pathological lesion was necrosis in some of the rapidly dividing tissues such as lymphoid 
tissue and intestinal cells. From the observation in the mouse model, it can be concluded that inhaled 
ricin is a very severe lung toxin. 

 Similar conclusions were indicated from ricin inhalation studies in the rat (Assard et al., 1993; 
Fritz et al., 1993; Langford et al., 1993; Griffi ths et al., 1994, 1995). The lesions induced by acute 
inhaled ricin intoxication in rats were confi ned to the lung and consisted of intraalveolar edema, acute 
alveolitis, and diffuse necrosis of the epithelium lining the lower respiratory tract. Intoxicated rats 
died in 29–32 h postexposure to inhaled ricin. Death was attributed to rapid pulmonary fl ooding that 
could no longer compensate for the dynamic accumulation of edema fl uid. In Fisher rats exposed to a 
sublethal dose of inhaled ricin (Steele et al., 1995), light microscopic changes were fi rst noted at 16 h 
postexposure. By 24 h, there was extensive debris within alveoli, admixed with few granulocytes, and 

4049_C039_r03.indd   9754049_C039_r03.indd   975 11/15/2005   4:50:45 PM11/15/2005   4:50:45 PM



976 Inhalation Toxicology

detached type II pneumocytes. Also, segmental and single-cell necrosis of bronchiolar was observed 
at 24 h postexposure. Pulmonary edema was evident by 32 h postexposure. Between 16 and 48 h  
postexposure to inhaled ricin, macrophages were not observed within alveoli. Macrophages were also 
absent in bronchoalveolar fl uid after exposure to inhaled ricin (Assard et al., 1993). Thus, an intrigu-
ing hypothesis was proposed in which alveolar macrophages were postulated to mediate pulmonary 
damage and alveolar edema after exposure to lethal doses of inhaled ricin. 

 In contrast, the lesions induced by lethal parenteral doses of ricin in laboratory rodents, rab-
bits, and ruminants include lymphocytic necrosis of lymphoid organs; hemorrhages, necrosis, 
hyaline droplets, and fi brin thrombi in the liver; hemorrhages and necrosis in the adrenal glands; 
tubular hyaline changes in the kidney; degeneration of the heart muscle; and congestion and 
hemorrhages of the gastrointestinal tract (Flexner, 1897; Waller et al., 1966; Bingen et al., 1987; 
Griffi ths et al., 1987) .

 39.3.2 Non-Human Primate (NHP) 

 Because there are no reported observations on the toxicity of ricin in humans, studies were initiated 
in NHP models. A pilot study (Pitt, 1995) was done on toxicity of inhaled ricin in rhesus monkeys 
( Macaca mulatta).  Because of the prevalence of naturally occurring viral infections in rhesus mon-
keys, it was decided to use African green (C hlorocebus aethiops)  monkeys in future studies. The 
estimate of the median lethal dose determinations for the two species of monkeys was by the staircase 
method of statistical analysis. The African green monkeys (LD

 50 
 5.8 �g/kg) appeared to be slightly 

more susceptible to the lethal affects of inhaled ricin than the rhesus monkeys (LD
 50 

 15 �g/kg). At 
an inhaled dose of ricin ranging from 21.0 to 41.8 �g/kg, the rhesus monkeys died in 36 to 40 h. The 
most consistent gross and microscopic lesions were confi ned to the respiratory system. All rhesus 
monkeys exposed to inhaled ricin had multifocal to coalescing fi brinopurulent pneumonia, diffuse 
necrosis, acute infl ammation of airways, and nearly diffuse alveolar fl ooding, with peribrovascular 
edema (Wilhelmsen and Pitt,1996). They also had purulent traceitis, fi brinopurulent pleuritis, and 
purulent mediastinal lymphadenitis. All of which led to serve respiratory distress and death. 

 As with mice, the onset of illness, morbidity, and death in the monkey is very rapid. In the African 
green monkeys, a dose-related (3–96 �g/kg) time-to-death (20–72 h) was observed for six nontreated 
animals (Wannemacher et al., 2004). Clinical signs included elevated body temperature (2–3°C) on 
day after exposure, decrease in food intake, slow to sluggish activity, antisocial to depressed behavior, 
and rapid and labored breathing. All the monkeys on gross examination had lungs with hemorrhage, 
congestion, and edema that was bilateral, multifocal, and moderate with serosanguinous pleural effu-
sion. The primary histological lesions were restricted to the lungs and consisted of varying severity of 
an acute to subacute, fi brinohemorrhagic pneumonia with edema fi lling alveoli and/or expanding of 
the adventitial tissue surrounding bronchioles and medium arterioles. Multifocally, there were areas 
of necrosis that involved alveolar septa and bronchiolar mucosa. 

 Three of the monkeys on the median lethal dose study were exposed to lower doses (0.8–7.7 �g/kg) 
of inhaled ricin and survived for 12 weeks postexposure at which time they were euthanized and nec-
ropsied. All had the following clinical signs that were dose-related in severity, including elevated body 
temperature, decrease in food intake, slow to sluggish activity, antisocial to depressed behavior, loss of 
body weight, elevated serum LDH, decreased serum albumin, and chest x-rays that indicated areas of 
increased lung opacity and alveolar consolidation. At necropsy, the lungs of all three monkeys were 
pink and of normal consistency. Histology lung lesions were dose related and varied from pulmonary 
architecture that was within normal limits to the lungs that had moderate interstitial fi brosis, mild inter-
stitial and periateriolar edema, and lymphangiectasia. 

 The lesions of acute inhaled   ricin intoxication in NHP closely resembled those reported in 
mice, rats, rabbits, and ruminants, which suggests that similar lung lesions could be seen in humans 
exposed to inhaled ricin. 
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 39.4 TREATMENT/PREVENTION OF INHALED RICIN 
INTOXICATION 

 39.4.1 Mice and Rats 

 39.4.1.1 Effi cacy of Therapeutics against Inhaled Ricin 

 Approximately 100 compounds have been screened in an  in vitro  cell system for ricin therapy. 
A few of these were protective in the cell system but none were effi cacious in preventing or 
treating ricin intoxication in a mouse model. At the present time, the only treatment for ricin 
intoxication is supportive therapy for respiratory distress. 

 39.4.1.2 Effi cacy of Vaccines against Inhaled Ricin 

 The fi rst-generation vaccine was a formalin-inactivated ricin toxoid. This vaccine did protect vacci-
nated mice from parental or inhaled exposure to ricin (Hewetson et al, 1995). Although this vaccine 
was effi cacious, some concerns were raised about its safety, the possibility of reversion to native 
toxin, and manufacturing procedures. Therefore, a second-generation vaccine was recommended 
that overcame some of the concerns with ricin toxoid. The A-chain of ricin contains an epitope that 
is highly antigenic and induces neutralizing antibodies (Lemley et al., 1994). Thus, a subunit vac-
cine was selected as a second-generation candidate. 

 Because chemically deglycosylated ricin A-chain (dgRTA) is cleared from the circulation at a 
slower rate than the native chain (Blakey and Thorpe, 1986; Foxwell et al., 1987), it was evaluated 
for effi cacy in vaccinated rats and mice against lethal intoxication from parenteral or inhaled ricin 
challenge (Hewetson et al., 1996). The dgRTA stimulated high-neutralizing serum antibodies that 
protected the animals from lethal effects of parenteral and inhaled ricin challenge and reduced the 
severity of lung injury. Approximately 140,000 doses of the dgRTA vaccine were produced under 
cGMP procedures as a lyophilized product, which were stored under GLP condition at –20°C. This 
product was tested periodically for potency, which continued to remain highly effi cacious over seven 
7 years of storage. However, although this dgRTA vaccine was shown to be safe in short- and long-
term studies in mice, this vaccine still contained an active enzyme site, which if transported into a 
cell, would be cytotoxic. In addition, the current manufacturing process did not meet cGMP require-
ments for a licensed vaccine and dgRTA tented form aggregates when reconstituted in water. Thus, 
a third-generation vaccine effort began during which a recombinant ricin toxin A-chain (rRTA) 
mutant was produced in which the enzymatic site was inactivated. 

 The development of this third-generation vaccine involved computer modeling of rRTA mutants, 
synthesis of synthetic genome, expression of the rRTA mutant in  Escherichia coli,  and purifi ca-
tion of the rRTA protein (Olson et al., in press). Once purifi ed, the mutants of rRTA were tested 
for alteration in enzyme activity and the ability to protect against ricin challenge. Five mutants of 
rRTA were produced that had no measurable enzymatic activity and were evaluated for effi cacy in 
a mouse model against lethal i.p. and aerosolized ricin challenge. While all fi ve of the recombinant 
candidates offered some protection against i.p. and aerosolized ricin, one vaccine candidate, with 
deletions at positions 33–44 and 199–206 in the ricin A-chain (1–33/44–198 rRTA), at 10-�g/mouse 
protected 100% of mice that were boosted three times (0, 4, and 8 weeks) and challenged with aero-
solized ricin (Table 39.1). This product was very soluble in phosphate-buffered saline (PBS) and did 
not form aggregates. Therefore, the 1–33/44–198 rRTA was selected as the lead recombinant ricin 
vaccine candidate. However, even though the 1–33/44–198 rRTA protected the mice against aerosol-
ized ricin, the serum anti-ricin IgG concentrations were approximately one tenth those obtained with 
a similar amount of dgRTA. The incorporation of an adjuvant (0.2% Alhydrogel) with 1–33/44–198 
rRTA increased the anti-ricin IgG concentrations to one half or equal to those observed with dgRTA, 
while it had no effect on anti-ricin IgG concentration of the nonrecombinant vaccine. 
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 While vaccinated mice did survive an aerosol challenge of at least 100 LD
 50  

of inhaled ricin, 
some lung damage was present in these survivors. Mice vaccinated with dgRTA and those that sur-
vived challenge with aerosolized ricin toxin at 3 months after the last immunization injection were 
euthanized and necropsied on days 14, 28, 56, and 112 postchallenge. The lungs were examined 
histologically to determine the long-term sequelae of ricin toxin challenge in mice vaccinated with 
the candidate ricin toxin vaccine. Changes attributable to ricin challenge gradually resolved at each 
subsequent examination time point. There was moderate infi ltration of the perivascular interstitium 
by lymphocytes, eosinophils, plasma cells, and macrophages (perivasculitis); moderate goblet cell 
metaplasia of bronchiolar epithelium; minimal to mild infi ltration of alveoli by infl ammatory cells 
(alveolitis); and minimal alveolar histiocytosis in all mice at day 14 postchallenge. One mouse 
also exhibited mild bronchiolo-alveolar fi broplasia at day 14. The histopathological changes were 
reduced in incidence and severity, and eosinophils were no longer a prominent feature of the perivas-
culitis at day 28. By days 56 and 112, perivasculitis and goblet cell metaplasia were generally mini-
mal; mild alveolitis and minimal alveolar histiocytosis were present in only one mouse. Fibroplasia 
was not observed. Thus, in vaccinated mice, this is was a self-limiting lung injury with no long-term 
effects. 

 When ricin toxoid vaccine with and with out liposomal encapsulation was delivered intratrache-
ally or by subcutaneous injection in rats, it elicited a good immune response and protected them 
from lethal intratracheal instillation of ricin (Griffi ths et al., 1997, 1998). Recombinant ricin A-chain 
(RTA) given subcutaneously but not intratracheally protected rats from lethal intratracheal instilla-
tion of ricin (Griffi ths et al., 1998). Intratracheal instillation of a liposomal formulation of RTA vac-
cine improved the immune response, lung protection, and survival of rats challenged with a lethal 
dose of instillation of ricin (Griffi ths,, et al., 1998, 1999) .

 39.4.1.3 Effi cacy of Antiricin Antibody against Inhaled Ricin 

 Affi nity-purifi ed mouse antiricin IgG in doses up to 100 �g were given to mice by intranasal instil-
lation. When these mice were challenged with aerosolized ricin toxin, all the high-dose mice died 
with severe injury to one lobe of the lung (Poli et al., 1996). The study was repeated with adminis-
tration of the antibody by small-particle aerosol. Each group of mice was challenged with a lethal 
dose of aerosolized ricin toxin at 1 hour after antibody exposure. Survival data are summarized in 
Table 39.2. Fourteen of 16 mice treated with aerosolized antiricin IgG survived with minimal lung 
damage. The two nonsurvivors had obstructions due to proximal airway epithelial damage. In con-
trast, all 19 mice treated with inhaled, nonspecifi c IgG died with severe lung injury after exposure 
to aerosolized ricin toxin. These studies clearly demonstrated that localized antiricin can protect the 
lung from injury by inhaled ricin toxin. 

Table 39.1 Summary of Survival and Preexposure Antibody 
Concentrations of Mice Vaccinated with (1-33/44-198 rRTA) � Adjuvant 
against Aerosol Exposure to Lethal Doses of Ricin Toxina

Antigen Survival (alive/total) Anti-Ricin IgG, mg/ml
1-33/44-198 rRTA 10/10 0.15 � 0.04b

1-33/44-198 rRTA � 0.2% 
Alhydrogel

10/10 0.81 � 0.12

Chemically dgRTA 10/10 0.95 � 0.15

Phosphate-buffered saline  0/10 �0.01

a Average whole-body exposure to between 5 and 10 LD
50

s of ricin toxin.
b Average � standard error.
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 In a second study, mice were pretreated with an intravenous (i.v.) injection of 100 �g of affi nity-
purifi ed mouse, antiricin IgG or nonspecifi c mouse IgG (control IgG) at 24 h before exposure to 
3–6 LD

 50 
 of inhaled ricin. Other groups of mice were treated i.v. with 100 �g of affi nity-purifi ed 

mouse, antiricin IgG or normal mouse IgG at 1, 6, 24, 48, and 72 h after exposure to 3–6 LD
 50 

 
of inhaled ricin. All the mice pretreated with antiricin survived the challenge with inhaled ricin, 
whereas all pretreated with control IgG died. 

 An i.v. injection of antiricin IgG completely protected the mice 1 to 6 h after exposure to inhaled 
ricin. By 24 h postexposure to inhaled ricin, antiricin IgG failed to protect any of the mice for from 
lethality but it did extend survival time from 3 to 6 days. Thus, a short window of opportunity exists 
for treating intoxication from inhaled ricin with heterogeneous antiricin IgG. 

 39.5 RISK FOR INHALED RICIN 

 The potential use of biological agents as offensive or terrorist weapons has recently been reviewed 
in a number of articles (Cadule, 1997; Christopher et al., 1997; Franz and Jaxx, 1997; Simon, 1997; 
Zilinskas, 1997). Approximately 10 or more countries are thought to have development programs 
for biological weapons. Because of its relatively high toxicity and its extreme ease of production, 
ricin toxin, code-named Compound W, was considered for weaponization by the United States during 
its offensive Biological Warfare Program. The U.S. Chemical Warfare Program began studying ricin 
as a weapon near the end of World War I. Work in collaboration with the British resulted in develop-
ment of the W bomb in World War II. The weapon was tested but apparently never used in battle 
(Cookson and Nottingham, 1969). Ricin toxin was used in the highly publicized assassination of 
Bulgarian defector Georgi Markov (Crompton and Gail, 1980). Because ricin intoxication is a rela-
tively uncommon occurrence in human medicine, no concerted effort was made to produce specifi c 
therapies or prophylactic measures until the early 1990s, when ricin was perceived to be a signifi -
cant biological warfare threat. In recent years, ricin toxin has become a favorite tool of extremist 
individuals or groups who seek to harm others, including the recent sample found in the mail of the 
senate building. The major threat from ricin is powdered material that could be inhaled to cause lung 
injury and/or death. 
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Table 39.2 Protection of Mice from Inhaled Ricin Toxin 
with Aerosolized Antiricin IgG

Group
Inhaled antibody dose,

µg/mouse 14 day survival

Control, nonspecifi c IgG  54 0/19

Anti-ricin toxin IgG 24 8/8

Anti-ricin toxin IgG 82 6/8

4049_C039_r03.indd   9794049_C039_r03.indd   979 11/15/2005   4:50:45 PM11/15/2005   4:50:45 PM



980 Inhalation Toxicology

 Research was conducted in compliance with the Animal Welfare Act and other federal statutes 
and regulations relating to animals and experiments involving animals and adheres to principles 
stated in the Guide for the Care and Use of Laboratory Animals, National Research Council, 1996. 
The facility where this research was conducted is fully accredited by the Association for Assessment 
and Accreditation of Laboratory Animal Care International. 

 Opinions, interpretations, conclusions, and recommendations are those of the authors and are 
not necessarily endorsed by the U.S. Army. 

 REFERENCES 

 Assard, A., Wilhelmsen, C., Pitt, L., Swauger, J., Kokes, J., Parker, G., and Franz, D., Ricin, a plant toxin, 
induces acute lung injury and high permeability pulmonary edema in rats (Abstr.),  Am. Rev Respir. Dis. , 
147,   A361m 1993. 

 Baron, P.A. and Willeke, K.,  Aerosol Measurement , 2nd ed.,, John Wiley and Sons, New York, 2001k, pp. 644–650, 
1053–1063. 

 Balint, G.A., Ultrastructural study of liver cell damage induced by ricin,  Exp. Toxicol Pathol. , 52, 413–417, 2000. 
 Baluna, R. and Sausville, E.A., Decreases in levels of serum fi brinonectin predict the severity of vascular leak 

syndrome in patients treated with A chain-containing immunotoxins,  Clin. Cancer Res. , 2, 1705–1712, 
1996. 

 Bingen, A., Creppy, E.E., Gut, J.P., Direimer, G., and Kirn, A., The Kupffer cell the fi rst target in ricin-induced 
hepatitis,  J. Submicrosc. Cytol. , 19,   247–256, 1987. 

 Blakey, D.C. and Thorpe, P.E., Effect of chemical deglycosylation on the in vivo fate of ricin A-chain,  Cancer 
Drug Deliv.,  3,   189–196, 1986. 

 Brugsch, H.G., Toxic hazards (the castor bean),  N. Engl. J. Med.,  262, 1039–1040, 1960. 
 Byers, V.S. and Baldwin, R.W., Targeted kill: from umbrellas to monoclonal antibodies,  J. Clin. Immunol. , 12,  

 391–405, 1992. 
 Cadule, L.C., III, The biological warfare threat, in  Textbook of Military Medicine , Zajtchuk, R. and Bellamy, 

R.F., Eds., Offi ce of the Surgeon General, Department of the Army, United States of America, 1997, 
pp. 451–466. 

 Cookson, J. and Nottingham, J.,  A Survey of Chemical and Biological Warfare , Monthly Review Press, 
New York, 1969,   6, 1969. 

 Christopher, G.W., Ciesalk, T.J., Pavlin, J.A., and Eitzen, E.N., Jr., Biological warfare. A historical perspective, 
 JAMA , 278, 412–417, 1997. 

 Crompton, R. and Gail, D., Georgi Markov: Death in a pellet,  Med. Leg. J. , 48, 51–62, 1980. 
 Doebler, J.A., Wiltshire, N.D., Mayer, T.W., Estep, J.E., Moeller, R.B., Traub, R.K., Brommfi eld, C., Calamato, 

C.A., Thompson, W.L., and Pitt, M.L., The distribution of [125I]ricin in mice following aerosol inhala-
tion exposure,  Toxicology , 98,   137–149, 1995. 

 Endo, Y., Tsurugi, K., and Lambert, J.M., The site of action of six different ribosome-inactivating proteins from 
plants on eukaryotic ribosomes: the RNA N-glycosidase activity of the proteins,  Biochem. Biophys. 
Res. Commun. , 150,   1032–1036, 1988. 

 Flexner, S., The histological changes produced by ricin and abrin intoxication,   J. Exp. Med. , 2,   187–216, 1897. 
 Fodstad, O., Olsnes, S., and Pihl, A., Toxicity, distribution and elimination of the cancerostatic lectins abrin and 

ricin after parenteral injection into mice,  Br. J. Cancer , 34, 418–425, 1976. 
 Fodstad, O., Kvalheim, G., Godal, A., Lotsberg, J., Aamdal, S., Host, H., and Phil, A., Phase I study of the plant 

protein ricin,  Cancer Res. , 44, 862–865, 1984. 
 Foxwell, B.M., Blakey, D.C., Brown, A.N., Donovan, T.A., and Thorpe, P.E., The preparation of deglycosyl-

ated ricin by recombination of glycosidase-treated A- and B-chains: effects of deglycosylation on 
toxicity and in vivo distribution,  Biochim. Biophys. Acta , 923,   59–65, 1987. 

 Franz, D.R. and Jaxx, N.K., Ricin toxin, in  Textbook of Military Medicine , Zajtchuk, R. and Bellamy, R.F., Eds., 
Offi ce of The Surgeon General, Department of the Army, United States of America, 1997, pp. 631–642. 

 Fritz, D.L., Connolly, B., Pitt, M., and Langford, M.J., Ultrastructural fi ndings in rats fi nding in rats following 
lethal ricin inhalation (Abstr.),  Vet. Pathol. , 30, 482, 1993. 

 Funatsu, G., Mise, T., Matsuda, H., and Funatsu, M., Isolation and characterization of two constituent polypeptide 
chains of ricin E,  Agric. Biol. Chem. , 42,   851–859, 1978. 

4049_C039_r03.indd   9804049_C039_r03.indd   980 11/15/2005   4:50:45 PM11/15/2005   4:50:45 PM



Inhalation Ricin: Aerosol Procedures, Animal Toxicology, and Therapy 981

 Ghetie, M.-A. and Vitetta, E.S., Recent developments in immunotoxin therapy,  Curr. Opin. Immunol. , 6,   707–714, 
1994. 

 Griffi ths, C.D., Allenby, A.C., Bailey, S.C., Hambrook, J.L., Rice, P., and Upshall, D.G., The inhalation toxicity 
of ricin purifi ed ‘in house’ from seeds of  Ricinus communis var zanzibariensis , Chemical and Biologi-
cal Defense Establishment Technical Paper 742, Ministry of Defense, Porton Down, Salisbury, UK, 
 Vaccine , 15,   1933–1939, 1994. 

 Griffi ths, C.D., Bailey, S.C., Hambrook, J.L., and Keyte, M.P., Local and systemic response against ricin toxin 
promoted by toxoid or peptide vaccines alone or in liposomal formulations,  Vaccine , 16,   530–535, 
1998. 

 Griffi ths, C.D., Leek, M.D., and Greek, D.G., The toxic plant proteins ricin and abrin induce apoptotic changes 
in mammalian lymphoid tissue and intestine,  J. Pathol. , 50,   221–229, 1987. 

 Griffi ths, C.D., Philips, S.C., and Bailey, S.C., Comparison of the quality of protection elicited by toxoid and 
peptide liposomal vaccine formulations against ricin as assessed by markers of infl ammation,  Vaccine , 
17,   2562–2568, 1999. 

 Griffi ths, C.D., Rice, P., Allenby, A.C., Bailey, S.C., and Upshall, D.G., Inhalation toxicology and histopathology 
of ricin and abrin,  Inhalation Toxicol. , 7,   269–288, 1995. 

 Guyton, A.C., Measurement of the respiratory volume of laboratory animals,.  Am. J. Physiol. , 150, 70–77, 1947. 
 Hambrook, J. L., Keyte, M., Jayasekera, P., Miles, J., and Williamson, E., Liposomally-encapsulated ricin 

toxoid vaccine delivered intratracheally elicits a good immune response and protects against a lethal 
pulmonary dose of ricin,  Vaccine , 15,   1933–1939, 1997. 

