Barry S. Levine
Sarah Kerrigan

Editors

Principles
of Forensic
Toxicology

Fifth Edition

2 Springer



Principles of Forensic Toxicology



Barry S. Levine - Sarah Kerrigan
Editors

Principles of Forensic

Toxicology
Fifth Edition

@ Springer



Editors

Barry S. Levine Sarah Kerrigan

Chesapeake Toxicology Resources Department of Forensic Science
8415 Progress Dr. Suite V Sam Houston State University
Frederick, MD, USA Huntsville, TX, USA

ISBN 978-3-030-42916-4 ISBN 978-3-030-42917-1  (eBook)

https://doi.org/10.1007/978-3-030-42917-1

© Springer Nature Switzerland AG 1999, 2003, 2006, 2009, 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, expressed or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

The editors will choose an exemption template and provide a figure

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-42917-1

Preface

First published in 1999, Principles of Forensic Toxicology is now in its twen-
tieth year of production. The book has remained a trusted textbook for stu-
dents, and a reference book for laboratorians for two decades.

Although the structure of the book remains unchanged, the fifth edition
has been extensively revised to reflect new analytical methods, drugs, and
special topics.

A total of seven new chapters are included, bringing the total number of
chapters to 40.

In Part I—Introduction, a new chapter on drug-facilitated crimes was
added. This complements the existing chapters on human performance and
postmortem toxicology, in addition to performance-enhancing, pain manage-
ment, and forensic drug testing.

Significant updates were made with regard to Part II—Methodologies.
Specimen preparation, chromatography and mass spectrometry chapters
were extensively updated to reflect contemporary and emerging analytical
approaches. New chapters on quantitative analytical methods, derivatization,
statistics for forensic toxicology, and metrological traceability and measure-
ment uncertainty were also added. These new additions further complement
the existing method validation chapter and should provide a valuable resource
to personnel in accredited forensic laboratories, and students preparing for
the workplace.

In Part Ill—Analytes, novel psychoactive substances (NPS), emerging
drugs and new therapeutic agents were included throughout. Although the
landscape of drug use is ever-changing, significant updates were made to
include designer benzodiazepines, novel synthetic opioids, fentalogs, syn-
thetic cannabinoids, cathinones, newer psychedelics, and other drugs.

Finally, in Part IV—Special Topics, two new chapters were added, includ-
ing drugs in embalmed tissues and oral fluid testing, an area of growing
importance in forensic toxicology.

It is hoped that this new fifth edition is as comprehensive as it is contem-
porary and remains a staple resource for students and laboratorians alike for
many years to come.

Frederick, MD, USA Barry S. Levine
Huntsville, TX, USA Sarah Kerrigan
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Postmortem Forensic Toxicology

Barry S. Levine

Abstract

Forensic toxicology is defined as the applica-
tion of toxicology for the purposes of the law.
Until the middle of the twentieth century,
forensic toxicology was practiced almost
exclusively as a result of investigating a fatal-
ity. Therefore, analyses were performed on
specimens from deceased individuals. Today,
forensic pathologists rely heavily upon foren-
sic toxicology testing to determine how alco-
hol, drugs, or poisons may have caused or
contributed to death.

Keywords

Postmortem - Toxicology - Specimens -
Analysis - Interpretation

History

Although the study of the science of toxic sub-
stances and poisons began in the early 1800s,
knowledge of poisons and poisonings has existed
for thousands of years. Writings from ancient
Egypt and Greece report poisonings due to herbs,
plants, and food. For instance, the Greeks used
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© Springer Nature Switzerland AG 2020

hemlock as a means of state-sponsored execu-
tion, Socrates being the most famous case.
Poisonings by opium, arsenic, and hydrocyanic
acid were also reported throughout Europe dur-
ing the Middle Ages. It was during this period
that Philippus Aureolus Theophrastus Bombastus
von Hohenheim—or Paracelsus—observed that
any substance could be a poison, depending on its
dose (Fig. 1.1).

In 1814, M.J.B. Orfila, the chairman of the
Legal Medicine Department at the Sorbonne in
France, made the first attempt to systematically
study and categorize poisons. In his book Traité
des Poisons ou Toxicologie Generale, he estab-
lished six classes of poisons, basing the six
classes mainly on their toxic effects. He also iso-
lated arsenic from a variety of postmortem speci-
mens, and he was the first to state that poisons
must be absorbed, or enter the blood, to manifest
their toxic effects.

In 1851, Jean Servais Stas developed the first
effective method for extracting alkaloids from
biological specimens. Specifically, his method
detected nicotine in postmortem specimens
obtained from Gustave Fougnies, who was
allegedly poisoned by his brother-in-law. The
extraction procedure used by Stas was modified
several years later by F.J. Otto. This method,
which enabled the isolation of purer alkaloid
substances, became known as the Stas—Otto
method and remains the basis for drug extrac-
tion to this day.

B. S. Levine, S. Kerrigan (eds.), Principles of Forensic Toxicology,
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“ What is there that is not poison?
All things are poison and nothing without poison.
Solely the dose determines that a thing is not a poison.”

Fig.1.1 Paracelsus’s statement about dose in Paracelsus’s
Third Defense

Forensic toxicology did not develop in the
United States until the beginning of the twentieth
century. Under Charles Norris, New York City
replaced its coroner system with a medical exam-
iner system. The medical examiner’s office
included a toxicology laboratory directed by
Alexander Gettler, the first forensic toxicologist
in the United States. Gettler directed the labora-
tory for 41 years and trained the first generation
of forensic toxicologists in the country.

The ubiquitous use of alcohol drove the devel-
opment of analytical methods to study alcohol’s
pharmacokinetics. Maurice Nicloux and Erik
Widmark performed detailed pharmacokinetic
studies on alcohol, developing a formula relating
body weight, amount consumed, and blood alcohol
concentration. To address the problem of drinking
and driving, Rolla Harger developed an instrument,
the Drunkometer, which measured alcohol concen-
tration in breath. Then Robert Borkenstein devel-
oped the Breathalyzer®, which became the standard
for breath alcohol testing for many years.

Types of Postmortem Forensic
Toxicology Cases

The most obvious use for postmortem forensic
toxicologic analyses lies in suspected drug intox-
ication cases, which are not readily diagnosed at
autopsy. In intravenous drug deaths, a recent
injection site may be observable, and oral intoxi-
cations may be inferred from a large amount of
unabsorbed tablet fragments in the stomach.
However, the only other anatomic findings indi-
cating drug intoxication are pulmonary conges-
tion and edema. In some cases, investigation at
the scene may indicate the causative agent or
agents. Nevertheless, a toxicology laboratory
analysis is needed to identify and quantify the
substances present in the biological specimens in

order to determine whether these drugs caused or
contributed to death.

Toxicologic investigations are also important
in deaths other than drug intoxications, such as
homicides and accidental deaths. Many medical
examiner or coroner’s offices routinely perform
drug screens on all homicides, for example, for
the following reasons:

* Many homicides are drug related.

e The abuse of drugs may provide a motive for
homicide.

* An individual under the pharmacologic effects
of drugs has a greater chance of committing or
falling victim to homicides.

A drug-of-abuse screen can provide informa-
tion related to solving a particular homicide case.
Often, postmortem carbon monoxide analysis
can also be relevant, since arson deaths are con-
sidered homicides.

In certain accidental deaths, impairment issues
may have significant forensic relevance.
Comprehensive testing for both therapeutic drugs
and drugs of abuse, such as alcohol, is routinely
requested in driver motor vehicle fatalities to ascer-
tain the potential role of drugs in the accident.

Toxicologic analyses may even be important in
deaths due to natural causes. For instance, deaths
from seizures occur with or without anatomic find-
ings. Being able to quantify blood levels of anti-
convulsant drugs, for example, would allow the
medical examiner to identify whether the deceased
had been undermedicated or noncompliant.
Conversely, the presence of anticonvulsant drugs
in an individual who had no prior seizure history
may require investigation. Patient compliance may
also be an issue in deaths of individuals being
treated for depression or mental illness.

Investigations of natural deaths may require
postmortem clinical chemistry assays, and in
these assays, vitreous humor is the specimen of
choice. Vitreous urea nitrogen values are useful
evidence in determining death from dehydration
or renal malfunction. Markedly elevated vitreous
glucose concentrations would indicate antemor-
tem hyperglycemia.
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Death Investigation

There are two main systems of death investiga-
tion in the United States: the coroner system and
the medical examiner system. Regardless of the
type of investigation, the types of cases under
their jurisdiction are similar.

In general, any unnatural or suspicious death
is subject to investigation: deaths involving
trauma or violence, deaths that are potential sui-
cides, or deaths that potentially result from crimi-
nal activity. Even apparently natural deaths, if
occurring suddenly or unexpectedly, fall under
the jurisdiction of the medical examiner or
coroner.

Specific governmental subdivisions may
also define specific circumstances of death that
require an investigation. Each coroner or medi-
cal examiner has the authority to conduct inves-
tigations, perform autopsies, request toxicologic
analysis, or employ the services of any other
forensic experts deemed necessary to arrive at
the final determination of cause and manner of
death.

Though both systems handle similar types of
cases, there are some significant differences in
how the director of each system is chosen and in
which credentials are required in order to be a
director. A coroner is elected by the people or
appointed by a governmental authority. A medi-
cal examiner is appointed usually by the health
department. A coroner is not required to have any
particular training or experience in medicine,
whereas a medical examiner must be a physician,
usually a pathologist, with specific training in
forensic medicine.

Specimen Acquisition

A critical and often overlooked component of the
forensic autopsy is the collection of proper speci-
mens for toxicologic analysis. Since it is difficult
if not impossible to acquire quality specimens
after an autopsy has been completed, the patholo-
gist must ensure that all necessary specimens are
made available to the toxicologist.

Blood

The single most important specimen to be col-
lected is blood. Blood should be obtained dur-
ing all inspections and limited or complete
autopsies. Ideally, two blood specimens should
be collected, one from the heart (50-100 mL)
and the other from a peripheral site, such as the
femoral or ileac veins. In certain situations,
heart blood can be contaminated either by
trauma or from the release of drugs from tissue
sites; in these cases, the alternate blood speci-
men can be used for analysis. No more than
10-20 mL of the peripheral blood specimen
should be collected; the collection of a greater
volume indicates that you might not have a pure
peripheral blood specimen. If subdural or epi-
dural clots exist, blood from these sites should
also be collected. These specimens could be
useful when there is some period between an
injury and death. Sodium fluoride (1% w/v) and
potassium oxalate (0.2%, w/v) are often used as
preservative and anticoagulant, respectively.

Vitreous Humor

In addition to blood, collect vitreous humor in all
postmortem cases. Vitreous humor displays good
stability and resides in an anatomically isolated
area. Therefore, it is more resistant to putrefactive
changes than are other specimens. As previously
stated, postmortem clinical assays can be per-
formed on vitreous humor. Ethanol analysis in vit-
reous humor can also help in the interpretation of
postmortem  blood ethanol concentrations.
Although sodium fluoride may be used as a preser-
vative, an unpreserved vitreous humor specimen is
often retained for electrolyte determination.

Urine

All available urine should be collected in all autop-
sied cases. The utility of urine in postmortem cases
is similar to its uses in other types of drug testing.
Many drugs and metabolites are present in higher



B.S. Levine

concentration in urine than in blood. Drugs also
remain in the urine for days or longer after use.
Some color and immunoassay tests can be per-
formed rapidly without pretreating the specimens.

Bile

In the absence of urine, bile from the gallbladder
can be used as an alternate waste fluid for screen-
ing. Because bile can concentrate certain drugs
such as narcotics and benzodiazepines, all avail-
able bile should be collected.

Liver

Drug metabolism occurs in the liver, so parent
drugs and their metabolites may be present in
higher concentrations in the liver than in the
blood, thus making detection easier. Many drugs
like the tricyclic antidepressants are sequestered
in the liver. One drawback to using the liver is
that drug detection requires treating the specimen
first. Liver is also a useful specimen for compre-
hensive drug testing when there are limited fluid
volumes, as may be encountered in baby and
infant deaths. The collection of 30 to 50 grams of
liver is sufficient for all toxicological testing.

Antemortem Specimens

When an individual is treated in the hospital prior
to death, the collection of these specimens by the
postmortem toxicology laboratory may be vital in
cause of death determination. In drug intoxication
cases, metabolism and medical intervention may
cause a significant decrease in drug concentration
or even the removal of the drug from the blood.
Moreover, administration of drugs in the hospital
for palliative care, such as morphine, may be
detected in the postmortem specimens, but may be
unrelated to the cause of death. However, there are
also limitations in the use of these specimens in
death investigation cases. Specimen volume is
often limited, preventing the performance of a
comprehensive drug screen. For that reason, it is

best to only test the antemortem specimens either
after a screen on the postmortem specimens or
after consultation with the pathologist so as to tar-
get the testing that is needed.

Other Specimens

Lung tissue is frequently collected in cases involv-
ing the inhalation of volatile substances. Spleen,
being a source of red cells, can be used for carbon
monoxide analysis when blood is unavailable or
unsuitable for analysis. In overdoses, stomach con-
tents can provide easy identification of the ingested
substance or substances if tablets are still intact. A
large amount of drug would also be present in the
stomach contents, thus facilitating analytical iden-
tification. Hair can also be used to identify long-
term drug use; moreover, metals such as arsenic
can be detected in hair.

Specimen Receipt and Accessioning

Once the pathologist or investigator acquires the
specimens, they are transported to the laboratory.
Specimens should be enumerated. Each should
be individually packaged and labeled with the
decedent’s name and autopsy or case number and
accompanied by the following documentation:

e Relevant demographic information about the
deceased (age, sex, and race).

e The name and address of the contributor.

e A brief history of the case:

o If the cause of death is known, listing this is
usually sufficient.

* If the cause of death is pending, then a brief
summary of the known history suffices.

e List any suspected drug use or involve-
ment; this directs the laboratory regarding
any nonroutine testing that may be required.

* Indicate the types of analyses requested by
the contributor. Many coroner or medical
examiner offices use a standard request form
when submitting specimens for toxicologic
analysis (Fig. 1.2). This form may also serve
as the external chain-of-custody form.
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OFFICE OF THE CHIEF MEDICAL EXAMINER LABORATORY
REQUEST FOR TOXICOLOGIC ANALYSIS

NAME DATE OF REQUEST

MEDICAL EXAMINER DATE OF DEATH

PATHOLOGIST AUTOPSY4
CHECK HERE IF DECOMPOSED CLASSIFICATION: Natural Other
CHECK HERE IF SUSPECTED BIOHAZARD AGE RACE SEX
CHECK HERE IF DRUG DEATH AND DEATH CERTIFICATE SIGNED (son-pending)

Cause of Death: .

Brief History:

Notz Any Drugs Suspecied:

SAMPLES SUBMITTED:
—___ BLOOD (HEAKT) ____ SPLEEN
BLOOD (FEMORAL) ____LUNG
BLOOD (SUBCLAVIAN) _____BRAIN
____ BLOOD (PERIPHERAL) _____ SPINAL FLUID
____ BLOOD ____ SWABS V_A_0_
— URINE ____ EVIDENCE I
BILE _____ HOSP SPEC A_B_C__
VITREOUS IIUMOR D E F
_____LIVER R
_____ KIDNEY o
_____ STOMACH CONTENTS -
ANALYSES REQUESTED :
ALCOHOL DRUG TESTING
CARBON MONOXIDE ROUTINE
RULE OUT TOXICOLOGY - PENDING
DRUGC DEATH LIKELY - PENDING
_____ OTHuER
FOR LABORATORY USE ONLY ;Lfdud.
SAMFLE ALCOHOL, ETHYL OTHER VOLATILE || Time
% % || Tnitials:
% % B L i
% % || Blood Fluoride
% % | Tube Prepared:
CARBON MONOXIDE % SATURATED || Volume:
1| Initials:
hm:
Reviewed by:

Fig. 1.2 An example of a toxicology request form

Specimens received in the laboratory are then
accessioned. All specimens should be checked
against the request sheet and the contributor noti-
fied of any discrepancies. Each case is then
assigned a laboratory number and each specimen

is labeled with that number. Choice of specimens
for analysis should be made on the basis of labo-
ratory policy or case history. All remaining speci-
mens should then be placed in the freezer for
storage or future analysis.
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Analytical Process

The analytical process begins after the accession-
ing process is complete. The process used on
postmortem specimens is both similar to and dif-
ferent from the process used to analyze toxicol-
ogy specimens from living individuals. For
example, commercially available immunoassays
can be used to screen postmortem urine speci-
mens; occasionally, postmortem urine specimens
require centrifugation prior to immunoassay.
Tests designed to detect adulteration, such as pH
and specific gravity, need not be performed
because the specimen is collected directly from
the bladder by the pathologist or autopsy assis-
tant during the autopsy.

Section II of this book will deal with the ana-
lytical process in more detail, but the following is
a brief overview of the process.

Separation

The initial step in the process for postmortem
specimens is analyte separation. Except for some
drug classes that can be analyzed directly in urine
specimens, the analytes of interest usually require
separation from the biological matrix. For exam-
ple, volatile substances can be separated from an
aqueous matrix by heating the specimen in a
sealed container at 60-80 °C. The gaseous phase
above the matrix layer will contain volatile sub-
stances that can be sampled and analyzed.

Protein precipitation is another relatively sim-
ple separation technique. Inorganic acids such as
tungstic acid and trichloroacetic acid may be
used to precipitate protein. Alternatively, organic
solvents such as methanol or acetonitrile may be
used. Color tests, solid-phase extraction, and
immunoassays may benefit from this sample
preparation step.

Liquid-liquid extraction (LLE) and solid-
phase extraction (SPE) are commonly used to
isolate compounds of interest from postmortem
specimens. In LLE, a drug is partitioned between
two immiscible liquid phases. Ionization and
solubility characteristics can affect separation of
basic, neutral, and acidic drugs. For instance, a

basic drug will be nonionized in an alkaline
medium; adjusting the matrix pH to alkaline
allows basic drugs to leave the matrix and enter
an immiscible organic solvent. Similarly, acidic
drugs can be extracted after acidifying the bio-
logical matrix. This process allows for the
removal of contaminating aqueous components
and permits easy concentration of the extract by
evaporation.

In SPE, the drug is partitioned between a liq-
uid and a solid (stationary) phase. The general
process of SPE involves column conditioning,
sample application, column washing, and analyte
elution. Postmortem specimens may require
additional sample preparation steps prior to SPE
because whole blood and tissues may contain
clots or particulate matter that prevent the flow of
specimens or solvents through the column.
Specimen dilution, sonication, centrifugation, fil-
tration, or protein precipitation may be necessary.
A hybrid technique between LLE and SPE is sup-
ported liquid extraction (SLE) where the buffered
specimen is applied to a column containing a dia-
tomaceous earth material. An extraction solvent
is then applied to the column, collecting the non-
ionized drug for concentration and detection.

Identification by Spectrophotometry,
Chromatography, Mass
Spectrometry, and Immunoassay

After separation, toxic substances are identified.
Identification techniques in forensic toxicology
can be grouped into spectrophotometry, chroma-
tography, mass spectrometry, and immunoassay
techniques.

The use of spectrophotometry in today’s post-
mortem forensic toxicology laboratory is limited
to some simple color tests and the detection sys-
tem in some commercially available immunoas-
says. Color tests are easy to use and can be
performed directly on the specimen or on a
protein-free filtrate of the specimen. Color tests
may be used to screen postmortem specimens for
salicylate and acetaminophen.

Gas chromatography (GC)-based techniques
are widely used in the postmortem toxicology
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laboratory for the identification and quantifica-
tion of drugs. Various components of the chro-
matographic system can be modified to enhance
resolution, sensitivity, and specificity. The sta-
tionary phase can be changed to improve resolu-
tion of a particular group of substances.
Temperature programming of the stationary
phase permits the identification of substances
with differing volatilities within a single chro-
matographic run. Detector selection can assist
various analyses. The flame ionization detector
(FID), for example, is a general detector for all
compounds containing carbon and hydrogen
atoms. The addition of a rubidium bead increases
sensitivity to nitrogen-containing compounds
(nitrogen—phosphorus detector, NPD).
Halogenated compounds such as benzodiaze-
pines can be analyzed at very low detection limits
with an electron capture detector. For polar and
thermally labile compounds, liquid chromatogra-
phy (LC) is a preferred chromatographic tech-
nique. A variety of stationary phases and detectors
exist, and mobile phase composition can be var-
ied, either between runs or within a run. Within-
run mobile phase modification is known as
gradient elution and is analogous to temperature
programming in GC. Mass spectrometry (MS)
ionizes the chemical species and separates the
molecular fragments based upon their mass-to-
charge (m/z) ratio.

Immunoassays are based on competitive bind-
ing between an antibody reagent with labeled
drug (reagent) and drug in the specimen. A sepa-
ration step may be required prior to measure-
ment. These assays have several advantages over
other techniques. They can be performed directly
on urine specimens or on blood or tissue speci-
mens after pretreatment, and they have good sen-
sitivity to a particular drug or drug class. A
number of commercially available immunoas-
says, differing primarily in the type of drug label
used are in use today. Each has distinct advan-
tages that dictate its particular application.
Although immunoassay-based techniques are not
specific for a particular drug, this feature may be
exploited for the identification of drugs within a
particular class of drug (e.g., benzodiazepines,
barbiturates, opiates).

Confirmation

Each identification technique individually can indi-
cate the presence or absence of a particular analyte.
However, for a substance to be reported as positive,
at least two different analytical techniques must be
used. The use of a second or confirmatory technique
is a fundamental principle in forensic toxicology.
Two different immunoassays would not be accept-
able because of antibody similarity among com-
mercially available immunoassays.

More definitive confirmatory techniques pro-
vide structural information about the substance
itself. Mass spectrometry, in combination with a
separation technique such as GC or LC, is cur-
rently the benchmark confirmatory technique
used in the field. For example, a gas chromato-
graphic retention time plus a full-scan electron
ionization mass spectrum can be compared to a
standard to provide conclusive identification in
most but not all circumstances. For drugs present
in lower concentrations, selected ion monitoring
of three major ions may be sufficient. LC-MS-
based techniques also allow additional flexibility
with respect to ionization techniques and mass
spectral data acquisition.

Quantification

That a substance is present does not necessarily
mean that it was a cause of death. For this deter-
mination, the substances in the relevant speci-
mens must be quantified.

Quantification of drugs in blood is most com-
monly associated with toxicity or lethality. In chro-
matographic methods, the signal generated by the
detector will be proportional to the amount of sub-
stance present. By preparing calibrators of known
concentration, response factors can be calculated to
quantify the analyte in the case specimens.

In certain circumstances, the quantification of
drugs in tissue may have particular utility. When
blood specimens are unavailable, the liver is usu-
ally used as a substitute specimen. Moreover, the
amount of drug in the liver is often helpful in
interpreting postmortem tricyclic antidepressant
concentrations.
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Analytes
Ethanol

Ethanol is the most frequently encountered drug
in the postmortem forensic toxicology labora-
tory. Specimens should be analyzed for ethanol
in all postmortem cases.

One approach is to initially analyze the heart
blood for ethanol. If it is negative, no further
analyses are required. If it is above a predeter-
mined cutoff such as 0.01 or 0.02 g/dL, then
peripheral blood, vitreous humor, and urine
should also be quantified. There are numerous
reasons for this approach. In some cases, such as
chest trauma, the heart blood can be contami-
nated, causing a spuriously high concentration of
ethanol. An interpretation based on this single
analysis would lead to false conclusions, whereas
a peripheral blood sample would give a better
indication of antemortem ethanol concentration.
In head trauma cases, the analysis of subdural
blood can indicate blood ethanol concentration at
the time of injury, especially if there is a signifi-
cant period of time between injury and death.

Quantification of ethanol in urine or vitreous
humor is useful for several reasons, such as ascer-
taining the absorptive status of the individual.
Post-absorption, the average vitreous humor/
blood ethanol concentration ratio is about 1.18. If
an individual was still absorbing ethanol at the
time of death, then this ratio would be decreased.
This is significant if blood ethanol concentration
at a prior event is estimated. The average urine/
blood ratio in the post-absorptive state is 1.3, but
there are wide variations in this ratio. Therefore,
both specimens should be analyzed if informa-
tion about absorptive status is required.

Urine and vitreous humor analysis can also
help determine whether a measured blood etha-
nol concentration resulted from antemortem con-
sumption or from postmortem ethanol formation.
A variety of microorganisms can produce ethanol
as well as acetaldehyde and n-propanol from var-
ious sugars or fatty acids, but urine and vitreous
humor are resistant to this process. Therefore, a
positive blood ethanol concentration in conjunc-
tion with a positive vitreous humor and urine

ethanol concentration would suggest antemortem
ethanol consumption. Conversely, a negative vit-
reous humor and urine ethanol concentration
could indicate postmortem ethanol formation in
the blood.

Methods of Ethanol Analysis

Ethanol analysis on postmortem specimens can
be conducted by a variety of methods. Enzymatic
methods use alcohol dehydrogenase, which con-
verts ethanol to acetaldehyde and reduces nico-
tinamide adenine dinucleotide from its oxidized
(NAD") to reduced (NADH) form. Using spec-
trophotometric detection, the increase in absor-
bance at 340 nm is directly proportional to the
amount of ethanol in the specimen. This revers-
ible reaction is shifted toward the production of
NADH by adding a trapping agent such as hydra-
zine or semicarbazide, which reacts with acetal-
dehyde to produce a stable derivative. These
assays were developed for serum or plasma
specimens and are widely utilized in clinical
(hospital) settings.

GC is the preferred analytical technique.
Specimens can be analyzed directly after dilution
with an aqueous internal standard, or by heating
the diluted specimen to 60 °C in a sealed con-
tainer and sampling the vapor. Analysis of this
headspace permits quantification without inter-
ference from the biological matrix. It has the sen-
sitivity and precision to quantify ethanol
concentrations as low as 0.01 g/dL. Multiple
volatile compounds, including other alcohols,
acetone, or hydrocarbons, can be separated, iden-
tified, and quantified by GC-based methods,
often in combination with an FID.

There are a number of combinations that pro-
vide confirmation of the presence of ethanol.
Retention time agreement between two GC col-
umns with different polarities is commonly used.
This can be achieved with a single injection using
headspace dual-column GC-FID, although head-
space GC-MS can also be used.

Interpretation

The interpretation of blood ethanol concentra-
tions in postmortem specimens, provided that no
postmortem ethanol formation occurred, is simi-
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lar to the interpretation of blood specimens of liv-
ing individuals. Alcohol is a dose-dependent
central nervous system depressant that can impair
mental and physical functions. This impairment
can manifest itself in reductions in judgment,
attention, perception, and multitasking abilities
(divided attention tasks). As the blood ethanol
concentration increases, more overt symptoms of
alcohol impairment may be observable. A blood
ethanol concentration at or above 0.40 g/dL can
be consistent with causing death in the absence of
other pathological findings due to ethanol
intoxication.

More details on ethanol will be provided in
Chap. 19.

Carbon Monoxide

Carbon monoxide (CO) is produced by the
incomplete combustion of organic material. CO
is the causative agent in many fire deaths. In
general, fire deaths can be explained by thermal
injuries, smoke, and soot inhalation, or a combi-
nation of the two. CO binds with great affinity
to hemoglobin (Hb), forming carboxyhemoglo-
bin (CO-HD) and reducing the blood’s oxygen-
carrying capabilities. The unit of measurement
of CO is “percent saturation” (% sat) and is
defined as the percent of total Hb which is
CO-Hb.

Methods

CO may be measured in several ways. For
instance, CO may be measured directly through
microdiffusion or GC. A microdiffusion screen-
ing test uses a Conway cell. The outer well con-
tains the specimen and an agent that releases the
CO from Hb. The released CO reduces the palla-
dium chloride in the center well to metallic pal-
ladium, producing a black film. Chromatographic
methods also require the release of CO from Hb,
usually by the addition of potassium ferricyanide
to the blood in a sealed container. The released
CO can be passed through a molecular sieve gas
chromatographic column and measured directly
with a thermal conductivity detector or after cata-
lytic reduction to methane using a flame ioniza-

tion detector. The % sat is obtained either by
measuring Hb to correct for the Hb content of the
specimen or by analyzing a second aliquot of
specimen after saturating with CO. This latter
method removes the need to measure Hb because
% sat is calculated by dividing the area of the CO
peak in the untreated sample by the area gener-
ated from the saturated sample and then multi-
plying by 100.

CO content in a blood specimen can also be
measured directly as CO-Hb by spectrophotom-
etry. These methods are based on the difference
in absorption spectra between various forms of
Hb, and a large number have been published.
Certain automated systems can simultaneously
measure these Hb species by measuring absor-
bances at wavelengths where these spectra inter-
sect. In some spectrophotometric methods,
methemoglobin (met-Hb), a form of Hb where
the iron is in the +3 valence state, can adversely
affect spectrophotometric methods. Treating the
blood with sodium hydrosulfite reduces met-Hb
to Hb but does not affect CO-Hb. Therefore, post-
mortem specimens should be treated when these
spectrophotometric methods are used. If blood is
unavailable for analysis, a tissue fluid may have
sufficient Hb to permit CO quantification; other-
wise, spleen is an acceptable specimen.

Interpretation
The interpretation of CO-Hb levels is relatively
straightforward. In general, values less than 10%
are considered normal and are not associated
with significant smoke inhalation. Smokers gen-
erally have higher basal CO levels than do non-
smokers. This implies that any fire death with
normal % sat occurred prior to or shortly after the
start of the fire, assuming that no medical treat-
ment had ensued. Saturation values greater than
50% are consistent with death resulting from
smoke and soot inhalation. Lower lethal concen-
trations can be observed in individuals with ane-
mia or with compromised respiratory systems.
Unlike other deaths from gaseous substances, CO
can be detected in decomposed bodies because it
is bound to Hb.

More details on carbon monoxide will be pro-
vided in Chap. 30.
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Drugs

The most involved aspect of postmortem forensic
toxicology is the analysis of drugs. Postmortem
laboratories must have methodologies for the
identification, confirmation, and quantification of
both therapeutic and abused drugs.

The most common approach is to develop a
protocol or a battery of tests to comprehensively
screen for drugs. The scope of testing will depend
on the type of investigation and contextual infor-
mation. A negative screening test may require no
additional analytical work. However, a positive
screening test (presumptive positive) may require
more specialized testing in the form of confirma-
tion and quantification. No single analytical
method is appropriate for all drugs; rather, a com-
bination of methods provides a wide range of
testing.

Figure 1.3 illustrates one comprehensive
approach. Color tests are simple assays that can
be done quickly to screen for certain drugs; sev-
eral color tests can be included in a comprehen-
sive approach. An alkaline extraction followed by
GC with nitrogen—phosphorus or MS detection
and temperature programming can identify drugs
within the following classes: antiarrhythmics,
antidepressants, antihistamines, benzodiaze-
pines, narcotics, neuroleptics, and sympathomi-
metic amines. Not all drugs within a class can be
detected at appropriate concentrations, and the
toxicologist must know which drugs will be iden-
tified and at which detection limits. A weak acid
extraction followed by GC or LC can identify
acid and neutral drugs such as barbiturates and
anticonvulsants. A variety of commercially avail-

Fig. 1.3 One approach
to comprehensive drug
testing (DA = abused

able immunoassays can identify amphetamines,
barbiturates, benzodiazepines, buprenorphine,
cannabinoids, cocaine, opiates, oxycodone phen-
cyclidine, and other drugs. Due to the prolifera-
tion of new psychoactive substances (NPS), mass
spectrometry—based screening is gaining popu-
larity due to its increased scope of testing.

The interpretation of drug results can be easy
or difficult. The presence of drugs or metabolites
in the bile or urine will indicate exposure, but
assessment of toxicity is usually impossible.

Quantification of drugs in the blood, on the
other hand, is better correlated with toxicity or
fatality and must be interpreted in light of
available history. A high concentration of a
drug or a group of drugs in the blood of an indi-
vidual with suicidal ideation, a suicide note,
and no anatomic cause of death at autopsy is
consistent with a suicidal drug or multiple drug
intoxication. The ratio of parent-to-metabolite
concentrations may indicate an acute death. A
therapeutic postmortem blood concentration in
an individual treated in the hospital for several
days may indicate much higher concentrations
at an earlier time. Often, hospital laboratories
perform drug testing on urine specimens with-
out associated blood quantifications. The post-
mortem laboratory should obtain hospital
blood specimens so that toxicity can be
assessed. Of course, the clinical picture as doc-
umented by the hospital is extremely critical to
this overall assessment. When dealing with
clinical specimens, it should be noted that a
variety of additives are used in commercial
blood tubes. Many contain only an anticoagu-
lant (e.g., heparin, EDTA, citrate) and no pre-

COMPREHENSIVE DRUG TESTING - ONE APPROACH

BIOLOGICAL SPECIMEN

drugs, neg = negative,
pos = positive,

MS = mass
spectrometry)

Neg Pos

MS Confirmation

DA Immunoassay

Acid/Neutral Screen Base Screen Color Tests

Neg Pos Neg Pos

MS Confirmation MS Confirmation

Quantitation Quantitation
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servative. This should be considered during
sample selection, testing, and interpretation of
results.

A series of drugs, each present in therapeutic
concentrations, may have additive effects when
present in combination. In some instances, effects
may be synergistic (potentiating or supra-
additive), whereby the overall effect is greater
than the sum of the individual effects. A drug
need not be present in toxic amounts to play a
role in an individual’s death. Therapeutic drug
use may reduce judgment or performance, lead-
ing to an accident. Moreover, certain behavior
may be altered by a drug, leading an individual to
become a victim of violent activity.

One point that must be emphasized is that a
laboratory’s routine testing procedures are
established to identify a large cross section of
therapeutic and abused drugs. Each laboratory
must determine the type of testing offered
based on available resources. Not every drug
available can be detected in a routine testing
protocol; even within a drug class, some drugs
may be identified and others not. It is crucial
for the laboratory administration to understand
the capabilities and limitations of the laborato-
ry’s routine testing procedures and communi-
cate this to the client. These facts reinforce the
need for drug history when a case is submitted.
If the suspected agent is not identified rou-
tinely, then additional (targeted) testing can be
done. Alternatively, a specimen can be sent to a
reference laboratory for testing.

One complication in the interpretation of post-
mortem blood drug concentration is whether the
measured drug concentration accurately reflects
the concentration at death. Some drugs have been
shown to redistribute after death, especially those
with high volumes of distribution. For instance,
tricyclic antidepressants may redistribute into the
heart blood from the liver, producing an artifi-
cially high blood concentration. Measurement of
these drugs in peripheral blood or tissues can
minimize the possibility of misinterpreting

results. The phenomenon of postmortem redistri-
bution (PMR) is discussed in Chap. 34.

It is also possible that drug concentrations
decrease during the postmortem interval. In vitro,
cocaine degrades into benzoylecgonine (chemi-
cal hydrolysis) and ecgonine methyl ester (enzy-
matic hydrolysis) under alkaline conditions or in
the absence of a chemical preservative. The pres-
ence of a cholinesterase inhibitor and storage of
blood at reduced temperature can reduce this loss
once the specimen is collected. Oxidation, light
sensitivity, and other factors can also contribute
to drug instability. These are discussed in more
detail in Chap. 33.

Reporting

After the analytical work is completed, all data
should be submitted for review by appropriately
qualified personnel. These reviews should include
all aspects of the technical and administrative
processes. The results should also be reviewed in
the context of the case. Consultation with the
pathologist or medical examiner may clarify any
unresolved issues. Once this review has been
completed, a final report can be generated for
final disposition.
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Abstract

The evaluation of human performance, often
termed psychomotor performance, is a daily
occurrence for most people. Whether the abil-
ity to perform routine yet complex psychomo-
tor tasks is determined on the highway or in
the workplace, such monitoring occurs fre-
quently. Inability to perform may affect the
safety of other persons and have economic and
legal implications. Many factors may affect an
individual’s ability to perform routine tasks
such as operating machinery or driving a car,
but psychoactive drugs, including alcohol
(ethanol), are frequently implicated.
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Definition

The field of human performance toxicology com-
bines aspects of psychology, toxicology, and
pharmacology. Modern psychology is not a study
of the mind, as the term suggests (a combination
of the Greek terms psyche for mind and logos for
subject of discourse), but is more accurately
defined as the study of behavior. Behavior
encompasses the manner of one’s conduct and
one’s response to environmental stimuli; the
study of behavior is a science that deals with
human action and seeks generalizations of human
behavior in society. Performance is defined as the
execution of an action, the manner of reacting to
stimuli, and the carrying out of an action or
behavior. It involves the effective use of higher
brain centers in the coordination and control of
motor functions resulting in movements appro-
priate to a given stimulus. Human performance
toxicology or behavioral toxicology, then, is the
study of the human response to environmental
conditions and stimuli [and ability to function]
under the influence of drugs.

This field of study was originally the realm of
psychologists. They were interested in learning
how people learn, and they applied both respon-
dent conditioning (classical or Pavlovian) and
operant conditioning (Skinner) in an effort to
understand the learning process. An offshoot of
this research attempted to elucidate the neuro-
chemical basis for responding to external stimuli.
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Over time, this research led to establishing fields
of study such as skills acquisition, human engi-
neering, and motor performance testing, the area
of psychology that has most significantly affected
human performance toxicology.

Forensic toxicologists have become interested
in human performance toxicology because it is a
natural extension of their involvement in the
medicolegal implications of drug use, misuse,
and abuse. The effects of drugs on skills acquisi-
tion, learning, and performance have broad social
and economic implications both on the road and
in the workplace. The toxicologist uses ‘“real-
life” tests and laboratory-based psychomotor
tests to monitor the behavioral effects of drugs.

It is important to note that drugs may alter nor-
mal behavior by either enhancing or impairing
performance. In behavioral or human perfor-
mance toxicology, the impairing effects of drugs
are typically of more interest. In fact, those drugs,
such as stimulants, that enhance performance in
the short term often impair performance when
they are used chronically over an extended
period. In addition, the “crash” phase associated
with abuse of such compounds can also be
impairing. Therefore, toxicologists generally
speak mainly of performance decrements when
they refer to the behavioral effects of drugs.

Laboratory Psychomotor
Performance Testing

To evaluate the effects of drugs and environmen-
tal conditions (e.g., illness, disease, exposure to
toxicants in the workplace) on driving and work-
place safety and efficiency, a large number of
psychomotor tests have been developed. Since
laboratory experiments provide a controlled envi-
ronment, human performance testing most fre-
quently occurs in this setting.

Although evaluation of performance on actual
tasks (e.g., testing the effects of alcohol on auto-
mobile driving using closed-course or on-the-
road studies) provides data more directly
applicable to understanding and evaluating the
behavioral effects of drugs on “real-life” tasks,
such studies are not often practical. The high cost

and risk associated with such real-life studies is
often prohibitive, and researchers turn to
laboratory-based studies as an effective alterna-
tive. Laboratory studies also allow for subdivid-
ing a task into its component parts, which is often
not feasible in non-laboratory studies.

The effects of a drug on performance are not
typically predictable from a single test, in part
because laboratory-based tests do not exactly
simulate the performance of interest. Most tasks,
such as driving, may be considered to be routine
yet complex psychomotor tasks. This simply
means that behaviors such as driving a car may
be performed routinely and may seem uncompli-
cated, but are in fact a series of small tasks that
must be performed simultaneously or in close
association with each other to accomplish the
larger task. Workplace and driving performance
may be considered to be a series of vigilance and
divided-attention tasks. Testing batteries, there-
fore, are believed to more adequately provide
predictive value of the effects of drugs on human
performance.

In a field study, it is generally difficult to sub-
divide tasks into their component parts and mea-
sure performance on each aspect of that task. The
ability to subdivide tasks in this manner allows
the investigator to determine exactly what part of
a behavior is impaired and in what way. For
example, it is important to be able to differentiate
whether a task is impaired as a result of a loss of
visual acuity or due to a reduction in cognitive
ability. When assessing a large task as a whole
unit, it is generally difficult to determine which
portion of the behavior is impaired. In the labora-
tory study, the investigator is evaluating a number
of small tasks which are either a portion of the
larger task or which model the types of behaviors
used in that larger task in an effort to assess each
portion of the whole task.

Although there are many advantages to the
laboratory study, some aspects of this type of
experimentation are less desirable than the field
study. Probably the most significant is directly
related to the above discussion. When a task is
subdivided into its component parts, it is no lon-
ger truly the whole task. It then becomes possible
to assess impairment in the real-life task only by
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association instead of directly, as in the field
study. This is frequently a question raised in ref-
erence to laboratory studies that attempt to relate
impairment to driving. A serious question of
validity is raised when a subject’s performance is
impaired on reaction time tasks or divided-
attention tasks and the investigator extrapolates
these results to suggest that driving, a task that
involves reaction time and divided attention, will
also be impaired under the same drug conditions.
As well as validity (i.e., Does a task that mea-
sures driving ability look like the actual driving
task?), there are also issues of learning, training,
and practice effects that must be accounted for in
the laboratory studies. These effects are mini-
mized when a well-controlled study uses prop-
erly validated performance tests. Often, however,
the time frame in which subjects learn new per-
formance tests does not compare to the degree of
practice and expertise they have developed in the
performance of routine yet complex psychomo-
tor tasks such as driving. Highly practiced tasks
tend to be more resistant to drug effects than less
well-learned tasks; therefore, impairment noted
on such laboratory tasks may not reflect the same
type or degree of impairment on the real-life task.
One way in which laboratory testing is overcom-
ing some of these disadvantages is through the
application of increasingly sophisticated and
more realistic simulators. For example, current
technology has provided automobile and flight
simulators that so accurately reflect the real task
that they are used for training drivers and pilots.
Such simulators overcome the problems of valid-
ity and are probably less susceptible to learning
and practice effects. The simulator also allows
for the measurement of the subtasks that consti-
tute the larger task or behavior.

Various psychomotor tests are available for
use in laboratory studies. Despite their differ-
ences, they may be grouped into three major cat-
egories: perceptual performance tasks, cognitive
performance tasks, and motor performance tasks.

Perceptual performance tasks measure the
acuity of the senses, especially vision and hear-
ing. The most common task in this category is
time estimation, in which the test subject is
required to estimate the passage of a fixed time

interval, typically 30 s. This task evaluates men-
tal acuity. Many drugs alter the subject’s ability
to estimate the passage of time.

Cognitive performance tests measure intellec-
tual function. Many different types of tasks fall
into this category. Vigilance tasks measure the
ability to recognize specific information and
require the subject to discriminate a specific sig-
nal from among a group of choices, e.g., the sub-
ject monitors several dials and reports when one
varies from the others. These types of tests model
many modern workplace tasks as well as aspects
of the driving task. Another form of cognitive test
uses simple arithmetic problems to evaluate con-
centration and mental processing time. These
tasks include a wide array of mathematical prob-
lems such as requiring the subject to perform a
series of simple two- or three-digit addition or
subtraction problems. One session of these tasks
can include a series of 25-50 problems, and
answers to each problem are typically required
within 5-10 s.

Motor performance tests evaluate the integrity
and function of motor pathways. This type of
testing is also referred to as psychomotor or sen-
sorimotor testing. The most basic of the motor
performance tests is the tapping rate task. This is
a test of pure motor speed in which the subject
strikes a key or alternate keys on a keypad as rap-
idly as possible over a short time span. This task
has no cognitive component and, therefore,
allows for analyzing the motor component of
other tasks in a performance test battery.

Among the most popular and frequently used
motor tests are the reaction time tests, which
evaluate motor response. Reaction time is a basic
performance skill that is fundamental to all activ-
ity. Although many different variations of these
tests are available, the essential element of the
task is a button press in response to a critical
stimulus. Reaction time tasks may be classified
as either simple reaction time or choice reaction
time. The simple reaction time tasks evaluate
only motor response: how rapidly a response is
made after the stimulus is presented. In the choice
reaction time tasks, the subject must choose a
single stimulus from among a number of alterna-
tives. These tasks evaluate sensorimotor perfor-
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mance in that they have both a motor response
component and a recognition time component.

Another popular type of motor performance test
is the tracking task. These tests measure visual—
motor coordination and contain elements of reac-
tion time, fine and course motor control, and
attention. The tracking task also has many varia-
tions. These tests are commonly used in behavioral
studies because the elements of the tracking tasks
are also present in automobile driving.

The motor performance test that provides the
most sensitive measure of the impairing effects of
drugs is the divided-attention task. This type of
test involves the simultaneous performance of
two or more subtasks. Many possible combina-
tions of tasks are available, e.g., two tracking
tasks or a tracking task and a choice reaction time
task. The essential requirement for choosing the
best combinations of tasks is that the subject’s
capacity to absorb and respond to all relevant
information be taxed. The information process-
ing demands of the combined tasks must be such
that either one or both tasks are performed at a
lower performance level than when either task is
performed alone. The critical concern in task
selection is that the combination of tasks must
not overload the subject to such a degree that one
of the tasks is neglected. The requirement to
share attention is a common feature in everyday
tasks such as automobile driving.

Another important aspect of the laboratory-
based performance study is the subjective test, in
which the subjects self-report their mood, feel-
ings, and impressions using a quantifiable scale.
Such self-reporting provides useful information
about drug effects, duration, and the subject’s
perceptions regarding impairment.

Application

The question of behavioral toxicology or impair-
ment is a separate issue from whether the drug in
question 1is wused appropriately or abused.
Although it is common to think that forensic toxi-
cology in general and human performance toxi-
cology in particular are interested only in the use
of illicit drugs (e.g., heroin, marijuana, cocaine,
and others), numerous therapeutic drugs includ-

ing antidepressants, benzodiazepines, muscle
relaxants, opioids, antihistamines, and anticon-
vulsants also have significant behavioral effects.
The toxicologist must focus on both licit and
illicit drugs and must evaluate the effects of ther-
apeutic drugs when administered in the pre-
scribed manner for their normal medical
applications, as well as when they are incorrectly
administered or abused.

A classic example of this type of problem is
the study of the benzodiazepines. When these
drugs are used appropriately as anxiolytics, they
may improve driving behavior. Individuals with
prescriptions and other chronic users may also
exhibit tolerance to some of the deleterious
effects. However, they are often used in higher
doses and for a longer period of time than pre-
scribed or recommended, or recreationally, or in
conjunction with popular drugs of abuse, or to
supplement methadone maintenance by heroin
addicts. In such cases these drugs may adversely
affect driving behavior.

When evaluating the behavioral effects of a
drug, it is also important to consider the meta-
bolic profile of that drug. The presence of active
metabolites is certainly important in evaluating
the behavioral effects of drugs, because they con-
tribute to the parent drug’s effect. The presence of
inactive metabolites, although exerting no behav-
ioral effects themselves, may provide some infor-
mation about the approximate time that a drug
was used or frequency of intake.

The specimen of choice in human perfor-
mance toxicology varies with the application.
The specimen most commonly used for estab-
lishing dose and concentration/effect relation-
ships is blood. Because blood is most intimately
in contact with the central nervous system (CNS),
it provides the best information concerning how a
drug, its active metabolites, and their concentra-
tions are related to performance impairment. This
is why blood is usually the preferred specimen
for driving under the influence (DUI) evaluation.
Alternate specimens such as urine, oral fluid,
sweat, and hair are becoming increasingly popu-
lar due to ease and noninvasiveness of collection,
but it is unlikely that a direct behavioral/concen-
tration relationship can be established using these
specimens. Detection windows for the different
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Fig. 2.1 Approximate drug detection windows for matri-

ces utilized for human performance toxicological
analysis

matrices inform specimen choice relative to the
desired application. Drugs are concentrated in
urine for excretion and thus may be detectable for
days, whereas oral fluid typically indicates recent
use (hours), and hair can establish use or expo-
sure over months (Fig. 2.1).

Alcohol and Driving

The most commonly studied drug with
performance-impairing effects is alcohol, and the
most frequently studied task is driving. Even
studies that examine the impairing effects of
other drugs typically use alcohol as a standard of
comparison. This is likely because drinking alco-
hol and driving is such a common occurrence and
has such profound social and economic implica-
tions. Epidemiological studies have shown that
40-60% of all fatally injured drivers have a blood
alcohol concentration (BAC) >0.10 g/dL, and
30-40% of those have a BAC >0.15 g/dL. The
central issue in the history of the relationship
between drinking and driving has been to estab-
lish a causal link between alcohol use and driving
impairment and automobile accidents and to use
this information to effect societal change.

History
The impairing effects of alcohol have been well

known and well documented throughout recorded
history. Although its impairing effects have

always had significant societal consequences,
these consequences probably have even greater
significance and cost in our industrial and mecha-
nized society.

The invention of the steam locomotive and the
advent of railway transportation in the mid-1800s
brought to light the adverse consequences of
combining high-speed travel with alcohol. By
1843, the New York Central Railroad prohibited
employees from drinking while on duty. Along
with the invention of the automobile and its rapid
growth in popularity as a means of personal
transportation came the problem of drinking and
driving. An editorial as early as 1904 made the
correlation between drinking before driving and
automobile accidents. In 1910, the New York
City traffic code noted that the misuse of alcohol
was a factor in traffic safety. Even Henry Ford
commented that the use of alcohol was incompat-
ible with the speed at which Americans operated
their automobiles, their machinery, and their lives
in general.

The growth of industry in the United States in
the early twentieth century was accompanied by
an ever-increasing awareness of safety issues, not
only in factories but also on the roads and in the
home. The safety movement gained impetus in
1912 with the formation of the National Council
for Industrial Safety, which became the National
Safety Council (NSC) in 1914. By 1924, the
National Safety Council had expanded its inter-
ests to include highway safety and therefore, by
implication, the effects of alcohol on driving. The
work of this organization has been continued and
expanded by the National Highway Traffic Safety
Administration (NHTSA), a division of the
Department of Transportation.

Despite the awareness of the behavioral effects
of alcohol throughout history, scientific docu-
mentation and evaluation of these effects did not
begin until the early 1900s. Erik Widmark, from
the University of Lund in Sweden, was among
the first to quantify the amount of alcohol in vari-
ous body fluids and correlate those concentra-
tions to measures of impairment, subsequently
applying that information to traffic safety issues.
By the early 1920s, Widmark had developed a
protocol for physicians to follow when evaluat-
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ing drivers suspected of driving under the influ-
ence (DUI) of alcohol. This protocol consisted of
behavioral and physiological measures including
pupillary reaction to light, signs of ataxia (lack of
voluntary muscle control/coordination), the
Romberg test, finger-to-finger test, odor of alco-
hol on the breath, and general appearance. The
evaluation concluded with drawing blood to ana-
lyze for the presence of alcohol.

In the United States, Herman Heise spurred
the interest in alcohol and traffic safety in the
early 1930s. From 1935 to 1938, the Evanston
study reported on 270 drivers hospitalized after
involvement in automobile accidents in Evanston,
Ilinois. During the same period, the police tested
a sample of 1750 drivers for BAC. The
Drunkometer, invented by Rolla Harger of
Indiana University, was used to evaluate BAC in
these drivers by measuring alcohol in the breath.
The recent invention of this breath-testing device
allowed researchers to overcome the legal and
logistical problems associated with collecting
blood or urine from these randomly stopped driv-
ers. Richard Holcomb of the Northwestern
University Traffic Institute reported the results of
this study in 1938. Holcomb found that the
chances of having an accident increased geomet-
rically with the presence of any alcohol in the
blood, to the extent that each 0.02 g/dL rise in
BAC doubled the risk of accident.

The first legislation making DUI an offense in
the United States was passed in Indiana in March
1939 and in Maine in April 1939. These statutes
established a three-level offense based on BAC. A
BAC of <0.05 g/dL was considered presumptive
evidence of no guilt, >0.15 g/dL. was considered
presumptive evidence of guilt, and a BAC
between these two concentrations was consid-
ered supportive evidence of DUI. This legislation
was based on the joint statement issued in 1938
by the Committee to Study Problems of Motor
Vehicle Accidents (a special committee of the
American Medical Association) and the
Committee on Alcohol and Other Drugs (a com-
mittee of the NSC). The Committee on Alcohol
and Other Drugs (its name later changed to the
Alcohol, Drugs and Impairment Division) has
remained active in this area since its formation in

1936. The committee makes recommendations
toward controlling the problem of drinking and
driving, including legislative matters, law
enforcement issues, education, chemical testing
methods and equipment, and training of person-
nel. The recommendations of the two committees
also formed the basis for the Chemical Tests
Section of the Uniform Vehicle Code published
by the National Committee on Uniform Traffic
Laws and Ordinances in 1946.

In 1953, Implied Consent legislation was
passed in New York State and was soon included
in the Uniform Vehicle Code; implied consent
laws have since been passed in all 50 states. The
implied consent legislation provides that, as a
condition precedent to being issued a driver’s
license, an applicant agrees, by implication, to
submit to a chemical test in any case in which he
is suspected of DUI. Refusal to submit to the test
results in the loss of driving privileges.