 Hewetson, J.F., Assaad, A., Teters, D.R., Kotes, J.M., Washington, E., Tammariello, R., and Wade, J., Immune 
response and protection of rats and mice from ricin aerosol exposure after vaccination with deglycosylated 
ricin A chain (Abstr.),  Fundam. Appl. Toxicol. , 30 Suppl. (The Toxicologist), 59, 1996. 

 Hewetson, J.F., Rivera, V.R., Lemely, P.V., Pitt, M.L., Creasia, D.A., and Thompson, W.L., A formalinized 
toxoid for protection of mice from inhaled ricin,  Vaccine Res. , 4, 179–187, 1995. 

  Jemski, J.V. and Phillips, G.B., Aerosol Challenge in Animals,  U.S. Army Medical Research Institute of Infec-
tious Disease Technical manuscript 144, Fort Detrick, MD, 1964, pp. 22–31. 

Langford, M.J., Pitt, M.L., and Jaax, N.K., Pulmonary lesions in adult male rats exposed to an acute lethal dose 
of aerosolized ricin (Abstr.),  Vet. Pathol. , 30,   479, 1993. 

 Lemley, P.V., Amanatides, P., and Wright, D.C., Identifi cation and characterization of a monoclonal antibody 
that neutralizes ricin toxicity  in vitro  and  in vivo, Hybridoma , 13,   417–421, 1994. 

 Lin, J.Y., Liu, K., Chen, C.-C. and Tung, T.-C., Effect of crystalline ricin on the biosynthesis of protein, RNA 
and DNA in experimental tumor cells.  Cancer Res.,   31,  921–924, 1971. 

 Lord, J.M., Gould, J., Griffi ths, D., O’Hare, M., Prior, B., Richardson, P.T., and Roberts, L.M., Ricin: cytotoxicity, 
biosynthesis and use in immunoconjugates,  Prog. Med. Chem. , 24,   1–28, 1987. 

 Mendelsohn, J., Immunotoxins: prospects and problems,  J. Clin. Oncol. , 9,   2088-2090, 1991. 
 Miller, O.T. and Gremillion, G.G., Respiratory exposure of animals to microorganisms with the Henderson 

Apparatus, USAMRIID technical manuscript 39, 1963. 
 Nicolson, G.L., Lacorbiere, M., and Hunter, T.R., Mechanism of cell entry and toxicity of an affi nity-purifi ed 

lectin from  Ricinus communis  and its differential effects on normal virus-transformed fi broblasts,  Cancer 
Res. , 35,   144–155, 1975. 

 Olsnes, S. and Pihl, A., Abrin, ricin and their associated agglutinins, in  The Specifi city and Action of Animal, 
Bacterial and Plant Toxins: Receptors and Recognition , Series   B, Vol. 1, Cuatrecasas, P., Ed., Chapman 
and Hall, London, 1976, pp. 129–173. 

 Olsnes, S. and Pihl, A., Toxic lectins and related proteins, in  Molecular Action of Toxins and Viruses , 
van Heiningen, G., Ed., Elsevier Biomedical Press, Amsterdam, 1982, pp. 51–105. 

 Olson, M.A., Carra, J.H., Roxas-Duncan, V., Wannemacher, R.W., Smith, L.A., and Millard, C.B., Finding a 
new vaccine in the ricin protein fold,  PEDS , 17, 391–397, 2004. 

 Pitt, M.L.M., Effi cacy of Formalinized Ricin Toxoid in Nonhuman Primates, U.S. Army Medical Research 
Institute of Infectious Disease Report, 1995. 

 Phalen, R.F.,  Inhalation Studies: Foundation and Techniques , CRC Press, Boca Raton, FL, pp. 38. 
 Poli, M.A., Rivera, V.R., Pitt, M.L., and Vogel, P., Aerosolized specifi c antibody protects mice from lung injury 

associated with aerosolized ricin exposure,  Toxicon , 34, 1037–1044, 1996. 
 Preijers, F.W., De Witte, T., Wessels, J.M., De Gast, G.C., Van Leeuwen, E., et al., Autologous transplantation 

of bone marrow purged in vitro with anti-CD7-(WT1-) ricin A immunotoxin in T-cell lymphoblastic 
leukemia and lymphoma,  Blood , 74,   1152–1158, 1989. 

4049_C039_r03.indd   9814049_C039_r03.indd   981 11/15/2005   4:50:46 PM11/15/2005   4:50:46 PM



982 Inhalation Toxicology

 Rauber, A. and Heard, J., Caster bean toxicity re-examined: A new perspective,  Vet. Hum. Toxicol. , 27, 498–502, 
1985. 

 Roy, J.C., Hale, M., Hartings, J., Pitt, L., and Dunibo, S., Impact of inhalation exposure modality and particle 
size on the respiratory deposition of ricin in BALB/c mice,  Inhalation Toxicol. , 15,   619–638, 2003. 

 Simon, J.D., Biological terrorism. Preparing to meet the threat,  JAMA , 278, 428–430, 1997. 
 Soler-Rodriguez, A.M., Uhr, J.W., Richardson, J., and Vitetta, E.S., The toxicity of chemically deglycosylated 

ricin A-chain in mice,  Int. J. Immunopharmacol. , 14,   281–291, 1992. 
 Steele, K., Davis, K., Pitt, L., and Langford, M., Pulmonary lesions in rats exposed to a sublethal dose of 

inhaled ricin (Abstr.),  Vet. Pathol. , 32,   600, 1995. 
 Stirpe, F., Bailey, S., Miller, S.P., and Bodley, J.W., Modifi cation of ribosomal RNA by ribosome-inactivating 

proteins from plants,  Nucleic Acids Res. , 16,   1349–1357, 1988. 
 Trown, P.W., Reardan, D.T., Carroll, S.F., Stoudemire, J.B., and Kawahata, R.T., Improved pharmacokinetics 

and tumor localization of immunotoxins constructed with the  M 
 r 
 30,000 form of ricin A chain,  Cancer 

Res. , 51, 4219–4225, 1991. 
 Vitetta, E.S., Thorpe, P.E. and Uhr, J.W., Immunotoxins: Magic bullets or misguided missilesM  Trends Phar-

macol. Sci. , 14, 148–154, 1993. 
 Walker, G.R., Ebner, K.E., Scroggs, R.A., Das Gupa, B.R., and Corcoran, J.B., Studies on the toxic action of 

ricin,  Proc. Soc. Exp. Biol. Med. , 121,   685–691, 1966. 
 Wannemacher, R.W., Dinterman, R., Hewetson, J., Pitt, M., Tammariello, R., Rietcheck, R., Klages, C., and 

Millard, C., Use of African green monkeys ( Chlorocebus aethiops)  model top determine pathophysiological 
response to inhaled ricin toxin and effi cacy of ricin vaccines (Abstr.),  The Toxicologist-Supplement Tox. Sci. , 
78 (S-1),   793, 2004. 

 Wawrzynczak, E.J., Cumber, A.J., Henry, R.V. and Parnell, G.D., Comparative biochemical, cytotoxic and 
pharmacokinetic properties of immunotoxins made with native ricin A chain, ricin A

 1 
 chain and 

recombinant ricin A chain,  Int. J. Cancer , 47,   130–135, 1991. 
 Wilhelmsen, C.L. and Pitt, M.L.M., Lesions of acute inhaled ricin intoxication in rhesus monkeys,  Vet. Pathol. , 33,  

 296–302, 1996. 
 Wilhelmsen, C., Inhaled ricin dose ranging and pathology in inbred strains of mice, USAMRIID Technical 

Report, 1997. 
 Xu, I.L.L., McVicar, D.W., Ben-Baruch. A,, Kunhs, D.B., Johnston, J., Oppenheim. J.J., and Wang, J.M., Onco-

cyte chemotactic protein-3 (MCP3) interacts with multiple leukocyte receptors: binding and signaling 
of MCP3 through shared as well as unique receptors on monocytes and neutrophils,  Eur. J. Immunology , 
25,   2612–2617, 1995. 

 Zilinskas, R.A., Iraq’s biological weapons. The Pat as Future?  JAMA , 278, 418–424, 1997.    

4049_C039_r03.indd   9824049_C039_r03.indd   982 11/15/2005   4:50:46 PM11/15/2005   4:50:46 PM



983

 Toxicity, Mechanisms, 
Prophylaxis, and 
Therapy of Inhaled 
Biological Toxins 
 Brian M. Paddle 

   CONTENTS

40.1 Introduction ..........................................................................................................................984
40.2 The Hazard of Aerosolized Toxins ......................................................................................984

40.2.1 Measures of Toxicity ................................................................................................984
40.2.2 Risk Assessment .......................................................................................................987
40.2.3 Toxins as Public Health Issues .................................................................................988

40.3 Molecular Nature and Cellular Action of Toxins .................................................................988
40.3.1 Molecular Characteristics .........................................................................................988
40.3.2 Sites of Cell Membrane Interaction .........................................................................990
40.3.3 Intracellular Sites of Action .....................................................................................991

40.4 Lung Response to Inhalation of Toxins ...............................................................................992
40.4.1 Pertinent Anatomical and Functional Aspects .........................................................992

40.4.1.1 The Nasopharyngeal Region .....................................................................993
40.4.1.2 The Tracheobronchial Region ...................................................................993
40.4.1.3 The Pulmonary Region .............................................................................994

40.4.2 The Lung Infl ammatory Response ...........................................................................994
40.4.2.1 Epithelial Cells ..........................................................................................995
40.4.2.2 Dendritic Cells ..........................................................................................995
40.4.2.3 Macrophages .............................................................................................995
40.4.2.4 Lymphocytes .............................................................................................996

40.4.3 Direct Actions on Lung Cells ...................................................................................996
40.5 Prophylaxis and Therapy against Toxins .............................................................................998

40.5.1 Vaccination ...............................................................................................................998
40.5.1.1 Future Developments ................................................................................998

40.5.2 Passive Antibody Therapy or Prophylaxis ...............................................................999
40.5.2.1 Antibody Inhalation ................................................................................1000

40.5.3 Prophylactic or Therapeutic Drugs ........................................................................1001
40.5.3.1 Multivalent Ligands ................................................................................1001
40.5.3.2 Enzyme Inhibitors ...................................................................................1001
40.5.3.3 Aptamers .................................................................................................1002
40.5.3.4 Generic Agents ........................................................................................1002

40.6 Conclusions and Future Directions ....................................................................................1003
Acknowledgments ........................................................................................................................1004
References ....................................................................................................................................1004

 40 

4049_C040_r03.indd   9834049_C040_r03.indd   983 11/15/2005   4:51:01 PM11/15/2005   4:51:01 PM



984 Inhalation Toxicology

40.1 INTRODUCTION 

 The aim of this chapter is to consider the issue of biological toxins as inhalational hazards and 
ultimately to suggest experimental approaches for identifying possible therapeutic and prophylactic 
agents for protection against them. The term ‘biological toxin’ generally refers to nonreplicating 
toxic organic materials produced by living organisms. Such a defi nition could however be extended 
to include materials similar to those produced by living organisms but made by  in vitro  means. 

 The consideration of aerosolized biological toxins as an inhalation threat of any kind has, in 
the past, largely been the domain of those with an interest in ‘biological toxins’ that are or have 
been considered as Biological Warfare (BW) agents (Hamilton, 1996; Franz, 1997; USAMRIID, 
1998; Ellison, 1999; Madsen, 2001; Henghold II, 2004). More recently it has also become a public 
health issue for people living or working in the vicinity of, for example, toxic marine dinofl agel-
late blooms (Smith and Music, 1998; Van Dolah, 2000; Pierce et al., 2003; Miller and Belas, 2003; 
Abraham et al., 2005) or afl atoxin (molds) contaminated grain storage areas (Kelly et al., 1997; 
Bunger et al., 2004) .

 This discussion begins with a short perspective on the relative toxicity of selected toxins and the 
aerosol hazard followed by an outline of their molecular nature and cellular sites of action. Then 
there is a brief summary of the defensive components and mechanisms within the lungs that could be 
involved in the initial response to the inhalation of biological toxins. Finally consideration is given 
to what might be effective future therapy and prophylaxis against such toxins, with a bias toward 
molecular species for use as extracellular scavengers. In this context, it is also appropriate to con-
sider certain inhaled pathogenic microorganisms (e.g.,  Bacillus anthracis ) whose secreted exotoxins 
are largely responsible for the pathogenicity (Mock and Mignot, 2003). Targeting these toxins could 
be especially important where the organism is antibiotic resistant. 

 40.2 THE HAZARD OF AEROSOLIZED TOXINS 

 Biological toxins that have been aerosolized may make contact with the skin, be inhaled into the 
lungs, or fi nd their way into the gut—either as a result of deposition in the major airways or follow-
ing ingestion of contaminated food and water. They may have direct toxic effects on and/or initiate 
defensive responses at all of these sites. The lungs particularly, because of the large surface area 
provided by the cells forming the interface between the inhaled air and the circulating blood, provide 
a potentially extremely important portal of entry for toxin absorption into the body. Thus the lethal 
or incapacitating effects of an inhaled toxin may not only result from lung damage  per se  but also be 
the result of transfer of the toxin into the circulation and to internal organs. 

 How to estimate the hazard due to the inhalation of a particular aerosolized toxin remains a 
major point for discussion and resolution. 

 40.2.1 Measures of Toxicity 

 From the military and public health points of view, both the incapacitating ability as well as lethality 
of a toxin should be considered. Calculations of the ED

 50 
 and LD

 50 
 have been used as indicators of 

toxicity. The term ED
 50 

 refers to the concentration (e.g., µg inhaled, injected, or absorbed per kg 
of animal mass) of a specifi c material that will cause a particular effect (e.g., incapacitation) in 
50% of the population. The LD

 50 
 refers to the concentration that is lethal to 50% of the popula-

tion. The LD
 50 

 can be defi ned precisely whereas an incapacitating effect is more diffi cult to defi ne 
precisely. 

 An examination of dose–response statistics (e.g., plots of relative frequency of animals dying 
versus different dose levels on a log scale) indicates that the use of any simple comparison of the LD

 50 
s 

of different toxins has limitations. This is true even if they were obtained in studies on the same animal 
species under precisely the same conditions. The use of the LD

 50 
  per se  does not take into account 

the dosage range over which deaths occurred. The latter is refl ected in the slope of the cumulative 
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TABLE 40.1 Selected Toxins Listed According to LD50s (i.v. Delivery in Mice unless 
Otherwise Stated)a

Toxin LD50, �g/kg Natural source

Botulinum toxins*** 0.001 (Gill, 1982) Bacterium (Clostridium botulinum)

Tetanus toxin*** 0.001 (Li et al., 1994) Bacterium (Clostridium tetani)

Diphtheria toxin*** 0.01–0.1 (Gill, 1982) Bacterium (Corynebacterium 
diphtheriae)

Maitotoxins (1 or 2)** 0.05–0.1 i.p. (Holmes and Lewis, 
1994; Murata et al., 1994)

Dinofl agellates (e.g., Gambierdiscus 
toxicus)

Palytoxin** 0.05–0.15 i.p. (Kaul et al., 1974; 
Baden, 1983; Haberman 
et al., 1989)

Dinofl agellates (e.g., Ostreopsis 
siamensis)

Clostridium perfringens �-toxin** 0.1 (Gill, 1982; Sakurai, 1995) Bacteria (Clostridium 
perfringens types B and D)

Batrachotoxin** 0.1, 2.0 s.c. (Myers et al., 1978) South American frogs (genus, 
Phyllobates) and New Guinea 
birds (e.g., genus, Pitohui) 
(Dumbacher et al., 2000)

Shiga toxin** 0.45, 0.002 rabbit (Eiklid and 
Olsnes, 1983), 1.5 i.p. (Yutsudo 
et al., 1986)

Bacterium (Shigella dysenteriae)

Ciguatoxin** 0.25 i.p. (Legrand, 1998), 0.35 
(Yasumoto and Satake, 1996), 
0.45 i.p. (Baden, 1983)

Dinofl agellates (e.g., Gambierdiscus 
toxicus)

Abrins** 0.5–0.7 (Fodstad et al., 1976), 
3.3 inh rat (Griffi ths et al., 1992), 
0.05 rabbit (Olsnes and Pihl, 
1982)

Plant (Abrus precatorius Leguminosae)

Textilotoxin** 1 (Su et al., 1983) Snake-elapid (Pseudonaja textilus)

Taipoxin** 2–3 (Fohlman et al., 1976; Crosland, 
1991)

Snake-elapid (Oxyuranus scutellatus)

Ricin** 2.8–3.3 (Fodstad et al., 1976), 0.15 
hum, 3.7 inh rat (Griffi ths et al., 
1992)

Plant (Ricinus communis)

Clostridium perfringens �-toxins* 3–5 (Gill, 1982; Sakurai, 1995), 
10–30, 3.3–10 rat, �2 i.trac. rat 
(Allenby et al., 1994)

Bacteria (Clostridium perfringens)

Saxitoxin* 3–4, 10 i.p. (Wiberg and Stephenson, 
1960), 3.0 i.p. (Baden, 1983), 
1.2 i.tr. (Naseem and Creasia, 
1994)

Dinofl agellates (e.g., Alexandrium 
toxicus, Gonyaulax catenella, 
Gonyaulax tamarensis)

Tetrodotoxin* 8–10 (2 rabbits), 8 i.p. (Baden, 1983) Marine and other bacteria 
(e.g., Listonella anguillarum, 
Pseudoalteromonas tetraodonis, 
Vibrio alginolyticus) 

�-Tityustoxins* (K+ channel acting) 9 (in: Franz, 1997), 3.5 i.c.v. 
(Lecomte et al., 1999)

Scorpion, Brazilian (e.g., Tityus 
serrulatus)

�-Conotoxin (G or M)* �11 (Ashcom and Stiles, 1997) Marine snail (e.g., Conus geographus, 
Conus magus) 

(Continued)
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dose–response curve at say the 50% response level. The greater the slope, the narrower the range of 
concentration of the toxin over which deaths can occur (WHO, 1970; Ballantyne et al., 1995). 

 In general, human toxicity has to be inferred from animal experiments and how this can best be 
achieved is still being investigated (Bide et al., 1997, 2000). For aerosols it is the inhalation toxicity 
that is of prime concern. Calculations for a particular toxin based on the aerosol concentration and 
the duration of the exposure are generally expressed as an LCt

 50 
 in mg·min·m �3  units. If an approxi-

mate comparison with LD
 50 

s obtained by i.v. (intravascular) or other injection routes is required, the 
LCt

 50 
 can be converted to an LD

 50 
 using the respiratory volume and rate and body weight param-

eters. Even so, animal LD
 50 

s for inhaled toxins are not generally available and may be different from 
LD

 50 
s obtained by i.v., s.c. (subcutaneous), or i.p. (intraperitoneal) injection or even by intratracheal 

instillation (see Table 40.1). If the target organ is the lung then defi ning the actual dose reaching 
and remaining in the alveoli, for example (or being transferred to the gut), in inhalation studies is a 
further problem. If the aerosolized toxin can enter the circulation then it becomes even more diffi cult 
to calculate the lethal dose. 

 Despite these reservations, and the lack of information from a variety of species (including 
humans), as well as variations in results reported from different species (see Table 40.1), the ten-
dency is to use the available LD

 50  
data on toxins as a rough guide to their relative human toxicity 

(Bide et al., 2000). Table 40.1 includes toxins either known (or thought) to have been weaponized, 
or associated with weapons research. Where possible the toxins in this list have been arranged in 
descending order of lethality based on mice LD

 50 
s following an i.v. injection. Data for other animals 

and/or alternative routes of challenge are as noted. Toxins for which aerosol studies in animals have 
been reported in the open literature are in  bold  print .  

TABLE 40.1 Selected Toxins Listed According to LD50s (i.v. Delivery in Mice unless 
Otherwise Stated)a (Continued)

Toxin LD50, �g/kg Natural source
Staphylococcal enterotoxin B* 13 i.p. (with LPS), 29 inh. monkey 

(LeClaire et al., 1996), (Humans 
est. LD

50
 0.02 inh., ED

50
 

0.0004 inh. (in Ulrich et al., 1997)

Bacterium (Staphylococcus aureus)

Anatoxin �A(s)* 20 (Matsunaga et al., 1989) Blue-green algae (e.g., Anabaena 
fl osaquae, Anabaena lemmermannii)

Microcystins (e.g., -LR)* 36–122 (also i.p., inh) (in Dawson, 
1998)

Freshwater cyanobacteria (Microcystis 
aeruginosa, Anabaena oscillatoria)

Aconite (Aconitine?)* (64 rat) (Gutierrez et al., 1987) Plant (Aconitum napellus L, Aconitum 
ferox)

Tricothecene mycotoxins (T-2)* 4 mg/kg (Ueno, 1984) 0.24 mg/kg 
inh. (Creasia et al., 1987), 
3-4.5 mg/kg GP inh. (Marrs et al., 
1986), 0.05 mg/kg rat inh., 
0.4 mg/kg GP inh. (Creasia 
et al., 1990)

Molds (e.g., Fusarium tricinctum)

Afl atoxins (e.g., B1, G, and M)* (B
1
 9–10 mg/kg, i.p.) (Buchi et al., 

1973)
Fungi (e.g., Aspergillus fl avis, 

Aspergillus parasiticus)

* Moderately toxic.
** Highly toxic.
*** Most toxic.
a Bold type: Toxins for which aerosol studies have been reported in the open literature.
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 The effect of the test species and of the route of administration on toxicity data is well illustrated 
in Table 40.1. Staphylococcal enterotoxin B (SEB), which (in the presence of lipopolysaccharide) 
is only moderately toxic after injection (i.p.) into mice, is in the most toxic category according to its 
aerosol LD

 50 
 in primates. According to its ED

 50 
 as measured in primates it is even more effective as 

an incapacitating agent. Shiga toxin, according to LD
 50 

 studies carried out in rabbits, is then also in 
the most toxic category. Intravenous studies of the abrins have shown as much as a 100-fold varia-
tion in toxicity, depending on the test animal species. The enhanced toxicity of abrin over ricin was 
not apparent in a study of their inhalation toxicity and it appears that humans are considerably more 
sensitive to i.v. ricin than mice. The data in Table 40.1 also suggest that  Clostridium perfringens  
�-toxin and saxitoxin, which are in the moderately toxic category using i.v. injection, are at least 
as toxic as ricin when instilled intratracheally.  C. perfringens  �-toxin is already in the highly toxic 
category. 

 What these fi ndings illustrate is that the toxicity data currently available from animal studies are 
generally insuffi cient to decide the relative inhalational toxicity for humans. Nevertheless calcula-
tions based on LD

 50 
s have been used to suggest that the above toxins can be classifi ed into three 

toxicity groups (USAMRIID, 1998). These are: 

  • Most toxic*** (aerosol toxicity � 0.025 µg/kg), 
  • Highly toxic** (aerosol toxicity between 0.025 and 2.5 µg/kg), and 
  • Moderately toxic* (aerosol toxicity � 2.5 µg/kg) 

 40.2.2 Risk Assessment 

 Although risk assessment is a very necessary and evolving scientifi c discipline it is said to be an 
imprecise science (Derelanko, 1995). No doubt this is due to the large number of factors that need 
to be taken into account and for which data may be unavailable or diffi cult to obtain. According to 
Derelanko (1995) it is due to this uncertainty and the desire to protect human populations that risk 
assessments generally tend to be conservative and overestimate risk. 

 A risk assessment analysis (a) to ascertain the likelihood that humans will be adversely 
affected by biological toxins disseminated into the air as fi nely divided powders or aerosols, and 
(b) to characterize the nature of the effects that may be experienced, would include not only an 
evaluation of the toxic properties (dose–response assessment) of the toxins but also of the condi-
tions and extent of exposure (exposure assessment). The exposure assessment would include such 
factors as the stability of the toxins in the environment, meteorological or other environmental 
conditions, the magnitude, duration and frequency of exposure and subsequent calculation of the 
dose, nature of exposure (oral, dermal, inhalational), and the characteristics of the population 
exposed (e.g., general health and fi tness, age, and sex). More precise details of the methods used 
in risk analysis can be found in the general literature (Derelanko, 1995; McClellan, 1995; Byrd 
and Cothern, 2000). 

 Military analysts have used a plot of aerosol LD
 50 

s versus the amount that needs to be used to 
obtain lethal effects over an area of 100 km 2  to determine which toxins may be considered for use 
as BW agents (USAMRIID, 1998). The risk assessment would need to take into account the real 
possibility that deliberately disseminated toxins may be relatively impure. Such toxin aerosols may 
include materials of lower toxicity or be a mixture of toxins, or contain other materials that would 
enhance the overall toxicity. 

 In an urban environment, in the enclosed spaces provided by buildings, smaller quantities of 
an aerosolized toxin would be required to reach hazardous levels. Aerosols might be disseminated 
within buildings via air-conditioning systems, or generated by showering with contaminated water. 
In the latter case a risk assessment analysis carried out with a volatile contaminant has indicated that 
the quantity of it absorbed during inhalation of shower air may be the same as that absorbed by fl uid 
ingestion over the same period (Derelanko, 1995). 
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 40.2.3 Toxins as Public Health Issues 

 Apart from the BW perspective, some of the toxins in Table 40.1 are also of increasing interest as 
potential public health risks. Toxins from marine bacteria or marine dinofl agelates (which are part 
of the food chain for various species) may be present as contaminants in seafood or as components 
of seaspray. 

 The cyanobacteria or blue-green algae that are frequently found in marine, brackish, or fresh 
waters can produce signifi cant quantities of natural toxins. These include the anatoxins and mycro-
cystins, as well as saxitoxin, lyngbyatoxin, and debromo-aplysiatoxin, and it has been suggested that 
during ‘blooms’ humans could also be exposed to their toxic affects via the aerosol route (Van Dolah, 
2000; Fleming and Stephan, 2001; Osborne et al., 2001). 

 The presence of paralytic shellfi sh poisons (PSPs) in commercially important shellfi sh is of great 
concern among coastal communities. Saxitoxin is the most important of this group (Schantz, 1986) 
and marine bacteria have been isolated which produce the similarly toxic tetrodotoxin (Kodama 
et al., 1996). 

 Marine dinofl agellates have been discovered that produce analogs of the highly toxic palytoxin 
(Usami et al., 1995). The equally toxic and stable maitotoxins have also been harvested and identi-
fi ed from marine dinofl agellates (Holmes and Lewis, 1994). There are other polyether dinofl agellate 
toxins, not so toxic as the above, but which may be incapacitating at concentrations signifi cantly 
lower than their LD

 50 
s. Examples are the ciguatoxins and the brevetoxins. The latter are known to be 

present in naturally formed aerosols along coastal areas at the time of red tides (Pierce, 1986; Pierce 
et al., 2003). The symptoms of brevetoxin poisoning mimic many of the physiological consequences 
of acetylcholine esterase inhibition (Abraham et al., 2005). 

 Another dinofl agellate species ( Pfi esteria piscicida ) remains under scrutiny as a public 
health risk (Miller and Belas, 2003) because of reports that it may produce exotoxins that can be 
 naturally aerosolized and cause a range of incapacitating effects in humans. These include narco-
sis,  respiratory distress with asthmalike symptoms, severe stomach cramping, nausea, eye irrita-
tion with  reddening and blurred vision, and autonomic and central nervous system dysfunction. 
The latter include sudden rages and personality changes, reversible cognitive impairment, and 
short-term memory loss. The toxin(s) involved—which have not yet been characterized (Swinker 
et al., 2002)—may also induce immune system suppression (Glasgow et al., 1995; Levin et al., 
2003). 

 Finally, although civilian exposure to mycotoxins (T-2, afl atoxins) from molds is mostly by 
ingestion, it also occurs by the dermal and inhalational routes (Peraica et al., 1999) and there is evi-
dence that mycotoxins may be involved in certain cases of lung disease (Bunger et al., 2004). 

 40.3 MOLECULAR NATURE AND CELLULAR ACTION OF TOXINS 

 The molecular nature and cellular interaction of inhaled biological toxins will determine their fate, 
the lungs defensive response, and cell damage. 

 40.3.1 Molecular Characteristics 

 Although the toxins listed in Table 40.1 exhibit a great variety of molecular types, they can be col-
lected into a number of chemical categories (Table 40.2). Generally the most toxic are the larger- 
molecular-weight protein toxins produced by pathogenic bacteria and some plants and present in the 
venom of certain snakes (Table 40.2: Categories 1 and 3). 

 The bacterial and plant toxins (Table 40.2: Category 1) have a subunit structure in which 
the different subunits play separate and clearly defi ned roles in the intoxication process. Thus 
they have one or more membrane-binding B subunits (in the case of the Botulinum toxins—the 
heavy chain has this role), as well as internalization and cytosol toxicity sequences (A subunits) 
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(Olsnes and Pihl, 1982; Fujii et al., 1992; London, 1992; Krieglstein et al., 1994; Sandvig and van 
Deurs, 1996). Each toxin’s A subunits have a specifi c intracellular catalytic (enzymatic) activity 
(Collier, 1975; Endo et al., 1987, 1988; Fujii et al., 1992; Montecucco and Schiavo, 1993; Brigotti 
et al., 2002). 

 The snake toxins (Table 40.2, Category 3) also have a subunit structure in which one or more 
units have phospholipase A2 activity (Fohlman et al., 1976; Harris and Maltin, 1982; Pearson et al., 
1993; Lipps, 2000). It is not clear what role other subunits that may also be present play. Since 
these toxins can act destructively on cell membranes there is no requirement for an internalization 
mechanism.  C. perfringens  �-toxins appear to have no specifi c subunit structure but are also active 
on cell membranes by virtue of their phospholipase C and sphingomyelinase activities (Titball, 
1993; Sakurai, 1995). 

  Staphylococcus  enterotoxin B (Table 40.2: Category 8) is a single-chain protein that has no 
enzymic activity (Warren et al., 1974). Its incapacitating activity as a superantigen is dependent on 
cross-linking receptor sites on two cell types. The amino acid sequence of  C. perfringens  �-toxin 
(Table 40.1) is not suggestive of any enzyme activity (Knight et al., 1990) but determines that it will 
form membrane pores. 

 The largest of the nonprotein toxins are the polycyclic polyether compounds produced by 
certain dinofl agellates (Table 40.2: Category 2) (Moore and Bartolini, 1981; Murata et al., 1994; 
Yasumoto and Satake, 1996). These are a highly toxic and stable group of toxins. The largest of 
them—maitotoxin—is composed of an aliphatic chain that includes 32 cyclic ether rings (Murata 
et al., 1994). Also in the same molecular weight range are: (a) the small, folded, disulfi de cross-
linked peptide toxins (Table 40.2: Category 5) from the venoms of scorpions (Becerril et al., 
1997) and certain marine snails (Gehrmann et al., 1998) and (b) the stable cyclic peptides (Table 
40.2: Category 7) from freshwater cyanobacteria (blue-green algae) (Namikoshi et al., 1992). 

 The remaining smaller toxins (Table 40.2: Categories 4 and 6) are all complex heterocy-
clic compounds (Woodward, 1964; Tokuyama et al., 1969; Schantz, 1986; Merck Index, 1989a, 
1989b; Carmichael, 1994) and, with the exception of batrachotoxin, are all in the moderately toxic 
group. 

TABLE 40.2 Toxin Categories by Molecular Type

Category Type Examples
1 Proteins that are a combination of (a) one or 

more subunits for membrane binding and 
translocation of the whole toxin into the cell, 
with (b) another subunit that is enzymatically 
active within the cytosol

Botulinum toxins, tetanus toxin, diphtheria toxin, 
shiga toxin, abrin, ricin (60–150 kDa). [Anthrax lethal 
toxin � lethal factor plus protective antigen] 

2 Polycyclic (polyether) macromolecules active 
at the cell membrane

Maitotoxin, palytoxin, ciguatoxin, (brevetoxin) 
(0.9–3.4 kDa)

3 Proteins with enzymatic (phospholipase) 
activity that act on the cell membrane

Textilotoxin, taipoxin, C. perfringens �-toxin. 
(43–88 kDa)

4 Complex heterocyclic molecules that act at the 
cell membrane

Saxitoxin, tetrodotoxin, batrachotoxin, aconitine, 
anatoxin-A(s) (300–650 Da) 

5 Peptides with several disulfi de cross-bridges 
that act at the cell membrane

Tityustoxin K-2�, �-conotoxin. (3.9 and �1.5 kDa, 
respectively)

6 Complex heterocyclic molecules whose major 
toxic effects are intracellular

Afl atoxins, tricothecene mycotoxins (300–460 Da)

7 Peptides with intracellular activity Microcystins (�1 kDa)

8 Proteins with superantigen activity SEB (28.4 kDa)
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 40.3.2 Sites of Cell Membrane Interaction 

 The initial step in the overall action of a toxin with a cell is its interaction with the cell membrane. 
The organ and cell specifi city of a toxin’s membrane interaction will determine the nature and extent 
of any direct action on the cells present in the lungs. Where known for the above toxins (Tables 40.1 
and 40.2), the possible sites of this interaction are listed in Table 40.3. 

 Many of the toxins of Category 1 in Table 40.3 (aconitine, batrachotoxin, ciguatoxin, �-conotoxins, 
maitotoxin, palytoxin, saxitoxin, tetrodotoxin, and tityustoxin) alter ion-channel mechanisms and inter-
fere with ion-channel function by binding with the channel proteins of excitable tissues (Lombet et al., 
1987; Tosteson et al., 1991; Werkman et al., 1993; Lipkind and Fozzard, 1994; Gutierrez et al., 1997; 
Wang and Wang, 1998; Arias and Blanton, 2000; Rao and Sidkar, 2000). 

 As a result of Ca 2�  infl ux the maitotoxins cause hormone and neurotransmitter release as well 
as phosphoinositide breakdown in a variety of cells (Gusovsky et al., 1989). The opening of con-
ductance channels and subsequent depolarization due to palytoxin may lead to the infl ux of Ca 2�  
into synaptic nerve terminals, mast cells, vascular endothelial cells, and smooth and striated muscle 
cells, causing the release of neurotransmitters, histamine, and vasoactive factors, as well as muscle 
contraction (Frelin and Van Renterghem, 1995). The toxic symptoms due to ciguatoxin poisoning 
are the result of a general increase in membrane permeability to Na �  (Bidard et al., 1984), whereas 
those for batrachotoxin are due to a selective and irreversible increase in Na �  permeability in muscle 
and nerve cells (Wang and Wang, 1998). The blockade of voltage-gated Na �  channels by saxi-
toxin (and tetrodotoxin) leads to the failure of propagation of action potentials along nerves and a 
decreased neurotransmitter release (Benton et al., 1998). 

 The �-conotoxins inhibit neuron-stimulated skeletal muscular contraction by binding to the 
nicotinic ion-channel receptors and blocking the binding of acetylcholine and hence the infl ux of 
Na �  that is essential for membrane depolarization (Marshall and Harvey, 1990). The scorpion toxin, 

  TABLE 40.3  Membrane Binding Sites of Selected Toxins 

Membrane Site Toxin
1. Integral cell membrane proteins:

 • Voltage-gated ion channels (Na�, K�, Ca2�) Batrachotoxin, palytoxin, ciguatoxin, maitotoxin? 
saxitoxin, tetrodotoxin, tityustoxin K-�, aconitine.

 • Ligand-gated ion channels (n-AChR) �-conotoxin (G or M)

 • Ion transport ATPases Palytoxin

 •  Membrane proteins involved in synaptic vesicle 
exocytosis (e.g., synaptotagmin)

Botulinum toxin, tetanus toxin

 • Enzymes (e.g., AChase) Anatoxin-A(s)

 • Others Staphylococcal enterotoxin B, diphtheria toxin

2.  Carbohydrate residues (e.g., galactose) of 
glycoproteins and glycolipids

Abrins, ricin

3.  Glycolipids (Gb3 or globotriosyl ceramide, ganglio-
sides, such as GT1b) 

Shiga toxin, botulinum toxin, tetanus toxin

4.  Glycoproteins Clostridium perfringens �-toxin

5.  Specifi c phospholipids (phosphatidylcholine, 
sphingomyelin) 

Textilotoxin, taipoxin

6. Nonspecifi c phospholipids Clostridium perfringens �-toxin

7. Undefi ned or incompletely defi ned Microcystins (LR?), afl atoxins (B, G, and M), tricothecene 
mycotoxins (T2), diphtheria toxin, tetanus toxin, 
textilotoxin, taipoxin (also anthrax toxins)
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�-tityustoxin (K-�), enhances transmitter release from central and peripheral noradrenergic nerve 
terminals as well as cholinergic and sensory nerves by binding to voltage-gated K �  channels without 
occluding the pores (Rogowski et al., 1994). 

 Of the other toxins binding to membrane proteins, anatoxin-A(s) irreversibly inhibits acetylcho-
linesterase (Cook et al., 1988) resulting in an overstimulation of muscarinic and nicotinic receptors. 
Specifi c membrane proteins are also one of two receptor components involved in the initial binding 
of botulinum and tetanus toxins to nerve endings (Nishiki et al., 1994; Li and Singh, 1998; Herreros 
et al., 2000). The second membrane receptor component for the botulinum toxins and tetanus toxin 
is a specifi c ganglioside prevalent in nerve endings and containing galactose and sialic acid moieties 
(Kozaki et al., 1998; Fotinou et al., 2001). 

 The plant lectins (abrins, ricin) and some bacterial protein toxins (e.g., Shiga or shiga-like 
toxins) (Categories 2 and 3) bind to specifi c carbohydrate residues on membrane glycoproteins or 
glycolipids to initiate entry into the cell and exert their toxic action (Wu et al., 2001; Sandvig et al., 
1978; Jacewicz et al., 1986). The relatively simple receptor for the plant lectins is unlikely to be 
cell or organ specifi c, however the more complex receptors for the A-B type bacterial toxins are not 
necessarily expressed by all cell types or in all organs  in situ.  Variations of organ receptor specifi city 
may explain the differences of biological effects between species. 

 Evidence has been accumulating that the receptors utilized by bacterial A-B type toxins are 
 mobilized within the plasma membrane in lipid microdomains known as lipid rafts—characterized by 
a critical high cholesterol and glycosphingolipid content (Herreros et al., 2001). The lateral aggrega-
tion of these lipid rafts not only allows the juxtaposition of specifi c proteins for cell signaling (Simons 
and Toomre, 2000) and endocytosis (Nabi and Le, 2003), but also allows for high-affi nity binding 
through clustered receptors for the multiple B-chains for a toxin like shiga toxin (LaFont et al., 2004). 
It also enables the formation of the protective antigen heptamers that are critical for the internaliza-
tion of both anthrax lethal factor and edema factor (Abrami et al., 2003). 

 Staphylococcal enterotoxin B is different from the other protein toxins in Table 40.3 with respect 
to its membrane-binding sites. To trigger its superantigen activity it needs to simultaneously bind to 
protein receptors on two different types of cells involved in the adaptive immune response. Thus it 
crosslinks MHC class II molecules on B cells (lymphocytes), macrophages or dendritic cells with 
specifi c receptors on T cells (also lymphocytes) (Li et al., 1998). 

 The toxins of Categories 4, 5, and 6 (Table 40.3) react with membrane glycoproteins or phos-
pholipids to form pores or cause a loss of membrane structure and function.  C. perfringens  �-toxin 
causes a rapid swelling in canine kidney cells due to its heptamerization within the membrane and 
the consequent formation of a large pore complex (Petit et al., 2001; Miyata et al., 2002). It may also 
bind to membranes in a wider range of cell types (Shortt et al., 2000). The main physiological effect 
of taipoxin and textilotoxin is the gradual reduction to a complete stop of the evoked and spontane-
ous release of acetylcholine from motor nerve terminals. Death is by respiratory failure (Simpson 
et al., 1993; Dodds et al., 1997).  C. perfringens  �-toxin degrades most of the phospholipids in mam-
malian cell membranes (Sakurai, 1995). 

 40.3.3 Intracellular Sites of Action 

 For many toxins the toxic activity is localized to an intracellular site rather than at the cell mem-
brane. Sometimes the binding of one component of the toxin to membrane sites leads to an assisted 
entry and release of a component with a toxic and highly specifi c enzymatic activity into the cell 
(see section 40.3.2). 

 The intracellular catalytic activity of the A subunits of the abrins, diphtheria toxin, ricin, and 
shiga toxin lead to an inhibition of protein synthesis (Van Ness et al., 1980a, 1980b; Endo et al., 
1987, 1988) and, in some cases, damage to DNA (Brigotti et al., 2002). For the abrins, ricin and 
shiga toxin, cell death due to inhibition of protein synthesis is the result of the  N- glycosidase activ-
ity of the A chain in removing a specifi c adenine (A4324) from the 28S rRNA of the 60S ribosome 
subunit (Endo et al., 1987, 1988). The A chain of diphtheria toxin ADP-ribosylates  elongation 
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factor 2 to cause inhibition of protein synthesis and cell death (Van Ness et al., 1980a, 1980b). The 
botulinum toxins and tetanus toxin disrupt neurotransmitter release from peripheral and  central 
nerve endings, respectively, through the intracellular Zn-protease activity of their light chains 
on various synaptic vesicle proteins (Montecucco and Schiavo, 1994, 1995; Ahnert-Hilger and 
Bigalke, 1995). 

 There are other toxins (e.g., the tricothecene mycotoxins, mycrocystins, and afl atoxins), which, 
besides having an incompletely defi ned method of entering the cell, also exhibit overall a less 
 specifi c intracellular toxic activity. The tricothecene mycotoxins (e.g., T2) have multiple effects on 
intracellular membranes and associated enzyme activity (Khachatourians, 1990) as well as being 
potent inhibitors of protein, DNA and RNA synthesis (Ueno et al., 1973; Rosenstein and Lafarge-
Frayssinet, 1983). The mycrocystins inhibit enzymes that effect cell structural proteins, leading to 
apoptotic cell death (Zambrano and Canelo, 1996) and afl atoxins have a more general cytotoxic 
action possibly due to epoxide formation damage to cell macromolecules (Baertschi et al., 1988; 
Choy, 1993; Jennings et al., 1994). 

 40.4 LUNG RESPONSE TO INHALATION OF TOXINS 

 Despite an enormous literature on pulmonary defense mechanisms (Sibille and Reynolds, 1990; 
Toews, 1993; Crystal et al., 1997; Stockley, 1997; Nicod 1999), and the effects of inhaled toxicants 
(inorganic and organic particulates, aerosols, and gases) and inhaled allergens (pollens) or micro-
organisms (Gordon and Amdur 1991; Cross et al., 1997; Schraufstatter and Cochrane 1997; Li and 
Holian, 1998; Bouhafs and Jarstrand, 1999), there is relatively little detailed information on the 
 consequences of inhaling biological toxins (LeClaire et al., 1996a, 1996b; Wilhelmsen and Pitt, 
1996; Brown and White, 1997; Park and Simpson, 2003; Abraham et al., 2005). 

 In particular we have little information on the role of the lung pathology versus other organ 
pathology in the lethal or incapacitating effects of these toxins. Further there is a lack of informa-
tion on whether and, if so, how biological toxins are transferred from the lungs via the blood or 
lymph to other body organs. It is more usual to fi nd information regarding toxins, either released 
directly into the respiratory tract from resident microorganisms (Hadfi eld et al., 2000; Garcia et al., 
2002), or being transferred systemically to the lungs from microorganisms elsewhere in the body 
(Lyons et al., 2004). Importantly there is little information available in the open literature as to what 
 cellular effects or mode of action individual biological toxins have in the lungs. This is irrespective 
of whether the source of the toxin is from direct inhalation or from systemic release. The question 
arises as to whether a toxin has a direct cytotoxic or cytostatic effect on particular lung cells or 
whether the major effect is the induction of neurohumoral infl ammatory processes? Perhaps both 
these factors are responsible for any resultant tissue damage (Yoshida et al., 2003)? 

 The general lack of information as to the mechanism of action of particular inhaled biological 
toxins no doubt contributes to the fact that there are few, if any, proposed therapeutic drugs (apart 
from antibody preparations) that are available to counter their lethal or incapacitating effects. 

 40.4.1 Pertinent Anatomical and Functional Aspects 

 Some factors that would affect aerosolized biological toxin delivery to particular lung sites include: 

  • Particle size and density, 
  • The inhaled dose, 
  • Respiratory breath profi les, 
  • Total ventilation, 
  • Airway mechanics, and 
  • The degree of reaction with constituents of mucus and epithelial lining fl uid. 
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 With respect to the fi rst of these factors, it is the equivalent aerodynamic diameter that actually 
controls whether the deposition in the lungs is due to sedimentation or impaction rather than to dif-
fusion. For spherical particles the equivalent aerodynamic diameter is a function of the geometric 
diameter and the particle density relative to water. Diffusion becomes predominant when the particle 
diameter is less than 0.5 to 1.0 µm (Schlesinger, 1995). 

 Further, as inhaled air is humidifi ed in the upper respiratory tract, particulates—particularly 
those that are hydrophilic—are likely to be enveloped in moisture and assume new dimensional and 
aerodynamic characteristics (Gordon and Amdur, 1991). This will also affect how deeply they are 
carried with the air stream into the airways and where they impact or land. 

 The next consideration would be the effect of various inhaled toxins on specifi c lung compo-
nents or cells. The consequences would depend on: 

  • The chemical nature of the toxin, 
  • The amount of toxin deposited at the particular anatomic site along the respiratory tract, 
  • The period during which the toxin acts, 
  • The relative sensitivity to damage of the cells at risk in that location, 
  • The effectiveness of the local extracellular and intracellular defense mechanisms, and 
  • The sensitivity, intensity and time course of neurohumoral infl ammatory–immune 

 processes. 

 The measured toxin-induced effects on the lung may represent not only direct toxicity of the inhaled 
agent, but also pathophysiological lung ‘defense’ responses involving secreted neurohumoral and 
immunoinfl ammatory substances. The direct responses of respiratory tract cells to toxic substances 
are often dose dependent. Small doses may cause up-regulation of defense mechanisms and large 
doses cell death through apoptotic or necrotic mechanisms (Komatsu et al., 2000; Kirby, 2004). In a 
toxin whose lethal or incapacitating activity depends on an enzymatic property the deciding param-
eter may be more related to the time over which it is allowed to act. 

 Opposing the infl ux of noxious contaminants in inhaled air are the various components of the 
lung’s defense system. 

 40.4.1.1 The Nasopharyngeal Region 

 In the nasopharynx, mechanical barriers and refl ex mechanisms like sneezing, coughing, and the 
ciliary action of epithelial cells in the mucosa largely operate. In general, larger particles (�10 µm) 
are either fi ltered out in the nose or impacted on the nasal and oral pharynx. They are then cleared by 
coughing or sneezing. Diversion of the laminar airfl ow in the larger bronchi at dichotomous branch-
ing points may defl ect 3- to 10-µm particles carried in the airstream against the mucosal surface 
where they can stick. These are then moved toward the pharynx by ciliary action. At the level of the 
larynx they are either swallowed or expectorated (Schlesinger, 1995). 