In 1958, the Symposium on Alcohol and Road
Traffic at Indiana University issued a statement
that a BAC of 0.05 g/dL definitely impairs the
driving ability of some individuals. It further pos-
ited that as the BAC increases, an increasing pro-
portion of individuals experience impairment,
until the BAC reaches 0.10 g/dL—at which point
all individuals are definitely impaired. In 1960,
the Committee on Alcohol and Drugs released a
statement recommending that DUI laws be
amended to reflect a 0.10 g/dL BAC as presump-
tive evidence of guilt. The Uniform Vehicle Code
was amended to reflect this recommendation in
1962.

Another study conducted by Indiana
University, the Grand Rapids Study, was pub-
lished in 1964. This study essentially confirmed
the results of the Evanston study and also stated
that drivers with BAC >0.04 g/dL tend to have
more single-vehicle accidents and also more
severe accidents than do sober drivers. The study
reviewed data collected from drivers stopped at
four different locations as well as drivers involved
in accidents at those sites. All individuals were
interviewed and submitted breath specimens,
which were lateranalyzed using the Breathalyzer®,
a breath-testing device developed by Robert
Borkenstein of Indiana University in 1954. It also
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found that accident-related factors other than
alcohol decreased in significance when the driv-
er’s BAC was >0.08 g/dL (i.e., at a BAC >0.08 g/
dL, alcohol was the most significant risk factor in
having an accident) and that accident involve-
ment increased rapidly when the driver’s BAC
was >0.05 g/dL. The researchers found no evi-
dence that a BAC of 0.01-0.04 g/dL was associ-
ated with an elevated risk of accident. Drivers
with BAC 0.04-0.08 g/dL had a greater risk of
accident, but alcohol was not necessarily more
significant than other risk factors. In terms of the
relative probability of having an accident, the fol-
lowing statistics were generated:

e Drivers with a BAC of 0.04 g/dL were just as
likely to have an accident as sober drivers.

e Drivers with a BAC of 0.06 g/dL were twice
as likely as sober drivers to cause an
accident.

e Drivers with a BAC of 0.10 g/dL were more
than six times as likely as sober drivers to
cause an accident.

e Drivers with a BAC of 0.15 g/dL. were more
than 25 times as likely as sober drivers to
cause an accident.

Federal intervention in the drinking and driv-
ing problem began in earnest in 1966 with the
passage of the National Highway Safety Act.
This act required that a report be submitted to
Congress detailing how the problem of the
drunken driver was being addressed. This report
was submitted in 1968 by the NHTSA. Since its
inception, NHTSA has relied heavily on the rec-
ommendations of the National Safety Council
and has enforced its recommendations, propos-
als, and legislative initiatives in individual states
by withholding federal highway funds when
states were not in compliance. In 1971, the com-
mittee released a resolution regarding alcohol
impairment in which they stated that any indi-
vidual, regardless of previous experience with
alcohol, has impaired driving performance with a
BAC >0.08 g/dL. During the past five decades,
regulations and legislation concerning the drink-
ing and driving problem have continued to prolif-
erate. As of the early 2000s, all US jurisdictions

established a per se limit of 0.08 g/dL BAC for
driving while impaired (with lower limits for
individuals younger than the legal drinking age).
In 2013, the National Transportation Safety
Board (NTSB) recommended lowering the per se
limit to 0.05 g/dL (consistent with several other
countries) to help combat road fatalities. Similar
positions were endorsed by the American Medical
Association and the World Health Organization.
Efforts to lower the legal alcohol limit for motor
vehicle operators were also supported by the
National Safety Council in 2016. Utah became
the first state to decrease the per se limit to 0.05 g/
dL in January 2019.

Specimens for Alcohol Testing

Breath and blood are the primary specimens for
alcohol analysis in human performance toxicol-
ogy. Several devices are available for measuring
the amount of alcohol in breath, and they use a
number of different analytical methodologies.
Law enforcement personnel may prefer breath as
a specimen because its collection is a noninvasive
procedure and collection and analysis are typi-
cally performed together. Blood specimens, in
contrast, must be drawn by a trained healthcare
professional, and urine must be obtained under
controlled conditions and under direct observa-
tion. These specimens must also be forwarded
under chain of custody to a laboratory for analy-
sis, whereas breath-testing devices provide
instantaneous results. However, admissibility of
breath tests depends on jurisdiction and associ-
ated regulations. Numerous studies have shown
that a properly collected breath sample accurately
reflects BAC at the time of its collection. Breath
samples, therefore, can provide a measure of
impairment because the alcohol measured in
breath is directly proportional to BAC.

Several key factors in breath alcohol analysis
must be considered. The most important is that
end-expiratory breath is the only acceptable
breath sample. Only the terminal portion of the
expired breath is in equilibrium with the arterial
blood (Henry’s law) and therefore reflects
BAC. The presence of residual alcohol in the
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mouth arising from recent ingestion of alcohol,
regurgitation of gastric contents, or belching can
cause an artificially high alcohol reading on
breath-testing devices. Many breath-testing
devices report an error when mouth alcohol is
detected, thereby negating the breath test. In an
effort to avoid contamination by mouth alcohol, a
minimum 15-minute waiting period and rinsing
the mouth with water before testing are recom-
mended. When alcohol is present in the breath, it
is generally the dominant exogenous species
present and its concentration is greater than that
of any other organic volatile that may be present.
Therefore, no other species such as acetone or
isopropanol will interfere with alcohol analysis.
Analysis of blood for BAC in a laboratory set-
ting is also relatively easy to accomplish. Because
alcohol is volatile and because relevant or active
concentrations of alcohol in blood tend to be con-
siderably higher than those of most drugs, BAC
can be measured by headspace gas chromatogra-
phy after simple dilution with an internal stan-
dard solution (typically N-propanol in water); no
extraction is required. With proper calibration,
results typically reflect high accuracy and preci-
sion. This is discussed in more detail in Chap. 19.

Epidemiology

Since the 1970s, NHTSA and/or the Insurance
Institute for Highway Safety has conducted five
National Roadside Surveys (NRS) of drinking
and driving in the United States. The latest of
these surveys was conducted in 2013-2014. Data
was collected during a 2-hour daytime period on
a Friday and four different 2-hour sessions at
night, 10 PM to midnight and 1 AM to 3 AM on
Friday and Saturday nights. In this study, 1.5% of
the drivers on weekend nights had a BrAC (breath
alcohol content, analogous to BAC) greater than
or equal to 0.08 g/210 L breath. This represented
a significant decline in the number of “legally
impaired” drivers from the 1973 study where
7.5% of the drivers had a BrAC greater than or
equal to 0.08 g/210 L. A similar decline was
observed throughout the range of positive BACs.
As expected, the percentage of daytime drivers

with a BrAC greater than or equal to 0.08 g/210 L
was much lower than the nighttime drivers
(0.4%). A similar project took place in Europe
between January 2007 and July 2009. In the
Driving Under the Influence of Drugs, Alcohol
and Medicines (DRUID) study, over 42,000 ran-
dom drivers from twelve European countries vol-
unteered to provide blood samples for alcohol
testing. Samples were taken at all times of the
day and all days of the week. The prevalence of
alcohol in European drivers (BAC >0.01g/dL)
was 3.48%. The common legal BAC limit was
0.05 g/dL at the time and 1.49% of drivers had a
BAC above that limit. However, substantial vari-
ation was observed for the different countries.
For example, in Italy, 5.23% of all drivers had a
BAC above 0.05 g/dL, while in Norway, the cor-
responding number was 0.07%. In response to
the alcohol-driving prevalence established by the
DRUID project, European recommendations
included establishing lower BAC limits (than
their typical 0.05 g/dL) in target groups such as
inexperienced drivers and those taking more than
one substance. They also recommended mandat-
ing testing for drivers involved in crashes that
resulted in injury, standardizing and regulating
rehabilitation measures for impaired drivers,
evaluation for addiction in repeat offenders with
>0.16 g/dL, and license withdrawal in a stan-
dardized manner.

Behavioral and Physiological/
Psychomotor Effects of Alcohol

Alcohol exerts a wide variety of behavioral
effects, as documented in numerous studies. It
generally causes feelings of happiness and
reduces the ability of aversive events to control
behavior. Decreased inhibitions can lead to
higher-risk behaviors. Higher doses cause loud,
vigorous behavior, and even higher doses cause
loss of consciousness and finally death.
Although individuals may respond differently
to different doses of alcohol, behavioral effects
tend to fall within BAC ranges. When the blood
alcohol reaches 0.05 g/dL, individuals tend to
exhibit an increased talkativeness, mild excite-
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ment, and a higher-pitched voice. As BAC
reaches 0.10-0.15 g/dL, individuals become
more talkative, cheerful, loud, boisterous, and
then sleepy. When BAC exceeds 0.15 g/dL, the
individual experiences nausea, and vomiting may
occur, followed by lethargy and then stupor.
Alcohol effects are generally more pronounced
and pleasurable while BAC is rising than when it
is falling. Many of the effects of alcohol show
tolerance that is a result of both increased metab-
olism and increased experience. Subjective tests
indicate that as BAC increases, individuals report
elation, friendliness, and vigor. As BAC
decreases, these same individuals report anger,
depression, and fatigue.

Behavioral tolerance develops with repeated
alcohol use. Those tasks learned under the influ-
ence of alcohol are often performed better when
repeated at that blood concentration than when
no alcohol is present. In general, the more com-
plex the task, the more significant is the impair-
ment at lower BACs. It is important to note,
however, that between-study and between-subject
variability is large, especially at concentrations
below 0.08 g/dL. Often the results of studies refer
only to some of the subjects tested, and the results
generally indicate population tendencies and not
absolute measures of behavioral effects.

Even at low concentrations, alcohol disrupts
performance and can interfere with complex
activities such as driving. Alcohol use decreases
visual acuity and peripheral vision, and these
effects increase significantly as the BAC rises
above 0.07 g/dL. A decreased sensitivity to taste
and smell at low alcohol doses has also been
noted. Individuals under the influence of alcohol
also exhibit an altered time sense, typically a
slowed sense of the passage of time. With alcohol
concentrations of 0.08 g/dL, sensitivity to pain
decreases. Judgment may start to be impaired
even at low BAC, and individuals under the influ-
ence of alcohol tend to underestimate their own
impairment. Choice reaction time is impaired at
0.05 g/dL as measured by an increased latency to
respond to the stimulus and a decrease in accu-
racy. Some studies have noted hand—eye coordi-
nation deficits at 0.05 g/dL and impairment in
vigilance tasks at 0.06 g/dL, probably as a reflec-

tion of drowsiness. Body sway, as measured by
the Romberg test and a device called the wobble
board, was above normal at 0.05 g/dL; sway
degrades to staggering and reeling with increas-
ing BAC. Most tests of driving skill both on the
road and in simulators show impairment at
0.05 g/dL. Numerous epidemiological studies
also confirm the adverse effects of alcohol on
driving performance.

Standardized Field Sobriety Tests

Law enforcement agencies attempt to reduce the
number of impaired drivers through intervention
and education. In the past few decades, labora-
tory researchers, law enforcement, governmental
agencies, and the courts have combined their
efforts to address this issue. It is through these
efforts that the Standardized Field Sobriety Test
and the Drug Evaluation and Classification pro-
gram have arisen.

As police officers patrol traffic, they often
encounter impaired drivers. This encounter initi-
ates a three-phase process, culminating in the
officer’s decision to either arrest or release the
driver. The officer proceeds through these three
phases collecting information to determine
whether the driver is truly impaired and the cause
of that impairment:

1. Phase one is the initial observation of the
vehicle in motion and how the driver stops the
vehicle. The officer first notes poor driving
performance such as weaving within a lane,
unsignaled lane changes, rapid changes in
speed, and other behaviors consistent with
impaired driving. The officer gains additional
information about the driver’s level of impair-
ment by observing how long it takes for the
driver to respond to the officer’s signal to stop
and how the driver stops the vehicle.

2. Phase two of the arrest decision involves the
officer’s first direct contact with the driver. At
this time the officer interviews the driver, who
remains in the car, and evaluates the driver’s
physical appearance and condition. Officers
are trained to notice breath odor, eye condi-
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tion, demeanor, face color, dexterity, speech,
and clothing appearance. If the officer’s obser-
vations warrant it, the driver is asked to step
from the car, providing another observation
period. For example, if the driver needs help
exiting the vehicle or staggers and stumbles
when doing so, this further indicates the driv-
er’s level of impairment.

3. Phase three begins after the driver has exited
the vehicle. At this time the officer adminis-
ters several psychomotor tests and a
preliminary breath test. By this point the offi-
cer should have enough information to make a
decision about arresting or releasing the
driver. If the driver is arrested, an evidential
breath test is obtained or specimens (blood,
urine, and/or oral fluid) are collected for labo-
ratory analysis.

Standardized field sobriety tests were devel-
oped in the 1970s with funding by
NHTSA. Several tests have been used over the
years by officers in various jurisdictions, and
three of these psychomotor tests were chosen for
general use to provide an objective measure of
impairment. Testing and scoring were standard-
ized through laboratory studies and have been
subsequently validated in field studies. The three
tests that constitute the standardized field sobri-
ety test are the one-leg stand (OLS), the walk and
turn (WAT), and horizontal gaze nystagmus
(HGN). Their predictive ability to measure
impairment at 0.08 g/dL. BAC or 0.08 g/210 L of
breath is 82% for the WAT (i.e., 82% of those
judged impaired as measured by the WAT have a
>0.08 g/dL BAC), 85% for the OLS, and 87% for
the HGN. When the three tests are used in combi-
nation, predictive ability increases to 89.7% and
correlation with measured BAC increases.

The WAT test is a divided-attention task in
two stages: instruction and walking. The officer
gives instructions while requiring the suspect to
place one foot in front of the other on a line and
maintain balance throughout the instructions.
The instructions explicitly include not beginning
until told to do so. The suspect must then take
nine heel-to-toe steps along a straight line, turn
around by a series of small steps without lifting

the foot used in the ninth step [officer demon-
strates], and then take nine more heel-to-toe steps
along the same line. Impairment is measured
(scored) by the number of observed clues, i.e.,
the failure to perform a certain aspect of the task.
The WAT includes nine clues:

e Cannot balance during instructions

e Starts before instructions are completed

e Stops while walking

e Does not touch heel to toe

e Steps off the line

e Uses arms to balance

* Loses balance on turns or turns incorrectly (as
demonstrated/explained by the officer)

e Takes incorrect number of steps

e Cannot do test (e.g., steps off the line three or
more times)

If the suspect exhibits two or more clues on
this test or is unable to complete the test, there is
an 82% probability that the BAC is >0.08 g/dL
(g/210L).

The OLS is also a divided-attention task in
two stages—instruction, and balancing and
counting. The officer gives instructions while
requiring the suspect to keep both heels together
and arms down at his/her sides. After the instruc-
tions, the suspect is required to raise one leg
approximately six inches off the ground and
count rapidly from 1001 to 1030. The OLS has
five clues that indicate impairment:

e Sways while balancing

¢ Uses arms to balance

¢ Hops (to maintain balance)

¢ Puts foot down

e Cannot do test (e.g., puts foot down three or
more times)

If the subject exhibits two or more clues on
this test or is unable to complete the test, there is
an 85% predictability that the BAC is >0.08 g/dL
(g/210 L). For both the WAT and the OLS, the
instructional phase is a key component of the
divided-attention task, testing the suspect’s abil-
ity to listen to and comprehend the instructions
without initiating the test prematurely. Due to
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physiological limitations, test results may not be
valid for individuals over the age of 60 or who are
more than 50 pounds overweight, nor may it be
valid for individuals who wear high heels or have
leg injuries or inner ear disorders.

The HGN test measures CNS motor pathways.
Nystagmus is the involuntary jerking of the eyes,
and horizontal nystagmus occurs as the eyes gaze
toward the side. Nystagmus is a normal phenom-
enon that is not caused but is enhanced by alcohol.
HGN is the most sensitive test in the battery.
Because it is an involuntary reaction, it is less sub-
ject to decreased sensitivity in experienced drink-
ers than other psychomotor tests. In the HGN test,
the subject is told to keep the head still and follow
the stimulus that the officer presents. The stimulus
is usually a pen or pencil that the officer holds in
front of the subject and moves slowly from a posi-
tion directly in front of the subject to either the left
or right. The officer observes the suspect’s eyes
for smooth tracking and the onset of nystagmus.
Studies have shown that the earlier that nystag-
mus occurs (the shorter the angle from directly in
front of the subject), the greater the BAC. In fact,
BAC and the angle of onset of nystagmus seem to
have a dose-response relationship. The HGN test
offers six clues (three per eye):

e Lack of smooth pursuit (eye cannot follow a
slowly moving object smoothly)

e Pronounced nystagmus at
deviation

e Onset of nystagmus before 45° (from straight
ahead)

maximum

If four or more clues are observed on this test,
there is an 87% predictability that the suspect’s
BAC is >0.08 g/dL (g/210 L). The test results
may not be valid for individuals with brain
tumors, some types of brain disease, or inner ear
disorders.

Drugs and Driving

The correlation between BAC and impairment
has been extensively studied and is well under-
stood. Characteristic effects have been described

over a range of blood alcohol concentrations to
the extent that certain behaviors or a range of
behavior can be expected without directly observ-
ing supporting evidence of impairment in an indi-
vidual. This has allowed statutory thresholds for
alcohol impairment to be established and is the
basis for per se laws. Unlike alcohol, this is not
the case for other drugs.

Epidemiology

Although the prevalence of alcohol-positive driv-
ers has decreased over the last several decades
with study and legislation, awareness of drugged
driving has increased. The first time the NRS
evaluated drug prevalence in US drivers was in
2007. In the latest study, conducted 2013-2014,
7898 drivers provided samples of oral fluid and/
or blood for drug testing. Of day- and nighttime
drivers, 11.6% and 15.2%, respectively, tested
positive for illegal drugs (including those in com-
bination with medicinal drugs, 2.3% and 2.0%,
respectively). Another 10.7% and 7.4% of day-
and nighttime drivers, respectively, tested posi-
tive for prescription and/or over-the-counter
drugs without illegal drugs. Those positive for
both alcohol (BrAC >0.005 g/dL) and drug(s)
represented approximately 0.56% and 2.09% of
day- and nighttime drivers, respectively. Among
nighttime drivers, delta-9-tetrahydrocannabinol
(THC) was the most common drug found
(12.7%), along with opioids (4.7%), stimulants
(2.2%), benzodiazepines (1.9%), and antidepres-
sants (1.6%). Compared to the 2007 survey, the
prevalence of drug-positive (illicit and medica-
tion) nighttime drivers increased (p < 0.05). In
particular, the prevalence of THC increased by
46% (to 12.7%, or 12.6% excluding cases that
would not have been detected by the 2007 scope).

In the drug prevalence portion of the DRUID
study, oral fluid and/or blood samples were col-
lected from almost 50,000 drivers from 13
European countries. It was estimated that 1.90%
of the drivers in Europe had used illicit drugs,
1.36% had used medicinal drugs, and 0.39% had
used combinations of drugs. The prevalence of
alcohol with drugs (licit or illicit) was 0.37%.
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While this represents a substantial difference
from the US numbers, it is worth considering that
there were differences in the methodology and
also large differences between the countries. For
example, the prevalence of illicit drugs was high-
est in Spain (7.6%) and lowest in Sweden (0.1%).
Similarly to the US data, THC was the most com-
mon substance (1.32%), followed by benzodiaze-
pines (0.90%) and cocaine (0.42%). The opioids
were divided into illicit opiates (0.07%) and
medicinal opiates and opioids (0.35%).
Recommendations of the DRUID project included
training officers as drug recognition experts, treat-
ing drugged drivers separately from drinking driv-
ers, basing legal regulations on science (including
combining impairment with legal limits), and
license withdrawal combined with rehabilitation
programs for repeat offenders and/or addicts.

Drug Evaluation and Classification
Program

The Drug Evaluation and Classification (DEC)
program arose from the need to recognize drug
impairment in the driving population. The Los
Angeles Police Department pioneered the drug
recognition procedure to provide a mechanism for
obtaining compelling evidence that a driver was
impaired at the time of apprehension. The DEC
program was validated in 1984 at Johns Hopkins
University in a controlled laboratory evaluation
jointly sponsored by the NHTSA and the National
Institute on Drug Abuse (NIDA) and in a 1985
NHTSA-sponsored field validation study. Using
these studies, NHTSA developed a standardized
curriculum for training police officers as drug rec-
ognition experts (DREs). In 1987, several pilot
programs were initiated using this curriculum.
Since that time, the number of DEC programs has
continued to grow, and DRE training is available
nationwide under the auspices of NHTSA. The
program has also expanded elsewhere in the
world, to places such as Canada, the UK, and
Hong Kong.

The DEC program uses a standardized, sys-
tematic approach to determine if a subject is
impaired, whether the impairment is due to drug

use, and identify a broad category of drugs that
might cause the impairment. The DRE adminis-
ters a series of physiological and psychomotor
tests. The DRE’s observations are the basis of an
opinion concerning impairment resulting from
the use of one or more drugs from within seven
drug categories: CNS depressants, CNS stimu-
lants, hallucinogens, dissociative anesthetics,
narcotic analgesics, inhalants, and cannabis.
Biological specimens are collected and toxico-
logical analyses are performed. In combination,
the DRE evaluation, toxicology, and observed
driving behaviors can be used to evaluate drug-
associated impairment.

Properly trained DREs can correctly predict
the presence of certain drug categories in the
majority of cases of impaired driving. However,
the DEC process is not a field test; it is a postar-
rest investigative procedure that should be admin-
istered in a controlled environment, not at the
roadside. Moreover, the DEC program does not
determine exactly which drugs are present, but
instead narrows the possibilities to broad catego-
ries (classes) of drugs. The DEC process is thus
not a substitute for chemical tests; specimens
must be collected for toxicological examination
to provide objective support for the subjective
opinion of the DRE.

Drug Recognition Evaluation
The DRE’s evaluation has 12 components:

1. Breath alcohol test. The breath alcohol test is
used to determine if the observed impair-
ment is a result of alcohol consumption and
if the degree of impairment is consistent with
the concentration of alcohol. A low or nega-
tive breath alcohol result may be the DRE’s
first indication that other impairing drugs are
present.

2. Interview of the arresting officer. The DRE
interviews the arresting officer to develop a
fuller understanding of the suspect and to
gain important information the suspect may
have revealed to the officer at the scene early
in the arrest process.
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10.

. Preliminary examination of the suspect. This

examination is a structured series of ques-
tions, specific observations, and simple tests.
This is the first opportunity for the DRE to
directly examine the suspect and assess the
possibility of injury, illness, or some non-
drug-related condition as the cause of impair-
ment. This examination is also the beginning
of the systematic assessment of the suspect’s
appearance and behavior for any evidence of
drug influence.

Examination of the eyes. Three tests are used
in examining the eyes: HGN, vertical nystag-
mus, and lack of convergence. Presence or
absence of these signs points to different
drug categories.

Divided-attention — psychophysical  tests.
Divided-attention tasks evaluate an individu-
al’s ability to perform multiple tasks simultane-
ously. These tasks, which are particularly
sensitive to the impairing effects of drugs, are
the WAT, the OLS, the modified Romberg bal-
ance test, and the finger-to-nose test.

Vital signs examination. Measurements are
taken of the suspect’s pulse, blood pressure,
and body temperature. Certain drug catego-
ries will elevate these vital signs while other
categories depress them.

Dark room examination. The size of the sus-
pect’s pupils is evaluated under three light-
ing conditions: near-total darkness, indirect
light, and direct light. Some drug categories
affect the pupil size by causing either dila-
tion or constriction.

Examination of muscle tone. Certain catego-
ries of drugs cause muscle rigidity; others
cause muscle flaccidity, while some have no
effect on muscle tone.

Examination for injection sites. Some drugs
are administered intravenously. Frequent use
of such drugs may cause scarring, leaving
track marks along the veins of the arms.
Suspect’s statements and other observations.
The DRE interviews the suspect concerning
his or her drug use. The scope and direction
of the interview is based on the DRE’s opin-
ion of the suspect’s impairment and drug use
drawn from the nine preceding steps.

11. Opinion of the evaluator. Based on all of the
information gathered through the previous
10 steps, the DRE forms an opinion concern-
ing whether the suspect is under the influ-
ence of drugs and what drug categories may
be responsible for the suspect’s impairment.

12. Toxicological examination. The evaluation
culminates in the collection of blood and/or
urine specimens for toxicological analysis to
substantiate the DRE’s opinion of impair-
ment. Although specimen collection used to
be the last ordinal step of the process, certain
drugs (such as cannabinoids) can have rap-
idly changing concentrations throughout the
course of the DRE evaluation. In 2018, in
response to toxicologists’ recommendations,
the 12-step process was revised to allow for
earlier (“out of order”) specimen collection.

Toxicology

The opinion of the DRE concerning the suspect’s
state of impairment and the category of drug
responsible for that impairment is a subjective
evaluation. The determination of the presence of
an impairing drug in the suspect’s specimens by
the toxicology laboratory provides objective sci-
entific support for the DRE’s opinion. The type of
specimens submitted to the laboratory for analy-
sis and the type of analyses performed often vary
between jurisdictions.

Blood/Urine

In general, blood is considered a more suitable
specimen than urine for analysis in DUI/DWI
cases. It tends to have detection windows on the
order of hours to a couple of days (depending on
the substance, amount consumed, frequency of
use, etc.). Although urine is an excellent speci-
men for toxicology screening, no direct relation-
ship exists between impairment and the urine
concentration of a drug. The identification of a
drug in urine, therefore, only indicates that the
suspect has been exposed to that drug. By con-
trast, this and urine’s longer detection windows
make it the preferred specimen for drug-
facilitated crimes, including sexual assault. The
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detection of a drug in blood suggests that the
drug is the cause of the suspect’s observed
impairment. It is important to note, however, that
there is no well-established direct correlation
between blood concentration and performance
impairment for any drug other than alcohol.
Thus, drug per se laws tend to be considerably
more controversial (and not supported by sci-
ence; e.g., cannabis) unless they are in the form
of zero-tolerance legislation.