 40.4.1.2 The Tracheobronchial Region 

 The mucus on the luminal surface of the conducting airways contains other elements of the 
immunodefense system. These include immunoglobulins (Igs) (antibodies)—especially IgA, cells 
such as surface macrophages and lymphocytes, and local mediators such as histamine and possibly 
neuropeptides (Reynolds, 1997). The IgA in the mucus is predominantly polymeric in form and 
known as secretory IgA or S-IgA. It consists of two monomers of IgA held together, tail to tail, by 
their Fc regions with a further two specialized glycoproteins (the secretory protein and the J-chain) 
(Roitt et al., 1993a). Besides having antibody activity against a variety of microorganisms that can 
colonize or infect the airways (Janeway and Travers, 1994; Reynolds, 1997) there has long been evi-
dence that, at least at other mucosal surfaces, S-IgAs can effectively neutralize bacterial exotoxins 
(Delmas et al., 1989; Keren et al., 1989; Janeway and Travers, 1994). It is therefore possible that 
they would be active in this fashion in the conducting airways. 
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 40.4.1.3 The Pulmonary Region 

 Final arborizations of the conducting airways merge from the respiratory bronchioles, from which 
the alveolar ducts and alveoli extend to create the air-exchange surface that can be reached by 
small particles �2–3 µm in diameter (Gordon and Amdur, 1991; Schlesinger, 1995; Reynolds, 
1997). 

 In the alveoli the air-exchange barrier between the lung and the blood is only about two attenu-
ated cells (�1.0–1.5 µm) thick (Weibel, 1997). In an adult the aggregate alveolar surface area is esti-
mated to be about the area of a tennis court or �140 m 2  (Reynolds, 1997; Weibel, 1997) and therefore 
at least 70 times the surface area of the skin. It is thus extremely important to devise therapeutic 
and prophylactic measures to protect the cells of this surface from the effects of noxious substances, 
including biological toxins. 

 Because the fl ow velocity of air molecules ceases when the large cross-sectional area of the 
alveoli units is reached, very small particles (0.5 to �3 µm) in the inhaled air may not immediately 
impact against the alveoli surface. However the dynamic expansion and closure of the alveoli with 
respiration may compress and force these particles against the alveolar walls so that they become 
enmeshed in the alveolar fi lm (Reynolds, 1997)—otherwise impact simply results from diffusion 
(Gordon and Amdur, 1991). 

 Once such particles are captured in this way, appropriate components of the host defense system 
in the alveoli are needed to deal with them. A number of immune (and nonimmune) substances that 
can function as opsonins to coat particulates and aid their removal are present within the surfactant-rich 
lipoprotein fi lm. IgG, which constitutes �5% of the total protein content of normal bronchoalveolar 
lavage (BAL) fl uid, seems to be the predominant immunoglobulin in the alveoli and also seems to be 
the most clearly identifi ed with this opsonic activity (Janeway and Travers, 1994; Reynolds, 1997). 
The resultant complexes can then be more readily recognized and taken up (phagocytosed) by the 
scavenger alveolar macrophages (Bezdicek and Crystal, 1997) that exist just beneath or within the 
alveolar fi lm, and by other infl ammatory cells, particularly polymorphonuclear neutrophils that may 
be on the alveolar surface. 

 40.4.2 The Lung Infl ammatory Response 

 Infl ammation is defi ned as a fundamental pathological process involving cytological and chemical 
reactions occurring in affected blood vessels and adjacent tissues in response to an injury or abnor-
mal stimulation caused by a physical, chemical, or biological agent (Stedman’s Medical Dictionary, 
2000). Inhaled toxicants frequently induce an infl ammatory response in the lungs (Gordon and 
Amdur, 1991). The cells involved include epithelial, interstitial, and endothelial cells, as well as 
mast cells and a wide spectrum of resident infl ammatory/immune effector cells such as alveolar 
macrophages, neutrophils, and lymphocytes, and to an extent, lung nervous system components 
(Gordon and Amdur, 1991; Reynolds, 1997). 

 Apart from any direct cytotoxic or cytostatic action, many of the biological toxins that have been 
considered here (Table 40.1) would be expected, on the basis of their molecular size (�5–10 kDa) 
and nature (e.g., foreign protein), to trigger an immune response in the lung. Lung infl ammatory/
immune processes initiated by the action of inhaled toxins would induce the generation of a host 
of mediator substances. Complex interactions would occur between the endogenous lung cells, the 
resident and recruited infl ammatory/immune effector cells, elements of the nervous system, and the 
various mediators elaborated by these cells. The mediators themselves are capable of interacting 
synergistically (or antagonistically) to modulate the intensity of overall infl ammatory responses. 
Early mediators that induce and organize the infl ammatory response include the proinfl ammatory 
cytokines—Il-1 and tumor necrosis factor alpha (TNF-�)—which are central to the response of 
the host (Wewers et al., 1997). [Cytokines are low-molecular-weight (8–30 kDa) proteins—usually 
single-chain glycoproteins—that are produced locally in small amounts by certain cells to act on 
other cells.] 
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 40.4.2.1 Epithelial Cells 

 The general pathological response to an inhaled toxicant is said to be epithelial cell injury and the 
triggering of acute infl ammatory-immune processes (Cross et al., 1997). The epithelial cells from 
the lining of the luminal surface of the lungs actively participate in the host defense (Rennard et al., 
1997). This may be a direct or indirect response to a foreign substance (Robbins and Rennard, 1997). 
The response is indirect if the inhaled foreign substance directly activates macrophages to secrete 
Il-1 and/or TNF-� that subsequently stimulate the epithelial cells (Adler et al., 1994). Epithelial 
cells are capable of producing and responding to a wide variety of cytokines and growth factors that 
form a complex network regulating the infl ammatory response (Nicod, 1999). Their secretory prod-
ucts recruit infl ammatory cells. Thus, from membrane phospholipids and fatty acids, they release 
the arachidonic acid derivative, 15-HETE, which is an active neutrophil chemoattractant (Holtzman, 
1992). Il-8, which is also a neutrophil chemoattractant, is released in response to a variety of bac-
terial products and other cytokines such as Il-1 and TNF-� (Adler et al., 1994). An observation 
with potentially important therapeutic implications is that corticosteroids, commonly used to treat 
airway infl ammation (Barnes and Adcock, 1997), are potent inhibitors of Il-8 mRNA transcription 
(Kwon et al., 1994). Lung epithelial cells also release the cytokine Il-16, which is a lymphocyte 
chemoattractant factor (Center et al., 1997), and growth factors like granulocyte macrophage-colony 
stimulating factor (GM-CSF) that can maintain recruited infl ammatory cells such as dendritic cells 
and macrophages in an active state (Sallusto and Lanzavecchia, 1994). 

 40.4.2.2 Dendritic Cells 

 Dendritic cells, which are derived from bone marrow stem cells, are widely distributed in the 
normal lung including an intimate association with the epithelial cell basement membrane. They are 
 considered the most potent antigen-presenting cells capable of initiating a primary immune response 
(Nicod, 1999). Lung dendritic cells can release a number of cytokines, including Il-1, Il-6, Il-8, 
Il-12, and TNF-� that could modify the functional properties of T cells (Hance, 1997). 

 40.4.2.3 Macrophages 

 Lung macrophages belong to the mononuclear phagocyte system, a family of cells derived from the 
monoblast series of bone marrow precursors (Roitt et al., 1993b). They play a central role in maintain-
ing normal lung structure and function. They do this through a variety of mechanisms, including their 
ability to phagocytize, to express specifi c cell surface receptors (e.g., that recognize the Fc portion of 
most classes of immunoglobulins) and to synthesize and release a broad range of mediators (Bezdicek 
and Crystal, 1997). Macrophages can also be a danger to the lung, because the mediators possess the 
capacity to injure normal structures. There is no doubt that the alveolar  macrophage (AM) has a central 
role in mediating lung injury. However it is not always clear whether it results from the AM respond-
ing in normal fashion to exogenous stimuli, or whether it represents a loss of control of these cells 
(Bezdicek and Crystal, 1997). 

 Lung macrophages appear to play a central role in the lung’s biological responses to inhaled 
 toxicants (Sibille and Reynolds, 1990; Cross et al., 1997). Macrophages in lung-lining fl uids are 
among the fi rst lung cells to encounter inhaled particulates and they may respond by ingesting and 
destroying (or trying to destroy) these toxicants and/or by secreting cytokines that recruit other 
phagocytic cells (e.g., neutrophils and eosinophils) into the lung. Since the Fc receptors on mac-
rophages have a high avidity for antibodies bound to antigen and a relatively low affi nity for free 
immunoglobulin molecules (Janeway and Travers, 1994), the presence in the respiratory tract of 
antibodies to inhaled toxins would increase receptor-mediated uptake of the latter by these cells 
(Lombry et al., 2004). The associated rise in AM numbers also appears to be a very important ele-
ment in the response of the lungs to toxicants, especially to particulates. Alveolar macrophages 
represent 85% of the cells retrieved by bronchoalveolar lavage (Nicod, 1999). They are normally 
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the only phagocytic cells present within the lower respiratory tract. They can initiate infl ammation 
by the release of Il-1� and Il-1	 or TNF-� that in turn induce a cascade of events including the 
release of other cytokines (e.g., Il-8 from epithelial cells and Il-6) and growth factors. Activation of 
AMs also results in the activation of several potentially toxic reactive oxygen and nitrogen species 
(e.g., O

 2 
  �   and NO). At the same time, however, macrophages have the capacity to control infl amma-

tion by the release of an inhibitor of Il-1 or TNF-� in the form of Il-1 receptor antagonist or TNF-
soluble receptors (Cross et al., 1997). 

 Although several cell types can produce TNF-� and Il-1, the monocyte/macrophage is the 
principal source of both. Likewise, though a variety of stimuli may trigger production of each, 
gram-negative bacterial endotoxin (LPS) is the most important stimulus for both. However, exo-
toxins such as the Staphyloccocal enterotoxins from gram-positive organisms can also serve as 
potent stimuli for the production of both cytokines (Andersson et al., 1992). Functionally, TNF-� 
has dichotomous effects, depending on its concentration. In low concentration, it serves to protect 
the host. In high concentrations, it induces pathophysiological host alterations that are indis-
tinguishable from bacterial sepsis (White and Das, 1997). Also recently it has been shown, for 
certain endothelial cells, that a raised level of TNF-� and Il-1 may cause an increased sensitivity 
to the Shiga-like toxins because of an up-regulation of the cell surface receptor (the ganglioside 
Gb3) (Stricklett et al., 2002). Conversely, a raised level of interferon-
 (IFN-
) has been found 
to substantially reduce microvascular endothelial cell sensitivity to Shiga toxin (Yoshida et al., 
2003). 

 40.4.2.4 Lymphocytes 

 Other cells, which are found in the alveolar walls and on the epithelial surface from the trachea to 
the alveoli, are the lymphocytes. In the alveoli they comprise about 10% of the total number of resi-
dent mobile cells and of these the T lymphocytes are the dominant species (Nicod, 1999). Although 
T lymphocytes carry antigen receptors, these are of a type that require the antigen to be processed 
(i.e., partially degraded) fi rst. Thus the response of T lymphocytes to foreign substances is indirect. 
The processing can be carried out by B lymphocytes, macrophages or dendritic cells that interact 
directly with antigens (Delmas et al., 1989). These cells then present the processed antigen to the 
T lymphocytes and so initiate the humoral response and neutralizing antibody production. Raised 
levels of Il-1, TNF-�, and Il-6 cause the proliferation of lymphocytes in the lung (Wewers et al., 
1997; White and Das, 1997). 

 40.4.3 Direct Actions on Lung Cells 

 In general, evidence for the action of individual biological toxins (Table 40.1) on lung cells  in situ,  
particularly those of the alveoli, is lacking. The problem is even more acute if one is searching for 
evidence regarding the mechanism of such an action. Table 40.4 summarizes some of the avail-
able information regarding the interactions of lung cells both  in vitro  and  in vivo  with particular 
toxins. 

 Much further investigation is required to determine whether lung damage is likely to be initiated 
by a direct cytotoxic action of the toxin on lung cells, or the recognition of the toxin as a foreign 
agent and the initiation of an immune defensive response. It is well known (see section 40.4.2.1) 
that inhaled foreign substances can directly stimulate airway epithelial cells to release infl ammatory 
modulators such as the cytokines Il-1, Il-6, Il-8, and TNF as part of the lungs defensive response 
(Robbins and Rennard, 1997). However, the very large surface area presented to the inhaled air 
by all the alveolar epithelial cells is generally considered solely as a physical barrier with gas and 
solute transport properties (Lubman et al., 1997). Whether alveolar epithelial cells and the associ-
ated capillary endothelial cells also might liberate infl ammatory mediators as a direct response to 
foreign substances, or simply respond to infl ammatory cytokines from other direct responders such 
as macrophages, is not clear (Krakauer, 2002). 
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TABLE 40.4 Known Direct Effects of Biological Toxins on Lungs or Lung Cells 

Toxin Lung Cell Toxicity/Effect
Abrins Endothelial and epithelial cells Inhalation leads to an acute necrosis/apoptosis 

of lower respiratory tract cells (Griffi ths et al., 
1995; Hughes et al., 1996)

Afl atoxins (B1, G, and M) Epithelial cells (tracheal, bronchial 
and alveolar)

Converted to carcinogenic epoxide in upper 
airway cells (Ball et al., 1995; Van Vleet et al., 
2002)

Alveolar macrophages Cytotoxic (Liu et al., 2002)

Botulinum toxin A Alveolar epithelial cells Displays specifi c binding and transcytosis 
across monolayers (Park and Simpson, 2003)

Botulinum toxin B Endothelial cells Cleaves key membrane proteins (VAMP as well 
as SNARE, SNAP, etc.) known to mediate 
different aspects of vesicle formation and 
docking and/or fusion induction (Schnitzer 
et al., 1995)

C .perfringens �-toxin Nonspecifi c If inhaled would degrade surfactant and cell 
membranes (Saint-Joanis et al., 1989). More 
toxic in rats after intratracheal instillation 
(Allenby et al., 1994)

Diphtheria toxin Epithelial and other cells Effects lung–blood barrier → edema (Todar, 2002)

Maitotoxin Tracheal epithelial cells ↑ infl ux of extracellular Ca2� (Venant et al., 
1994)

Palytoxin Bronchial epithelial cells Cytotoxic and growth inhibitory (known potent 
inhibitor of protein synthesis) (Bonnard et al., 
1988)

Ricin Alveolar macrophages Apoptotic cell death in vivo (Brown and White, 
1997)

Alveolar epithelial cells and 
capillary endothelial cells

Ultrastructural and necrotic changes in vivo 
accompanied by interstitial edema, infl amma-
tion and microvascular thrombosis (Brown 
and White, 1997)

Airway epithelial cells Inhalation in mice causes necrosis, accompa-
nied by severe interstitial edema and 
infl ammation (Poli et al., 1996)

Pulmonary endothelial cells Cytotoxic (Hughes et al., 1996)

After inhalation, mostly retained in respiratory 
and gastrointestinal tracts (Wilhelmson and 
Pitt, 1996; Doebler et al., 1995) 

Saxitoxin Alveolar macrophages Induces thromboxane B2 and arachidonic acid 
release (both involved in acute lung injury) 
(Naseem et al., 1989) 

Shiga toxin (and Shiga-like or 
Vero toxins)

Microvascular endothelial cells Inhibits protein synthesis, cytotoxic to cells. 
Interferon-gamma pretreatment suppresses 
cytotoxic action, but not protein synthesis 
inhibition (Yoshida et al., 2003)

Epithelium cells and vascular 
endothelial cells

Shiga-like toxin-binding sites present. 
Cytotoxicity involves apoptosis (Uchida et al., 
1999)

(Continued)
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 40.5 PROPHYLAXIS AND THERAPY AGAINST TOXINS 

 40.5.1 Vaccination 

 For many of the toxins that may be a signifi cant threat, vaccination is considered to be the prime 
means of preventing casualties. The resultant antibodies, notably the IgG antibodies expressed into 
the alveolar lining fl uid and the IgA antibodies secreted into the mucus lining the lung airways, 
would bind the toxins. This would not only prevent them from acting at possible receptor sites, but 
also facilitate their uptake by macrophages and other cells for elimination. However, effective vac-
cines are not yet available for all the protein or peptide toxins that may be considered as a BW threat, 
let alone the macromolecular polyether toxins and the small, complex heterocyclic toxins. 

 Vaccination requires not only that the antigen is capable of inducing an appropriate immune 
response, but also that it is not toxic at the concentration used. For the more lethal toxins this means 
that they must be presented in the vaccine in a chemically inactivated or otherwise structurally 
altered or truncated form. The latter must be both nontoxic and yet at the same time capable of 
stimulating the production of neutralizing antibodies that specifi cally recognize the original toxin. 

 Most recent effort to date in developing effective therapy and prophylaxis against toxins that 
may be a potential BW threat has been directed at the botulinum toxins (because of their extreme 
toxicity) (Holley et al., 2000; Chaddock et al., 2002), SEB (because of its incapacitating activ-
ity) (LeClaire et al., 2002), and ricin (because of its availability and high toxicity) (Smallshaw 
et al., 2002). Nevertheless, at this time, there is still no acceptable vaccine for SEB and ricin and 
few adjunctive therapeutic or prophylactic drugs for any of the other toxins. Most licensed toxoid 
vaccines consist of partially purifi ed toxin preparations obtained from culture supernatants of bacte-
ria such as  C. diphtheriae, C. tetani, or B. anthracis  that have been formaldehyde-treated to detoxify 
them for vaccine formulation. The controlled-use pentavalent botulinum toxoid vaccine is produced 
in a similar fashion. 

 40.5.1.1 Future Developments 

 The next generation of toxoid vaccines are likely to include purifi ed recombinant nontoxic mutants 
or fractions of the particular holotoxin such as those being developed for the  C. perfringens  �- and 
�-toxins   (Oyston et al., 1998) and the botulinum toxins (Chaddock et al., 2002; Smith et al., 2004). 
In the short term, improved anthrax vaccines will consist primarily of recombinant PA (Leppla et al., 
2002; Laird et al., 2004). Recombinant nontoxic ricin A-chain mutants (Smallshaw et al., 2002) and 
Shiga toxin 1 variants mutated in the A-chain (Ishikawa et al., 2003) have been shown to be highly 
protective against their respective toxins in animal studies. It has also been suggested that human 
commensals (nonpathogenic bacteria) such as certain  Lactobacilli  (Shaw et al., 2000; Grangette 
et al., 2001) or  Streptococcus  species (Medaglini et al., 2001) be used as vectors to deliver the 
appropriate nontoxic antigens  in vivo . 

  TABLE 40.4  Known Direct Effects of Biological Toxins on Lungs or Lung Cells  (Continued)

Toxin Lung Cell Toxicity/Effect
Staphylococcal enterotoxin B Dendritic cells, macrophages, and 

small airway epithelial cells
Dendritic cells, alveolar macrophages, and 
small airway epithelial cells express class II 
MHC complexes (Holt et al., 1994; 
Cunningham et al., 1997). Inhaled aerosol 
causes T-cell-mediated toxic shock (Hermann 
et al., 1991; Neumann et al., 1997)

Taipoxin and textilotoxin Nonspecifi c May degrade surfactant and cause acute lung 
injury (Arbibe et al., 1998)
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 Besides the availability of suitable vaccines, the decision to use the protective effects of 
 immunization also requires a prior knowledge of the particular threat(s) and time for the body to 
make its own protective antibodies—from 1 to 3 months. Further, some vaccines currently in use 
require multiple injections, often weeks apart. The logistical burden of assuring that troops are given 
booster immunizations at the correct time could be overwhelming in a fast moving buildup of hos-
tilities (Franz, 1997). The development of single-shot DNA vaccinations could vastly improve the 
situation (Lewis and Babiuk, 1999; Hermanson et al., 2004). 

 40.5.2 Passive Antibody Therapy or Prophylaxis 

 In a scenario involving the use of biological weapons, not only might the availability of suitable 
 vaccines and the immunization status of the population be a problem but, even where prior vaccina-
tion has been carried out, it is possible that the effectiveness of immunization might be compromised 
by the relative levels of the inhaled agent versus the individuals’ level of circulating and local anti-
bodies (Leppla et al., 2002). In any case the availability of adjunctive therapeutic and prophylactic 
drugs such as antibodies would be critically important. 

 The use of serum-derived polyclonal antibodies from animal sources—as exemplifi ed in the 
case of the trivalent equine botulinum antitoxin—is accompanied by the risk of hypersensitivity, 
serum sickness, or overt anaphylaxis, especially after repeated injections (Arnon et al., 2001). 
As well as these problems the serum half-life in humans of antibodies sourced from animals is 
also reduced over that of their human counterpart. Thus although the injection of rhesus monkeys 
with immunopurifi ed antibodies generated in chickens against the whole SEB toxin has been 
found to be protective against a lethal aerosol SEB challenge—even if treatment is delayed for up 
to 4 h after exposure (LeClaire et al., 2002)—it seems likely that their use in humans could have 
similar problems. 

 As a solution to the antianimal immune responses, polyclonal antibodies may be obtained from 
animals made transgenic for the human immunoglobulin genes (Houdebine, 2000; Ishida et al., 
2002). However very stringent purifi cation procedures of these human antibodies are still required to 
eliminate possible contamination by animal serum proteins and pathogenic microorganisms, includ-
ing prions (Bregenholt and Haurum, 2004). 

 Several recent reports have discussed the use of humanized or human antibodies or specifi c anti-
body fragments (e.g., Fab’s) as a rapidly deployed passive immunotherapy or prophylaxis against 
exposure to toxins (Casadevall, 2002; Brekke and Sandlie, 2003; Bregenholt and Haurum, 2004). 
The ability to produce human antibodies from transgenic mice has enabled the production of human 
monoclonal antibodies from mouse hybridomas (Brüggemann et al., 1989; Wagner et al., 1994; 
Ishida et al., 2002). A panel of human monoclonal antibodies that are each highly effective against 
Shiga toxin 1 and 2, and have potential therapeutic applications, have been developed in this way 
(Tzipori et al., 2004). 

 In some cases the combination of several neutralizing monoclonal antibodies can have a synergis-
tic protective activity. For instance, it has recently been shown that the neutralizing potency of recom-
binant monoclonal antibodies against botulinum toxin type A was very markedly increased by using 
a mixture of three selected antibodies against nonoverlapping epitopes (Nowakowski et al., 2002). 
Whether one or more monoclonal antibodies against a specifi c target can be found with suffi cient affi n-
ity or avidity to equal or out-perform their polyclonal counterpart still appears to be a critical question. 
In this context, a high-affi nity chimeric, deimmunized monoclonal antibody against anthrax protective 
antigen has recently been reported that is under development for both prophylactic and therapeutic 
use against inhalational anthrax because of the relatively low dose required to protect rabbits when 
given before or after spore challenge (Mohamed et al., 2005). However in the same context it is also 
now possible to produce recombinant human polyclonal antibodies that combine the strengths of the 
target-specifi c antibodies of the human immune system with methods that enable large quantities of a 
well-characterized and safe product to be produced (Bregenholt and Haurum, 2004). 
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 With respect to the smaller molecular weight and polyether macromolecular toxins (Table 40.2), 
it is possible that by methods such as the use of hapten-carrier protein conjugates (Baier et al., 2000; 
Xu et al., 2005), or of a mixture of defi ned synthetic epitopes (Alvarenga et al., 2002), prophylactic 
or therapeutic antibodies may be prepared for these also. 