It is the observed impairment (as noted by a
DRE), in combination with a confirmed blood
concentration of a drug, that provides corroborat-
ing evidence that the impairment is related to the
use and presence of that drug. The same type of
DRE-observed impairment coupled with a con-
firmed urine concentration of a drug provide only
areasonable probability that the observed impair-
ment is drug-related, because drugs can remain in
the urine for several days after use. Merely con-
firming the presence of a drug or metabolite in
blood or urine does not constitute proof of
impairment. When formulating an opinion, a
forensic toxicologist must consider the driving
behavior, objective signs/symptoms, and the tox-
icology results.

Oral Fluid
Drugs detected in oral fluid are often indicative of
recent use, and oral fluid could therefore serve as
an alternative matrix for DUID testing in combi-
nation with observed impairment (by a DRE, for
example). It has been increasingly studied for
this purpose since the early 2000s. In fact, some
places, such as Belgium, use oral fluid for both
screening and confirmation in DUID cases.
From the standpoint of specimen collection,
oral fluid is advantageous relative to blood
because it can be easily and noninvasively sam-
pled at almost any location by nonmedical per-
sonnel, such as law enforcement officers. Not
only does this make sampling easier and cheaper,
but it could also significantly reduce the time
between the observed impairment and sam-
pling—beneficial particularly for drugs (such as
cannabis) that may be rapidly eliminated from
blood. Capitalizing on the ease of sampling,
roadside screening tests are available (and cur-

rently in use or under evaluation in many juris-
dictions) for the most common drug classes. The
devices can often test for more than one class of
drugs at once, and a typical test battery could
include amphetamine, methamphetamine/
MDMA, cocaine, opiates, THC, benzodiaze-
pines, and/or methadone. The devices use lateral
flow immunoassays that are widely used in clini-
cal point-of-care testing. The test kits are com-
bined with readers that interpret the test and print
results on a display. Given the technique used, the
results carry all the limitations of a laboratory-
based immunoassay. Therefore, confirmatory
testing in a forensic toxicology laboratory (on a
blood or oral fluid specimen) is still necessary.
Scope, selectivity, and sensitivity must be care-
fully evaluated to show appropriateness for the
needs of the jurisdiction. In recent years, a great
deal of effort has been invested in developing and
validating such tests. Roadside drug testing has
been used in Australia since 2004 to test for THC,
methamphetamine, and later MDMA. It has also
been introduced in many other countries, includ-
ing approximately half of the countries in Europe,
Canada and some states in the United States.
Oral fluid concentrations appear to correlate
to blood concentrations for some drugs, but not
for others. Currently it is not recommended to
use oral fluid concentrations to estimate blood
concentrations or vice versa. Weakly basic drugs
which are uncharged at blood pH 7.4 can cross
the membrane into oral fluid and become ionized
at the lower oral fluid pH of 4-6, thereby “trap-
ping” them in the oral fluid because they cannot
recross the membrane in their ionized state. This
phenomenon is called “ion trapping” and can
lead to elevated concentrations in oral fluid rela-
tive to blood—increasing detectability but poten-
tially also concentration variability. A further
complication is oral cavity contamination. For
drugs that are smoked or inhaled, oral fluid con-
centrations immediately after intake are often
extremely high. Although this makes them more
easily detectable (even if a short sample was
drawn due to dry mouth), concentrations do not
necessarily reflect those in blood. As oral fluid
testing indicates recent use and not impairment,
testing cannot replace impairment testing by
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DRE officers except in jurisdictions using per se
limits in oral fluid for DUID.

Scope of Testing

Toxicology testing in DUID cases requires that
the scope of testing as well as the limit of detec-
tion is properly selected to cover all relevant
drugs. When making these decisions, it is impor-
tant to consider the expected blood concentra-
tions and detection times as well as the prevalence
of different drugs in the sample population. In
collaboration with the NSC’s Alcohol, Drugs and
Impairment Division, recommendations for
scope and sensitivity of testing for impaired driv-
ing investigations have been published. The most
recent guidelines recommend a tiered approach:
They divide the drugs for DUID testing into a
mandatory Tier I and recommended Tier II and
provide recommended cutoffs for each drug in
blood, urine, and oral fluid. Tier I drugs represent
some of the most commonly encountered sub-
stances that can be identified using instrumental
approaches that are widely available (i.e., immu-
noassay and gas chromatography—mass spec-
trometry). Tier II drugs include an expanded
scope of drugs that may require more sophisti-
cated approaches that may not be available in all
laboratories (e.g., liquid chromatography—mass
spectrometry). Some of the recommendations are
listed below. In addition to these recommenda-
tions, the scope of testing might need to be
expanded based on local drug trends in the popu-
lation served by the laboratory. Standards for the
scope and sensitivity of toxicology testing in
impaired driving investigations are also antici-
pated (ANSI/ASB 120).

Drug Class Effects

The DEC program provides a standardized
framework to observe behavior and collect physi-
ologic data in an effort to determine if observed
impairment is secondary to drug effects. Through
the 12-step program, the DRE looks for a combi-
nation of behaviors and physiological indicators
that may suggest that an individual is under the
influence of a particular drug(s) or drug class(es).

Each of the seven categories of drugs is associ-
ated with a set of observable and measurable
signs. The drug categories used in the DEC pro-
gram do not directly correspond to traditional
drug classes. The drugs are categorized on the
basis of the signs they generate during the various
examinations of the DEC process and not on their
pharmacological properties (Table 2.1).

CNS Depressants

Alcohol is the most commonly used CNS depres-
sant and is the prototypical drug in this category.
In general, all members of this category produce
behavioral and physiological effects similar to
alcohol. Other drugs in this category include
members of the barbiturate, benzodiazepine,
antidepressant, and antipsychotic drug classes as
well as many others. Drugs in this category typi-
cally result in a dose-related slowing of reflexes,
loss of social inhibitions, loss of coordination,
impaired divided attention, impaired judgment,
increased risk-taking behavior, and emotional
instability. Tier I drugs include carisoprodol,
meprobamate, and zolpidem as well as nine ben-
zodiazepines and metabolites. Tier II drugs
include atypical antipsychotics, barbiturates, car-
bamazepine, chlordiazepoxide, chlorphenira-
mine,  cyclobenzaprine,  diphenhydramine,
doxylamine, gabapentin, GHB, hydroxyzine,
lamotrigine, mirtazapine, novel benzodiazepines,
phenytoin, pregabalin, topiramate, tricyclic anti-
depressants, valproic acid, and zopiclone.

CNS Stimulants

Cocaine and members of the amphetamine class
of drugs, especially methamphetamine, are the
most commonly used CNS stimulants.
Psychomotor stimulants improve mood and
cause intense feelings of pleasure (“high”) after
intravenous, intranasal, and smoked administra-
tion. Chronic use causes stereotypy (senseless
repetition of a meaningless act to the exclusion of
other behaviors) and often leads to paranoid
behavior, psychosis (amphetamine psychosis and
cocaine-induced psychosis), and violence. Low
doses can overcome fatigue effects on cognitive,
perceptual, and psychomotor tasks with improve-
ment measured on some tasks. However, fatigue
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is also associated with the “crash” phase and
impairment may be observed as the drug wears
off. Retrospective studies suggest that chronic
use results in prolonged deficits in motor and
cognitive performance. Tier I drugs include
methamphetamine,  amphetamine, = MDMA
(3,4-methylenedioxymethamphetamine), MDA
(3,4-methylenedioxyamphetamine), cocaine,
benzoylecgonine, and cocaethylene. Tier II drugs
include cathinones, methylphenidate and
mitragynine.

Hallucinogens

Members of this drug category cause an altered
or distorted perception of reality in the user. The
most commonly used hallucinogens are LSD,
psilocybin (the naturally occurring hallucinogen
found in some species of mushrooms), MDMA,
and MDA (MDMA/MDA have some stimulant
and some entactogenic and hallucinogenic prop-
erties). Phencyclidine (PCP) also produces a dis-
torted view of the self and reality but is classified
as a dissociative anesthetic in the DEC program.
Marijuana, used at high doses, can also act as a
hallucinogen, but cannabis constitutes a category
unto itself in the DEC program.

The subjective effects of hallucinogens are
difficult to study. In general, the hallucinatory
experience starts out with colored visions of tun-
nel, spiral, and lattice shapes that move.
Meaningful images start to become incorporated
into these visions and finally there is a rapid suc-
cession of meaningful scenes. Apart from the hal-
lucinations, the drug-induced hallucinatory
experience often involves feelings of deep insight
into oneself and the world, deep religious feel-
ings, and an increase in the ability to enjoy and
appreciate art and especially music. Performance
is usually impaired by hallucinogens because the
user has difficulty remaining motivated and
attending to the task. No hallucinogens (apart
from MDMA and MDA, listed under stimulants)
are included in Tier I but testing is recommended
in Tier II.

Dissociative Anesthetics
This category produces analgesia and amnesia
without respiratory depression, resulting in a

state in which the patient appears dissociated
from his environment but not necessarily asleep.
It includes PCP and its structural analogs, along
with dextromethorphan and ketamine. In addition
to having anesthetic properties and hallucino-
genic effects, PCP also acts as an analgesic, a
CNS depressant, and a stimulant. After high
doses or chronic use of dissociatives, an acute
psychosis that resembles schizophrenia may
develop. Under the influence of a dissociative
anesthetic, an individual may experience disori-
entation, slurred speech, agitation, excitement,
hallucinations, and an altered perception of self
and will typically be passive with a fixed, blank
stare. This constellation of effects makes it diffi-
cult to predict or anticipate an individual user’s
response. Dissociative anesthetics are not
included in Tier I but Tier II compounds include
dextromethorphan, ketamine, and PCP.

Narcotic Analgesics

This category comprises the opiates (natural
derivatives of opium such as heroin, morphine,
and codeine) and the opioids (synthetic analogs
of the opiates such as hydromorphone, hydroco-
done, fentanyl, methadone, and others). The first
use of opiates causes dysphoria, nausea, and
vomiting, but tolerance to these effects develops.
Opiates cause a sleepy, dreamy state and when
taken intravenously cause “rushes” or feelings of
intense pleasure. Chronic opiate use causes con-
stipation and decreases sexual performance, but
if doses are not too high, chronic use does not
interfere with intellectual or physical abilities.
The narcotic analgesic abuser experiences an
increased awareness of sights and sounds, altered
time sense (slowed for some, hastened for oth-
ers), and a subjective belief in enhanced creativ-
ity. During the period of early analgesic use, the
abuser experiences euphoria and relaxation. With
continued use there is a shift toward unpleasant
mood states and an increase in psychiatric symp-
toms, with decreased activity, social isolation,
and aggression. Low and moderate doses have
little performance effect apart from sedation.
With higher doses there is a loss of motivation,
and drug-seeking behavior will interfere with
task performance. Tolerance develops rapidly to
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most effects of the narcotic analgesics. Tier 1
drugs include 13 opioids (including fentanyl,
morphine, hydrocodone, oxycodone,
buprenorphine, methadone, and tramadol). Tier
IT drugs include tapentadol as well as fentanyl
analogs and novel opioids.

Inhalants

This category comprises the volatile organic sol-
vents (e.g., toluene, gasoline, trichloroethylene),
hydrocarbon gases (e.g., butane, freon, propane),
anesthetic gases (e.g., halothane, nitrous oxide),
nitrites (isobutyl nitrite, amyl nitrite, and butyl
nitrite), and halogenated hydrocarbons (e.g.,
difluoroethane). Inhalation of the fumes of these
substances results in euphoria and a CNS depres-
sion similar to that caused by alcohol. Abusers
may also experience disorientation, confusion,
and a sensation of floating. No inhalants are
included in Tier I but testing is recommended in
Tier II.

Cannabis

The cannabinoids are a family of compounds,
some of which are psychoactive, found in the
Cannabis sativa plant (phytocannabinoids) and
synthetic compounds with cannabinoid receptor
activity. Hundreds of cannabinoids have been
identified, but delta-9-tetrahydrocannabinol
(THC) is the primary psychoactive agent found
in cannabis. THC is available as marijuana, hash-
ish, hash oil, and Marinol (a synthetic form of
THC used as an antiemetic). At high doses, can-
nabis acts like a hallucinogen, but at low doses,
the drug is reported to cause a pleasurable high
that may take several trials to experience and can
usually be turned off at will. Systematic mea-
sures of mood have indicated that the mood of a
user usually reflects the mood of the others who
are present. Cannabis causes temporal disintegra-
tion, which means that the individual loses the
ability to store information in the short term and
is easily distracted. Time is usually overesti-
mated. Performance on simple tasks may show
little or no signs of impairment if the user applies
adequate focus, but impairment manifests in

divided-attention and complex tasks. Most per-
formance deficits appear to be due to a lack of
motivation and an inability to attend to a task, but
impairing effects are measurable. Performance
on the standardized field sobriety test is signifi-
cantly impaired after commonly used doses of
marijuana, and in driving tests subjects’ ability to
maintain lateral position within the lane is
impaired. Tier I drugs include THC and its pri-
mary metabolites 11-OH-THC and THCCOOH
(carboxy-THC); Tier II drugs include the syn-
thetic cannabinoids.
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ommended reading for the various drugs in Tiers I
and II. This list can be found at: http://soft-tox.org/
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Drug-Facilitated Crimes

Marc LeBeau and Madeline Montgomery

Abstract

Drug-facilitated crimes have been occurring
for well over a century. Toxicologists must
appreciate the unique aspects of these cases in
order to provide meaningful analyses of speci-
mens that are collected from alleged victims
of drug-facilitated crimes. The challenges
include the drugs used, reporting of the crime,
delays in evidence collection, and proper man-
agement of the cases. These challenges require
laboratories to ensure that their analytical
methods are sensitive enough to have a rea-
sonable chance of detecting the presence of
the strong, but often low-dose central nervous
system (CNS) depressants used in drug-
facilitated crimes.
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Defining Drug-Facilitated Crimes

Any criminal action in which an incapacitating
agent is used to assist the perpetrator in the com-
mission of the crime may be classified as a “drug-
facilitated crime.” Typically, these include human
trafficking, kidnapping, robberies, caregiver
neglect, and sexual assaults. The incapacitating
agent may be surreptitiously administered to the
victim or the victim may voluntarily ingest it not
realizing the consequences. Sometimes victims
are misled as to the drug’s true identity before
they consume it—an aspirin is not always an
aspirin. The media has portrayed so-called drink
spiking as a popular means for a perpetrator to
secretly drug their victims. While there have cer-
tainly been such cases, surreptitious administra-
tion is not always as simple as slipping a pill into
a beverage. Pills contain insoluble components
that may be noticeable if put into a drink. Further,
the flavor is likely to be changed when a drink is
spiked.

Victims of drug-facilitated crimes often
describe some level of amnesia and many have
reported becoming far more intoxicated than they
believe they should from the amount of alcohol
consumed. Some remember being a victim of a
crime. Others have no direct memory of the crime
but suspect that they may be a victim. Still others
have neither memory nor suspicion of a crime
and are only later uncovered as victims in inves-
tigations of other cases.
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History of Drug-Facilitated Crimes

Despite the recent media attention to drug-
facilitated crimes, the concept itself is not new. In
the early twentieth century, the owner of
Chicago’s Lone Star Saloon—Mickey Finn—
served a drink laced with chloral hydrate to the
male patrons of his bar. When the men passed out
from the drink, Finn would move them to an alley
behind the bar and take their money. To this day,
it is common to refer to drink spiking as “slipping
someone a Mickey.”

Around this same time, one of the first cases
of drug-facilitated sexual assault was success-
fully prosecuted in Patterson, New Jersey. The
case involved a young girl who was provided a
spiked cocktail. When she lost consciousness,
she was taken into a back room and sexually
assaulted by four men, but died from an overdose
of the drug. Her body was dumped into the local
river and found the next morning. In a four-day
trial in 1901, three of the men were convicted and
sentenced to 30 years for second-degree murder
in her death, but a fourth was convicted of sexu-
ally assaulting the girl while she was incapaci-
tated. He received a 15-year sentence.

Over the last two decades, there has been a
rise in the number of reported drug-facilitated
crimes, particularly drug-facilitated sexual
assaults. While it is unclear if there is an actual
increase in the commission of these crimes or if
greater awareness has prompted more reporting
and improved investigations, the upsurge directly
impacts toxicology laboratories responsible for
assisting in these cases. But even with the trend
of increased reporting, for many reasons these
crimes remain underreported.

Challenges of Drug-Facilitated
Crimes for Forensic Toxicologists

Drug-facilitated crimes present several chal-
lenges for forensic toxicologists who assist in
these investigations. One of the challenges is the
large number of drugs that can be used in these
crimes. Despite the popular belief that only two
or three drugs serve as the primary chemical sub-

mission agents, any substance that depresses the
central nervous system (CNS) can be used. Drugs
may also be co-ingested with one or more other
CNS depressants, such as alcohol. The resulting
depressant effect on the CNS can be severe, at
times mimicking a general anesthetic agent and
resulting in incapacitation, making the victim
vulnerable and/or unable to consent to a sexual
act.

The Society of Forensic Toxicologists (SOFT)
lists over 100 drugs that should be considered in
the toxicological testing of drug-facilitated
crimes. Since CNS depression is the main phar-
macological effect needed to commit drug-
facilitated crimes and many drugs have this
effect, symptomatology alone makes it nearly
impossible to pinpoint the drug(s) involved.
Therefore, the toxicological analysis may offer
the best evidence for identifying the causative
agent(s).

It is important to recognize that most drug-
facilitated crimes are not reported to law enforce-
ment. Victims of human trafficking, as well as
children or the elderly drugged by their caregiv-
ers, are often incapable of reporting the crime.
Men who are drugged by prostitutes and robbed
may be reluctant to involve law enforcement.
Sexual assault victims are also unlikely to report.
Numerous studies have found that only a fraction
of sexual assaults (including forcible sexual
assaults) are reported to police. This has been tied
to many different factors which include the rela-
tionship the victim has with the offender, fear of
reprisal, belief that nothing would happen to the
offender, desire to keep family members from
learning of the incident, or fear of the justice sys-
tem. When drugs are used to facilitate these
crimes, it is not surprising that even fewer are
reported due to the victim’s uncertainty of many
of the key aspects of the crime. And even when
these crimes are reported, it is common that there
is a delay in doing so, as the victims wait to try to
fill in memory gaps from the time around the sus-
pected crime. Delays impact the collection of
useful biological evidence and the ability of the
toxicological analysis to detect the presence of
any drugs or metabolites that may have been used
in the crime.
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Because of the many challenges related to the
toxicological analyses in these cases, negative
findings alone should not be used to rule out the
occurrence of a crime. Testing results may be
affected by the variety of potential drugs used to
facilitate a crime and the variability in the time
that each is metabolized and eliminated. When a
specific drug (or drugs) is not uncovered in the
investigation, a negative toxicological finding
must be cautiously interpreted. The negative find-
ing must be equally appreciated as either due to
no exposure to an incapacitating drug, that an
incapacitating drug was not found because the
sample was collected too late for the laboratory’s
methods to detect the drug, or that the laboratory
did not specifically test for the drug that was
used.

Most Common Drugs Detected
in Alleged Drug-Facilitated Crimes

Ethanol

Ethanol is the drug most commonly detected in
these crimes. This is in part due to its legal and
social acceptance throughout much of the world;
it is often voluntarily consumed by victims and
can be given by perpetrators without suspicion.
Ethanol, on its own or in combination with other
CNS depressants, can cause all of the symptoms
that a perpetrator of drug-facilitated crimes
desires: decreased inhibitions, impaired percep-
tions, amnesia, and loss of consciousness. The
reader is referred to Chap. 19 for information on
the pharmacokinetics of ethanol.

Ethanol consumption factors such as the cur-
rent state of gastric contents and motility, quan-
tity ingested, and the person’s tolerance impact
the length of time that ethanol is detectable in a
blood or urine specimen. When a reliable history
is available concerning the amount of ethanol
consumed in an alleged drug-facilitated crime,
calculations may be performed to estimate a
range of blood alcohol concentrations that the
victim may have reached. This is done to under-
stand the role that ethanol alone may have had in
the case. In alleged alcohol-facilitated sexual

assaults, such calculations can be used to form
the basis of an opinion as to whether an average
drinker at the estimated blood alcohol concentra-
tion range would likely exhibit signs of severe
intoxication or have been in a state to reasonably
consent to the sexual act.

Cannabinoids

The second most commonly detected drug class
in many of the epidemiological studies of drug-
facilitated crimes are cannabinoids. Marijuana
users may experience CNS depressant effects
that include impaired memory and altered time
perceptions. Detection times in urine vary but
may exceed 100 h after a single dose. Chapter 24
provides a more detailed review of
cannabinoids.

Benzodiazepines and Z-Drugs

Benzodiazepines are one of the world’s most
widely prescribed classes of drugs, so it is not
surprising that they are also common findings in
drug-facilitated crimes. Additionally, the popu-
larity of the z-drugs has led to their frequent find-
ing in these cases. The reader is referred to Chap.
20 for details on the pharmacodynamic effects of
benzodiazepines and Chap. 21 for the effects of
the z-drugs. Benzodiazepines and z-drugs (alone
or in combination with other CNS depressants)
can cause anterograde amnesia, as well as com-
plete unconsciousness.

The detection times for these drugs in urine
samples vary from individual to individual, as
well as from one drug to the next. Table 3.1 sum-
marizes reported detection time ranges for select
benzodiazepines and zolpidem in urine samples.
Some studies have demonstrated the value of
analytical methods that focus on glucuronide-
conjugated benzodiazepine metabolites to extend
detection times in urine samples.

It is important to recognize that while the
media has labeled flunitrazepam as a substance
“commonly used” in drug-facilitated crimes,
there have been very few proven cases to support
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Table 3.1 Urinary detection time ranges of select benzo-
diazepines and zolpidem following single-dose
administration

Reported detection

Drug (targeted metabolite) time ranges in urine

Alprazolam 26-61 h
(alpha-hydroxyalprazolam)

Clonazepam 14-28 d
(7-aminoclonazepam)

Diazepam (oxazepam 12-23d
glucuronide)

Flunitrazepam 5-28d
(7-aminoflunitrazepam)

Triazolam 2-35h
(alpha-hydroxytriazolam)

Zolpidem (zolpidem Upto72h

carboxylic acid)

this claim. While flunitrazepam is a powerful and
relatively fast-acting benzodiazepine, there are
many other benzodiazepines that work just as
efficiently and are more readily available for use
in these crimes.

GHB and Precursors

Gamma-hydroxybutyrate (GHB) and its precur-
sors, gamma-butyrolactone and 1,4-butanediol,
are some of the more challenging substances for
toxicologists  investigating  drug-facilitated
crimes. These compounds remain very easy to
obtain, are fast-acting, have sedative properties,
and can cause amnesia and complete uncon-
sciousness. Further, they are rapidly metabolized
and eliminated after ingestion. Chapter 21 pro-
vides complete information on the pharmacology
of these drugs.

Another complicating factor for GHB is that it
is a naturally occurring substance in all humans
as a by-product of gamma-aminobutyric acid
(GABA) metabolism. Additionally, studies have
found that GHB concentrations may increase in
vitro during storage. Therefore, care must be used
in interpreting a finding of GHB in samples col-
lected from alleged victims of drug-facilitated
crimes. As a precaution, GHB concentrations of
less than 2 mg/L in a blood sample or 10 mg/L in
a urine sample should be considered as endoge-
nous. This coupled with the rapid metabolism

and elimination means that blood concentrations
resulting from a single oral dose of GHB (or one
of its analogs) may only be discernable from
endogenous GHB concentrations for only 4 to
6 h after ingestion. In urine samples, GHB may
be distinguishable from endogenous GHB for as
little as a few hours to as many as 12 h after it is
consumed.

First-Generation Antihistamines

The first-generation antihistamines (e.g., brom-
pheniramine, chlorpheniramine, diphenhydr-
amine, doxylamine, hydroxyzine) have CNS
depressant effects. In fact, some are specifically
marketed as sleep aids. When combined with
ethanol, an additive CNS depressant effect is to
be expected. See Chap. 29 for more information
about the pharmacology of these drugs. There
have been few published studies that explore
antihistamine detection times in urine samples
following a single-dose administration with cur-
rent instrumentation and methodologies. One
limited study did find doxylamine in a urine sam-
ple collected up to 10 d following a single dose.

Opiates/Opioids

While the focus on the opioid crisis in the United
States and other countries has been on deaths
from these drugs, it must also be recognized that
the CNS depressant effects of opiates and opi-
oids, coupled with their oftentimes voluntary
ingestion, make users vulnerable to drug-
facilitated crimes. It should also be acknowl-
edged thatthe number of cases of opioid-facilitated
crimes is likely very underrepresented due to lack
of reporting. Chapter 22 describes the pharmaco-
kinetics and pharmacodynamics of opiates and
opioids.

Ketamine

The media has portrayed ketamine as a common
drug used in drug-facilitated crimes, but it has not
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been reported as a frequent finding in the scien-
tific literature. There are some unique aspects of
the drug that do make it particularly effective for
perpetrators of these crimes. Chapter 26 describes
the pharmacology of ketamine and other disso-
ciatives. One group has reported detecting the
presence of norketamine in urine for only two to
five days following single-dose administration to
monkeys.

Overcoming the Toxicological
Challenges of Drug-Facilitated
Crimes

While many of the challenges of drug-facilitated
crimes are outside of the control of forensic toxi-
cologists, consistent management of cases and
abiding by testing recommendations will lead to
better understanding of these crimes.

Testing Recommendations

A urine sample collected as soon as practical, but
no later than 120 h (5 d) after an alleged drug-
ging, is the preferred specimen in most drug-
facilitated crimes. Therefore, several authoritative
groups have published recommended testing lim-
its for urine samples.

The Society of Forensic Toxicologists devel-
oped a comprehensive list of drugs believed to
have played some role in drug-facilitated crimes
in the United States. The drugs are listed by class
under their generic names, but also include their
common trade names and street names to help
simplify communication between toxicologists
and customers. Key metabolites of the listed
drugs are also included. Each drug has a recom-
mended minimum performance limit for toxico-
logical testing for the drug in urine samples
(Table 3.2). These limits were established based
on capabilities reported from member laborato-
ries using what is considered ‘“standard labora-
tory instrumentation.” The intention is to
encourage laboratories to strive to develop and
validate methods for specific use in toxicological
investigations of drug-facilitated crimes. These

recommended performance limits are considered
the highest concentrations that laboratories
should use to screen urine samples collected from
alleged victims of drug-facilitated crimes. If the
laboratory has the capability to test at concentra-
tions even lower than those listed, they are
encouraged to do so. Further, if a laboratory can-
not achieve the recommended testing limits for
any suspected analytes, they are encouraged to
inform their customers, withhold testing for those
analytes, and help identify a laboratory that can
achieve the testing limits.