 40.5.2.1 Antibody Inhalation 

 Other than intramuscular or intravenous injection of antibodies for passive immunoprophylaxis 
or –therapy, another possible method of delivery is as a component of an inhaled aerosol (Vogel 
et al., 1996). The inhalation of drugs is a well-established means of treating localized diseases within 
the lungs and there is now increasing recognition that the lung is also an ideal site for the noninvasive 
delivery of therapeutic molecules, including immunoglobulins, to the systemic circulation (Bot et al., 
2000; Fu et al., 2002). Much work has been carried out in an attempt to engineer suitably sized and 
structured carrier particles for the delivery of drugs to the lower respiratory tract by the inhalational 
route (Newhouse and Corkery, 2001; Labiris and Dolovich, 2003). 

 The so-called large (�5 µm), low density or porous particles (Bot et al., 2000; Fu et al., 2002; 
Labiris and Dolovich, 2003) can be tailored to reach the alveoli upon inhalation where they remain 
for longer than their smaller (�5 µm) nonporous counterparts, apparently because of their size 
which enables them to avoid phagocytic clearance (Edwards et al., 1997). Thus immunoglobulins 
delivered via such particles in this way would be available for a longer period for both antigen com-
plex formation within the alveolae, as well as for systemic delivery. 

 Immunoglobulins can be absorbed across the alveolar epithelial barrier by trancytosis involving 
specialized FcRn receptors (Spiekermann et al., 2002; Kim and Malik, 2003). Absorption into the 
bloodstream may then occur through leaky junctions between capillary endothelial cells and via 
lymphatics (Newhouse and Corkery, 2001), although endothelial cells also carry the FcRn receptor 
(Lobo et al., 2004). The serum lifetime of an absorbed IgG is controlled by many factors including 
the relative affi nities for its specifi c target and the FcRn receptor, its susceptibility to proteolysis and 
the number and location of the catabolic sites (Lobo et al., 2004). 

 Assuming that the inhaled aerosolized particles containing antibodies or antibody fragments do 
not in themselves cause a local immune reaction (Bot et al., 2000), passive antibody therapy could 
be more effective against some inhaled toxins than others. Apart from the binding characteristics 
of the antibodies, the effectiveness would depend on the rapidity of the inhaled toxin’s action and 
any associated immune response. For instance it is likely that a superantigen like SEB would cause 
a more immediate direct immune response than other protein toxins. The smaller peptide toxins 
would presumably be less immunogenic. 

 With regard to the onset of toxicity, the phospholipase toxins—provided they have rapid access 
to the cell membrane—would be expected to be both rapidly acting and cell damaging and therefore 
induce a rapid infl ammatory reaction. Toxins acting at the cell membrane to alter ion transport would 
be expected to be rapidly acting in this regard, but not necessarily in causing an immune response. 
Protein toxins requiring membrane binding, internalization and release of the catalytic component 
into the cytosol for their activity would be expected to take a longer time to induce a cytotoxic action 
and cell damage. Information as to how long passive antibody therapy could be delayed after initial 
contact with a particular toxin, and still be effective, would be an important requirement. It may 
be more worthwhile to consider inhaled aerosolized antibody use as a rapid prophylactic measure. 
In this case it would be more important to examine how long protective levels of antibody remain in 
the lungs after aerosol usage. 

 Problems encountered with the use of antibodies in either of these ways would include the need for 
prior knowledge of the use and identity of the threat toxin, the availability of appropriate (neutralizing) 
antibodies and the possibility of adverse reactions. The latter may include an exacerbating comple-
ment driven immune response due to high levels of antibody-antigen complexes. Macrophages would 
be stimulated to secrete TNF-� and Il-1 as well as the macrophage infl ammatory protein—leading 
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eventually to lung injury (Ward, 1996). This is less likely to be a problem if Fab’s can be used rather 
than whole antibodies. 

 40.5.3 Prophylactic or Therapeutic Drugs 

 The action of drugs that have been found to antagonize the action of toxins on cells, tissues or in 
whole-animal studies may be direct (due to interaction with the toxin itself or its sites of action), or 
indirect (at some other site) (see Paddle, 2003). 

 As the molecular structure of individual toxins, their sites of activity, and the dynamics of their 
mode of action become better understood, the combination of computerized three-dimensional 
molecular modeling and chemical synthesis skills should allow us to more easily tailor toxin antago-
nists to our needs (Olson and Cuff, 1999; Arad et al., 2000; Kitov et al., 2000; Tanaka et al., 2001). 

 40.5.3.1 Multivalent Ligands 

 A common property of a number of the protein synthesis inhibiting A–B type toxins (e.g. Botulinum 
toxins, Tetanus toxin, Shiga toxin, the abrins and ricin) is the affi nity of the B chains for particular 
carbohydrates or glycolipids and glycoproteins at the cell surface (see Table 40.3). Thus it would be 
expected that macromolecular species with say numerous galactose moieties at their surface would 
compete with these cell surface receptors for ricin (Dawson et al., 1999). Recently, multivalent water-
soluble carbohydrate ligands that specifi cally bind Shiga toxins with high affi nity, and neutralize their 
activity on cells, have been produced (Kitov et al., 2000; Mulvey et al., 2003). A carbosilane-based 
dendrimer with branches terminated by the trisaccharide moiety of the Gb3 receptor has also been 
prepared. This binds the Shiga-like toxin produced by  E. coli O157:H7  with a high affi nity and 
 prevents its lethal action (Nishikawa et al., 2002). 

 Also of interest in this context is the demonstrated use of oligosaccharide-derivatized dendritic 
polymers to bind cholera toxin and prevent its adherence to cell surface ganglioside (GM1) recep-
tors (Page and Roy, 1997; Thompson and Schengrund, 1998). Further, botulinum toxin A has been 
reported to have a greater binding affi nity for a dendritic polymer with six residues of the oligosac-
charide portion of brain GT1b ganglioside attached to it than for the whole ganglioside (Schengrund 
et al., 1997). 

 Since dendritic polymers (dendrimers) (Vogtle et al., 2000) can also be derivatized with peptide 
sequences (Mitchell et al., 1999) it is possible that diphtheria toxin (Brooke and Cha, 2000) and SEB 
(Arad et al., 2000) could be prevented from acting at their cell surface receptor sites. In fact, once the 
cell surface receptors are known in detail, this approach could be applicable to the neutralization of 
many more toxins. It is conceivable that solutions of such derivatized polymers (either against indi-
vidual toxins or a mixture of toxins) could be used therapeutically or prophylactically as  injections 
or as inhaled aerosol sprays. 

 40.5.3.2 Enzyme Inhibitors 

 Almost all of the protein toxins in Table 40.1 have enzyme activity (or potential enzyme activity) 
that is the basis of their intracellular toxicity. The enzymatic A chains of shiga toxin, diphtheria 
toxin, the abrins and ricin, and especially the light chains of the botulinum toxins and tetanus toxin, 
have extremely specifi c intracellular target sites. Blockade of this enzyme activity could be protec-
tive against their action. However questions that would need to be asked include: 

 (a) whether the inhibitor crosses the cell membrane, and 
 (b) what the fate of the toxin/inhibitor complex is inside the cell. 

 Taipoxin, textilotoxin, and  C. perfringens  �-toxin have phospholipase activity and act on cell 
membranes to produce highly active signal molecules. Since endogenous phospholipase A2 enzymes 
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play an important role in the acute infl ammatory response in the lung there has been considerable 
clinical interest in phospholipase inhibitors. Some of these may be effective against the activity of 
taipoxin and textilotoxin. 

 40.5.3.3 Aptamers 

 An entirely different approach would be to use selected oligonucleotides—aptamers—to bind 
toxins and neutralize their activity. Aptamers are derived from a very large chemically synthesized 
library of random base sequence oligonucleotides of ssDNA or RNA type. For sequences with a 
randomized length of 40 bases and with a constant mixture of 4 alternative nucleotides available 
at each position, the maximum theoretical diversity is � 10 24 . In practice the sample may contain 
10 13 –10 15  different sequences. The required sequences may be selected by repeating a cycle of 
affi nity binding to the target molecule of interest, selective elution, and PCR amplifi cation (SELEX 
process [Ellington and Szostak, 1990; Tuerk and Gold, 1990]). Cloning methods can then make 
suffi cient purifi ed material available for sequence analysis and hence chemical synthesis. A con-
siderable number of aptamer sequences that bind to large and small target molecules of many 
kinds have been reported (Famulok, 1999; Famulok et al., 2000), and therefore their use should be 
applicable to most toxins of interest in the current context. However, despite this and their potential 
high affi nity and specifi city to the target molecule, as well as their low level of toxicity and immu-
nogenicity, there are still only a few reports of aptamers for toxin binding or neutralization in the 
open literature (e.g., Hesselberth et al., 2000; Hirao et al., 2000; Bruno and Kiel, 2002). 

 Initial testing of the therapeutic or prophylactic effectiveness of potential neutralizing IgG anti-
bodies, derivatized dendrimers, aptamers, receptor site binding antagonists, or enzyme inhibitors 
could be carried out using appropriate cell lines and a range of cytotoxicity, cell proliferation, and 
function tests. 

 40.5.3.4 Generic Agents 

 It would also be a great practical advantage if prophylactic or therapeutic drugs could be found which 
were not only, (a) stable in storage, (b) useable in the fi eld, (c) rapid in action, but also (d) effective 
against more than one toxin. Clearly, fi nding drugs with the latter property is likely to be the most dif-
fi cult task given the variety of toxins and their receptor sites. However, further studies of the molecular 
character of the toxins, their receptor sites, and cellular and tissue responses may lead to the categoriza-
tion of generic characteristics or pathways critical to the discovery and design of such drugs. 

 A recent case in point stems from earlier fi ndings that bacteria may secrete their toxins in a form 
that requires proteolytic clipping for them to be effective. For several toxins this is carried out by 
furin-like proteases at the target cell surfaces (Klimpel et al., 1992; Tsuneoka et al., 1993; Garred 
et al., 1995). Thus fi nding small peptides that would bind to the highly negatively charged active site 
of this enzyme and remain inhibitory was of high interest. In fact positively charged polyarginine-
containing peptides such as nona- d -arginine amide have been found to be potent and noncleavable 
inhibitors of this enzyme (Kacprzak et al., 2004). The smaller hexa- d -arginine has been found to be 
protective against anthrax toxemia  in vivo  (Sarac et al., 2004). 

 Also it is noteworthy that about a third of the toxins considered here act at voltage-gated ion 
channel sites (see Table 40.3). The latter play a critical role in the electrical activity of neuronal and 
muscle cells and in controlling the secretion of neurotransmitters and hormones by regulating Ca 2�  
entry. The responsible ion-channel proteins that span the cell membrane have no physiologically 
relevant agonist-binding site, as there are on ligand-gated ion channels. However, there are various 
toxin-identifi ed sites that are important in enabling a change in conformation from the conducting 
to the nonconducting state, as well as a direct block of ion movement. Although the channels are 
specifi c for a particular ion, the different proteins have common functional elements. Thus channel 
opening or closing (gating) is controlled by conserved helical voltage-sensitive regions of the pro-
tein that contain repeated positively charged lysine or arginine moieties (Catterall, 1988). 
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 According to Denyer et al. (1998), these ion-channel states provide unique opportunities for 
drug discovery, enabling state-dependent molecules to be developed that, for example, only bind to 
nonconducting (inactivated) channels. The overall effect would be to target drugs to tissues exhibit-
ing abnormal electrical activity, while leaving normal channels in active tissues unaffected. 

 Techniques that could be used to measure the ability of drugs to counter the activity of toxins 
at ion channels include functional approaches applied to whole cells in high-density (e.g., 96-well) 
formats. In the absence of electrophysiological measurements, which have been diffi cult to incorpo-
rate into such formats, ion-channel function may be monitored by using fl uorescent-ion indicators 
(Haugland, 1999b), which can be used to directly measure changes in intracellular concentrations 
of specifi c ions. 

 Alternatively fl uorescent potentiometric probes (Haugland 1999c) offer an indirect method 
of detecting the translocation of these ions across cell membranes. Increases and decreases in 
 membrane potential play a central role in many physiological/cellular processes—including cell 
signaling and ion-channel gating. Potentiometric probes are important for studying these processes 
as well as for cell viability assessment. In particular slow response probes could be used to detect 
changes in average membrane potential of nonexcitable cells that would occur for example in the 
presence of changes to channel permeability due to toxin binding. 

 Cell survival can also be related to ion channel activity, and colorimetric or fl uorescence-based 
cell viability assays using mammalian cell lines have been developed for ion-channel targets (Manger 
et al., 1993; Haugland 1999a). 

 Another possibility for the use of generic agents is in the alteration or delay of the tissue immune 
response to toxins (e.g., SEB or ricin) by modulating the action of mediators such as TNF-� and Il-1 
(Takx-Köhlen, 1992). Despite the vast amount of information that has been accumulated regarding 
the armamentarium of the alveolar macrophage (AM), there is little known about how to suppress 
its release of secretory products. Glucocorticoids are widely used. Inhaled corticosteroids decrease 
TNF-� and Il-1 production by AM. Currently therapeutic strategies are directed toward removing 
or suppressing AM stimuli and/or acting at a more distal site in the consequent series of events. 
The latter may be achieved by suppressing the actions of the secretory products of AM, either by 
directly interacting with the mediator itself (e.g., antioxidants to suppress injury from oxidants) or 
by preventing the target cell from responding. 

 40.6 CONCLUSIONS AND FUTURE DIRECTIONS 

 The cellular and molecular biology of the lungs and their response to biological toxins should be a 
prime focus for therapy and prophylaxis investigations. Although the evaluation of possible therapeu-
tic or prophylactic agents must include testing with a suitable animal model, initial screening could 
be carried out using cultured normal human lung cells. 

 Cell culture offers a number of advantages for drug evaluation over the use of live animals or of 
isolated tissues. Thus it offers: 

  • Human cells for testing. 
  • Increased control of the medium surrounding the cells. 
  • Suffi cient material for experiments through  in vitro  propagation of cells if the starting 

material is limited (e.g., for ethical reasons), and 
  • Cryopreservation of cell lines to permit storage for use later. 

 Future research strategies with regard to therapy and prophylaxis against inhaled biological toxins, 
should include the use of cultured normal human lung cells (e.g., alveolar and small airway epithe-
lial cells, endothelial cells, macrophages, and dendrocytes) and an appropriate array of cytotoxicity, 
cell proliferation, and cell function tests. These cells and test capabilities can be used to evaluate the 
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effectiveness of antibodies, antibody fragments, substituted dendrimers, aptamers, and other drugs 
as neutralizing agents for selected biological toxins. 

 This overall approach has the added benefi t that it is also applicable to studies directed at the 
treatment of infections from those pathogenic bacteria (e.g.,  B. anthracis, C. diphtheriae, V. cholerae ) 
where much of the symptomatology is mediated by secreted exotoxins (e.g., anthrax lethal toxin 
(Hanna, 1999), diphtheria toxin, and cholera enterotoxin). A further benefi t of considering the use 
of derivatized dendritic polymers or aptamers in any studies is the possibility that these could be 
designed to bind to a wide range of bacteria and viruses and block their activity also. 
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 1-chloroacetophenone.  See  CN 
 1-epinephrine hydrochloride, 189, 197, 198 
 1-glutathionyl-1,2-OH-cyclohexadiene, 684 
 1-hexanol, 300 
 1-methoxy-1,1,2,2,3,3,4,4,4-nonafl uorobutane, 844 
 1-methoxy-2-trifl uoromethyl-1,1,2,3,3,3-hexafl uo-

ropropane, 844 
 1-nitroso-4-methylpiperazine, 385 
 1-propanol, 388 
 1,1-dichloroethane, 447 
 1,1-dimethylhydrazine, 57 
 1,1,1-trichloroethane, 57, 62, 583 
 1,1,1,2-tetrafl uoroethane, 40, 50, 51, 52, 57 
 1,1,1,2,2,4,5,5,5-nonafl uoro-4-(trifl uoromethyl)-

3-pentanone, 845 
 1,2-dibromoethane (DBE), 160, 170, 171, 197, 198, 

381, 385 
 1,2-dibromo-3-chloropropane (DBCP), 160, 169, 

170, 197, 198, 381, 385 
 1,2-dichlorobenzene, 299 
 1,2-dichloroethane, 447 
 1,2-dichloroethylene,  cis  and  trans,  57, 447 
 1,2-dimethylhydrazine, 57, 62 
 1,2-epoxybutane, 174, 198, 385 
 1,2,4-benzenetriol, 678, 680, 683, 684 
 1,3-butadiene, 164, 165, 197, 198 
 1,3-dichloropropene, 381 
 1,4-dithiane, 381 
 1-(5-isoquinoline-sulfonyl)-2-methylpiperazine, 743 
 1,6-hexamethylene di-isocyanate, 288 
 1,10-phenanthroline, 610, 614 
 2-amino-7-phosphonoheptanoic acid, 740 
 2-aminothiazoline-4-carboxylic acid (ATC), 

722, 723 
 2-bromolysergic acid diethylamide, 749 
 2-butanol, 447 
 2-butoxyethanol, 185, 197, 198 
 2-chloroacetamide, 273 
 2-chloroacetophenone.  See  CN 
 2-chlorobenzaldehyde, 492 
 2-chlorobenzylidene malanonitrile, 278.  See also  CS 
 2-chlorobutylamide, 271, 273 
 2-chloroheptamide, 271, 273 
 2-chlorohexamide, 271, 273 
 2-chlorohippuric acid, 492 

 2-chlorononamide, 271, 273 
 2-chlorooctamide, 271, 273 
 2-chloropropionamide, 273 
 2-chlorovaleramide, 271, 273 
 2-chloro-3,4-dimethoxy-�-notrosostyrene, 288 
 2-heptanone, 30 
 2-hexanol, 637 
 2-hydroxy-3-(3,4-dihydroxyphenyl) propionitrile 

(HPN), 741 
 2-iminothiazolidine carboxylic acid, 722 
 2-iminothiazoline-4-carboxylic acid, 722 
 2-keto-3-deoxy- d -manno-octonic acid (KDO), 809 
 2-keto-4-hydroxyglutarate aldolase, 725 
 2-mercaptoethane-sulfonate, 571 
 2-pentanone, 300 
 2,2,4-trimethylpentane, 631, 633 
 2,3,4-trichlorobutene, 385 
 2,4-dinitrochlorobenzene (DNCB), 258, 262 
 2,4-toluene diisocyanate, 57 
 2,6-toluene diisocyanate, 57 
 3-chlorostyrene, 273 
 3-methyldibenzoxazepine, 286 
 3-quinuclidinyl benzene.  See  BZ 
 3,4-benzpyrene, 418 
 3,4-dihydoxyphenylacetaldehyde (DOPAL), 741 
 4-aminobyphenyl, 887 
 4-dimethylaminophenol (4-DMAP), 759, 761, 762, 

772, 780 
 4-methyldibenzoxazepine, 286 
 4-(methylnotrosamino)-1-(3-pyridyl)-1-butanone, 

168, 866, 867, 888 
 4-pyridoxylacetone, 780 
 4,4-di iso thiocyano-2,2-disulfonic Acid, 723, 749 
 5-hydroxy indolacetic acid, 634 
 5-hydroxytryptamine, 744 
 5-phenyl-1-pentyne, 394 
 5,5-dithiobis-2-nitrobenzoic acid (DTNB), 96 
 8-oxo-7, 8-dihydro-2-deoxyguanosine 

(8-oxo-G), 235 
 10-(�-diethylaminopropionyl)-phenothiazine, 96 

 Abrins, 985, 987, 989, 991, 997, 1001 
 AC.  See  Hydrogen Cyanide 
 Acetaldehyde, 271, 300, 357, 360, 365, 366, 381, 

385, 640 

4049_C041_r03.indd   10174049_C041_r03.indd   1017 11/16/2005   12:22:07 AM11/16/2005   12:22:07 AM



1018 Index

 Acetaminophen, 365 
 Acetic Acid, 360, 363, 365, 418, 640, 855 
 Acetic Anhydride, 389 
 Acetoacetate Decarboxylase, 725 
 Acetone.  See  Propanone 
 Acetone Cyanohydrin, 57, 721 
 Acetonitrile, 178, 198, 767, 768 
 Acetophenone, 389 
 Acetylcholinesterase (AChE), 93, 96, 100, 101, 103, 

106, 232, 256, 531, 725, 741, 988, 991.  See also  
Cholinesterase 

 Acetylthiocholine, 96, 532, 854, 855, 939, 963, 
967, 991 

 Aconite, 985 
 Aconitine, 990 
  Aconitum ferox ., 985 
  Aconitum napellus  L., 985 
 Acrolein, 57, 124, 271, 275, 298, 299, 300, 360, 

381, 392, 487, 511, 764, 861 
 Acrylic, 207 
 Acrylic Acid, 57, 363, 381 
 Acrylonitrile, 207, 385, 447, 720, 723, 768 
 Actinolite, 650.  See also  Asbestos 
 Adamsite (DM, diphenylamino-chloroarsine, phen-

arsazine chloride, 10-chloro-5,10-dipeny-arsine), 
486, 487, 489, 492, 493, 494, 502, 504, 505, 507, 
508, 510, 511, 513, 523, 527 

 ADG Type System, 73 
 Adiponitrile (Hexanedinitrile), 721 
 Afl atoxins, 953, 954, 984, 985, 988, 990, 992, 997 
 Agents Causing Adverse Respiratory Function, 590 
 Agents Causing Pulmonary Disease, 589 
 Agents Infl uencing Ventilatory Control, 591 
 Aggregate Risk Index (ARI) Method, 31, 32 
 Airborne Dust, 114 
 Air Dispersion Model, 70 
 Alanine Aminotransferase (ALT), 838 
 Albuterol, 475 
 Alcohol Dehydrogenase, 639 
 Alcohol/Gasoline Fuels, 623–640 
 Aldehyde Dehydrogenase, 356, 358, 365, 640 
  Alexandrium toxicus,  985 
 Alfalfa, 161 
 Alfentanil Hydrochlride, 125, 435 
 Allegric Dermatitis, 174 
 Allergy, 243, 244.  See also  Sensitization 
 Allyl Acetate, 274 
 Allyl Alcohol, 57 
 Allyl Amine, 57 
 Allyl Ether, 274 
 Allyl Glycidyl Ether, 177, 197, 198, 274, 385 
 �-Conotoxin, 985, 990 
 �-Ketoglutaric Acid, 529, 740, 742 
 �-Tityustoxins, 985, 989, 990, 991 
 �-Tocopherol, 858, 893 

  Alternaria,  947, 948, 953 
  Alternaria alternata,  949 
  Alternaria tenuis,  949 
 Aluminum Oxide, 315 
 Alvolar Microphage (AM), 113, 115, 805, 811, 860, 

994, 995, 997, 1003 
 American Industrial Hygiene Association (AIHA), 

40, 63 
 American National Standards Institute (ANSI), 62 
 American Optical Company, 96 
 American Society for Testing and Materials 

(ASTM), 209, 210, 212, 220 
 Ames Assay, Ames Test,245, 491, 836 
 Amines, 273 
 Aminomalononitrile, 777 
  d -Amino Oxidase, 725 
 Aminopeptidase, 614 
 Aminophyline, 463 
 p-Aminopropiophenone, 761, 780 
 Aminopyrine Demethylase, 633 
 Ammonia, 43, 44, 57, 212, 298, 374, 388, 389, 393, 

459, 568, 720, 742, 826 
 Ammonium Formate, 777 
 Amobarbital, 105 
 Amosite, 648, 650, 653, 656.  See also  Asbestos 
 Amphibole Asbestos, 647, 648, 650, 651, 653, 654, 