The United Nations Office on Drugs and Crime
(UNODC) adopted the approach championed by
SOFT. They did so by expanding SOFT’s list to
include drugs and metabolites that were more
prevalent outside of the United States. Additionally,
the UNODC encouraged capable laboratories to
analyze victim hair samples in alleged drug-facili-
tated cases with delayed reporting as hair may pro-
vide even longer detection windows compared to
blood or urine samples.

Finally, a standard has been proposed through
the Academy Standards Board (ASB) that abbre-
viates the list of drugs or metabolites to those that
the ASB’s Toxicology Consensus Body believes
must be tested for in urine samples collected from
all alleged victims of drug-facilitated crimes. The
list includes high-dose sedatives (ethanol and
GHB), antidepressants (amitriptyline, nortripty-
line, imipramine, desipramine, and trazodone),
antihistamines (brompheniramine, chlorphenira-
mine, diphenhydramine, doxylamine, and
norchlorcyclizine), barbiturates (butalbital and
phenobarbital), benzodiazepines (alpha-
hydroxyalprazolam, 7-aminoclonazepam, loraz-
epam, nordiazepam, oxazepam, and temazepam),
cannabinoids  (carboxy-tetrahydrocannabinol),
select stimulants (methylenedioxyamphetamine,
methylenedioxymethamphetamine, amphet-
amine, methamphetamine, benzoylecgonine),
opioids (fentanyl, norfentanyl, codeine, mor-
phine, hydrocodone, hydromorphone, oxyco-
done, oxymorphone, and tramadol), and some
miscellaneous substances (cyclobenzaprine, dex-
tromethorphan, norketamine, zolpidem
carboxylic acid, zopiclone, carisoprodol, and
meprobamate).
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Management of Cases

The goal of determining if an individual was
exposed to an incapacitating substance one or
more days before biological specimens were
collected is not typical for most forensic toxi-
cology laboratories. Many forensic toxicology
laboratories test specimens from persons sus-
pected of impaired driving that were collected a
short time after traffic stops. Postmortem toxi-
cology involves testing of biological samples
collected at autopsies with the goal of helping
to establish if drugs or poisons may have been
responsible for the individual’s death. And
while workplace testing can involve random
collection of samples to identify recreational
drug use by employees or applicants, testing
limits are generally higher than those needed
for drug-facilitated crimes. This means that
laboratories that accept these cases for toxico-
logical analyses will likely need to adapt their
approach to managing them.

Investigative information is often critical for
successful analyses in alleged drug-facilitated
crimes, as it will guide the laboratory to the most
likely drugs involved and thereby tested. The
UNODC publication provided guidance on the
types of information that may be useful for toxi-
cologists in typical drug-facilitated crimes.
Requested information includes the length of
delay in specimen collection after the alleged
drug exposure; an estimate of the number of
times the victim urinated prior to providing evi-
dentiary samples; any recreational, prescription,
and over-the-counter drugs voluntarily ingested
by the victim; all drugs known to be available to
the alleged perpetrator; the amount of alcohol
consumed by the victim; and specific symptoms
reported by the victim. Further, the UNODC doc-
ument provides guidelines on how laboratories
may improve sensitivity of their analytical meth-
ods by hydrolyzing urine specimens prior to anal-
ysis in order to free conjugated metabolites,
increasing the extracted specimen volume, or
through the use of special derivatives and selec-
tive detectors.

Conclusions

It is telling that cases of drug-facilitated crimes
are now recognized as a separate subdiscipline of
forensic toxicology, in part for the unique chal-
lenges that accompany these cases. The chal-
lenges are centered on the vast number of drugs
that may be used and how they impact victim
reporting, delays in collection of specimens, and
the laboratory’s ability to provide meaningful
analyses. The forensic toxicologist can overcome
many of these challenges by ensuring good com-
munication with its customers and properly plan-
ning for these cases.
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Abstract

The testing of biological specimens has
become a major component in the identifica-
tion and the treatment of drug misuse. Testing
has been performed under the auspices of the
military, the criminal justice system, the pub-
lic sector, and the private sector. Urine remains
the primary specimen for drug abuse testing,
but other specimens such as oral fluid, sweat,
and hair have also been used. Each testing pro-
gram is different, but there are common com-
ponents throughout the programs. Specimens
are collected under a chain of custody that
documents the location of the specimen from
collection to disposal. No single test is used to
identify a positive specimen; positive results
are reported only after a positive initial test
and a positive confirmation test. Concentration
cutoffs are employed to distinguish negative
from positive specimens. The analytical meth-
ods used must be validated prior to use on
donor specimens. Moreover, a quality assur-
ance program must be in place for all aspects
of the process, from specimen collection to
specimen testing to reporting of results. Some
programs, such as the Department of Health

men validity tests to ensure the integrity of the
specimen prior to receipt in the laboratory. To
ensure continued acceptable laboratory per-
formance, proficiency testing programs and
laboratory accreditation are also components
of the forensic drug-testing process.

Drug use has become a significant medical
and social problem in the United States (US).
Financial and human resources have been
expended in attempts to combat this problem.
Actions have included drug interdiction; crim-
inal penalties for cultivation, distribution, pos-
session, and use of illicit drugs; and medical
treatment of offenders and those individuals
with drug use disorders. Chemical testing of
biological specimens is generally accepted to
be the most objective method for determining
drug use.
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drugs affected the combat readiness of US Armed
Forces. In 1971, Congress directed the Secretary
of Defense to devise methods for the identifica-
tion and treatment of military personnel who
abused drugs. Under the 1990 General Military
Law 10 U.S.C. 1090, the Secretary of Defense
and the Secretary of Transportation (who had
responsibility for the Coast Guard, currently it is
the Department of Homeland Security) were
required to write regulations, implement testing
procedures, and provide facilities to identify and
treat military personnel who were drug depen-
dent. Such individuals are barred from military
service and referred to civilian treatment pro-
grams. Furthermore, in 1990, the military insti-
tuted a “drug-free workplace” policy to preclude
the hiring of drug-dependent individuals.

Potential military recruits must undergo drug
testing as part of the application process.
Drug-dependent individuals already serving in
the armed forces that “cannot or will not be reha-
bilitated” face disciplinary action and/or
discharge.

The Criminal Justice System

Drug testing is increasingly used within the crim-
inal justice system to monitor drug use within
prison populations. Urinalysis is the method of
choice and, under President George H.W. Bush’s
1991 National Drug Control Strategy, was con-
sidered a high priority for its ability to identify
and monitor criminal offenders involved with
drugs. In addition to a nationwide control strat-
egy, some states mandate that drug-testing pro-
grams be initiated at the time of arrest and during
pretrial release proceedings, probation, and
parole. Several US cities have initiated drug-
testing programs for arrestees. In some jurisdic-
tions drug testing of drug offenders is not
mandated.

The Public Sector

In 1983, as a result of a study conducted by the
National Transportation Safety Board concerning
the involvement of drugs (including alcohol) in

train  accidents, the Federal Railway
Administration and the National Institute on
Drug Abuse (NIDA) began to develop drug use
regulations for the Department of Transportation.
During this time, national concern about drug
abuse was increasing, and many companies in the
oil, chemical, transportation, and nuclear indus-
tries began implementing their own drug-testing
programs. These programs varied in their proce-
dures and standards, which resulted in much con-
troversy and litigation.

In 1986, the executive branch of the federal
government became actively involved in devel-
oping drug use regulations when President
Reagan issued Executive Order No. 12564
(Federal Register 1986 51:32889, 32890). The
order instructed the directors of each federal
executive agency to develop testing programs for
employees in sensitive positions. The objective
of this order was to provide a “drug-free” federal
workplace. The Office of Management and
Budget estimated the cost of implementing these
programs at $18 million per year (although the
General Accounting Office was unable to verify
this estimate).

A conference convened by NIDA in March
1986 produced a consensus document describing
the conditions under which testing could be
conducted:

e All individuals must be informed they are sub-
ject to testing.

e The confidentiality of the test results must be
assured.

e All positive results on the initial screen must
be confirmed with alternate methodology.

* Random screening for drug use under a well-
defined program is appropriate and legally
defensible in certain circumstances.

In 1988 NIDA of the Federal Department of
Health and Human Services [DHHS] issued man-
datory scientific and technical procedural guide-
lines (including standards for laboratory
accreditation) for federal drug-testing programs
(Federal Register 1988 53:11970). According to
the guidelines, urine would be the testing speci-
men of choice. The guidelines included specimen
collection, procedures for transmitting samples to
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testing laboratories, assay procedures, evaluation
of test results, quality control measures, record-
keeping and reporting requirements, and stan-
dards and procedures for DHHS accreditation of
drug-testing laboratories. The intent of these
guidelines was to ensure the accuracy and integ-
rity of the test results and the privacy of the indi-
viduals tested. In July of 1988, DHHS/NIDA
implemented  the  National = Laboratory
Certification Program (NLCP). The Division of
Workplace Programs of the Substance Abuse and
Mental  Health  Services  Administration
(SAMHSA) within DHHS administers and directs
the NLCP. The Research Triangle Institute (RTI
International) (Research Triangle Park, North
Carolina) operates the program under contract.

In 1989, the Nuclear Regulatory Commission
final rule (54FR24468) was published in the
Federal Register. Implemented on January 3,
1990, the rule incorporated most of the DHHS
mandatory guidelines, although the program did
permit on-site testing under specific conditions.

The US Department of Transportation (DOT),
having published an interim final rule on
November 21, 1988, that established drug-testing
procedures applicable to transportation employ-
ees, released its final rule in 1989 for implemen-
tation on January 2, 1990. These regulations
covered employees in six transportation indus-
tries, namely, vehicle, aviation, railroad, mass
transit, pipeline, and maritime. Implementation
of the program in the Mass Transit Administration
was delayed because a federal appellate court
overturned the rule, stating that the agency did
not have the statutory authority to issue standards
requiring drug testing. To remedy this problem,
Congress passed the Omnibus Transportation
Employee Drug Testing Act of 1991. This act
required the Department of Transportation to pre-
pare regulations that would expand the existing
program to include intrastate operations and the
drug ethanol. The final DOT rules were applica-
ble to large and small employers. The legislation
was implemented on January 1, 1995, with
respect to employers with more than 50 covered
employees, and on January 1, 1996, with respect
to employers with fewer than 50 employees. This
legislation affects more than 7.4 million transpor-
tation workers in the United States.

These programs have been revised in the last
20 years to include revisions of the initial and
confirmatory drugs; changes in cutoff concentra-
tions for reporting; addition of specimen validity
tests; qualifications, training, and certification of
Medical Review Officers (MROs); and the intro-
duction of the instrumented initial testing facility
program [DHHS].

Since President Reagan’s executive order,
states and municipalities have increased
employee drug testing. Programs throughout the
US differ with regard to policy and testing proce-
dures. While many states require drug-testing
laboratories to be accredited, they may differ as
to when an employee may be subject to testing
and when and how samples are collected. Today
many police, fire, and correctional department
personnel across the United States are subject to
testing.

The Private Sector

Since the mid-1980s, private sector employees
have also been subject to drug testing. Surveys
have estimated that in 1985, 25% of Fortune 500
companies were screening job applicants for
drug use. In 1987, approximately 50% of Fortune
100 companies were conducting preemployment
and for-cause testing. A large proportion of those
companies were involved in the manufacturing
and utility industries. According to the Institute
for a Drug-Free Workplace 97% of Fortune 500
companies have drug-free workplace policies.
Although the majority use accredited laboratories
to conduct the testing, not all use a Medical
Review Officer or require confirmatory testing of
presumptive positive results. Urine is typically
the specimen of choice, but blood, oral fluid, and
hair are also used.

Other Segments of Society

Drug testing is not limited to the workplace or the
criminal justice system. Professional and ama-
teur athletes who compete at national and inter-
national levels may be subject to such testing.
Testing of high school athletes is controversial,
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but today parents may privately test their children
by collecting samples and sending them to labo-
ratories for anonymous testing. In recent years,
public secondary schools have been provided
with federal money to test students. Random test-
ing, usually for marijuana, stimulants, and opi-
ates, typically involves high school age children.
However, some school districts test middle
school students. Athletes and those involved in
school-related competitive extracurricular activi-
ties may be subject to testing. In addition, some
districts test students who drive to school and in
order to attend the school prom. National esti-
mates indicate that during the school year 2004—
2005, 14% of US public school districts
conducted random drug testing in their high
schools. Students subjected to testing were
mainly athletes but approximately 65% randomly
tested other students engaged in extracurricular
activities.

Several politicians have endorsed the concept
of drug testing for welfare recipients and possibly
using testing results to limit eligibility for these
benefits. Applicants to federal job training pro-
grams may also be subject to drug testing in the
future. The insurance industry is also currently
testing life insurance applicants for illicit drug
use. In medicine, hospital emergency rooms, pre-
natal clinics, and delivery rooms test individuals
for illicit drugs as part of diagnostic care.
Depending on individual circumstances, these
test specimens may or may not become forensic
specimens.

Status of Forensic Drug Testing
in the United States

The economic and social cost to the United States
due to illicit drug use has been investigated. One
study showed that approximately 35% of state
prison inmates and 40% of juvenile offenders in
long-term correctional facilities admitted to
being under the influence of illicit drugs while
committing the crime for which they were incar-
cerated. Drug defendants comprised 31% of
defendants in criminal cases filed in federal dis-
trict courts in the 12-month period ending March

31, 2018. This was an increase of 3% from the
previous year. During the same period, defen-
dants charged with crimes involving drugs other
than marijuana increased by 8%, while marijuana-
related offenses declined 17%. The majority of
adult illicit drug users are employed full or part
time and although the number of individuals test-
ing positive has declined since the mid-1980s, the
positive rate is approximately 5%. The economic
impact of such use has been estimated to exceed
$150 billion per year. This cost includes lost pro-
ductivity due to increased sick time, lateness,
increased number of workplace accidents, and
worker’s compensation claims.

An estimated 30 million working Americans
are tested for illegal drugs each year. In the foren-
sic arena, the generally accepted objective of
drug testing is to detect and deter drug use among
individuals subject to the testing. In addition, ath-
letes are tested to determine whether they have
used drugs that may improve performance and,
therefore, result in an unfair competitive advan-
tage. In the criminal justice system, prison
inmates are tested so that individuals who may
benefit from drug rehabilitation programs can be
identified.

Employees may be tested in the workplace in
several situations: during preemployment back-
ground checks, before promotion, return to duty,
at random, for cause, follow-up, and postacci-
dent. Employers may test job applicants to iden-
tify those individuals who may pose a safety risk
to themselves or others. Random drug testing of
employees may be conducted as a potential deter-
rent to illicit drug use and consequent safety
risks. Companies may drug-screen for cause if a
supervisor has reasonable suspicion (such as
behavior or accident) that the employee is abus-
ing drugs. Postaccident drug screening may be
conducted in order to include or exclude drug use
as a possible cause of the accident.

The Testing Process

Testing may be highly regulated with safeguards
built into the system to protect the rights of the
individual tested, such as the DHHS guidelines
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for federal employees. Alternatively, drug testing
may be conducted informally, with no regulation
and few safeguards, as in the case of a high school
athlete whose parent collects a specimen.
Workplace drug testing is unique in that single
test results may be the only piece of evidence
involved in the hiring and/or firing of an individ-
ual. Therefore, every test result may produce
litigation.

The quality of the result is only as good as the
quality of the entire process. This process begins
at the collection site, continues with the transpor-
tation of the specimen to the testing laboratory;
the accessioning, testing, data review, and report
generation; and transmission of the results to a
qualified individual for interpretation. In regu-
lated workplace drug testing, this individual is
known as a Medical Review Officer (MRO).

Collection and testing facilities must follow
forensic toxicology standards. Instructions for
collection facilities cover procedures for collect-
ing the specimens, maintaining specimen integ-
rity, and establishing a chain of custody. Currently
in workplace drug testing, urine is the specimen
of choice, and the collection may be witnessed.
In federally regulated programs, this occurs, for
example, if a donor’s previous drug test was
reported by an MRO as positive, adulterated, or
substituted. Standards for testing laboratories
cover facilities, standard operating procedures,
security, chain of custody, testing methods and
validation, quality assurance, reporting methods,
confidentiality, —personnel, and laboratory
accreditation.

The testing facility must have the physical
capacity to perform the work required. This
means adequate space and adequate security that
limits access not only to the physical premises
but also to data in electronic and paper format.
The facility must also have a sufficient number of
qualified personnel and appropriate instrumenta-
tion to conduct the required tests, including those
required for screening and for confirmatory
assays.

Collecting the specimen initiates a chain of
custody, i.e., procedures that account for the
integrity, identification, and security of each
specimen by tracking its handling and storage

from point of collection to final disposition. The
chain of custody is documented on a custody and
control form (CCF). The collection site must
offer adequate facilities for specimen collection
and sufficient numbers of trained personnel.
Documentation of the collection process
appears on the CCF and on the specimen and
container. Typically, the donor initials a label on
the container, along with the date the specimen
was collected. Trained collection personnel also
sign the container, and “seals of integrity” are
placed on the container to prevent tampering
after collection. All federal agency collections
utilize a single-use container and the collector, in
the presence of the donor, then pours the urine
into two specimen bottles, labeled A and B. The
specimen is then packaged for transport to the
testing facility by courier, express delivery, or US
mail. Upon receipt at the laboratory, trained per-
sonnel accession the specimen into the laborato-
ry’s information management system. The
specimen container is examined for evidence of
tampering, e.g., breakage of seals and incomplete
documentation (such as failure of one party to
initial the container). It is also examined to ensure
a match between the information on the speci-
men and that on the accompanying custody and
control form. If there is a mismatch, the submit-
ting agency must be contacted and discrepancies
corrected. The laboratory then gives the speci-
men an accession number, and an internal chain
of custody is initiated for specimen testing. The
initial screen reflects testing for the classes of
drugs identified by the submitting agency. All
positive screening results are then confirmed
using a second sample aliquot and an alternate
technique. Laboratories under federal and mili-
tary drug-testing programs screen using immuno-
assay  with  confirmation by  gas/liquid
chromatography/ [tandem] mass spectrometry.
The mandatory guidelines for federal work-
place drug-testing programs, effective in 2010,
introduced a new type of testing facility, the
instrumented initial testing facility [IITF]. These
facilities perform initial drug tests and specimen
validity tests. An IITF must report a test result to
an agency’s MRO within an average of three
working days after receiving the specimen. A
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negative result may be reported when each drug
test is negative, and each validity test indicates
that the specimen is a valid urine sample. A urine
specimen is reported as dilute when the creati-
nine concentration is > 5 mg/dL but < 20 mg/dL
and the specific gravity is >1.002 but <1.003. A
DHHS accredited IITF must reject a urine speci-
men for testing when a fatal flaw occurs. Fatal
flaws include the following: (a) the specimen
identification number on the specimen does not
match the ID number on federal CCF; (b) the
specimen label/seal is missing, is broken, or
shows evidence of tampering; and (c) the collec-
tor’s printed name and signature are missing on
the federal CCF [see Section 15.1. of the 2017
guidelines]. Specimens must be sent to a HHS-
certified laboratory for additional testing if results
may be positive, adulterated, substituted, or
invalid. A list of HHS-accredited laboratories and
IITFs is published monthly in the Federal
Register and is also available at http://www.sam-
hsa.gov/workplace.

The current mandatory DHHS guidelines,
published in the Federal Register, effective
October 1, 2017, apply to executive agencies [5
U.S.C.105]; the uniformed services [5
U.S.C.2101(3) except as defined in 5 U.S.C.
2101(2)]; any other employment unit of the fed-
eral government except the US Postal Service,
Postal Rate Commission, and Judicial and
Legislative ~ Branches;  the  Intelligence
Community [Executive Order 12333]; laborato-
ries and IITFs that provide drug-testing services
to federal agencies; collectors who provide such
services to federal agencies; and MROs who pro-
vide review and interpretation of results to fed-
eral agencies. The guidelines do not apply to drug
testing outside Executive Order 12564, such as
individuals in the criminal justice system [arrest-
ees, parolees].

Highlights of these guidelines include the
following:

e A federal agency may collect urine and/or an
alternate specimen.

e A donor is expected to provide a minimum
volume of urine [45 mL].

e A federal agency must test each specimen for
marijuana and cocaine.

* A federal agency may test each specimen for
amphetamines, opioids, and phencyclidine.

e A federal agency must conduct specimen
validity tests on each urine specimen to
include:
¢ Creatinine [Cr]

e Specific gravity if Cr is less than 20 mg/dL.

« pH

e Oxidizing adulterants

e Additional testing if the specimen demon-
strates unusual characteristics [odor, color]

e A federal agency may test for additional drugs
if the collection was for reasonable suspicion
or postaccident testing [limited to Schedule I
and II drugs under the US Controlled
Substances Act].

* A single-use collection container with a way
to measure temperature must be used and two
specimen bottles [A and B].

e The collector must measure the tempera-
ture of the urine specimen within 4 min of
receipt from the donor. Acceptable range is
32-38 °C or 90-100 °F.

e A DHHS-accredited laboratory must not dis-
card specimens reported as positive, adulter-
ated, substituted, or an invalid result for a
minimum of 1 year. These specimens must be
maintained in secure frozen storage at —20 °C
or less.

Testing Methodologies
Initial Test/Screening

According to the 2017 updated DHHS guide-
lines, an initial test may be an immunoassay or an
alternate technology such as spectrometry. The
guidelines provide guidance on how these assays
must be validated.

Screening by immunoassay typically involves
no extraction, minimal specimen handling, and
semiquantitative results. These tests have high
sensitivity and moderate specificity. Many of the
commercially available immunoassay tests cross-
react with multiple drugs within a class, due to
the choice of target analyte. (For detailed infor-
mation about cross-reactivities of individual
assays, see Ropero-Miller and Goldberger’s
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Handbook of Workplace Drug Testing in “Further
Reading.”) These assays may also be sensitive to
interferences from additives that a donor may
have used to adulterate the specimen. Such adul-
terants include bleach, glutaraldehyde, ammonia,
soap, nitrite, and vinegar.

Commercial assays are based upon radioimmu-
noassay (RIA), enzyme-multiplied immunoassay
technique (EMIT®), enzyme-linked immunosor-
bent assay (ELISA), cloned enzyme donor immu-
noassay (CEDIA), fluorescence polarization
immunoassay (FPIA), and kinetic interaction of
particles (KIMS). Tests typically screen for the
original “HHS 5” drug classes that include
amphetamines, cannabinoids, cocaine, phencycli-
dine, and opiates. Commercial assays developed
to measure these drugs target certain analytes
within each class. Therefore, for the amphetamine
assay, methamphetamine and/or amphetamine
may be the target analyte (meaning that during
assay development, antibodies are produced to
this specific analyte). In the cannabinoid assay, the
inactive metabolite of delta-9-tetrahydrocannabi-
nol (THC), delta-9-carboxy-THC (THCA), is the
target analyte. For the cocaine assay, the target
analyte is benzoylecgonine, and for the opiate
assay, morphine. The tests are conducted using
mandated cutoff concentrations. Refer to Table 4.1
for the current [effective October 1, 2017] analyte
and cutoff concentrations for the NLCP. Samples
that screen positive by immunoassay are known as
presumptive positive specimens. The presence of
the specific drug must be confirmed by an alter-
nate analytical technique.

Specimen Validity Tests

In order to verify that the specimen collected is
human urine, several validity tests may be per-
formed. In regulated drug testing, specimen
validity tests are conducted on each urine sample.
These tests include creatinine, pH, and a mini-
mum of one test for oxidizing adulterants. If the
creatinine is less than 20 mg/dL, the specific
gravity must also be measured. In addition, if the
specimen exhibits unusual characteristics such as
an abnormal odor or color, or produces reactions
which interfere with testing, additional testing

may be performed. Oxidizing adulterants include
tests for nitrite, chromium VI, halogens, glutaral-
dehyde, pyridine, and surfactants.

Validity tests utilize methodologies which
include pH meter [pH], colorimetry [pH, nitrite,
and halogen], multiwavelength spectrometry
[nitrite, surfactant] ion chromatography [nitrite,
chromium VIJ, capillary electrophoresis [nitrite,
halogen], atomic absorption spectrometry [chro-
mium VI], ICP-MS [chromium VI, halogen],
aldehyde test [glutaraldehyde], and GC/MS [glu-
taraldehyde, pyridine]. The DHHS 2017 guide-
lines delineate the requirements for conducting
these tests.

Urine specimens may be reported as adulter-
ated, dilute, or substituted, following initial and
confirmatory testing of 2 aliquots [2017
guidelines]:

e Adulterated. A specimen that has been altered
by the addition of an exogenous substance or
an abnormal concentration of an endogenous
substance:

e pH<4or>11

e Nitrite> 500 mcg/mL

e Chromium [VI]> 50 mcg/mL

e Halogen> 200 mcg/mL nitrite equivalent
or > 50 mcg/mL chromium [VI] equivalent
cutoff

e Glutaraldehyde> LOQ of the test

e Pyridine> 200 mcg/mL nitrite equivalent
or > 50 mcg/mL chromium [VI] equivalent
cutoff

e Surfactant> 100 mcg/mL dodecylbenzene
sulfonate equivalent
e Dilute. A specimen in which the creatinine
and specific gravity are lower than normal but
still physiologically possible for human urine:
e Creatinine > 2 but < 20 mg/dL and specific
gravity > 1.0010 but <1.0030

e Creatinine >5 but < 20 mg/dL and specific
gravity > 1.002 but <1.003 on a single
aliquot

e Substituted. A specimen that is not the donor’s
urine. The specimen may produce validity
results outside the physiologically possible
range for human urine:

e Creatinine < 2 mg/dL on both initial and
confirmatory tests on 2 aliquots and spe-
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Table 4.1 Urine cutoff concentrations and reporting requirements for DHHS-accredited laboratories (effective October

1,2017)

Initial test target

Amphetamine/methamphetamine 500
MDMA/MDA 500
Cocaine metabolite (benzoylecgonine) 150
Marijuana metabolite (THCA) 50
Phencyclidine 25
6-Acetylmorphine 10
Codeine/morphine 2000
Hydrocodone/hydromorphone 300
Oxycodone/oxymorphone 100

cific gravity < 1.0010 or >1.0200 on both
initial and confirmatory tests on 2 aliquots
e A result may be reported as invalid under sev-

eral circumstances including:

» Inconsistent creatinine and specific gravity
results

* Possible presence of chromium [VI] or a
halogen or an oxidizing adulterant or
surfactant

e Interference on initial or confirmatory tests
on 2 separate aliquots

Confirmation: Chromatography/Mass
Spectrometry

The initial document and four revisions of the
Mandatory Guidelines for Federal Workplace
Drug-Testing Programs required the use of gas
chromatography/mass spectrometry (GC/MS)
for confirmation of presumptive positive urine
specimens. The 5th revision of the guidelines,
effective May 1, 2010, allowed for the use of
additional technologies which combine chro-
matographic separation with mass spectrometric
identification. These include LC/MS, LC/MS/
MS, and GC/MS/MS.