655, 657, 662, 663, 664.  See also  
Amostie, Crocidolite, Tremolite 

 Amphibole Asbestos Toxicity 
 Hamster, 661 
 Rat, 658–660 

 Amyl Nitrite, 529, 568, 756, 758, 764 
  Anabaena fl osaquae,  985 
  Anabaena lemmermannii,  985 
  Anabaena oscillatoria,  985 
 Analytical Chemistry, 211, 852 
 Analytical Instruments. Inc., 94 
 Anatoxin, 985, 988, 990, 991 
 Aniline, 43, 45, 46, 57, 670 
 Anthrax, 522, 916, 918, 933, 934, 935, 936, 937, 

998, 999 
 Cutaneous, 936 
 Gastrointestinal, 936 
 Inhalation, 936 
 Orolpharyngeal, 936 

 Anthrophylite, 650.  See also  Asbestos 
 Antimony, 767, 771 
 Arachidonic Acid, 309, 311, 460, 463, 810, 997 
 Arginine, 413, 859 
 Arndt-Schulz Law, 337, 338 
 Arsenic, 387, 388 
 Arsine, 57, 526, 528 
 Arthur D. Little, Inc., 218 
 Asbestos, 76, 110, 308, 311, 315, 316, 317, 319, 

647–664, 879 
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 Chemical Composition, 650 
  See also  Chrysolite Asbestos, Amphibole 

Asbestos 
 Asbestosis, 308, 316 
 Ascorbic Acid (AsA), 556, 558 
 Aspartate Transaminase, 734 
 Aspartic Acid, 413 
 Aspergillosis, 917 
  Aspergillus , 249, 917, 947, 948, 953, 954 
  Aspergillus alutaceus,  949, 956 
  Aspergillus fl avus,  949, 953, 985 
  Aspergillus fumigatus,  948, 949 
  Aspergillus niger,  949 
  Aspergillus ochraceus,  956 
  Aspergillus oryzae,  949 
  Aspergillus parasiticus , 985 
  Aspergillus versicolor,  947, 951 
 Assessment for Cancer, 9 
 Association for Assessment and Accreditation of 

Animal Laboratory Care (AAALAC), 95, 980 
 Asthma, 243, 244, 255, 256, 260, 296, 361, 477, 

497, 505, 513, 571, 709, 808, 812, 879, 946, 948 
 Idiopathic Asthma, 806 
 Occupational Asthma (OA), 804, 806 

 Atropine, 360, 531, 749 
  Aureobasidium,  953 
 Avogadro’s Law, 587 
 Azelastine Hydrochloride (Astelin), 573 
 Azobis iso butylnitrile, 721 
 Azodicarboamide, 250 

 Baboon, 733 
  Bacillus,  914 
  Bacillus anthracis,  916, 924, 926, 928, 934, 935, 

936, 938, 984, 998, 1004 
  Bacillus cereus,  926 
  Bacillus pertussis,  916 
 Baker’s Yeast, 339, 814, 815, 817. See also 

 Saccharomyces cerevisiae  
 Baltimore, 545 
 Barium, 308 
 Batrachotoxin, 985, 989, 990 
 Battelle Restraint Tube, 75 
 Beclomethasone Dipropionate (Beconse, 

Vancenase), 571, 573, 575 
 Benchmark Concentration Limit.  See  BMCL 
 Benchmark Dose.  See  BMD 
 Benomyl, 381 
 Benzaldehyde, 271 
 Benzene, 40, 385, 389, 443, 447, 476, 625, 625, 

629, 630, 633, 635, 637, 669–686 
 Benzene Metabolism, 683 
 p-Benzoquinone, 678, 679, 680 
 Benzylpenicillin, 422 
 Bernard, Claude, 700 

 Bertellot, Pierre, 719 
 Beryllium, 110 
 Beta Burn, 538.  See also  Radiation, Beta 
 Betamethasone Calerate, 571 
 �-Carotene, 858, 892, 894 
 �-Mercaptopyrucate-Cyanide Transferase, 

721, 722 
 �-nitrosostyrene, 273 
 �-Oxidation, 838, 840 
 �-Thiocyanoalanine, 722 
 �,�-Diacetyl-3-chlorostyrene, 286 
 �,�-dicyano-ortho-chlorostyrene.  See  CS 
 �,�`-Iminodipropionitrile, 382 
 Bezhold-Jarish Refl ex, 503 
 Bhopal, 39, 61, 71, 459 
 Bicyclic Phosphates, 207 
 Bile Pigments, 708 
 Bilirubin, 709 
 Biliverdin, 708 
 Bioaerosol Nebulizing Generator (BANG), 81, 85 
 Bioaerosols, 913–929 
 Biological Toxins, 984–1004 
 Biological Weapon (BW), 914, 936, 937, 938, 942, 

966, 979, 987, 998 
 Biosafety Enclosure, 82, 85, 86, 918 
 Bioterrorism, 934 
 Biothreats, 933–942 
 Bis(chloromethyl) Ether, 385 
 Black Death, 934, 936.  See also  Bubonic Plague 
 Blast Overpressure (BOP), 536, 537 
 Bleomycin, 320, 321, 581 
 Blepharospasm, 273, 274, 277, 280, 287, 288, 

291, 500, 507 
 Blister Agenst, 525, 526.  See also  H (Mustard) 
 Blood-Brain Barrier, 355 
 Blood Concentration, 448, 449.  See also  Plasma 

Concentration 
 Blood Pressure, 270, 288, 290, 293, 472, 501, 503, 

505, 582, 705, 750, 751, 756, 843 
 BMCL (Bench Mark Concentration Limit), 12, 

16, 20, 23 
 BMD (Benchmark Dose), 16, 22, 341, 342, 

343, 350 
 Body Burden, 405 
 Bone Marrow, 255 
 BoNT, 963, 964, 965, 966, 967, 968, 969.  See also  

Botulinum Toxin 
 Boron, 21 
 Boron Trichloride, 57 
 Boron Trifl uoride, 57 
 Botulinum Antitoxin, 999 
 Botulinum Toxin, 504, 934, 939, 963–969, 985, 

988, 989, 990, 991, 992, 997, 998, 1001 
 Botulism, 923, 964, 965, 968 

 Inhalation, 966 

4049_C041_r03.indd   10194049_C041_r03.indd   1019 11/16/2005   12:22:09 AM11/16/2005   12:22:09 AM



1020 Index

 Bowman’s Gland, 353, 365, 392 
 Boyle’s Law, 587 
 Brevetoxin, 988, 989 
 Brewer’s Yeast, 161 
 British Anti-Lewisite (BAL, Dimercaptol), 530 
 Bromine, 57 
 Bromoacetone (BA, B-Stoff), 487 
 Bromobenzene, 356, 365, 381 
 Bromobenzyl Cyanide (BBC, CA), 487, 510, 

511, 527 
 Bromochloromethane, 447 
 Bromodichloromethane, 447 
 Bromoethane, 174, 197, 198 
 Bromotrifl uoromethane, 447 
 Bronchiolitis (Croup), 916 
 Bronchoalveolar Lavage (BAL), 112, 113, 

114, 309, 312, 315, 467, 558, 581, 616, 618, 
633, 634, 657, 817, 950, 951, 955, 975, 976, 
994, 995 

 Brown Lung.  See  Byssinosis 
  Brucella abortus,  923, 924 
  Brucella melitensis,  916 
 Brucellosis, 916, 918 
 Bubonic Plague, 916, 934, 937 
 Budesonide Corticosteroid (Rhinocort), 571, 

573, 597 
 Buenos Aires, 546 
  Burkholderia mallei,  926 
 Butadiene, 199, 207, 447, 721 
 Butane, 625 
 Butorphanol Tartrate (Stabol NS), 574 
 Butylated Hydroxyanisol (BHA), 464, 466 
 Butyl Acetate, 389, 390 
 Butyl Alcohol, 390 
 Butylamine 

  iso -, 721 
  t -, 721 

 Butyraldehyde, 271 
 Butyrylcholinesterase (BuChE), 53, 96, 100, 106, 

232, 531.  See also  Cholinesterase 
 Butyrylthiocholine, 96 
 Byssinosis (Brown Lung), 807, 808 
 BZ (3-quinuclidinyl benzene), 486, 502, 

527, 532 

 Cadmium, 379, 381, 386, 387, 392 
 Caffeine, 415, 416, 504, 882 
 Calcitonin (Miaccalcin), 359, 574 
 Calcium Carbonate, 161, 393 
 Calcium Chloride, 457 
 Calcium Chromate, 388 
 Calcium Phosphate, 161 
 Calmodulin, 742, 743, 935 
 Cancer Risk, 340 
  Candida albicans,  949, 953 
 Cantharidin, 291 

 Capsaicin (trans-8-methyl-N-vanillyl-
6-nonenamide), 271, 272, 383, 487, 502, 
503, 504, 505, 507, 508, 511, 513 

  Capsicum annuum , 502 
  Capsicum fruitescens , 502 
 Carbamoyl Monochloride, 462 
 Carbaryl, 61 
 Carbon Dioxide (CO

 2 
), 208, 212, 213, 214, 215, 

216, 217, 223,280, 337, 339, 457, 486, 497, 
595, 627, 698, 768, 826, 846, 920, 936 

 Carbon Disulfi de (CS
 2 
), 57, 388, 709 

 Carbon Monoxide (CO), 57, 124, 148, 208, 209, 
212, 213, 214, 215, 216, 294, 388, 457, 476, 624, 
695–710, 764, 768, 771, 853, 856, 858, 876, 898 
 Emissions, 696 

 Carbon Tetrachloride, 40, 443, 447 
 Carbonic Anhydrase, 725 
 Carbonyl Fluoride, 209 
 Carboxyhemoglobin (COHb), 213, 214, 697, 

698, 699, 700, 701, 702, 703, 704, 705, 707, 
708, 709, 769, 770, 771, 772, 856, 881 

 Carboxylesterase (CaE), 53, 54, 106, 356, 
364, 365 

 Carboxymyoglobin (COMb), 700, 701 
 Carcinogenicity, 51, 67, 163, 165, 166, 167, 

168, 172, 173, 174, 175, 176, 177, 178, 179, 
180, 184, 185, 186, 187, 188, 189, 190, 191, 
192, 193, 194, 195, 196, 197, 199, 217, 234, 
335, 336, 346, 363, 365, 489, 491, 553, 554, 
556, 626, 654, 852, 887, 891, 953, 956 

 Carmine, 250 
 Cassave, 752 
 Castor Bean Plant, 928,   929. See also  Ricinus 

communis  
 Cat, 459, 461, 474, 503, 673, 731, 747, 832 
 Catalase, 725 
 Catechol, 678, 683 
 Catecholamine, 724 
 Cellulose, 161 
 Cement, 391 
 Cephalexin, 574 
 Cesium, 539, 540 
 CFC’s.  See  Chlorofl uorocarbons 
 CG.  See  Phosgene 
 CH Technologies, Inc., 75, 84 
 Chalk, 391 
 Charles’ Law, 587 
 Charles River Laboratories, Inc., 95 
 Chemesthesis, 270 
 Chemical Specifi c Adjustment factor.  See  CSAF 
 Chemical Warfare Agents (CWA), 521–540 
 Chernobyl, 539 
 Chi Square, 837 
 Chicken Pox, 916 
 Chinese Academy of Medical Sciences, 682 
 Chinese Hamster, 491, 556, 836, 887 
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  Chlamydia psittaci,  916 
 Chloramine T, 250 
 Chloramphenicol, 422 
 Chlorine, 40, 57, 152, 271, 298, 360, 374, 381, 388, 

392, 393, 457, 458, 459, 487, 522, 523, 524, 525, 
527, 528, 532, 826 

 Chlorine Dioxide, 57, 388 
 Chlorine Trifl uoride, 57 
 Chloroacetone (A-Stoff), 487 
 Chlorobenzene, 447 
  Chlorocebus aethiops,  976 
 Chloroethane, 166, 197, 198, 447 
 Chlorofl uorocarbons (CFC’s), 565, 579, 826–847 
 Chloroform, 57, 365, 381, 443, 447, 462, 486, 832 
 p-Chloromercuribenzoic Acid, 610, 614 
 Chloromethane, 447 
 Chloromethyl Methyl Ether, 57 
 Chlorophyll, 945 
 Chloropicrin, 276, 298, 381, 487, 505, 523, 

524, 525, 528 
 Chloroprene, 198 
 Chloropromazine, 506, 704, 742, 749, 762 
 Chlorpyrifos, 236, 237 
 Chlorthiamide, 381 
 Cholera, 923, 1001, 1004 
 Cholesterol, 633, 838, 840, 842, 846, 854 
 Choline Chloride, 161 
 Cholinesterase (ChE), 53, 54, 55, 91-107, 92, 

94, 97, 98, 232, 233, 234, 489, 507.  See also  
Acetylcholinesterase; Butyrylcholinesterase 

 Chromium, 535 
 Chromium Compounds, 250, 384, 386, 387, 

543–559 
  Chromobacterium violaceum,  779 
 Chrysolite Asbestos, 647, 648, 649, 650, 653, 

654, 655, 656, 657, 662, 663, 664 
 Chrysotile Asbestos Toxicity   

to the Hamster, 661 
 to the Rat, 558–560 

 Cigarette Smoke.  See  Tobacco Smoke 
 Cigarette Smoking Machine, 697 
 Ciguatoxin, 985, 988, 989, 990 
 CK.  See  Cyanogen Chloride 
  Cladosporium,  947, 948 
  Cladosporium herbarum,  949 
 Clean Air Act (CAA), 5, 62, 476, 624, 827, 

828, 829 
  Clostridium,  914, 938 
  Clostridium botulinum,  923, 963, 965, 966, 985 
  Clostridium diphtheriae,  998, 1004 
  Clostridium perfringens,  923, 985, 987, 989, 

991, 998 
  Clostridium tetani,  923, 966, 985, 998 
 CN (1-chloroacetophenone, 2-chloroacetophenone, 

�-chloroacetophenone), 188, 197, 198, 281, 286, 
288, 487, 488, 489, 492, 494, 495, 498, 499, 500, 

501, 502, 503, 504, 505, 507, 508, 510, 511, 
513, 524, 526 

 Coal Dust, 110, 235, 308, 315 
 Cobalt, 110, 250, 535, 761, 762, 780.  See 

also  Dicobalt Edetate; Hydroxocobalamin; 
Cyanocobalamin 

 Cobalt Salts, 759 
 Cobalt Sulfate, 194, 197, 198 
 Cocaine, 355, 384, 504, 574, 878 
  Coccidioides immitis,  917 
 Coccidioidomycosis, 917 
 Codeine, 592 
 Coenzyme Q, 892, 893 
 COHb.  See  Carboxyhemoglobin 
 Colchicine, 463 
 Cold, 916 
 Collision Nebulizer, 79, 81, 974 
 Columbus Instruments, 595 
 Community Emergency Exposure Level (CEEL), 

65, 70 
 Compound W, 979 
 Compton Interaction, 538 
 Concentration Response, 47, 280, 673 
 Consumer Product Safety Commission, 66 
 Continuous Exposure Guidance levels 

(CEGL), 63 
 Continuous Fluction Experiment (CONFLUX), 145, 

148, 149 
  Conus geographus,  985 
  Conus magnus,  985 
 Copper, 345 
 Copper (I) Oxide, 221, 222 
 Copper (II) Oxide, 222 
  Coprius comatus,  949 
 Corn, 161 
 Cornea, 287 
  Corynebacterium diphtheriae,  916, 923, 985 
 Cotinine, 879, 880, 881, 882, 883, 884, 885, 886, 

887, 890, 891, 894, 896, 897, 898, 899, 901 
  trans -3-hydroxy, 898 

 Cotton Dust, Composition of, 805 
 Coulter Electronics, Inc., 113 
 Coumarin, 381 
  Coxiella burnetii,  924 
  Coxiella pneumoniae,  916 
 CR (dibenz[b.f]-1,4-oxazepine), 277, 281, 284, 285, 

286, 287, 288, 292, 488, 498, 499, 500, 502, 503, 
504, 505, 507, 508, 511, 512, 513, 524 

 Creatinine Phosphokinase (CPK), 748, 771 
 Crocidolite, See also Asbestos, 650, 653 
 Cromolyn (Nasalcrom), 573, 575 
 Cross Tolerance, 271 
 Croton Oil, 679 
 Crotonaldehyde, 271, 275 

  cis,  57 
  trans , 57 
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  Cryptostroma corticale,  953 
 CS (2-chlorobenzylidene malanonitrile, o-chloro-

benzylidene malanonitrile), 187, 197, 198, 277, 
278, 281, 284, 285, 286, 287, 292, 487, 488, 489, 
490, 491, 492, 493, 494, 495, 496, 497, 498, 499, 
500, 501, 502, 503, 504, 505, 507, 508, 510, 511, 
513, 524, 527 

 CS1, 490.  See also  CS 
 CS2, 490. 491.  See also  CS 
 CSAF (Chemical Specifi c Adjustment factor), 

21, 22 
 Cumene, 300 
 Cumulative Exposure Constant, 44 
  Curvularia,  947 
 CWA.  See  Chemical Warfare Agents 
 Cyanide.  See  Hydrogen Cyanide; Sodium Cyanide 
 Cyanmethemoglobin (CnmetHb), 216, 726, 761 
 Cyanide Poisoning 

 Antidotes, 760 
 Signs, 755 
 Symptoms, 755 

 Cyanocobalamin, 723 
 Cyanogen, 764, 775, 782 
 Cyanogen Chloride, 486, 522, 524, 526, 528, 721 
 Cyanohydrin, 559 
 Cyansois, 45, 233, 842 
 Cyanuric Chloride, 298 
 Cyclic adenosine-3,5-monophosphate (cAMP), 

462, 463, 935 
 Cyclic Guanine Monophosphate (GMP), 

704, 743 
 Cyclic Guanosine Monophosphate (cGMP), 710 
 Cyclohexane, 447 
 Cyclohexanecarboxaldehyde, 271 
 Cyclohexanone, 389 
 Cyclohex-3-ene-1-carboxaldehyde, 271 
 Cyclohexylamine, 57 
 Cyclooxygenase, 124 
 Cyclophosphamide, 836 
 Cyclosarin.  See  GF 
 Cysteine, 413, 858 
 Cystine, 721 
 Cytochrome Oxidase, 216, 356, 365, 383, 393, 394, 

395, 418, 462, 529, 637, 723, 724, 725, 726, 728, 
737, 739, 740, 742, 747, 750, 756, 761, 769, 782, 
783, 784 

 Cytokines, 307–321, 384, 994, 95 

 DA (Diphenylchloroarsine).  See  Adamsite 
 DAF (Dosimetric Adjustment Factor), 18, 19, 20, 

29, 350 
 Davy, John, 457, 528 
 DC (Ciphenylcyanoarsine).  See  Adamsite 
 DDT, 410, 418 
 Decane (n-decane), 291, 295 
 Default Model, 17 

 Deisel Exhaust, 235 
 Deisel Fuel, 388 
 Demopressin Acetate (DDAVP), 574 
 Density Function, 138 
 Department of Defense (DoD), 62, 64 
 Department of Energy (DoE), 64 
 Department of Transportation, (DoT), 66 
  Dermatophagocides pteronysimus , 249 
 Desmosine, 861 
 Desoxyephedrine Momestasaome (Vick Vapor 

Inhaler), 573 
 Dianisidine Chlorosulfate, 522 
 Diazapan, 592 
 Dibenz[b.f]-1,4-oxazepine.  See  CR 
 Diborane, 57 
 Dibromomethane, 447 
 Dibutylhexamethylenediamine, 44 
 Dichlobenil, 365, 381 
 Dichlorodimethylsilane, 57 
 Dichloromethane, 171, 197, 198 
 Dicobalt Edetate, 762 
 Diethylamine, 292, 392 
 Diethyl Ether, 416 
 Diffusion Coeffi cient, 407 
 Difl uorodichloromethane, 826 
 Dihydricapsaicin.  See  Capsaicin 
 Dihydrodiol, 684 
 Dihydrodiol Dehydrogenase, 684 
 Dihydroergotamine Mesylate (Migranal), 574 
  l -Dihydroxyphenlyalanine ( l -DOPA), 741, 745 
 Di-isobutylamine, 290 
 Di-isopropylamine, 290, 298 
 Dimentyl-�-cyclodextrin, 577, 615 
 Dimethylamine, 298, 381 
 Dimethylcarbamoyl Chloride, 385 
 Dimethylglyoxime, 768 
 Dimethylphthalate, 389 
 Dimethylsulfate, 276, 385 
 Dimethyl Urea, 768 
 Di-n-butylamine, 290 
 Dinitro-o-cresol, 418 
 Dinitrotoluene, 459 
 Dioxane, 447 
 Dipalmitoyl lecithin, 407 
 Diphenlymethane Diisocyanate, 250, 257, 258 
 Diphenylhydantoin, 709 
 Diphtheria, 916, 923, 985, 989, 990, 991, 997, 

1001, 1004 
 Disodium Cromoglycate (DSG), 571 
 DM.  See  Adamsite 
 Dog, 357, 376, 409, 459, 460, 461, 473, 488, 490, 

492, 503, 512, 581, 584, 611, 613, 615, 617, 701, 
722, 731, 733, 743, 747, 749, 750, 752, 832, 833, 
835, 840, 842, 856, 857, 865 

 Dose Response, 42, 107, 138, 141, 335, 336, 339, 
340, 341, 342, 343, 345, 346, 347, 349, 386, 439, 
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440, 477, 545, 585, 586, 587, 593, 652, 656, 737, 
840, 857, 887, 896, 917, 984, 985 

 Dose Response Assessment, 6, 987 
 Dose Response Model, 11 
 Dosimetric Adjustment Factor.  See  DAF 
 Dow Chemical Company, 682 
 Doxycycline, 422 
 Drager Tube, 763 
 DryCal Bios International, Inc., 94 
 Dry Powder Inhalers, 565 
 Dynamic Inhalation Exposure, 81 

 Edgewood Arsenal, 487, 501 
 Edgewood Chemical Biological Center (ECBC), 

236, 486 
 Effective Dosage, 93, 137, 138, 139 
 Elastase, 124 
 Electromagnetic Pulse, 535, 536, 538 
 Electron Microscopy, 649, 656, 662, 819, 858.  See 

also  Microscopy 
 Electrophoresis, 742 
 Electroplating, 544, 551 
 Eli Lilly & Co., 111 
 Embden-Meyerhof-Parnas Pathway, 724 
 Embryonic Development, 491 
 Emergency Response Exposure Values, 62 
 Emergency Response Plans, 39, 61–71 
 EMQ Research, Inc., 96 
 Encephalitis, 934 
 End Point, 10, 15, 42, 43, 47, 51, 53, 54, 55, 56, 92, 

101, 113, 210, 218, 340, 341, 343, 345, 488, 611, 
652, 867 

 Endotoxin, 111, 803–820, 950, 960, 988, 989 
 Environmental, 812 
 Structure, 808 

 Enfl urane, 568, 580, 838 
 Enterotoxin, 985 
 Enterotoxin B, 987, 990, 991, 998 
 Environmental Tobacco Smoke (ETSS). 