According to the 2017 updated DHHS guide-
lines, the confirmatory test must use mass spec-
trometric identification. The guidelines provide
guidance on how these assays must be validated.

Initial test cutoff (ng/mL)

Confirmation test target and cutoff

(ng/mL)

Amphetamine 250
Methamphetamine 250
MDMA 250
MDA 250
Benzoylecgonine 100
THCA 15
Phencyclidine 25
6-Acetylmorphine 10
Codeine 2000
Morphine 2000
Hydrocodone 100
Hydromorphone 100
Oxycodone 100
Oxymorphone 100

Each assay measures specific drugs and metab-
olites: amphetamine, methamphetamine, methyl-
enedioxymethamphetamine (MDMA),
methylenedioxyamphetamine  (MDA), delta-
9-carboxy-THC (THCA), morphine, codeine,
6-acetylmorphine, hydrocodone, hydromorphone,
oxycodone, oxymorphone, benzoylecgonine, and
phencyclidine. Assays generally use liquid-liquid
or solid-phase extraction, with or without
derivatization. Table 4.1 lists the current cutoff
concentrations for the confirmation testing under
the federal program, with reporting requirements.

For amphetamines, derivatives such as trifluo-
roacetyl, trichloroacetyl, and heptafluorobutyryl
have been utilized after basic liquid-liquid
extraction or solid-phase extraction using modi-
fied XAD-2 resin or hydrophobic cation
exchange columns. The class of drugs to which
the amphetamines belong, namely, sympathomi-
metic amines, have similar chemical structures.
Therefore, when developing an assay for amphet-
amines, it is important to evaluate the assay for
interference from similar drugs such as pseudo-
ephedrine, ephedrine, phentermine, and phenyl-
propanolamine. Potential interference includes
co-elution and similar mass ions and ion ratios.
Procedures that do not use chiral columns or
derivatives will not permit the differentiation
between the licit l-isomer, the illicit d-isomer,
and racemic mixtures of the parent compound.
Chiral  derivatizing  reagents  such  as
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N-trifluroacetyl-1-prolyl chloride and (-)-men-
thylchloroformate allow methamphetamine iso-
mers to be distinguished using a non-chiral
chromatographic column. False-positive results
may occur if extracts are derivatized with
4-carbethoxyhexafluorobutyryl chloride, hepta-
fluorobutyric anhydride, or N-trifluroacetyl-1-
prolyl chloride. In this instance,
methamphetamine is formed by thermoconver-
sion of ephedrine or pseudoephedrine. This typi-
cally occurs at high GC injection port
temperatures and when significant concentra-
tions of pseudoephedrine/ephedrine are present
in the specimen.

The  major metabolite of  delta-9-
tetrahydrocannabinol is the carboxy acid that is
present in urine in both free and conjugated forms.
This metabolite is typically measured in urine
specimens utilizing base hydrolysis followed by
acidification and liquid-liquid extraction. Extracts
may be derivatized with bis(trimethylsilyl)-triflu-
oroacetamide and 1% trimethylchlorosilane to
form the trimethylsilyl derivative. C,;3 bonded
phase adsorption columns or basic anion exchange
resin may also be used after base hydrolysis.
Trimethylanilinium hydroxide and iodopropane
form propyl THC-carboxy acid derivatives.

Positive cocaine samples are confirmed by mea-
suring the presence of the metabolite benzoylecgo-
nine. Benzoylecgonine may be extracted from
urine utilizing liquid-liquid, solid-phase, or “dilute
and shoot” procedures. For solid phase, Amberlite
XAD-2 extraction material has been used in addi-
tion to hydrophobic cation exchange columns.

Opiate-positive samples are confirmed by
measuring morphine, codeine, 6-acetylmorphine,
hydrocodone, hydromorphone, oxycodone, and
oxymorphone. Morphine, a metabolite of heroin
and codeine is present in the free form that is sub-
sequently conjugated with glucuronic acid. Initial
methods developed for opiate analysis utilized
liquid-liquid extraction procedures. Samples
may be hydrolyzed with acid or with glucuroni-
dase, alkalinized, and extracted with an organic
solvent solution such as methylene chloride iso-
butanol (9:1, v/v). After further acid-base extrac-
tion and re-extraction into organic solvent, acetyl
derivatives are formed by reaction with acetic
anhydride and pyridine. Other procedures have

formed perfluoroester derivatives with a solution
of pentafluoropropanol and pentafluoropropionic
anhydride. More recent GC/MS methods for
determination of opiates have utilized copoly-
meric bonded phase extraction cartridges such as
hydrophobic cation exchange columns.

Opiate assays should be evaluated for poten-
tial interference from opiate metabolites and
structurally similar compounds. In measuring
6-acetylmorphine, techniques should be devel-
oped to avoid chemical and enzymatic hydroly-
sis. The derivatizing reagent used for opiate
analysis should be chosen with care since some
opiates form similar derivatives. For example,
formation of acetyl derivatives will convert both
morphine and 6-acetylmorphine to heroin (diace-
tylmorphine), rendering them indistinguishable.
Further, the mass spectrum of the trimethylsilyl
derivative of hydromorphone resembles the tri-
methylsilyl derivative of morphine.

Confirmatory assays for the detection of phen-
cyclidine have utilized liquid-liquid and solid-
phase extraction techniques. Samples are
alkalinized and extracted with organic solvents
such as n-butyl chloride [1-chlorobutane].
Hydrophobic cation exchange solid-phase meth-
ods have also been described.

In many assays, deuterated internal standards
are used. Additionally, assays that use phenylcy-
clohexylamine (amphetamines), meclofenamic
acid (cannabinoids), ketamine (cocaine metabo-
lite and phencyclidine), nalorphine (opiates), and
difluorophencyclidine (phencyclidine) as internal
standards have been described.

Benzodiazepines and barbiturates may also be
measured in forensic drug testing. Screening
assays are typically immunoassay based but con-
firmation may utilize GC, HPLC, LC/MS, and
GC/MS technology. Refer to drug-/drug class—
specific chapters for more information on ana-
lytical methods.

Oral Fluid

The secretary of HHS proposed the use of oral
fluid [OF] as a specimen for federal workplace
drug-testing programs [Federal Register Vol. 80
No.94, May 15, 2015 Notices]. Following a public



54

A.J. Jenkins

comment period, the Mandatory Guidelines for
Federal Workplace Drug Testing Programs Oral/
Fluid were published in the Federal Register, Vol.
84, No. 207, October 25, 2019, effective January
1, 2020. There is no requirement for federal agen-
cies to use OF; they may choose urine, OF, or both
specimen types. The collection process will be
under observation. In order to permit split speci-
men testing, two specimens are collected from the
donor. All devices must have an indicator which
shows that an adequate volume of OF has been
collected [minimum of 1-mL undiluted OF]. IITF
are not permitted to test OF specimens. If an indi-
vidual is unable to provide an OF specimen, the
collection of a urine specimen may be authorized.
The rules state that a federal agency must
ensure a OF specimen is tested for marijuana and
cocaine; is authorized to test the specimen for
opioids amphetamines, and phencyclidine; and is
authorized upon MRO request to determine spec-
imen validity to include determination of the
albumin concentration or IgG or a specific adul-
terant. If the specimen exhibits abnormal charac-
teristics [unusual odor or color], additional testing
may be performed. Table 4.2 illustrates the ana-
lytes and cutoff concentrations for drugs in OF.
An OF specimen may be reported as adulter-
ated when the presence of an adulterant is veri-
fied by an initial and confirmatory test with
separate aliquots. An invalid result is reported if
interference occurs on the initial test on two sepa-
rate aliquots; interference occurs with confirma-
tion testing on two separate aliquots and the
laboratory is unable to identify the interfering
substance; the physical appearance of the speci-
men indicates that analyzing the sample may
damage instruments; the specimen was tested
and the appearance of the split samples are
clearly different; or the concentration of a bio-
marker [e.g. IgG or albumin] is not consistent
with that established for human OF on both the
initial and second test on two separate aliquots.

Quality Control

The validity of testing results is assured through
maintaining a laboratory-wide quality assurance
program and, specifically, using good quality

control. This includes the use of appropriate ref-
erence standard materials that are typically pur-
chased from commercial vendors. These
materials must be validated prior to use. In addi-
tion, appropriate control materials should be
assayed concurrent with client specimens to
serve as a check on the assay. Negative and posi-
tive control samples should be run with each
batch of specimens; control samples may be
blind or open but ideally examples of both should
be run. Open control samples are those speci-
mens that the analyst knows are controls; the ana-
lyst also knows the identity of the drugs present
and the concentration. These serve to check that
assay parameters are correct. Blind controls are
those in which the identity of the control is
blinded to the analyst in some way, i.e., the ana-
lyst may not know a sample is a control, or may
not know the drug involved or its concentration.
These samples are added to the run list by the
quality assurance officer in the laboratory and are
then evaluated by that individual.

Assays used for screening and confirmation
must be validated. With commercial immunoas-
says, the laboratory should still generate valida-
tion data, especially if the laboratory does not
follow the manufacturer’s recommended proce-
dure. Typical modifications include dilution of
assay reagents or extension of reagent shelf-life
in order to decrease costs. For GC/MS and LC/
MS assays, sample preparation, extraction, and
instrumental analysis must be validated.
Therefore, specimen handling, matrix consider-
ations, and optimal extraction conditions should
be evaluated. Each assay must be quantitative due
to mandated cutoff concentrations.

To validate the assay, four issues must be
addressed: method validation, instrument perfor-
mance, assay calibration, and quality control
issues.

A laboratory must demonstrate that the ana-
lytical method is acceptable for the intended pur-
pose and that the assay produces accurate and
reliable data. Therefore, the laboratory must eval-
uate basic characteristics such as accuracy, preci-
sion, linearity, specificity, sensitivity, carryover
potential, and ‘“ruggedness” of the method.
Additional parameters include stability of the
analyte, recovery from the matrix, use of partial
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Table 4.2 Oral fluid [undiluted] cutoff concentrations and reporting requirements for DHHS-accredited laboratories

Initial test target

Amphetamine/methamphetamine 50
MDMA/MDA 50
Cocaine/benzoylecgonine 15
Marijuana (THC) 4

Phencyclidine 10
6-Acetylmorphine 4

Codeine/morphine 30
Hydrocodone/hydromorphone 30
Oxycodone/oxymorphone 30

sample volumes, and identification and concen-
tration of internal standard. For LC/MS assays,
ion suppression and process efficiency should be
assessed.

Accuracy and precision determine the error of
the method. Accuracy is a measure of the degree to
which the experimental mean agrees with the true
or theoretical concentration or amount of substance
and may be determined by analysis of standard ref-
erence materials or comparing laboratory prepared
standards and controls with an established refer-
ence method. The generally accepted accuracy
range is +20% in forensic urine drug testing.
Precision is a measure of reproducibility, or the
variability of measurements within a batch or set of
samples. Precision may be assessed by testing mul-
tiple samples during a single analytical run or batch
(within-run precision) and a single measurement
over several runs (between-run precision). The
result of this testing is expressed as coefficient of
variation (CV) and is calculated as follows:

Standard deviation y

%CV = 100

Mean

CV values <15% are considered acceptable in
forensic urine drug testing.

Initial test cutoff (ng/mL)

Confirmation test target and cutoff (ng/mL)

Amphetamine 25
Methamphetamine 25
MDMA 25
MDA 25
Cocaine 8

Benzoylecgonine 8

THC 2

Phencyclidine 10
6-Acetylmorphine 2

Codeine 15
Morphine 15
Hydrocodone 15
Hydromorphone 15
Oxycodone 15
Oxymorphone 15

Linearity is determined by evaluating
responses from a series of standards as a function
of the concentration of the analyte. The result is
evaluated by using a statistical method such as
least squares regression analysis. The correlation
coefficient (r) provides a measure of the degree
of linearity. A method’s linearity may be deter-
mined when the correlation coefficient (r)
exceeds a defined value such as 0.99 and the
quantitative concentration of each point is within
+20% of the target value. The limit of detection
(LOD) of a method is the lowest concentration of
drug that produces a detectable response. The
limit of quantitation (LOQ) is the lowest concen-
tration of analyte that can be accurately and pre-
cisely measured. The LOD may be determined
by assaying negative or blank samples over time
to determine the degree of noise or background in
the system. The LOD is then calculated as mean
of the signal intensity plus 3 standard deviations
(SD). Similarly, the LOQ is the mean plus
10 SDs. Alternatively, blank specimens may be
assayed with specimens of low analyte concen-
tration, using a signal to noise ratio of 3:1 for
LOD and 10:1 for LOQ.

Specificity refers to the ability of the method
to measure an analyte in the presence of all
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potential analytes. Assays should be challenged
with endogenous substances in addition to struc-
turally related compounds. For example, an assay
for methamphetamine and amphetamine should
be challenged with sympathomimetic amines
such as pseudoephedrine, phentermine, and
phenylpropanolamine. Potential interfering com-
pounds that are not structurally related may
include over-the-counter medications.

Carryover refers to the contamination of a
sample by the preceding sample. A laboratory
should determine the concentration of drug that
may result in carryover for each analyte. Drug
standards of increasing concentration, over the
range that the laboratory may reasonably expect
to encounter, are injected with a solvent or
reagent blank immediately following each
standard.

Each method should be further evaluated to
establish criteria to monitor instrument perfor-
mance. For GC/MS techniques this should
include tuning procedures, checking for water
and air leaks, and evaluating chromatographic
performance, which includes peak shape, resolu-
tion, and signal abundance. Calibration curves
are typically multipoint or historical. Historical
calibration refers to a historical multipoint cali-
bration curve in which the calibration is deter-
mined and then the laboratory verifies that the
calibration has not changed between batches by
assaying positive and negative control samples
and case specimens. One of the control samples
must be at the cutoff concentration.

For the federal FUDT program, each batch
of samples must contain positive and negative
quality control specimens. The target concen-
tration of one control must be 125% the cutoff
concentration. Quality control results may be
evaluated by utilizing a fixed criterion for the
quantitative range, for example, +20% of tar-
get concentration. Alternatively, Westgard
quality control rules may be used. In this case,
the laboratory establishes out-of-control limits
for the assay based upon the validated mean
and standard deviation for the control in
question.

A laboratory must delineate criteria for desig-
nating positive results. For screening assays, this
should include review of calibration and control
data. For mass spectrometric assays, this should
include chromatographic criteria [such as relative
retention time], [transition] ion ratios, mass spec-
tral matches, and determination of the quantitative
results. In addition, the laboratory standard oper-
ating procedure manual should include details of
dilution protocols, reinjection of extracts, evalua-
tion of carryover, and data presentation.

Data Review

In the testing laboratory, data should be reviewed
during each stage of the testing process. This
includes review of specimen accessioning, ali-
quot chain of custody, quality control results,
screening data, and confirmation data. Finally,
before a report is generated, a senior scientist
should review the complete case:

e At the bench, the analyst conducting the assay
reviews the data.

e The supervisor of that section in the labora-
tory may then review the data.

e If the screening result is negative, a negative-
certifying scientist will review the data before
the results are recorded in a data management
system.

e All positive results will also be reviewed and
the specimen processed for confirmation. A
positive-certifying scientist then reviews the
screening and confirmation data.

e At this time the results for each specimen,
including chain of custody documentation, are
reviewed. If the data are valid, the result is
reported.

Reporting

Reporting of results should be secure. Reports
are typically sent electronically because tele-
phone reporting is prohibited under the federal
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workplace drug-testing program. Reports utilize
standardized forms and provide certified copies.
In the federal program, the results are sent only to
the Medical Review Officer.

MRO Review

The MRO is a licensed physician responsible for
receiving laboratory results. This physician must
have knowledge of substance abuse disorders and
the appropriate training and experience to evalu-
ate and interpret an individual’s drug-testing
results. In addition, they must pass an examina-
tion administered by a nationally recognized
entity that has been approved by the Secretary of
Health and Human Services. Every five years
after initial certification, the MRO must complete
requalification training and pass a requalification
examination.

The donor provides his/her medical records to
the MRO in addition to relevant medical history.
The MRO must give the donor the opportunity to
discuss the drug-testing results before making a
final determination. If a drug test result is positive
but there is an alternate medical explanation, the
MRO will report the result as negative to the
employer. If there is no explanation, the result is
reported as positive. The MRO also reviews adul-
terated, substituted, rejected, and invalid test
results. The MRO must also review negative
results since many results for double-blind per-
formance samples are sent to them. This review
permits a continuous quality control program for
specimen testing.

may be fortified with the drugs of interest. The
laboratory is required to analyze these samples
according to normal routine testing procedures,
providing qualitative and quantitative data. The
results of the testing must be reported to the
accrediting agency by a specified date.

Proficiency checks test the ability of the labo-
ratory not only to provide accurate results but
also to provide accurate data review and report-
ing procedures and ensure that the laboratory
completes work in a timely manner. The accredit-
ing agency then compares a participant’s results
with those obtained by other laboratories and
also with laboratories chosen to act as reference
facilities.

Results of proficiency tests may be used to
identify strengths and weaknesses in laboratory
operations. Resources may then be more effec-
tively utilized, whether in personnel, method
development, instrumentation, etc. Acceptable
proficiency testing results increase a laboratory’s
confidence in its analytical process.

The proficiency testing programs used by a
laboratory must reflect the complexity of the
work produced by that laboratory. For example, a
laboratory that measures only ethanol in blood
needs only subscribe to a blood alcohol profi-
ciency program. However, laboratories providing
comprehensive services in multiple biological
matrices must participate in more rigorous pro-
grams and/or several programs, since one pro-
gram is usually insufficient to test the qualitative
and quantitative capabilities of a laboratory that
assays multiple drugs in several biological
specimens.

Proficiency Testing

As part of a comprehensive quality assurance
program, laboratories must subject their work to
independent evaluation. This is most commonly
accomplished through enrolling in proficiency
programs, which are typically established and
administered by independent consultants or
accrediting organizations.

On a regular basis, proficiency programs pro-
vide participating laboratories with samples that

Accreditation/Certification
Government

As a result of President Reagan’s Executive
Order 12564, approximately 1.8 million federal
employees, 600,000 Nuclear Regulatory
Commission licensees, and 7 million Department
of Transportation industry employees are tested
for drugs. Laboratories conducting drug testing
for these employees are subject to the “Mandatory
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Guidelines for Federal Workplace Drug Testing
Programs” published in the Federal Register.
These guidelines cover requirements for person-
nel, quality assurance, analytical methodologies,
and standard operating procedures for urine drug
testing. The technical and scientific requirements
detailed in section B of the guidelines form the
basis of the National Laboratory Certification
Program (NLCP). In December 1988, 10 labora-
tories were certified under this program; by July
1997, 69 laboratories had been certified. As of
December 4, 2018, 26 laboratories and 1 IITF
met the minimum standards to conduct urine
drug testing for federal agencies.

Non-Government

The College of American Pathologists (CAP)
Laboratory Accreditation Program began in the
1960s as an extension of the CAP proficiency
program. In the 1980s, the CAP Toxicology
Resource Committee, under the chairmanship of
the Toxicology Commissioner, created the
Forensic Urine Drug Testing Accreditation
Program [currently known as the Forensic Drug
Testing Accreditation Program]. Its mission was
to oversee workplace drug testing performed by
nonfederal employers. This program is intended
to improve laboratory testing through peer review
of testing practices by on-site inspections and the
use of proficiency testing. In a manner similar to
that of the NLCP, accreditation standards cover
personnel, quality assurance, resources and facil-
ities, analytical procedures, proficiency testing,
and laboratory safety.

On-Site Testing

On-site drug testing is the testing of samples at
the specimen collection site or site of current
or future employment. Some regulated work-
place programs prohibit this practice, but it is
increasingly used in the criminal justice sys-
tem and in the off-shore oil and shipping indus-

tries. The advantage of such testing is that
results are available within a short period of
time. This is important in certain industries
when decisions regarding fitness for duty and
access to safety-sensitive facilities must be
made quickly.

Testing may take several forms. If the com-
pany has a large number of employees at one
site, the drug testing of an employee’s urine
may be instrument based with immunoassay
technology. In recent years, “quick” tests have
been developed. These are usually based on
immunoassay technology but are self-con-
tained and require no instrumentation. If the
specimen tests negative, no further action may
be required. However, if the specimen is posi-
tive, the drug-testing program should require
that a portion of the specimen be sent to a lab-
oratory for confirmation. (Some programs
send a percentage of specimens, regardless
of testing status, to a laboratory for
confirmation.)

On-site drug-testing programs may limit
testing to one or two drugs/drug classes such
as opiates and cannabinoids, or may perform
more comprehensive screening to include eth-
anol, amphetamines, cocaine, methadone, bar-
biturates, and benzodiazepines. When on-site
devices were initially marketed, they utilized
urine as the testing specimen. However, sev-
eral devices currently being marketed use OF
to test for ethanol. More sophisticated devices
that use a reader are now available to test OF
for cannabinoids, amphetamines, opiates, ben-
zodiazepines, and cocaine use.

The validity of specimen collection, handling,
security, chain of custody, quality control, and
reporting procedures must be assured when on-
site testing is performed. A study of 11 on-site
drug-testing facilities funded by NIDA made the
following recommendations for ensuring testing
quality:

e Establish criteria for training and demonstrat-
ing personnel competence.
e Use a standardized custody and control form.
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» Establish guidelines that ensure the security of
specimens and records.

e Establish minimum standards for quality
assurance, quality control, and system
supervision.

Specimens

Many biological specimens may be tested for
drugs of abuse. Urine is the most common speci-
men type since high drug concentrations and
metabolites are typically found.

Alternate specimens provide certain advan-
tages over urine. Blood, breath, saliva [oral fluid],
semen, nails, hair, meconium, sweat, breast milk,
sebum, earwax, and nasal secretions may all have
potential as drug-testing matrices. Blood is a use-
ful matrix if the intent of the testing is to relate
drug concentrations to pharmacological effects.
Nails and hair can detect long-term or chronic
use. In general, the potential advantages of using
biological matrices as an alternative to urine
include less invasive collection requirements,
availability of multiple samples, ability to detect
parent or the pharmacologically active moiety,
greater analyte stability, a lower disease risk, and
easier shipment and storage.

Urine

Regulated workplace drug testing utilizes urine
as the specimen of choice for identifying cocaine
metabolite, phencyclidine, opiates, marijuana
metabolite, amphetamine/methamphetamine,
and MDMA. In nonregulated workplace drug
testing, urine is also used to test for additional
drugs or drug classes such as methadone, benzo-
diazepines, buprenorphine, and ethanol.

The advantages of urine include ease of col-
lection, ease of testing, the presence of high con-
centrations of the parent drug and/or metabolites,
and the relative inexpensiveness of testing. The
limitations of using urine as a testing matrix
include the following: drug concentrations can-
not be related to impairment; drugs and/or metab-
olites may remain in urine for one to seven days,

therefore reflecting only recent use; urine collec-
tion procedures may be embarrassing or uncom-
fortable to an individual if the testing procedures
mandate witnessing the void; and specimens may
be adulterated or tampered with. Such adultera-
tion may include substitution of the specimen,
dilution with water, or addition of substances to
alter the testing results. Compounds that have
been used to adulterate samples include alcohol,
ammonia, ascorbic acid, Visine®, lemon juice,
salt, peroxide, vinegar, detergent, golden seal
root, and bleach. These adulterants may affect
urine pH, specific gravity, and chloride levels.

Potentially adulterated specimens may be
detected by measuring the above parameters. For
instance, diluted samples may be identified by
monitoring the specimen’s creatinine and specific
gravity. Potentially adulterated specimens may
also be detected by observing sample smell and
appearance. Some adulterants, such as salt, may
not completely dissolve in the specimen, whereas
an adulterant like Drano® produces a green pre-
cipitate. Foam may be visible in specimens adul-
terated with soap or detergent.

Screening procedures are typically more sen-
sitive to the effects of adulterants than confirma-
tion techniques. Since most screening procedures
utilize immunoassay technology, a substance that
interferes with the antibody will impact the
results. Adulterants may also cause absorbance in
enzyme and fluorescence immunoassays. The
impact of adulterants is also dependent on the
drug being assayed. For example, THCA assays
are especially sensitive to the effects of adulter-
ants. The effects may cause a positive or a nega-
tive result. Results may also be dependent on the
particular immunoassay technology utilized.
Detergent causes a false-negative EMIT THCA
result but causes the RIA to measure THCA at
elevated concentrations.

Hair

Hair, comprised of approximately 65— 95% pro-
tein (keratin, melanin), 1-9% lipid, and trace ele-
ments, polysaccharides, and water, is an
epidermal outgrowth of the hair follicle. The base
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of the follicle is a bulb that contains matrix cells
for producing the cell matrices present in the
shaft, namely, the hair cuticle, cortex, and
medulla. Drugs may enter the hair by several
mechanisms such as diffusion from the blood
supplying the hair follicle, absorption of seba-
ceous gland secretions, absorption of drugs from
sweat deposited on the skin surface, and absorp-
tion through the hair shaft of drug particles
deposited on the surface by the external
environment.

Hair has been used as a testing matrix in
forensic toxicology for many years, initially to
identify exposure to metals such as arsenic, lead,
and mercury. More recently, hair has been uti-
lized to detect drugs of abuse. To date, heroin,
6-acetylmorphine, codeine, morphine, metham-
phetamine, amphetamine, caffeine, cocaine and
metabolites, nicotine and cotinine, delta-9-
tetrahydrocannabinol, barbiturates, benzodiaze-
pines, phencyclidine, methadone, and several
therapeutic drugs have been measured in hair. In
such testing, head hair is typically utilized,
although axillae, arm, and beard hair have been
used.

Existing analytical methodologies may be
used to assay hair for drugs. However, more
attention must be given to sample collection,
sample preparation, and the method’s analytical
sensitivity. Head hair samples are usually plucked
using tweezers or cut as close to the scalp as pos-
sible. Samples may be collected from different
scalp areas but the vertex or crown is the most
common. Since head hair grows approximately
1 cm per month, segmental analysis may be pos-
sible to determine time of use. If this testing is to
be done, the head hair should be aligned after col-
lection, to identify the root and tip ends.
Approximately 150-200 strands (or 50 mg) are
needed. Sample preparation for analysis will
include a washing step in which the hair is
washed in a buffer, water, or methanol in order to
remove  potential external  contaminants.
(However, repeated washings may remove drug
from the hair itself.) After washing, the hair may
be incubated in buffer or organic solvent for a
period of time prior to solid-phase extraction of
the supernatant. Alternatively, the hair may be

digested by enzyme or acid/base hydrolysis prior
to extraction. Some investigators have pulverized
the hair producing a powder for analysis. Most
testing methods utilize solid-phase extraction fol-
lowed by GC/MS or tandem mass spectrometry
analysis for the identification and quantitation of
drugs in hair.

Advantages of hair as a drug-testing matrix
include the ease and noninvasiveness of collec-
tion and the ability of the specimen to measure
long-term drug use. In addition, hair may be the
only sample available for testing under certain
circumstances, such as in death investigations of
skeletal remains or traumatic injury. Another
advantage is the stability of the specimen, per-
mitting hazard-free storage and transportation.
Limitations of hair as a drug-testing matrix
include the cost, which is estimated to be at least
twice the cost of testing urine. Drug concentra-
tions in hair have not been correlated with dose or
time of administration. In addition, most investi-
gators consider issues of environmental contami-
nation to be significant; active drug use may not
be able to be differentiated from passive expo-
sure. Recent research suggests that there may be
a potential for bias regarding race and hair color
in hair testing, because drugs may be preferen-
tially bound to pigmented hair.

Sweat

Sweat, or perspiration, is produced as the body’s
response to exercise or thermal stress. Sweat is
produced by eccrine glands located over most of
the body surface. Apocrine sweat glands, located
in the axillae, pubic, and mammary areas, also
produce sweat. In addition, water is lost from the
skin by a process known as insensible perspira-
tion. This results from passive diffusion of sub-
stances through the dermal and epidermal layers
of skin. Though the body excretes drugs in sweat,
the mechanism by which drugs are deposited into
sweat is ill defined. Transfer from the extensive
blood supply throughout the skin is a possible
mechanism.

Several devices have been invented to col-
lect sweat to test for drugs of abuse. These col-
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lection devices typically consist of a
tamper-proof adhesive membrane with an
absorbent patch. The individual wears the patch
for a period of time, commonly ranging from
one day to one week. The patch is then removed
and sent to a laboratory for testing. At the labo-
ratory, the absorbent patch or collection pad is
soaked and agitated in an aqueous buffer before
subjecting the supernatant to testing. Testing
procedures developed for the analysis of drugs
of abuse in sweat have used solid-phase extrac-
tion followed by GC/MS. Other testing meth-
odologies have utilized ELISA and RIA. The
following drugs have been detected in sweat:
ethanol, amphetamine, methamphetamine, bar-
biturates, benzodiazepines, buprenorphine,
cocaine, codeine, heroin, methadone, 6-acetyl-
morphine,  phencyclidine, and  delta-9-
tetrahydrocannabinol. Typically, the parent
drug is the principal analyte detected in sweat.
Therefore, assays targeted to drug metabolites
would not be sufficiently sensitive for this type
of testing. The range of drug concentrations
found in sweat are as follows: from 2 to
4000 ng/mL for cocaine, negative to 0.6 g/L for

ethanol, and 40 to 600 ng/patch for
methadone.
Sweat collection devices have been

approved by the US Food and Drug
Administration for clinical and drugs of abuse
testing. They are currently used to monitor
drug abstinence in criminal justice and drug
treatment programs. The advantages of testing
for drugs in sweat is the noninvasive collection
technique for providing a cumulative speci-
men. These semiocclusive sweat collection
patches are impermeable to environmental
contaminants and cannot be replaced after
removal. However, adulterants may be injected
into the patch and in this way adversely affect
subsequent testing. Additional limitations of
this matrix include the lack of information
regarding drug incorporation into sweat and
the paucity of pharmacokinetic data relating
dose to drug concentrations. This renders inter-
pretation of results problematic. The minimum
dose to produce a positive result and the mini-
mum length of time the patch should be worn

to optimize collection are unknown. Testing of
the sweat patch costs approximately the same
as testing urine. However, the entire patch is
usually consumed in the analysis, preventing
further testing. Currently, sweat testing is not
utilized in the regulated workplace drug-test-
ing industry.

Saliva (Oral Fluid)

Saliva is a colorless fluid secreted by the salivary
glands. These are compound racemose glands
with many lobes that may be subdivided into
major and minor glands. The major glands
(parotid, submandibular, and sublingual) are
located outside the buccal cavity and contain a
long duct system in order to deposit secretions
into the mouth. The minor glands (labial, buccal,
palatine, and lingual) have short ducts and are
located in the walls of the mouth and under the
tongue. Drugs may enter the saliva through the
processes of passive diffusion, ultrafiltration, and
active transport. The partition of drugs between
plasma and saliva has been described utilizing
the principles of drug transfer across biological
membranes.

As a drug-testing matrix, saliva has been use-
ful in therapeutic drug monitoring, the insurance
industry (HIV, benzoylecgonine, cotinine), and
the transportation industry (ethanol). Specimens
may be collected by several techniques: secre-
tions from individual glands may be collected by
isolating the gland followed by cannulation, by
tilting the head forward and allowing the saliva
to drain freely from the mouth into a container,
by expectorating into a container, or by placing a
cotton swab or gauze in the mouth and allowing
the saliva to be absorbed over a period of time or
until saturated. In all cases except the first exam-
ple, it is more accurate to state that oral fluid
[OF] is being collected. This includes not only
saliva but cellular material, food particulates, and
bacteria. For multiple drug analysis, several mil-
liliters of OF are necessary. Therefore, collection
techniques may incorporate stimulation of saliva
flow. This may be achieved by chewing a piece
of Teflon® or Parafilm®, or placing citric acid
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crystals in the mouth. Changes in saliva flow
result in alterations in pH that will affect the con-
centration of drugs in saliva.

Many drugs have been detected in OF includ-
ing ethanol, amphetamines, barbiturates, benzo-
diazepines, caffeine, cocaine, THC, opiates, and
phencyclidine. Parent drug is typically the princi-
pal analyte. In one study, peak OF concentrations
of cocaine after intravenous administration of
40 mg to human subjects ranged from 428 to
1927 ng/mL. After smoked administration of a
similar dose, peak saliva concentrations ranged
from 15,000 to >500,000 ng/mL (high concentra-
tions of drugs after smoking are due to drug con-
tamination of the oral cavity). Drug detection
times were slightly longer in OF than plasma
after administration by both routes. However, in
both matrices this time was short, approximately
10h. After smoking cocaine, anhydroecgonine
methyl ester (AEME), the pyrolysis product of
cocaine, may be detected in OF. Similarly, after
heroin and marijuana smoking, high concentra-
tions of the parent drug are detected in OF in the
immediate period following drug administration.
Since saliva may be considered a filtrate of blood,
conventional screening and confirmation meth-
odologies may be utilized to analyze drugs in this
matrix. Sample preparation may include cell dis-
ruption, centrifugation, and filtration.

The advantages of OF as a drug-testing matrix
include noninvasiveness and relative ease of col-
lection; determination of pharmacokinetic
parameters for drug appearance, metabolism, and
excretion; possibility of relating drug concentra-
tions to pharmacological effects; and adulteration
or substitution that is less likely. The limitations
include low specimen volume, the lack of data
regarding drug deposition in this matrix, rela-
tively short drug detection times, relatively low
drug concentrations requiring sensitive analytical
techniques, and appearance of the parent drug as
a major analyte, thereby limiting the usefulness
of assays targeted towards metabolites. Further,
inhalation, sublingual, buccal, and smoked routes
of drug administration will result in contamina-
tion of the oral cavity immediately following
drug use, which complicates interpretation of
drug concentrations in OF. Collection methods

will alter the amount of parent drug and metabo-
lites excreted in OF.
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Abstract

The use of performance-enhancing drugs by
athletes has achieved greater public awareness
over the past 30 to 40 years. Originally associ-
ated with the Olympic games, the use of these
drugs has expanded to include not only profes-
sional athletes, but amateur athletes as well.
The specific drug classes abused are a function
of the sports themselves; athletes in endurance
sports will use different drugs than competitors
in sports that require a steady hand. As a result
of this drug use, sponsoring organizations have
instituted drug testing protocols in an attempt to
prevent the use of these drugs. Among the
classes of drugs included in these protocols are
anabolic steroids, stimulants, diuretic/masking
agents, narcotic analgesics, and peptide hor-
mones. Urine is the primary specimen of choice
for testing. The testing follows the same param-
eters as other forensic testing where a screening
test is followed by confirmation testing. Each
organization establishes its own testing regi-
men and its own procedures for sanctioning
athletes that tests positive for a banned drug.
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Introduction

The use of performance-enhancing drugs has tra-
ditionally been associated with athletes compet-
ing or aspiring to compete in the Olympic Games.
However, the use of these drugs has escalated
dramatically such that today their use is a signifi-
cant problem in middle and high schools, col-
leges and universities, organized amateur sports,
and professional sports. The attributes of
performance-enhancing (PE) drugs (actual or
perceived) such as competitive advantage, mus-
cle development, and improved self-image have
contributed to the use of these drugs even by rec-
reational athletes and in certain workplace set-
tings. Testing for PE drugs is now common at all
levels of sport and in safety-sensitive work envi-
ronments such as the military, police, security
officers, and firefighters. Some applications for
testing have both sports and workplace implica-
tions such as the testing of professional athletes.
Medical examiner investigations of the deaths of
high school, amateur, collegiate, professional,
and even aspiring athletes have exposed the
potential toxicity and lethality of PE drugs.
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PE drug testing can, in part, be differentiated
from the array of forensic drug testing applica-
tions by the scope of drugs tested. Testing pro-
grams often include tens if not a few hundred
drugs and metabolites. Typically, programs
include testing for marijuana, common stimu-
lants and opioids, and anabolic androgenic ste-
roids (AAS). However, as demonstrated in
Table 5.1, programs may also include diuretics,
“masking agents,” glucocorticosteroids, beta-2-
agonists, aromatase inhibitors, and other drugs
affecting the production and actions of estrogen,
peptide hormones, growth factors, alcohol, beta-
blockers, and synthetic cannabinoids. Substances
may be prohibited in certain sports, during com-
petition or at all times. The international scope of
athletic competitions, the breadth of testing
applications, and the number of drugs require
that PE drug testing laboratories have diverse

Table 5.1 PE drug testing: Drug classes and sample drugs

Drug class
Steroids and anabolics

Example drugs

analytical capabilities and a highly trained tech-
nical staff.

It is believed that the ancient Greeks used var-
ious herbs and mushrooms during competitions
in attempts to improve their competiveness. In
the late 1800s, French athletes reportedly used
cocktails of coca leaves and wine to combat
fatigue and prolong exercise routines. By the
1950s, stimulant use was reported in the Oslo
Winter Olympics and allegations of AAS use by
Russian and other eastern European athletes sur-
faced. The abuse of PE drugs reached a critical
juncture when stimulant use was implicated in
the deaths of several cyclists including a Danish
rider in the 1960 Olympics in Rome. Because of
the mounting evidence of PE use by competitive
athletes, the International Olympic Committee
(I0C) developed a drug-testing program that was
implemented in the 1968 Games and further

Endogenous Steroids and precursors: Androstenedione, Androstendiol,

Dehydroepiandrosterone, Testosterone, Dihydrotestosterone

Exogenous: Nandrolone, Stanazolol, Methyltestosterone, Oxandrolone,
Tetrahydrogesterone, Trenbolone, Methandienone, Boldenone

Others: Clenbuterol, Androgen Receptor Modulators, Testosterone/Epitestosterone ratio

(T/E ratio)
Stimulants

Amphetamine, Methamphetamine, Methylphenidate, Phentermine,

Methylenedioxyamphetamine, Methylenedioxymethamphetamine, Cocaine
Others: Ephedrine, Pseudoephedrine, Methylhexaneamine, Modafinil, Selegiline

Diuretics and masking

agents Bumetanide

Diuretics: Furosemide, Hydrochlorothiazide, Amiloride, Canrenone, Triamterine,

Others: Epitestosterone, Probenecid

Opioids
Peptide hormones
Marijuana and synthetic

cannabinoids
Other drugs

Morphine, Codeine, Oxycodone, Hydrocodone, Hydromorphone, Fentanyl, Meperidine,
Pentazocine, Propoxyphene

Human Growth Hormone (hGH), Insulin-like Growth Factor (IGF-1), Human Chorionic
Gonadotropin (hCH), Luteninzing Hormone (LH), Insulin

Erythropoetin (EPO)

THC, THC metabolites, JWH-018, JWH-073,JWH-200, WIN 55211, HU-308, HU-331,
CP-4797

Alcohol: Ethanol

Beta Blockers: Alprenolol, Atenolol, Nadolol, Pindolol, Timolol, Propranolol, Metaprolol
Beta-2-Agonists: Salbutamol, Salmeterol, Terbutaline, Formeterol

Glucocorticosteroids: Budesonide, Betamethasone, Dexamethasone, Methylprednisolone,
Prednisolone

Aromatase Inhibitors: Anasterole, Formestane, Exemestane

Selective Estrogen Receptor Modulators & Anti-Estrogens: Tamoxifen, Raloxifene,
Clomiphene, Fluvestrant

Misuse of Prescription Drugs

“and Related Componds”

Gene doping
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refined for the 1972 Games in Munich, Germany.
Testing for AAS lagged behind stimulant testing
until the mid-1970s when radioimmunoassay
(RIA) tests for AAS were introduced.
Subsequently, AAS testing using gas chromato-
graph (GC)-mass spectrometry (MS) was devel-
oped and the first widespread AAS testing
occurred during the 1976 Olympics in Montreal.

The availability of robust and affordable mass
spectrometers has been a significant factor in the
development of effective testing methods for PE
drugs and in the proliferation of testing programs.
Because of diversity of tested drugs, conse-
quences of the testing, and the sensitivity and
specificity needed to detect and confirm the pres-
ence of these drugs and their characteristic
metabolites, technologies such as gas
chromatography-mass spectrometry (GC-MS),
gas chromatography-tandem mass spectrometry
(GC-MS/MS), high performance liquid
chromatography-mass spectrometry (LC-MS or
HPLC-MS), and high performance liquid
chromatography-tandem mass spectrometry
(LC-MS/MS or HPLC-MS/MS) are typically
used.

Testing Approach

It is important to recognize that the details of
many PE drug-testing programs are confidential
and that programs are extremely variable in their
application, drugs tested, and consequences.
Consequences from a first positive test may be
referral to qualified assessment and treatment
specialists or suspension from competition.
Penalties for subsequent positive tests vary from
treatment to suspension or a permanent ban from
competition. Because of program variability, it is
difficult if not impossible, to discuss the nuances
of each program. Therefore, presented are repre-
sentative anti-doping approaches with some dis-
cussion of their variability.

PE testing under the World Anti-Doping
Agency (WADA) regulation is among the most
comprehensive (Table 5.1). The WADA list of
banned substances and methods is divided into
those that are banned at all times and those that

are banned within a competition. The groups of
drug classes that are banned at all times include:

e Anabolic androgenic steroids, endogenous
and exogenous

e Peptide hormones, growth factors, related
substances, and mimetics

e Beta-2 agonists

¢ Hormone and metabolic modulators

e Diuretics and masking agents

Prohibited methods at all times include:

e Manipulation of blood and blood components
e Chemical and physical manipulation
* Gene doping

Groups of substances banned in competition
include:

e Stimulants

¢ Narcotics

¢ Cannabinoids

¢ Glucocorticoids

* Beta-blockers (certain sports)
e Alcohol (certain sports)

Other programs focus on their testing efforts,
in part because of financial considerations.
Testing such as that required by the National
Collegiate Athletic Association (NCAA), high
schools, institutionally by colleges and universi-
ties, and professional sports is usually limited to
a subset of the drugs and drug classes shown in
Table 5.1. Because of its mission and interna-
tional scope, WADA includes multiple drugs in
most of the banned drug classes. Alternate pro-
grams are often modeled after WADA and its
prohibited-substances list, but usually do not
contain nearly as many drugs/class. The drugs
tested may also vary by reason for testing. For
example, under WADA’s program, alcohol and
beta-blockers are only banned in certain sports.
Many programs limit out-of-competition testing
to analyses for commonly abused drugs, AAS,
masking agents, and perhaps an expanded list of
stimulants. For cause testing, it may target a sin-
gle drug such as alcohol or marijuana.
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Blood specimens are collected in a limited
number of testing programs and for only a very
limited number of tests. For example, blood may
be used for ethanol testing (blood or breath) and
testing for indications of transfusions and other
blood-doping activities. Tests for reticulocyte
counts, hematocrit, and hemoglobin concentra-
tions are often performed in cycling and Olympic
endurance events such as cross-country skiing.
Urine is by far the predominant specimen col-
lected and analyzed in anti-doping programs.
Although collection protocols vary, most collec-
tions are witnessed and specimen identification
and handling and analysis procedures follow
strict chain-of-custody protocols. Most programs
specify “split specimen” collections and desig-
nate the specimen bottles as “A” and “B.” Testing
is performed on specimen A and specimen B is
reserved for retests (see below). Specimen valid-
ity criteria are program dependent, but frequently
include a minimum volume and specific gravity
(SG), pH, and/or creatinine measurements.
Minimum volumes of 30 mL and 15 mL, respec-
tively, for the A and B bottles are typical. WADA’s
program has a unique requirement designed to
ensure that specimens are not too dilute. The ath-
lete must provide a specimen with a SG > 1.005
as a collection requirement before the athlete is
released from the collection site.

Specimen testing follows the typical forensic
model of screening followed by confirmation of
presumptive positive screen results. Screening
and confirmation analyses are performed on urine
from bottle A. Bottle B urine is only tested at the
request of the athlete or his/her authorized repre-
sentative. In contrast to workplace testing, often
both bottle A and B samples are tested in the
same laboratory. One or more approved observ-
ers can usually witness bottle B testing. Many
anti-doping programs specify screen and confir-
mation cutoff concentrations and laboratories
must demonstrate that the detected drugs or
metabolites are present at concentrations > cut-
off before they can be reported. The WADA pro-
gram has a decidedly different approach. WADA
specifies Minimum Required Performance Levels
(MRPL) for laboratories in their program. For
example, the MRPL for most AAS is 10 ng/mL,

meaning that laboratories must be capable of
detecting at least 10 ng/mL of a specified AAS or
its metabolite(s). However, the laboratory may
test to lower concentrations if they have sufficient
analytical sensitivity. The WADA program has a
limited number of substances termed “threshold
substances.” These substances fit the more tradi-
tional cutoff concentration model. For example,
the laboratory must demonstrate that marijuana
metabolite (THC-COOH), morphine, and ephed-
rine were confirmed at concentrations of > 15 ng/
mL, 1000 ng/mL, and 10,000 ng/mL, respec-
tively, before these drugs can be reported.

Quality control and batch configuration var-
ies. For those programs adhering to the cutoff
model, screening and confirmation batches typi-
cally include the following: (1) a drug-free urine
sample, (2) one or more calibrators, and (3) suf-
ficient quality control samples to ensure discrimi-
nation between positive and negative samples
when the drug concentration is near the cutoff.
For programs not using specified cutoff concen-
trations, screening and confirmation batches typi-
cally include a drug-free urine sample and one or
more quality control samples containing the
drug.

Because urine is tested in the vast majority of
PE programs, drug metabolites are frequently
detected. The inclusion of metabolites greatly
expands the number of compounds actually
banned in most programs. Inclusion of metabo-
lites also affects extraction protocols, analysis
procedures, and data evaluation and interpreta-
tion. For example, metabolites of the many AAS,
opioids, and marijuana must be hydrolyzed
before they can be efficiently extracted. Urinary
metabolites are often too polar to be analyzed by
GC methods without derivatization. Metabolites
detected in the urine may not be unique and may
result from metabolic pathways shared with other
drugs [e.g., morphine (may be detected as a
metabolite of codeine) and amphetamine (may be
detected as a metabolite of methamphetamine)].

Analyzing urine for PE drugs is also challeng-
ing because urine volume varies with the athlete’s
degree of hydration. Following competition or
training, the athlete may be dehydrated and drugs
and drug metabolites may be transiently concen-
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trated in the urine. Concentration increases the
likelihood of detection, but confounds interpreta-
tion. Conversely, overhydration dilutes the urine,
decreases the concentration, reduces the likeli-
hood of detection, and also affects interpretation.
As a consequence, many programs attempt to
“normalize” or “correct” the drug/metabolite (or

cutoff) concentration to a predetermined standard
such as a creatinine of 20 mg/dL or a SG of 1.020.
Normalizing or correcting the SG is more widely
accepted and is more easily defended than nor-
malizing the creatinine.

The following formula may be used to correct
a specimen concentration to a SG of 1.020:

Corrected specimen concentration = (Measured drugconcentration in specimen) X |:(1 .020 - l) / (specimen SG - l):|

If the measured SG and concentration of the drug
in the specimen were 1.010 and 50 ng/mL,
respectively, then:

Corrected specimen concentration
= (SOng / mL)x (1.020 - 1) / (1.010 - 1).

Corrected specimen concentration = 100ng / mL

Correction of the urinary drug/metabolite con-
centration for SG provides a valuable interpreta-
tive tool, especially when monitoring an athlete
for reuse or continued use of a PE drug.

Drugs and Drug Classes

Anabolic-Androgen Steroids
and Anabolic Agents

Anabolic agents are among the most used and
detected of all PE agents. AAS and other ana-
bolic agents promote nitrogen retention, protein
synthesis, and the development of lean muscle
mass. Clinically, AAS may be used in the treat-
ment of metastatic breast cancer, wasting dis-
eases, types of anemia, male hypogonadism, and
delayed male puberty. Anecdotally, AAS are
claimed to increase strength, conditioning, and
duration of workouts, improve recovery after
workouts or injury, and promote aggressiveness.
Theoretically, the physiological effects of ste-
roids should benefit athletes. However, controlled
clinical studies demonstrating the PE benefits of
steroids are rare although there is a general

acceptance scientifically that the use of AAS has
a positive effect on muscle development, strength,
and endurance.

For the purposes of this discussion, the AAS
are divided into two broad classifications: syn-
thetic and endogenous (Table 5.1). Synthetic ste-
roids are manufactured, have effects similar to
testosterone, and include drugs such as nandro-
lone, stanozolol, trenbolone, methyltestosterone,
methandienone, oxandrolone, boldenone, and a
continuing onslaught of designer steroids such as
tetrahydrogestrinone (THG). Endogenous ste-
roids include testosterone (T), epitestosterone
(E), dehydroepiandrosterone (DHEA), dihy-
drotestosterone (DHT), androstenedione
(A-dione) and androstenediol (A-diol) and are
produced in the body primarily by the testis or
adrenal glands (Fig. 5.1). As shown in Table 5.2,
MS is used to both screen and confirm AAS in
the urine. Most AAS substances are extensively
metabolized and their Phase 1 metabolites are
conjugated; therefore, hydrolysis of the urine is
required for efficient extraction and detection.
Sample preparation for screening usually
involves isolation of the free and conjugated
metabolites using solid-phase extraction (SPE),
enzymatic hydrolysis, liquid-liquid extraction
(LLE) of the hydrolysates, and formation of tri-
methylsilyl derivatives prior to GC-MS analysis.
Although LC-MS, LC-MS/MS, and GC-MS/MS
and full-scan MS acquisition are sometimes used,
selected ion monitoring (SIM) using GC-MS
remains the standard screening approach.
Confirmation of synthetic AAS presumptively
identified during screening may be by any of the
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Fig.5.1 Abbreviated
steroid pathway

Cholesterol

|Androstenediol | ._.| Dehydroepiandrosterone (DHEA) |

Testosterone

— | Androstenedione |

Testosterone
Metabolites

| Estradiol/Estrogen |

Table 5.2 PE drug testing: Methodologies used for different drug classes

Drug class

Steroids and anabolics
HPLC-MS/MS

Stimulants

Diuretics and masking agents

Screen techniques
GC-MS, GC-MS/MS, HPLC-MS,

GC, GC-MS, GC-MS/MS, HPLC,
HPLC-MS, HPLC-MS/MS
GC, GC-MS, GC-MS/MS, HPLC,
HPLC-MS, HPLC-MS/MS

Confirmation techniques
GC-MS, GC-MS/MS,
HPLC-MS, HPLC-MS/MS
GC-MS, GC-MS/MS,
HPLC-MS, HPLC-MS/MS
GC-MS, GC-MS/MS,
HPLC-MS, HPLC-MS/MS

Opioids 1A, GC-MS, GC-MS/MS, HPLC-MS, GC-MS, GC-MS/MS,
HPLC-MS/MS HPLC-MS, HPLC-MS/MS

Marijuana 1A, GC-MS GC-MS

Synthetic Cannabinoiods GC-MS/MSHPLC-MS, HPLC-MS/MS HPLC-MS, HPLC-MS/MS

Peptide hormones IA IA

Alcohol 1A, GC, Breath analyzers 1A, GC, Breath analyzer

Beta blockers GC-MS, HPLC-MS, HPLC-MS/MS GC-MS, HPLC-MS,

Beta-2-Agonists

HPLC-MS/MS
Glucocorticosteroids
Aromatase inhibitors

& Anti-Estrogens

GC-MS, GC-MS/MS, HPLC-MS,

HPLC-MS, HPLC-MS/MS
HPLC-MS, HPLC-MS/MS
Selective Estrogen Receptor Modulators HPLC-MS, HPLC-MS/MS

HPLC-MS/MS

GC-MS, GC-MS/MS,
HPLC-MS, HPLC-MS/MS
HPLC-MS, HPLC-MS/MS
HPLC-MS, HPLC-MS/MS
HPLC-MS, HPLC-MS/MS

IA immunoassay, GC gas chromatography, HPLC high performance liquid chromatography, MS mass spectrometry,
MS/MS combined mass spectrometry techniques, /R isotope ratio mass spectrometry, HRMS high resolution mass spec-

trometry, Other isoelectric focusing

MS techniques shown in Table 5.2. However,
there is increasing use of MS/MS analyzers and
higher, or high-resolution instruments such as
time-of-flight (TOF) and Orbitrap mass spec-
trometers. Sample preparation for confirmation is
typically similar to that used for screening. Often
certified reference materials are not available for
use as standards, or to fortify quality control sam-
ples. Therefore, urine collected from subjects
administered the suspected drug in controlled

clinical studies is used as an “excretion” control.
At a minimum, confirmation batches include a
drug-free sample, a drug-/metabolite-fortified
sample or excretion control, and the athlete’s
sample. For confirmation of drugs/metabolites
with a quantitative cutoff or threshold, fortified
calibrators are included in the batch. Sample
preparation may be very similar to that used for
screening. MS or MS/MS analyses often include
both full-scan and SIM or selected reaction mon-
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itoring (SRM) data acquisition. Data are evalu-
ated by retention time, the presence of
characteristic ions, and the absence of interfering
chromatographic peaks and extraneous ions.
Data evaluation often include ion ratio calcula-
tions and comparisons.