 See  Smoke 
 Eosinophil Peroxidase (EPO), 255, 260 
 Epichlorohydrin, 57, 298, 382, 385 
  Epicoccum nigrum , 949 
  Epicoccum purpurascens,  949 
 Epinephrine (Adrenaline), 488, 570, 573, 832, 

833, 834, 835 
 Epoxide Hydrolase, 684 
 Epoxybutane, 199 
 Erythromycin, 422 
  Escherichia coli,  836, 977, 1001 
 Estradiol, 574 
 ET, 17, 19 
 Ethane, 892 
 Ethanol, 623, 624, 626, 627, 631, 633, 634, 635, 

636, 637, 638, 704, 772, 781.  See also  Ethyl 
Alcohol 

 Ethoxyresorufi n-O-deethylase, 633 
 Ethyl Acetate, 300, 360, 364, 389, 392 
 Ethyl Acrylate, 364 
 Ethyl Alcohol, 418, 504.  See also  Ethanol 
 Ethyl Benzene, 198, 272, 300, 389 
 Ethyl Bromide, 276 
 Ethyl Bromoacetate (EBA), 487 
 Ethyl-2-diisopropylaminoethylmethyl Phosphate 

(QL), 534 
 Ethyl Ether, 389.  See also  Diethyl Ether 
 Ethyl Formate, 390 
 Ethyl Morphine, 390 
 Ethyl Silicate, 390 
 Ethylene Glycol, 615 
 Ethylene Oxide, 165, 166, 197, 198 
 Ethylenediamine, 57, 250, 389 
 Ethylenedibromide, 385 
 European Centre for Ecotoxicology and Toxicology 

of Chemicals (ECETOC), 39, 63 
 Exposure Assessment, 7 
 Exposure Concentration, 450, 728, 731 
 Exposure Dose, 74, 727, 728, 730 
 Exposure Dose Assessment, 17, 987 
 Exposure Guidelines, 39–58, 295, 477, 478, 711 
 Exposure Response, 15, 663 
 Exposure Response Assessment, 17 
 Exposure Systems, 73–88 
 Extrapolation Method, 8 

 Route to Route, 23, 24 

 Farmer’s Lung, 805 
 Fentanals (Alfrntanil, Carfentanil, Remifentanil, 

Sufentanil).  See  Fentanyl 
 Fentanyl (N-phenyl-N-[1-(2-phenylethyl)-4-

piperidinyl]propanamide), 433, 434, 435, 
504, 507, 508, 509, 511 

 Ferret, 508, 509 
 Ferrocene, 382 
 Fibroisis, 307–321 
 Fick’s Law, 445 
 Fire, 205–223, 767, 769, 770, 771.  See also  Smoke 
 First Noticeable Effect (FNE), 92, 101, 106 
 Fish, 161 
 Fission Bomb, 535 
 Fission Products, 538 
 Fluction Intensity, 144 
 Flunisolide (Nasalide), 573, 575 
 Fluorine, 57, 826 
 Fluothane, 125 
 Fluticasone (Flonase), 573 
 Folic Acid, 640 
 Food, Drug and Cosmetic Act (FDCA), 30 
 Food Quality Protection Act (FQPA), 30 
 Formaldehyde, 271, 277, 291, 298, 299, 300, 

349, 362, 363, 365, 366, 382, 383, 384, 365, 
390, 392, 393, 476, 639, 720, 778 
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 Formaldehyde Dehydrogenase, 639 
 Formic Acid, 337, 639, 640 
 Formonitrile, 719 
  Francisella tularensis,  916, 923, 937, 938 
 Frank Effect Level (FEL), 341 
 Free Radicals, 539, 704, 705, 894 
 Freon, 57 
 Frog Flexor Refl ex (FFR), 284, 285, 286 
 Fructose, 556 
 Fuel.  See  Alcohol/Gasoline Fuels 
 Fungi, 945–956.  See also  Molds 
 Furfural, 382 
 Furfuryl (Furfural) Alcohol, 198, 199, 382, 392 
  Fusarium sp ., 110, 947, 954 
  Fusarium culmorum,  949 
  Fusarium poae,  955 
  Fusarium solani,  949 
  Fusarium sporotrichioides,  955 
  Fusarium tricinctum,  985 
 Fusion Bomb, 535 

 GA (Tabun), 51, 57, 92, 106, 486, 523, 524, 
526, 533, 534 

 GABA.  See  Gamma Aminobutyric Acid 
 Galactose, 991 
 Gallium Arsenide, 195, 197, 198 
  Gambierdiscus toxicus,  985 
 �-Glutamyltranspeptidase, 634 
 Gamma Aminobutyric Acid (�-aminobutyric acid), 

637, 740 
 Gangrene, 923 
 Gas Chromatography, 94, 95, 106, 164, 165, 166, 

167, 169, 170, 171, 172, 173, 174, 175, 176, 177, 
178, 179, 184, 185, 186, 187, 188, 627, 628, 884, 
896, 897, 898, 899 

 Gasoline 
 European, Composition, 624 
 Unleaded, Composition, 625 
  See also  Alcohol/Gasoline Fuels 
 Gay-Lussac, Joseph, 719 
 Gaza, 495 
 GB (Sarin), 51, 52, 53, 54, 55, 56, 57, 92, 93, 99, 

104, 105, 106, 141, 232, 233, 234, 236, 237, 
238, 239, 240, 486, 504, 523, 526, 533, 534 

 GD (Soman), 51, 57, 92, 106, 141, 486, 523, 
524, 526, 531, 533 

 GEM Blood Gas Analyzer, 127 
 Gene Transcription, 231 
 Gene Translation, 231 
 Genomics, 529, 868 
 Genotoxicity, 51, 199, 234, 243, 249, 311, 491, 674, 

685, 753, 836, 837, 845, 847, 887 
 GF (Cyclosarin), 51, 57, 92, 93, 99, 104, 105, 106, 

232, 233, 236, 237, 238, 239, 486 
 Glassblowers, Inc., 94 
 GloboMax, ICON, plc., 431 

 Glomerular Filtration, 417 
 Glucans, 803–820 
 Glucosamine, 809 
 Glucose, 410, 488, 556, 633, 704, 723, 724, 734, 

750, 838, 840, 842 
 Glucose-6-phosphate Dehydrogenase, 299, 761 
 Glucuronic Acid, 418, 635 
 Glucuronidase, 124 
 Glucuronsyltransferase, 633 
 Glutamate Aspartate Transporter (GLAST), 237 
 Glutamate Decarboxylase, 725, 740 
 Glutamic Acid, 413, 740 
 Glutamic Oxaloacetic Transaminase (GOT), 501 
 Glutamic Pyruvic Transaminase (GPT), 501, 734 
 Glutaraldehyde, 187, 197, 198, 250, 288, 290, 298, 

362, 366, 392 
 Glutathione (GSH), 383, 418, 463, 464, 471, 488, 

529, 556, 557, 558, 684, 858 
 Glutathione Peroxidase, 892, 893 
 Glutathione Transferase, 686 
 Glycerin, 418 
 Glycine, 418 
 Glycolic Acid, 720 
 Goat, 125, 461, 509, 732, 734 
 Goiania, 540 
 Gold, 535, 574 
  Gonyaulax catenella,  985 
  Gonyaulax tamarensis,  985 
 Gram Negative Bacteria, 804, 808, 809, 937, 

938, 996 
 Gram Positive Bacteria, 996 
 Grand Teton National Park, 707 
 Grenade, 493, 494 
 Grenoble, 476 
 Griesheim, 544 
 Griffi ths and Magson Model, 143 
 Guanylate Cyclase, 710 
 Guinea Pig, 119, 125, 247, 248, 257, 260, 261, 262, 

273, 274, 285, 286, 287, 357, 358, 419, 459, 461, 
475, 477, 488, 491, 501, 503, 507, 512, 580, 593, 
594, 721, 722, 731, 733, 737, 740, 747, 814, 815, 
817, 819, 838, 839, 857, 858, 918, 947, 955, 966, 
967, 968, 969 

 Guyton’s Formula, 974 
 “GV” Agents, 531 

 H (Mustard), 486, 504, 522, 523, 524, 525, 529, 
530, 534, 540 

 Haber, Fritz, 522 
 Haber’s Law/Haber’s Rule, 43, 47, 93, 98, 100, 101, 

104, 106, 141, 142, 153, 461, 478, 585, 673, 731 
 Haber Model, 141, 142, 145 
  Haemophilius infl uenzae,  916 
 Haldane Coeffi cient, 700 
 Haldane Relationship, 700 
 Halon, 828, 829, 830, 844, 845, 846 
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 Halothane, 509, 568, 581, 838 
 Hamburg, 459, 475, 477 
 Hamster, 358, 385, 500, 503, 667, 751, 857, 865 
 Hangzhou, 476 
 Hazard Assessment, 340 
 Hazard Characterization, 6 
 HD (Mustard), 486 
 Health-Based Exposure Values, 62 
 Health Effects Test Guidelines, 25 
 HEC (Human Equivalent Concentration), 13, 17, 

20, 22, 355 
 HEEPS Buffer, 112, 113 
 Heme Oxygenase (HO), 702, 708, 709, 710 
 Hemoglobin (Hb), 568, 695, 698, 699, 700, 701, 

702, 703, 704, 708, 709, 723, 726, 733, 738, 756, 
757, 779, 781, 782, 853, 887 

 Hen, 233, 855, 999 
 Henderson Apparatus, 73 
 Henderson-Hasselbalch Equation, 411 
 Henry’s law, 442 
 Heptafl uorobutyric Acid, 84 
 Heptyl Acetate, 300 
 Heroin, 508, 878 
 Hewlett-Packard, 164, 168, 172 
 Hexachloro-1,3-butadiene, 299 
 Hexachlorocyclopentadiene, 178, 197, 198 
 Hexadienoic Acid, 684 
 Hexafl uoropropan-2-ol, 276 
 Hexahydrophthalic Anhydride, 250 
 Hexamethylene Diisocyanate, 250, 257, 259, 382 
 Hexamethylphosphoramide, 385 
 Hexane, 447, 630, 635, 637 
 Hexanedinitrile.  See  Adiponitrile 
 Hexanol, 637 
 Hexyl Di-Isocyanate, 299 
 HFC-134a.  See  1,1,1,2-tetrafl uoroethane 
 High Performance Liquid Chromatography (HPLC), 

723, 898, 947 
 Hippuric Acid, 635 
 Hiroshima, 534 
 Histidine, 413 
  Histoplasma capuslatum,  917 
 Histoplasmosis, 917 
 HIV, 924, 927 
 Hoffmann, Gottfried, 337 
 Homocapsaicin.  See  Capsaicin 
 Homocysteine, 881 
 Homodihydrocapsaicin.  See  Capsaicin 
 Hong Kong, 942 
 Hormesis, 335–347 
 Hormetic Model, 336, 341 
 Hormetic Response, 340, 342, 345 
 Horse, 509, 955 
 Horseradish Peroxidase, 574 
 Household Dust, 812 
 Hueppe’s Rule, 338 

 Human Equivalent Concentration.  See  HEC 
 Hydrazine, 57, 385, 388 
 Hydrazoddi iso butylnitrile, 731 
 Hydrochlorofl uorocarbons (HCFC’s), 827, 838 
 Hydrofl uorocarbon-134a.  See  1,1,1,2-

tetrafl uoroethane 
 Hydrogen Bomb, 535 
 Hydrogen Bromide, 211, 212, 213, 214, 217 
 Hydrogen Chloride/Hydrochloric Acid/HCl, 43, 44, 

47, 48, 57, 124, 208, 211, 212, 213, 214, 217, 
294, 298, 457, 459, 460, 473, 528, 649, 764 

 Hydrogen Cyanide, 57, 124, 152, 208, 211, 212, 
213, 214, 215, 216, 217, 221, 222, 223, 294, 388, 
459, 486, 522, 523, 524, 526, 528, 529, 718–784 

 Hydrogen Fluoride/Hydrofl uoric Acid/HF, 40, 48, 
49, 50, 57, 67, 209, 356, 361, 531, 846, 849 

 Hydrogen Peroxide, 309, 556, 680, 705, 708, 780 
 Hydrogen Selenide, 388 
 Hydrogen Sulfi de, 57, 147, 212, 363, 388, 476 
 Hydroquinone, 678, 679, 680, 683 
 Hydroxocobalamin, 723, 762, 772 
 Hydroxylase, 633 
 Hydroxymethyl Aminopropionic Acid, 616 
 Hydroxyproline, 861 
 Hypersensitivity, 244, 247, 495, 945.  See also  

Sensitization 
 Hypersensitivity Pneumonitis (HP), 804, 805, 806, 

915, 916, 946, 951 
 Hyposcenthine-Guanine Phosphoribosyl 

Transferase (HPRT) Mutagenicity Assay, 321 

 Ibuprofen, 464, 465 
 Idiopathic Environmental Inteolerance (IEI), 

294, 295 
 IgA, IgE, IgG (Immunoglobulin E, G), 248, 251, 

252, 253, 257, 258, 259, 314, 581, 806, 812, 899, 
946, 948, 949, 950, 951, 977, 978, 979, 993, 994, 
998, 1000, 1002 

 Illuminating Gas, 695 
 Immediately Dangerous to Life and Health 

(IDLH), 63 
 Immunotoxicity, 23 
 Indium Phosphide, 196, 197, 198 
 Indoor Environment, 803, 950 
 Infl uenza Virus, 916 
 Inhalation Dosimetry, 17 
 Insecticide, Fungicide and Rodenticide Act (IFRA), 

5, 25, 29, 32 
 Instituto di Medicina Industriale di Torino, 681 
 Insulin, 575, 576, 577, 578, 609–618 
 Insulin-Degrading Enzyme, 614, 615 
 Integrated Risk Information System.  See  IRIS 
 Interferon (INF-�, INF-�, IFN-�), 252, 253, 253, 

254, 255, 259, 312, 314, 319, 617, 618, 996 
 Interleukin (IL-1, IL-2, IL-3, IL-4, IL-5, IL-10, 

IL-11, IL-13), 252, 253, 259, 310, 312, 313, 314, 
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315, 316, 317, 318, 319, 320, 321, 384, 471, 627, 
679, 680, 809, 810, 814, 853, 858, 950, 951, 994, 
995, 996, 1000, 1003 

 International Organization for Standards (ISO), 212 
 Interstitial Lung Disease (ILD), 110, 114, 116 
 Intratracheal Instillation (IT), 109–115, 552, 553, 

555, 558, 583, 950, 978, 985 
 Iodoximide Trimethamine, 581 
 Ipratropium Bromide (Atrovent), 570, 573 
 Ireland, 496, 497, 512 
 IRIS (Integrated Risk Information System), 11, 12, 

14, 16, 24 
 Iron, 235, 308, 895 
 Iron Pentacarbonyl, 57, 387 
 Irritation, 270, 276, 486 
 Isobutene, 186, 197, 198 
 Isobutylnitrile, 57 
 Isobutylnitrite, 179, 198 
 Isobutyraldehyde, 197, 198 
 Isocitrate Dehydrogenase (ICDH), 838 
 Isofl urane, 568, 838 
 Isoleucine, 742 
 Isoprenaline, 570 
 Isoprene, 185, 198, 447 
 Isopropyl Acetate, 390 
 Isopropyl Alcohol, 504, 534, 628 
 Isopropyl Amine, 390 
 Isoproterenol Medihaler-ISO, 463, 570, 574 
 Isosatratoxin-F, 956.  See also  Satratoxin-G 

 Japanese Chemical Substance Control Law, 249 
 Jet Fuels, 57 
 Johns Hopkins University, 674 
 Jonestown, 774 

 Ketamine, 125 
 Ketene, 460 
 Kiliani’s Reaction, 777 
  Klebsiella pneumoniae,  916 
 Koch’s Postulates, 924, 934 
 Kock, Robert, 934 
 Kr-85 ( 85 Kr), 190, 191, 192 
 Kratchner Refl ex, 486 
 Krebs-Henseleit Solution, 748, 858 
 Kupfer Cells, 679 

 L (Lewisite), 486, 524, 530, 534 
  l -DOPA.  See   l -Dihydroxyphenlyalanine. 
 Lab Products Co., 76 
 Lacrimators, 485, 531, 532.  See also  Riot Control 

Agents 
 Lactate Dehydrogenase (LDH), 467, 470, 490, 581, 

616, 634, 734, 740, 950, 976 
 Lactic Acid, 723 
  Lactobacilli , 998 
 Langerhans Cells, 253, 941 

 Large Animals, 119–133 
 Lasix, 473 
 Lateral Ignition and Flame Spread Test (LIFT), 222 
 Lead, 387, 419, 635 
 Lead Chromate, 546, 552 
  Legionalla ansia,  916 
  Legionella pneumoniae,  916 
 Legionnaires Disease (Pontiac Fever), 914, 916 
 Leguiminosae, 985 
  Leishmania major , 314 
 Leptophos, 410 
 Leucine, 742 
 Leukocytes, Polymorphonuclear (PMN), 113, 114 
 Leukotrienes (LT B4,), 309 
 Levocabastine (Livostin), 573 
 Lewisite.  See  L (Lewisite) 
 Leydig cells, 842, 847 
 Limestone, 161 
 Linear No Threshold (LNT) Model, 335, 336 
 Linoleic Acid, 576 
 Lipopolysaccharide (LPS), 808, 809, 811, 814, 816, 

817, 937, 987 
 Lipoxygenase, 124 
  Listonella anguillarum,  985 
 LOAEL (Lowest Observable Effects Level), 12, 22, 

23, 27, 234, 344, 350, 834, 835, 845.  See also  
NOAEL 

 Lowest Observable Adverse Effects Level.  See  
LOAEL 

 Lymphatic Bronchiolitis, 110 
 Lymphoid Hyperplasia, 110 
 Lyngbyatoxin, 988 
 Lyon, 476 
 Lysine, 413 

  Macaca mulatta,  976 
 MACE.  See  CN 
 Magnetic Resonance Imaging (MRI), 745 
 Mainstream Smoke (MS).  See  Smoke 
 Maitotoxins, 985, 989, 990, 997 
 Malaria, 914 
 Maleic Anhydride, 250 
 Malondialdehyde (MDA), 893, 895 
 Margin of Exposure.  See  MOE 
 Matheson Gas Products, Inc., 94 
 Maximum Exposure Limit (MEL), 297 
 Maximum Likelihood Estimation (MLE), 139 
 Mb.  See  Myoglobin 
 Measles, 916, 942 

 Virus, 916 
 MEDLINE, 68 
 Melatonin, 892 
 Mercury, 67, 379, 387 
 Metabolic Activation, 197 
  Metarhizium anisopliae,  947, 950 
 Methacholine, 817 
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 Methacrylonitrile, 57 
 Methamphetamine, 504 
 Methane, 695, 720 
 Methanol, 57, 390, 447, 623, 624, 626, 627, 629, 

630, 631, 632, 633,634, 635, 636, 638, 639, 721 
 Methemoglobin (MetHb), 216, 529, 728, 759, 

761, 780 
 Methemoglobinemia, 45, 46, 180, 761 
 Methionine, 161, 734 
 Methohexital, 111 
 Methyl Bromide, 167, 197, 198, 276, 365, 380, 

382, 388, 393 
 Methyl Chloride, 443, 826 
 Methyl Chloroform, 447 
 Methyl Ethyl Ketone, 57, 272, 390, 447 
 Methyl Hexafl uoroisorpopyl Ether, 276 
 Methyl Hydrazine, 57 
 Methyl Indole, 382 
 Methyl Isobutyl Ketone, 476 
 Methyl Isocyanate (MIC), 39, 40, 57, 61, 288, 298, 

299, 382, 459, 768 
 Methyl Mercaptan, 57 
 Methyl Methacrylate, 173, 174, 197, 198, 721 
 Methyl Monofl uorobutyl Ether, 57 
 Methyl Prednisolone, 473 
 Methyl t-Butyl Ether (MBTE, Methyl  tert -Butyl 

Ether. Methyl Tertiary Butyl Ether), 447, 624, 
630, 637 

 Methyl Tetrahydrophthalic Anhydride, 251, 390 
 Methylene Chloride, 447, 475, 491, 493, 497, 698 
 Methylfuran, 382 
 Methylphosphate Difl uoride (DF), 534 
 Michael Addition, 720 
 Microarray, 236 
 Microassay, 231, 234 
 Microcystins, 985 
  Microcystis aeruginosa,  985 
  Micropolyspora faeni , 253. See also 

 Saccharopolyspora recivirgula  
 Microscopy, 656.  See also  Electron Microscopy; 

Optical Microscopy 
 Midazolam Hydrochloride, 125 
 Milk, 161 
 Minitab, Inc., 97, 139 
 Minute Volume, 27, 28 
 Miosis, 42, 53, 54, 91, 92, 93, 94, 98, 99, 100, 101, 

103, 104, 105, 106, 107, 232, 240, 531 
 Miran Infrared Analyzer, 126, 175, 177, 190 
 Modifying Factors, 43, 48, 50 
 MOE (Margin of Exposure), 11, 26, 27, 28, 

30, 31, 32, 34 
 Aggregate, 31 
 Extrapolated, 34 
 Route Specifi c, 28 

 Molasses, 161 
 Molecular Devices Corp., 96 

 Molds, See also Fungi, 945–956 
 Molybdenum Trioxide, 193, 198, 199 
 Monkey, 363, 460, 461, 506, 511, 584, 610, 

616, 618, 627, 630, 639, 640, 703, 722, 731, 
732, 746, 747, 918, 976, 999 

 Monochloro Acetic Acid, 57 
 Moscow, 509, 514 
 Mouse, 119, 125, 145, 161, 163, 164, 165, 166, 167, 

168, 169, 170, 172, 173, 174, 175, 176, 178, 179, 
184, 185, 186, 188, 189, 190, 191, 192, 193, 194, 
195, 196, 233, 235, 259, 272, 274, 276, 285, 287, 
288, 289, 290, 295, 298, 299, 300, 310, 315, 316, 
317, 318, 319, 341, 352, 358, 360, 375, 385, 394, 
441, 442, 461, 463, 464, 465, 466, 467, 471, 472, 
473, 474, 475, 477, 488, 489, 491, 499, 500, 501, 
503, 504, 507, 580, 583, 584, 593, 594, 616, 617, 
635, 672, 678, 680, 685, 686, 726, 729, 732, 738, 
752, 836, 837, 842, 853, 856, 861, 865, 866, 867, 
868, 947, 950, 955, 956, 967, 974, 975, 977, 978, 
979, 985, 999 

 MRI.  See  Magnetic Resonance Imaging 
 MTBE.  See  Methyl t-Butyl Ether 
 Mucoaldehyde, 678, 684 
 Muconic Acid, 635, 684 
  Mucor stolonifer,  953 
 Multiple Chemical Sensitivity (MCS), 294, 295 
 Mumps, 916 
 Paramyoxovirus, 916 
 Mustard.  See  H (Mustard); HD (Mustard) 
 Mutagenicity, 217, 491, 836 
  Mycobacterium tuberculosus,  914, 916, 918, 927 
  Mycoplasma pneumoniae,  916 
 Mycotoxin, 946, 953, 954, 966, 988, 992 
 Mycrocystin, 988, 989, 990, 992 
 Myeloperoxidase (MOP), 49, 260 
 Myoglobin, Mb, 695, 698, 699, 700, 701, 702, 

703, 708 

 N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid, 112 

 N-(3`-hydroxy-4`-methoxyphenyl)
chloroamines, 273 

 N-(3`-hydroxy-4`-methoxyphenyl)
2-chloropentamide, 286 

 N-(3`-hydroxy-4`-methoxyphenyl)
2-chlorononamide, 286 

 N-(4`-hydroxy-3`-methoxyphenyl)
2-chloroheptanamide, 286 

 N-(4`-hydroxy-3`-methoxyphenyl)
2-chlorononanamide, 286, 288 

 N-(4`-hydroxy-3`-methoxyphenyl)
2-chlorooctanamide, 286 

 N-(4`-hydroxy-3`-methoxyphenyl)
2-chlorodecamide, 286 

 N-(4`-hydroxy-3`-methoxyphenyl)
2-chloropentanamide, 286 
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 N-Acetyl-�- d -Glucosaminidase,735 
 N-Acetyl Cysteine (NAC), 463, 464, 529, 571 
 N-Acetyl-S-(2,5-dihydroxyphenyl)- l -Cysteine, 684 
 N-Ethylmalimide, 610, 614 
 N-Gas Model, 212, 213, 214, 217, 219, 220, 224 
 N-Nonanoylvanillylamide, 286 
 N-Nitrosodimethylamine, 382, 385 
 N-Nitrosopyrrolidine, 382 
 N-Phenylvaline, 684 
 N-Undec-10-enoyl-4-hydroxy-3-methoxy 

benzylamine, 288 
 N,N`-Dimethylcarbodiimide, 768 
 N,N’-Dimethylformamide, 57 
 N,N-Dimethylquinoneimine, 761 
 Nafarelin Acetate (Synarel), 574 
 Nagasaki, 534 
 Nalmefene, 508, 509 
 Naloxone, 508, 509, 510 
 Naltexone, 509 
 Nancekuke, 498 
 Naphazoline (Privine), 573 
 Naphthalene, 189, 198, 199, 382 
 Narcosis, 45 
 Nasal Delivery Systems, 566 
 National Institute of Occupational Safety and 

Health (NIOSH), 296, 457 
 National Institute of Standards and Technology 

(NIST), 220 
 National Research Council (NRC), 40, 44, 62 
 National Toxicology Program, 160–200 
 Neurotoxicity, 23, 51 
 Nickel, 535 
 Nickel Carbonyl, 57 
 Nickel Compounds, 384, 386, 387, 392 
 Nickel Hydroxide, 386, 387 
 Nickel Oxide, 191, 198, 199, 386 
 Nickel Subsulfi de, 192, 198, 199, 382 
 Nickel Sulfate, 193, 197, 198, 382, 386 
 Nicotine, 105, 503, 504, 574, 575, 856, 876, 879, 

880, 881, 890, 891, 896, 897, 898, 899, 901 
 Nitric Acid, 40, 57, 215, 709 
 Nitric Oxide, 57, 124, 309, 360, 388, 524, 531, 742, 

743, 855, 859 
 Nitric Oxide Synthase (iNOS), 857 
 Nitrite Reductase, 725 
 Nitrogen Dioxide, 57, 62, 208, 211, 212, 214, 215, 

216, 217, 222 
 Nitrogen Trichloride, 298 
 Nitroglycerine (Nitrolingual), 574 
 Nitromethane, 197, 198 
 Nitrosamines, 863, 864, 866, 891 
 Nitrous Acid, 215 
 Nitrous Oxide, 125, 568 
 NMR, 94 
 NNK.  See  4-(methylnotrosamino)-1-(3-pyridyl)-

1-butanone 

 No Observed Adverse Effects Level.  See  NOAEL 
 No-Threshold Assumption, 9 
 NOAEL (No Observed Adverse Effects 

Level). 10, 12, 15, 16, 22, 23, 25, 26, 29, 
30, 42, 335, 338, 340, 341, 342, 343, 344, 
350, 598, 635, 834, 835, 844, 845, 846.  See 
also  LOAEL 

 Norhydrocapsaicin.  See  Capsaicin 
 Norton Co., 94, 296 
 Nose Only Exposure, 73, 74, 76, 77, 81, 84, 92, 

261, 298, 464, 595, 596, 630, 852, 853, 855, 858, 
859, 865, 974 

 Novichok 5,7`, 524, 526, 531 
 Nuclear Weapons, 522, 534-540 
 Nylon, 207, 765, 768 
 Nylon Floc, 109–115 

 o-Chlorobenzalmalononitrile, 187, 197, 198.  
See also  CS 

 o-Ethyl-S-[2-(diisopropylamino)ethyl]methylphosp
honothiolate.  See  VX 

 O
 2 
Hb.  See  Oxyhemoglobin 

 Oat Hulls, 161 
 OC (Oleoresin Capsicum).  See  Capsaicin 
 Occupational Exposure Guideline (OEG), 297, 

298, 299, 300 
 Occupational Exposure Limit (OEL), 296 
 Occupational Exposure Standard (OES), 296 
 OECD.  See  Organization of Economic and 

Community Development 
 Offi ce of Pesticide Programs (OPP), 25, 26, 28, 

30, 32, 34 
 Olfactory Response Neuron (ORN), 376 
 Optical Microscopy, See also Microscopy, 656 
 Optimal Model, 17 
 Oregon State University, 41 
 Organ Concentration, 405 
 Organic Dust Toxic Syndrome (ODTS), 807, 952 
 Organization of Economic and Community 

Development (OECD), 66, 505, 630, 830, 837, 
839, 847 

 Organization Resources Councilors, Inc., 64 
 Organophosphate-Induced Delayed Polyneuropathy 

(OPIDN), 233 
 Origin of Life, 718 
  Ostreopsis siamensis,  985 
 Ostwald Gas-Liquid Partition Coeffi cient, 284 
 Oxygen, 211, 212, 212, 444, 920 
 Oxygen Transport, 134 
 Oxyhemoglobin (O

 2 
Hb), 698, 700, 738 

 Oxymetazoline (Afrim), 573 
 Oxytocin (Syntocinon), 574 
  Oxyuranus scutellatus,  985 
 Ozone, 168, 198, 199, 362, 384, 388, 826, 915 
 Ozone Depleting Substances (ODS), 829, 830, 

847, 848 
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 Painesville, 545 
 Pallas Rotating Brush Generator, 81 
 Palmitoyl-CoA Oxidase, 844 
 Palytoxin, 985, 990, 997 
 Papain, 251 
 Papite.  See  Acrolein 
 Paracelsus, 582 
 Parainfl uenza Viruses, 916 
 Parathione, 504, 709 
 Parestesia, 45 
 Parkinson Disease, 476 
 Parrot Fever (Ornithosis psittacosis), 916 
 Partition Coeffi cient, 410, 411, 412, 441, 442, 443, 

445, 446, 450, 452 
 Pasteur, Louis, 934 
 PAVA (Pelargonyl Vanillamide, Nonivamide).  See  

Capsaicin 
 PBPK Models, 17, 22, 24, 28, 444, 450, 451, 453, 

627, 630, 844, 845 
 Penicillin, 251 
  Penicillium,  947, 948, 954 
  Penicillium brevicompactum,  949 
  Penicillium casei,  953 
  Penicillium chrysogenum,  947, 948, 949, 950, 953 
  Penicillium citrinum,  949 
  Penicillium roqueforti , 253 
  Penicillium verrucosum , 256 
 Pentachlorophenol, 390 
 Pentaerythritol (PETN), 539 
 Pentane, 625, 626 
 Pentobarbital, 592, 704, 706 
 Pentoxyresorufi n Dealkylase, 633 
 Pepper Gas, Pepper Spray, 486, 487, 502, 513.  See 

also  Capsaicin; Riot Control Agents 
 Peracetic Acid, 57 
 Perchloroethylene, 472 
 Perchloromethyl Mercaptan, 57 
 Perfl uoroisobutylene, 152, 524, 846, 847 
 Perfl uorooctane Sulfonate (PFOS), 844, 846 
 Peribronchiolitis, 110 
 Peripheral Sensory Irritation (PSI), 270, 271, 277 
 Permissible Exposure Level (PEL), 62, 457, 

546, 711 
 Personnel Protection Equipment, 40, 291, 492 
 Pesticide Handlers Exposure Database (PHED), 26 
  Pfi esteria piscida,  988 
 Phamacodynamics, 6, 16, 21, 434, 508, 614 
 Pharmacokinetic Model, 11 
 Pharmacokinetics, 6, 16, 17, 213, 350, 357, 364, 

365, 415, 418, 420, 431, 433, 435, 439-453, 508, 
553, 593, 610, 613, 614, 617, 630, 722, 837 

 Phenacyl Chloride.  See  CN 
 Phenanthrine, 286 
 Phenobarbital, 418 
 Phenol, 57, 260, 339, 683, 709 
 Phenolics, 207 

 Phenoxybenzamine, 762 
 Phentolamine, 749 
 Phenyl Chloromethyl Ketone.  See  CN 
 Phenyl Isocyanate, 299 
 Phenylalanine, 742 
 Phenylephrine (Sinex), 573 
 Phenylglycidyl Ether, 385 
 Phenylthiourea, 709 
 Phenytoin, 731 
 Phosgene, 40, 46, 47, 57, 120, 124, 125, 126, 

128, 129, 130, 131, 132, 133, 134, 457–478, 
486, 487, 522, 523, 524, 525, 528 

 Phosgene Oxime (CX), 529, 530 
 Phospha-2,6,7-trioxabicyclo(2,2,2)octane-1-

oxide, 207 
 Phosphate-Buffered Saline (PBS), 111, 

112, 977 
 Phosphine, 57 
 Phosphorus Oxide, 531 
 Phosphorus Oxychloride, 57, 388 
 Phosphorus Tribromide, 57 
 Phosphotidylcholine, 462, 463 
 Phosphotidylethanolamine, 462, 463 
 Phosphotidylglycerol, 463 
 Phosphotidylserine, 463 
 Phthalic Anhydride, 250, 251, 257, 258 
 Phthalocynanine Blue, 859 
  Phyllobatus,  985 
 Physiologically Based Pharmacokinetic Model.  

See  PBPK Models 
 Physostigmine Salicylate, 532 
 Picrotoxin, 105 
 Pig (Swine), 120, 125, 461, 462, 464, 473, 639, 

734,738, 746 
 Pigments, 544, 556 
 Piperazine, 251 
 Piperidine, 57 
  Pitohui,  985 
 Plague, 933, 934, 937.  See also  Bubonic Plague 
 Plasma Concentration, 405, 423, 424, 426, 428, 

429, 430, 431, 433, 435, 436.  See also  Blood 
Concentration 

  Plasmodium spp.,  914 
 Platinum, 250 
 Plicatic Acid, 250 
 Pliofi lm, 681, 682 
 Plutonium, 535, 538, 539, 865 
  Pneumocystis carinii,  950 
 Pneumonia, 916 
 Pneumonic Plague, 916 
 POD (Point of Departure), 9, 12, 13, 14, 15, 

16, 18, 21, 23 
 Point of Departure.  See  POD 
 Polaris Submarine, 697 
 Polyaromatic Hydrocarbons, 863, 864, 891 
 Polyester, 207 
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 Polyethylene, 207 
 Polypropylene, 207 
 Polythionic Acid, 780 
 Polytetrafl uoroethylene (PTFE), 208, 209 
 Polyurethane, 207 
 Polyvinyl Chloride, 207 
 Porcine Model, 124.  See also  Pig (Swine) 
 Portal of Entry, 24, 913 
 Porton Down, 54 
 Potassium Cyanide, 504, 723, 737, 742, 745, 

748, 753 
 Potassium Ferrocyanide, 574 
 Pralidoxime Chloride (2-PAM Chloride), 531 
 Pralidoxime Mesylate (P2S), 781 
 Pregnancy, 880, 883, 884, 885, 886, 888, 889, 891, 

895, 899, 901 
 Principle Component Analysis (PCA), 237, 238 
 Probability Density Function (PDF), 145 
 Probucol, 892 
 Progesterone, 709 
 Program for Alternative Fluorocarbon Toxicity 

Testing (PAFT), 828, 830, 834, 847 
 Promethazine, 742 
 Propane, 720 
 Propanol (n-propanol), 272, 300, 388.  See also  

1-propanol 
 Propanone, 292, 389, 447, 721 
 Propionaldehyde, 271 
 Propotol, 435 
 Proprionitrile, 57 
 Propyl Benzene, 277, 300 
 Propylene, 163, 164, 197, 198 
 Propylene Glycol, 382, 389 
 Propylene Glycol Dinitrate, 57 
 Propylene Oxide, 57, 171, 197, 198, 383, 385 
 Propyleneimine, 57 
 Prostaglandin, 312, 313 
 Proteomics, 231, 235, 529, 868 
 Prussian Blue, 719 
 Prussic Acid, 719 
  Pseudoalteromonas tetraodonis,  985 
  Pseudomonas aeruginosa,  779 
  Pseudomonas fl uoresens,  779 
  Pseudomonis mallei,  926. See also  Burkholderia 

mallei  
  Pseudomonas syingae,  914, 926 
  Pseudonaja textilus,  985 
  Psilocybe cubenis,  949 
 PU, 17, 19 
 Pulmonary Edema, 47 
 Purifi ed Micro-Environments, 85 
 Pyridine, 383 
 Pyridostigmine Bromide, 531 
 Pyridoxal, 780 
 Pyrilamine, 749 
 Pyruvate Decarboxylase, 490 

 Q-Fever, 916, 924 
 Quantitative Structure Activity Relationship 

(QSAR), 276, 281, 838, 839 

 Rabbit, 277, 357, 415, 419, 463, 464, 474, 486, 488, 
491, 501, 503, 505, 507, 512, 552, 553, 610, 613, 
672, 673, 679, 681, 704, 722, 729, 730, 731, 733, 
734, 735, 736, 738, 746, 747, 748, 782, 843, 854, 
855, 857, 955, 967, 976, 987, 999 

 Radiation 
 Alpha, 537, 538 
 Beta, 537, 538 
 Electromagnetic, 537 
 Gamma, 537, 538 
 Ionizing, 535, 536, 537 
 Neutron, 537, 538 
 Nuclear, 540 
 Residual, 535, 536 
 Thermal, 535, 536, 537, 540 
 Ultraviolet (UV), 913, 914, 915 

 Radiation Sickness, 539 
 Radioimmunoassay (RIA), 898, 899 
 Radium, 539 
 Radon, 879 
 Rat, 119, 125, 145, 161, 163, 164, 165, 166, 167, 

168, 169, 170, 172, 173, 174, 175, 176, 177, 178, 
179, 184, 185, 186, 187, 188, 189, 190, 191, 192, 
193, 194, 195, 196, 199, 233, 236, 260, 288, 300, 
310, 312, 315, 316, 318, 319, 341, 344, 351, 352, 
358, 360, 361, 375, 385, 394, 419, 442, 452, 453, 
459, 460, 461, 463, 464, 477, 488, 489, 490, 491, 
497, 499, 501, 503, 505, 507, 508, 509, 512, 552, 
553, 558, 577, 584, 593, 594, 610, 611, 613, 614, 
616, 617, 631, 633, 635, 636, 639, 653, 657, 662, 
672, 673, 680, 705, 706, 709, 710, 722, 723, 729, 
730, 731, 733, 738, 741, 743, 744, 746, 747, 748, 
750, 751, 752, 753, 769, 772, 835, 837, 839, 840, 
841, 842, 843, 844, 855, 856, 858, 862, 863, 865, 
896, 955, 975, 977 

 RDD (Regional Deposited Dose), 20, 21 
 RDDR (Regional Deposited Dose Ratio), 20, 

29, 355 
 RDGR (Regional Deposited Gas Ratio), 357 
 Reactive Oxygen Species (ROS), 311, 556, 684, 

704, 742, 809, 815, 891, 895, 996 
 Reference Concentration.  See  RfC 
 Reference Dose.  See  RfD 
 Regional Deposited Dose.  See  RDD 
 Regional Deposited Dose Ratio.  See  RDDR 
 Regional Gas Dose Ratio.  See  RGDR 
 Registration, Evaluation and Authorisation of 

Chemicals (REACH), 248 
 Remifentanil, 435 
 Reno, Janet, 497 
 Reproductive Toxicity, 199 
 Restek, Inc., 94 

4049_C041_r03.indd   10304049_C041_r03.indd   1030 11/16/2005   12:22:11 AM11/16/2005   12:22:11 AM



Index 1031

 Retec Nebulizer, 193 
 RfC (Reference Concentration), 10, 11, 12, 13, 14, 

15, 16, 21, 22, 23, 24, 25, 28, 34, 350, 355, 357, 
362, 363, 364 

 RfD (Reference Dose), 10, 342, 343, 344, 345 
 RGDR (Regional Gas Dose Ratio), 18, 19, 20, 29 
 Rhinovirus, 914, 916 
  Rhizopus micropsporus,  952 
 Rhodanase, 721, 722, 734, 761.  See also  

Thiosulfate-Cyanide Transferase 
  Rhodotorula mucilaginosa,  949 
 RIA.  See  Radioimmunoassay 
 Ribose, 418 
 Ricin, 504, 928, 929, 973–979, 985, 987, 989, 991, 

997, 998, 1001, 1003 
  Ricinus communis  L., 928, 973, 985.  See also  

Castor Bean Plant 
 Ride Model, 144 
 Riot Control Agents, 294, 485–512, 531.  See also  

CN; CR; CS; DM; OC; o-chlorobanzalmalononi-
trile; 2-chloroacetophenone 

 Ripampicin, 927 
 Risk Assessment, 1–35, 42, 70, 92, 104, 248, 340, 

345, 346, 347, 350, 365, 395, 477, 478, 674, 685, 
817, 987 

 Risk Assessment Review Committee (RARC), 25 
 Risk Characterization, 7, 24 

 Noncancer, 9 
 Risk Index, 32 
 Route-to-Route Extrapolation.  See  Extrapolation 

Method, Route-to-Route 
 Rowland, Sherwood, 827 
 Rutgers University, 41 

 S-Phenylcysteine, 684 
  Saccharomyces cerevisiae  (Baker’s Yeast), 

814, 949 
  Saccharopolyspora recivirgula , 253. See also 

 Micropolyspora faeni  
 Safe Drinking Water Act, 5 
 Salbutamol, 570, 597 
  Salmonella typhimurium , 491, 753, 836, 923, 924, 

929, 934 
 Sarin.  See  GB 
 SARS (Severe Acute Respiratory Syndrome), 927, 

933, 941, 942 
 Satratoxin-G, 956.  See also  Isosatratoxin-F 
 Saxitoxin, 985, 987, 988, 989, 990, 997 
 Schulz, Hugo, 337 
 Scintillation Counting, 610, 613 
 Scorpion Venom, 989, 990 
 SEB, 998, 999, 1000, 1003.  See also  

Enterotoxin B 
 Selenium, 345 
 Sensitization, 187, 243–262 
 Serotonin, 509 

 Serpentine Asbestos, 647, 653, 664.  See also  
Asbestos 

 Severe Acute Respiratory Syndrome.  See  SARS 
 Sheele, Karl, 719 
 Sheep, 120, 125, 260, 310, 316, 738, 739, 

746, 955 
 Shiga Toxin, 985, 987, 989, 990, 991, 996, 997, 

999, 1001 
  Shigella dysenteria,  923, 985 
 Shinrikyo Cult, 966 
 Short-Term Exposure Limit (STEL), 295, 296, 297, 

298, 670 
 Short-Term Public Emergency Guidance Levels 

(SPEGL), 63 
 Sialic Acid, 991 
 Sick Building Syndrome (SBS), 294, 295, 300, 804, 

813, 815, 820, 914, 915 
 SIDS.  See  Sudden Infant Death Syndrome 
 Signifi cant New Alternatives Policy (SNAP), 

828, 829, 830, 847 
 Silica, 110, 307, 311, 312, 315, 316, 317, 318, 

320, 388 
 Silicosis, 308, 310, 311 
 Single-Fiber Electromyography (SFEMG), 53 
 Small Pox, 916, 927, 933, 934, 939, 940 
 Smoke, 205–223.  See also  Fire 

 Environmental Tobacco Smoke (ETS), 852, 854, 
855, 857, 858, 859, 862, 865, 866, 876, 879, 
881, 883, 884, 888, 891, 892, 894, 895, 897, 
898, 901 

 Mainstream Smoke (MS), 852, 853, 854, 855, 
856, 857, 858, 861, 862, 865, 866, 867 

 Side Stream Smoke (SS), 855 
 Smoke Detector, 206 
 Smoke Inhalation, 124, 772 
 Smoking Machine, 75, 857 
 Snake Toxins, 989 
 SNOMAX, 914 
 Sodium Bicarbonate, 473 
 Sodium Borate, 278 
 Sodium Carbonate, 720 
 Sodium Chloride, 161 
 Sodium Cholate, 611 
 Sodium Chromate, 556, 558 
 Sodium Cromoglycate (SCG), 570 
 Sodium Cyanide, 720 
 Sodium Glycocholate (NaGC), 576 
 Sodium Hydroxide, 720 
 Sodium Hyposulfi te, 529 
 Sodium Nitrite, 529, 742, 744, 756, 758, 759, 

762, 780 
 Sodium Pentobarbital, 124, 769 
 Sodium Phosphate, 389 
 Sodium Sulfate, 781 
 Sodium Thiocyanate, 721, 722, 723, 752, 753, 

759, 763, 769, 772, 898, 899 
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 Sodium Thiosulfate, 721, 731, 739, 740, 742, 
744, 756, 758, 759, 762, 780 

 Soman.  See  GD 
 Sorbitol Dehydrogenase, 734, 735 
 Soybean, 161 
 South Korea, 495 
 Spacecraft Maximum Allowable Concentrations 

(SMAC), 63, 670, 671, 711 
 Spectrometry, 260, 725, 782, 897, 898 
 Spiramycin, 580 
 Squamous Cell, 170, 185, 362, 363, 384, 549, 

568, 862 
  Stachybotrys,  947, 954, 955 
  Stachybotrys chartarum,  947, 949, 950, 951, 952, 

955, 956 
 Stainless Steel, 547, 548, 550 
 Standard Mortality Ratio, 682 
  Staphyloccus aureus,  923, 924, 985 
  Staphyloccus epidermis , 277 
 Sternutators, 485, 487, 505, 532.  See also  Riot 

Control Agents 
  Streotococcus,  998 
  Streptococcus pneumoniae,  916 
  Streptococcus pyrogeses,  923 
  Streptomyces californicus,  951 
 Strontium, 540 
 Strychnine, 105, 503, 504 
 Styrene, 207, 273, 365, 388, 392, 394, 395, 443 
 Substance P, 359, 475, 503 
 Succinic Dehydrogenase, 725 
 Succinonitrile, 720 
 Sudafed, 774 
 Sudden Infant Death Syndrome (SIDS), 889, 

890, 891 
 Sufentinil, 433, 434, 435 
 Sulfacetamide, 287 
 Sulfur Dioxide, 212, 277, 294, 298, 356, 357, 

383, 388, 393, 459, 524, 764, 780, 826 
 Sulfur Mustard, 57 
 Sulfuric Acid, 388 
 Sulfuryl Fluoride, 383 
 Sumatriptan (Imitrex), 574 
 Superfund Amendments and Reauthorization Act 

(SARA), 39, 62 
 Superoxide Dimutase, 615, 725, 892 
 Surveillance of Work Related and Occupational 

Diseases (SWORD), 244, 249 
 Sverdlovsk, 935 
 Swan-Ganz Catheter, 124 
 Synthtic Vitreous Fibers (SVF’s), 653, 654, 655 
 Syracuse University Medical School, 674 

 T-2 Toxin, 954, 955, 966, 985, 988, 992 
 T-Helper, 115, 251, 252, 253, 258, 314, 318, 

805, 948 
 Tabun.  See  GA 

 Tachyphylaxis, 270, 287 
 Taipoxin, 985, 998, 1001 
 Talc, 190, 198 
 Tanning, 544 
 TB (Tracheobronchial) Region, 17, 19, 920 
 Tea Workers Asthma, 806 
 ten Berge Model, 142 
 Teratogenicity, 199, 217, 751, 956 
 Terbutaline, 463, 570 
  tert -Octylamine, 274 
 Testosterone, 636 
 Tetanolysin, 923 
 Tetanospasmin, 923 
 Tetanus, 923, 966, 985, 989, 990, 991, 992, 1001 
 Tetrachloroethane, 447 
 Tetrachloroethylene, 57, 172, 197, 198, 443, 447 
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