Detection of exogenous use of (endogenous)
natural steroids, such as T and the examples
shown in Table 5.1 and Fig. 5.1, is far more chal-
lenging than detecting synthetic AAS use.
Screening by standard GC-MS, GC-MS/MS,
LC-MS, or LC-MS/MS techniques cannot distin-
guish steroids produced naturally from those
administered exogenously. “Steroid profiling”
has been used as one approach of identifying
exogenous administration of a natural steroid.
This approach assumes that the athlete’s “nor-
mal” urinary steroid excretion profile has been
characterized and that exogenous administration
of a natural steroid produces detectable changes
in the normal profile. A variation of this approach
has been to establish population-based “normal
profiles” to which an individual athlete’s profile
can be compared. In addition to profiling, the
absolute concentrations (or SG adjusted concen-
trations) and the ratios of the natural steroids can
be monitored as indicators of administration. T/E
is the most commonly monitored ratio. The T/E
ratio varies somewhat based on factors such as
race, but is approximately 1 in normal males. The
exogenous use of T increases urinary T concen-
trations, may decrease E concentrations, and
results in an increased T/E ratio. Anti-doping
programs use different T/E ratios (4:1 and 6:1) as
evidence of T administration. Although exceed-
ing these ratios may provide suggestive evidence
of administration, there is substantial interindi-
vidual variation of T/E ratios. As stated, standard
MS techniques cannot differentiate exogenous T
from that naturally produced by the athlete.
However, isotope ratio MS (IRMS) is an evolv-
ing and promising technique that is being increas-
ingly used to detect the administration of
endogenous steroids such as T. IRMS can distin-
guish between stable isotope forms such as 3C
and 2C. Pharmaceutically prepared T is synthe-
sized from C; (soy) plants that incorporate less
BC, than C4 plants. An athlete’s normal diet

includes both C; and C, plants. Consequently,
steroids (such as T) produced in the body reflect
their diet of both C; and C, plants and contain
more "“C than T produced for pharmaceutical
use. When pharmaceutical T is administered, it
lowers the 3C/'2C ratio of the athlete’s T and that
change can be detected by IRMS. The measured
BC/12C of T is then compared to that of an endog-
enous steroid such as pregnanediol that is not in
the anabolic pathway.

Stimulants

Stimulant use was reported in the 1952 Oslo
Winter Olympics and has been implicated in the
deaths of several cyclists including a Danish rider
in the 1960 Rome Olympics. More recently, the
use of stimulants such as ephedrine has been
associated with the deaths of high school, col-
lege, and professional athletes. Research into the
PE effects of stimulants has shown mixed results.
Some studies have shown performance decre-
ments, or at best performance-neutral results,
while others have shown improved body compo-
sition through the loss of fat and improved focus
and reaction time especially of fatigued subjects.
The number of banned stimulants in most pro-
grams approaches that of AAS, and following the
prevalence of AAS, stimulants are among the
most frequently detected PE drugs in anti-doping
programs.

As shown in Table 5.2, both GC and MS
methods are used to screen for stimulants. GC
with nitrogen phosphorus detection (NPD) has
been used historically, but this technique is being
replaced by GC-MS and HPLC-MS/MS meth-
ods. Sample preparation for screening usually
involves isolation of the drug or its characteristic
metabolites from urine using SPE or
LLE. Derivatization may or may not follow
extraction depending on the stimulant and the
analytical approach preferred by the laboratory.
Although GC-NPD, LC-MS, LC-MS/MS, and
GC-MS/MS and full-scan MS acquisition may
be used, many laboratories use GC-MS with SIM
for screening. Confirmation of stimulants pre-
sumptively identified during screening may pro-
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ceed by any of the variety of MS techniques
shown in Table 5.2. There is growing use of MS/
MS instrumentation especially HPLC-MS/
MS. Sample preparation for confirmation is typi-
cally similar to that used for screening. As with
the confirmation of AAS, certified reference
materials may not be available for esoteric stimu-
lants that are available only in certain regions or
countries and excretion controls may be used
during confirmation. At a minimum, confirma-
tion batches include a drug-free sample and a
drug-/metabolite-fortified sample or excretion
control in addition to the athlete’s sample. MS or
MS/MS analyses often include both full-scan and
SIM or SRM data acquisitions and data are evalu-
ated by retention time, the presence of character-
istic ions, ion ratio calculations, and the absence
of interfering chromatographic peaks and extra-
neous ions.

Quantitative cutoffs, or threshold concentra-
tions, are incorporated in many programs for
some stimulants. Caffeine, ephedrine, pseudo-
ephedrine, methylephedrine, and cathine are
among the stimulants that are often banned only
if their concentration exceeds the program’s
established cutoff concentration. Confirmation of
these stimulants requires quality control (to help
ensure) the quantitative accuracy of the analysis.

Because of the availability of over-the-counter
(OTC) medications such as I-methamphetamine,
d- and 1- stereoisomer, determinations may be
performed. These determinations are performed
by MS using either a chromatographic column
capable of chiral separations or reagents that
result in derivatives that can be separated with a
standard chromatographic column.

Stimulants such as amphetamine and methyl-
phenidate may be used clinically to treat atten-
tion deficit disorders. The legitimate therapeutic
use of these and other drugs such as opioids, glu-
cocorticoids, certain beta-2 agonists, and even T
creates a dilemma for sports agencies and anti-
doping programs. To address this problem, ath-
letes are required (1) to have a clinically valid
diagnosis of their disorder, (2) to have a legiti-
mate prescription for the treatment drug, and (3)
to pre-disclose their condition. Assuming that the
diagnosis and therapy are appropriate, athletes

are given a therapeutic use exemption (TUE) and
can take their prescribed drug without risking
disciplinary actions from the governing program.
However, the topic of TUEs and its associated
requirements of an appropriate clinical diagnosis
and drug therapy are often controversial and the
subject of substantial programmatic discussion,
review, and controversy.

Diuretics and Masking Agents

Clinically, diuretic drugs are prescribed to
increase urine flow and reduce edema associated
with conditions such as hypertension and con-
gestive heart failure. Athletes abuse diuretics to
reduce body water and “make weight” in sports
with weight classifications such as wrestling,
boxing, and weight lifting. Diuretics may also be
abused to increase urine volume, thereby
decreasing urinary drug and metabolite concen-
trations (see SG discussion above). Decreasing
drug and metabolite concentrations reduces the
likelihood of detection. It also increases the like-
lihood that the drug or metabolite concentration
may be less than the program’s cutoff or thresh-
old concentration. When abused in sports,
diuretic drugs are often termed ‘“masking
agents.” Some programs consider E a masking
agent because administration of E reduces the
T/E ratio and can mask exogenous T as adminis-
tered. Probenecid is also considered a potential
masking agent because it can extend the excre-
tion time of some drugs effectively reducing
their urine concentration.

Historically, LC, GC, or GC-MS methods
have been used to detect diuretics. Sample prep-
aration for screening usually involved LLE of
the drug or its characteristic metabolites from
the athlete’s urine. Derivatization is followed for
GC methods, but not for LC methods. Because
the chemical structures and functional groups of
the diuretics vary considerably, LC-MS or
LC-MS/MS methods using selective reaction
monitoring (SRM) acquisition are now standard
screening approaches. LC-MS and LC-MS/MS
analyses incorporate the formation and monitor-
ing of positive ions, negative ions, or in some
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cases both positive and negative ions.
Confirmation of diuretics presumptively identi-
fied during screening may proceed to any MS
techniques shown in Table 5.2. However, there is
growing use of LC-MS/MS. Sample preparation
for confirmation is similar to that used for
screening. As with the confirmation of the previ-
ously discussed PE drugs, the lack of certified
reference materials for esoteric diuretics and
their metabolites require the laboratories to use
excretion controls. At a minimum, confirmation
batches include a drug-free sample, drug-/
metabolite-fortified sample or excretion control,
and the athlete’s sample. MS or MS/MS analyses
often include both full-scan and SIM or (SRM)
data acquisitions and data are evaluated by reten-
tion time, the presence of characteristic ions, and
the absence of interfering chromatographic
peaks and extraneous ions.

Narcotic Analgesics

Anti-doping programs ban the nonprescription
use of narcotic analgesics. Many laboratories use
commercial immunoassay (IA) tests to screen for
analgesic drugs such as those listed in Table 5.1.
These compounds may also be detected while
screening for AAS using chromatographic tech-
niques. Sample preparation for screening usually
involves hydrolysis of the urine and isolation of
the free drug and metabolites using SPE or
LLE. Derivatization is needed for GC analyses of
most banned analgesics, but it is not necessary
for the analysis of meperidine, propoxyphene,
pentazocine, and methadone. Confirmation of
presumptive positive screening results may be by
any of a number of GC-MS, GC-MS/MS,
LC-MS, or LC-MS/MS techniques (Table 5.2).
Confirmation batches minimally include a drug-
free sample, drug-/metabolite-fortified sample or
excretion control, and the athlete’s sample. MS or
MS/MS analyses often include both full-scan and
SIM or SRM data acquisitions and data are evalu-
ated by retention time, the presence of character-
istic ions, perhaps ion ratio calculations, and the
absence of interfering chromatographic peaks
and extraneous ions.

Marijuana and Synthetic
Cannabinoids

Marijuana (THC) is banned in most anti-doping
programs because it is illegal and abused.
Whether THC has specific PE effects remains a
debated question. Since about 2004, synthetic
cannabinoids that “mimic” the effects of THC
have been incorporated into “spice” products and
widely distributed as herbal incenses or house-
hold aromatics. These include the naphthoylin-
doles JWH and AM series), cyclohexylphenols
(CP series), tetramethylcyclopropylindoles (UR
and XLR series), and indazole carboxamides
(PINACA and FUBINACA-series), among oth-
ers. Spice products were initially available over
the counter in the United States and other coun-
ties. Over 400 of these synthetic cannabinoids
have been synthesized and only a few are cur-
rently controlled by drug enforcement agencies.
For most synthetic cannabinoids, the absorption,
distribution, metabolism, and excretion patterns
(especially in humans) have not been studied or
reported in the scientific literature. Commercial
immunoassay tests can be used to detect mari-
juana use and the literature contains numerous
GC-MS and LC confirmation methods for THC-
COOH which is the predominate metabolite
found in urine. However, the synthetic cannabi-
noids are extensively metabolized and the metab-
olites can be conjugated. Consequently,
sophisticated GC-MS/MS or LC-MS/MS proce-
dures are needed to screen for and confirm the
use of synthetic cannabinoids. Hydrolyzed urine
samples may be extracted using either LLE or
SPE. Because multiple hydroxylated metabolites
with similar MS and MS/MS spectra may be
formed, chromatographic separation of the
metabolites is needed to ensure accurate identifi-
cation even with MS/MS analyses.

Peptide Hormones

Human chorionic gonadotropin (hCG), luteiniz-
ing hormone (LH), erythropoietin (EPO), human
growth hormone (hGH), and insulin-like growth
factor (IGF-1) are among the peptide hormones
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banned in PE programs. All are endogenous sub-
stances; therefore, the major challenge confront-
ing the laboratory is differentiating administered
peptide from that naturally produced by the ath-
lete. When exogenous steroids are administered,
the body’s natural production of T may decrease
through normal endocrine feedback and hCG and
LH are used by athletes to restimulate the natural
production of T. Commercial IA tests are used to
detect hCG and LH administration. Confirmation
of elevated concentrations of the peptides found
in screening tests is performed with a second
immunoassay that uses alternate antibodies and
usually from a different commercial source. EPO
is secreted by the kidneys and is a major hormone
in erythropoiesis, or red blood cell production.
The PE effects of EPO are related to its stimula-
tion of red cell production and the oxygen-
carrying role of the cells. The use of EPO has
been well chronicled in cycling and endurance
sports such as cross-country skiing. Since the
introduction of recombinant EPO in the late 1980s
and subsequent release of similar drugs, various
strategies have been advocated for detecting use.
These included measuring blood markers of EPO
use. More recently, anti-doping scientists have
relied on isoelectric focusing coupled with gel
electrophoresis to distinguish endogenous EPO
from the various exogenous forms that may be
abused. There are widespread allegations of
Olympic and professional athlete’s abusing
growth factors such as IGF-1 and hGH. Both are
naturally occurring and have anabolic effects.
hGH has received the most anti-doping attention.
It is secreted by the pituitary gland; affects skele-
tal growth, muscle development, and fat metabo-
lism; and is required for normal growth and
development. hGH promotes vertical growth in
individuals who have not yet reached their natural
height, increases lean body mass by promoting
skeletal muscle growth, and decreases fat mass by
causing lipolysis in adipose tissue. Although the
performance-enhancing effects of hGH have not
been demonstrated scientifically, the metabolic
effects of hGH have potential benefits for the ath-
lete’s image, training, strength, endurance, and
performance. During the past decade, anti-doping
agencies have committed substantial resources for

the development of testing strategies for the detec-
tion of exogenous hGH use. One strategy relies on
monitoring changes in downstream markers of
hGH administration such as IGF-1 and procolla-
gen type 3 (P-III-P). The second strategy uses an
IA testing paradigm to determine the ratio of
recombinant hGH (a single epitope — 22kDa) to
that of naturally occurring hGH that is present in
multiple forms (22kDa, 20kDa, 17kDa, 5kDa,
etc.). The paradigm detects a change in the ratio
of the 22-kDa isoform to that of the other iso-
forms if the athlete uses recombinant hGH.

The detection and confirmation of exogenous
peptide administration through IA tests has raised
concern among many forensic toxicologists and
forensic organization. Most forensic analyses uti-
lize screening and confirmation methods based
on differing chemical principles (e.g., IA screen
and MS confirmation). Therefore, future research
will likely focus on developing effective MS
methods to confirm the exogenous administration
of PE peptides.

Other Drugs

1. Alcohol. Alcohol (ethanol) is banned in some
sports and certain competitions. Generally, it
is banned only for those not of legal drinking
age, or if the athlete has a history of alcohol
abuse. Programs may require blood, breath, or
urine testing. Enzymatic and GC methods are
used for blood and urine testing; infrared and
electrochemical methods are used for breath
testing.

2. Beta-blockers. The use of beta-blockers is
banned in specific sports and Olympic compe-
titions. These drugs are used to control anxi-
ety and improve performance in competitions
such as golf, billiards, shooting, and archery.
Historically, urine samples were hydrolyzed,
extracted, derivatized, and subjected to
GC-MS analyses. Currently, LC-MS and
LC-MS/MS are the methods of choice.

3. Beta-2 agonists and glucocorticosteroids. In
large, these two groups of drugs are used ther-
apeutically in sports to treat symptoms of
asthma or as anti-inflammatory agents. Their
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therapeutic use is not banned in most sports,
but abuse can result in sanctions. With the
exception of salbutamol, formoterol, and sal-
meterol, WADA has prohibited the use of
beta-2 agonists by inhalation. Salbutamol and
formoterol are prohibited if present in urine
above specified concentrations that are pre-
sumed to show that their use was not thera-
peutic. Glucocorticosteroids are prohibited
when administered by oral, IV, IM, or rectal
routes. However, glucocorticoids are not pro-
hibited when inhaled. The challenge to anti-
doping scientists and programs is to
distinguish inhaled use from other routes of
administration. The analysis of these drugs
has migrated from GC-MS to HPLC-MS and
HPLC-MS/MS.

4. Aromatase inhibitors (Al), selective estrogen
receptor modulators (SERMS), and other anti-
estrogens (AE). There are shared pathways
and intermediates in the endogenous forma-
tion of T and estrogens such as estradiol
(Fig. 5.1). Exogenous use of T and its precur-
sors risks decreasing natural T production,
increasing estrogen concentrations and devel-
opment of unwanted feminine traits such as
gynecomastia. In theory, administration of Al,
SERMS, or other AE helps avoid development
of the unwanted traits and increases AAS con-
centrations by reducing conversion of T and its
precursors to estrogenic steroids. Specifically,
Als inhibit the enzyme aromatase that converts
T to estradiol. SERMS bind to estrogen recep-
tors, but have a mixture of agonist and antago-
nist characteristics. Administration of some
SERMs has been shown to increase pituitary
gonadotrophin secretion resulting in T produc-
tion and increased T concentrations. After
LLE or SPE extraction, LC-MS or LC-MS/MS
is the method of choice for screening and con-
firmation of AI, SERMS, and AE.

Discussion

Testing for PE drugs is now common at all levels
of sport and is increasing in safety-sensitive work
environments and death investigations. PE test-

ing may have both sports and workplace implica-
tions such as the testing of professional athletes.
Regardless of testing indication, almost all PE
testing has medicolegal implications. Anti-
doping programs vary widely in the drugs tested,
but usually, at a minimum, include testing for
marijuana, common stimulants and narcotics,
and AAS. However, programs frequently include
exhaustive lists of AAS, stimulants, and narcotics
as well as diuretics and masking agents, gluco-
corticoids, beta-2 agonists, AE, SERMS, peptide
hormones, and the catchall phrase “and related
substances.” The phrase “and related substances”
is common in banned substance lists and is used
to ensure that drugs of similar chemical structure
or with similar effects that are not explicitly listed
are also banned.

Positive test results may have severe conse-
quences for the athlete. A positive test may mean
disqualification from competing in Olympic
qualifying or Olympic events that may also mean
a loss of endorsements. Positive results for col-
lege and university athletes may result in suspen-
sion from competition, loss of athletic scholarship,
and loss of eligibility. Professional athletes risk
disciplinary actions including suspension and
expulsion and the accompanying loss of wages.
Because of the diversity of drugs and metabolites
tested and consequences of a positive test, sophis-
ticated MS and MS/MS technologies are some-
times used for screening and usually used for
confirmation. These technologies include grow-
ing use of HPLC-MS/MS, IRMS, and higher-
resolution MS instruments. Testing reliability is
important because of the forensic nature of PE
analyses. Also most anti-doping programs are
administered under the concept of “strict liabil-
ity.” In essence, strict liability means that the ath-
lete is responsible for anything detected in his/her
urine. Unknown or inadvertent ingestion of a
banned substance (supplements or diet) or pas-
sive exposure (marijuana smoke) is not a viable
defense.

PE drug use by athletes has become increas-
ingly sophisticated as evidenced by the sus-
pected use of hGH and the use of EPO and
other peptide hormones. It has also expanded
into the use of additional drugs such as the syn-
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thetic cannabinoids and into potential new ave-
nues of abuse such as gene doping. Therefore,
the need to expand testing, update banned sub-
stance lists, and improve testing technologies
will undoubtedly continue in the future.
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Abstract

Pain can be subdivided into two groups. Acute
pain is typically caused by nociception and
associated with events such as acute illness,
trauma, or surgery. Chronic pain persists for
long periods of time and does not serve a use-
ful purpose. Pain from cancer and a neuropa-
thy are examples of chronic pain. Opioids are
the most common drugs used to treat pain;
however, other types of medications are used
to treat neuropathic or functional pain. These
include skeletal muscle relaxants, antidepres-
sants, anticonvulsants, corticosteroids, psy-
chostimulants, capsaicin, local or regional
anesthetics, and ketamine. When these drugs
are prescribed chronically, pain management
testing becomes a component of patient care.
Urine is the specimen of choice for pain man-
agement testing. Although the testing is not
used to establish dosing regimens, it monitors
drug compliance and the use of other drugs
that may interact with the prescribed drugs.
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Introduction

The art and science of chronic pain management
is a complex process, requiring continual patient
assessment for positive and negative outcomes.
The goal of achieving analgesia and improving
quality of life must be balanced with the risk of
adverse effects and development of physical
dependence or addiction. Most patients who
undergo chronic treatment with opioids will
develop dependence, which is a physiological
adaptation to a medication characterized by a
withdrawal syndrome upon abrupt discontinua-
tion. This outcome is expected; the development
of addiction is not. Hallmarks of addiction
include craving, compulsive use of a drug for
nonmedical reasons, aberrant behavior, and con-
tinued use despite harm. If patients undergoing
pain management have an active addiction/sub-
stance abuse disorder, then treatment with con-
trolled substances may compromise treatment
and increase the risk of the unintended conse-
quences of drug interactions, overdose, or death.
Unfortunately, patients with substance abuse dis-
orders are often difficult to identify. Some
addicted patients may appear high functioning,
maintaining successful careers, while projecting
the illusion that they are in control of their treat-
ment. While substance abuse is commonly recog-
nized as a health threat, drug misuse may
compromise care as well. Patients who misuse
medications are departing from a practitioner’s
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direction, but such misuse does not always con-
stitute addiction. For example, a patient may
make an unsanctioned dose increase for elevated
pain without first discussing it with their pro-
vider. Although the reasons for drug misuse may
be fairly benign, outcomes may still be severe,
and healthcare professionals must be diligent in
assessing patient compliance.

Patients commonly underreport or deny drug
use, but toxicology results provide objective
information regarding recent drug exposure.
Over the last decade, drug testing has been
adopted in clinical practice as an integral piece of
the assessment of patient compliance and is used
to determine if patients are taking prescribed or
nonprescribed medications. As such, drug test
results may identify (but not diagnose) potential
substance misuse or abuse. In the clinical setting,
testing must be comprehensive and include the
breadth of prescription medications and illicit
drugs that are encountered in pain management.
Unlike federally regulated testing, testing in pain
management yields a very high positivity rate
and polysubstance use is common. Furthermore,
false-negative test results in compliance testing
are of heightened concern and can be extremely
detrimental to patient care. Testing approaches
vary widely in this setting and significant differ-
ences from other testing applications exist.

Pain Physiology

Approximately 100 million adults in the United
States suffer from chronic pain; an estimated
one-third of Americans will suffer severe chronic
pain at some point in their lifetimes. The physio-
logic basis of pain may vary depending on the
type of pain. Acute and chronic pain are often
caused by different mechanisms.

Acute pain is typically caused by nociception
and associated with events such as acute illness,
trauma, or surgery. Nociceptors are nerve end-
ings found in somatic and visceral tissue; noci-
ceptive pain may therefore be further classified as
somatic pain (arising from skin, bone, joint, mus-
cle, or connective tissue) or visceral pain (arising
from internal organs such as the intestine).

Nociceptors relay information from mechanical,
thermal, or chemical impulses. Upon initiation of
pain signals, nociceptor activation triggers the
release of neurotransmitters including bradyki-
nins, hydrogen and potassium ions, prostaglan-
dins, histamine, interleukins, tumor necrosis
factor alpha, serotonin, and substance
P. Nociceptor activation then causes transmission
of the pain signal along Ad and C-afferent nerve
fibers which synapse in the dorsal horn of the spi-
nal cord. At this point, neurotransmitters includ-
ing glutamate, substance P, and calcitonin-related
peptide propagate the signal along the ascending
spinal cord pathway to the brain.

Pain signals are modulated by the descending
inhibitory pathway through a number of different
mechanisms. The endogenous opiate system aids
in pain relief and includes enkephalins, dynor-
phins, and p-endorphins, which bind to delta (),
kappa (x), and mu (p) opioid receptors, respec-
tively. These endogenous opioids are found
throughout the central nervous system (CNS).
N-Methyl-D-aspartate (NMDA) receptors in the
dorsal horn of the spinal cord also play a role in
signal modification; blockade of NMDA recep-
tors may increase the responsiveness of mu
receptors to opiates. Further modulation occurs
along the descending pathway by way of neu-
rotransmitters such as serotonin, norepinephrine,
and gamma-aminobutyric acid (GABA). The
number of complex systems involved in the
transmission and perception of pain offer several
potential targets for pharmacotherapy, beyond
use of traditional pain relievers such as opioids.

Unlike acute pain, chronic pain may persist
for months or years, does not serve a useful pur-
pose, and is not always associated with a known
pain-producing stimulus. Chronic pain is classi-
fied as cancer (sometimes called malignant) pain
or noncancer pain. Neuropathic or functional
pain syndromes are usually implicated in patients
suffering from chronic pain, although nocicep-
tive mechanisms are occasionally present as well.
Neuropathic pain arises from nerve damage and
can occur in a variety of chronic conditions such
as diabetic neuropathy or postherpetic neuralgia.
It may sometimes persist after an injury has
healed, as in the case of phantom limb pain.
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Functional pain syndromes are caused by abnor-
mal operation of the nervous system and may be
implicated in fibromyalgia or irritable bowel syn-
drome. In cases of neuropathic or functional pain,
a physical exam may be normal which compli-
cates the assessment and diagnosis of these pain
syndromes. Patients suffering from chronic pain
may exhibit anatomical and biochemical changes
throughout the nervous system, which can
increase pain signal transmission or render recep-
tors less responsive to opioids. Consequently,
chronic pain is typically more difficult to treat
than acute pain. There is a significant incidence
of psychiatric comorbidities such as depression
and anxiety disorder in this population as well.
Options for treating chronic pain may therefore
be selected to target more than one disorder
simultaneously (e.g., antidepressants for neuro-
pathic pain and depression).

Non-pharmacologic
and Pharmacologic Treatment

Pain management practitioners will select treat-
ment for chronic pain depending on the etiology.
Although treatment with opioids may be neces-
sary, they are not always the first-line choice for
analgesia; for example, pain caused by neuro-
pathic mechanisms may be treated primarily by
adjuvant non-opioid medications. Both non-
pharmacologic and pharmacologic therapy may
be recommended for some types of pain. Non-
pharmacologic treatment may include physical
manipulation, application of heat or cold, mas-
sage, exercise, transcutaneous electrical nerve
stimulation (TENS), or psychological interven-
tions such as relaxation, hypnosis, imagery, cog-
nitive behavioral therapy, or biofeedback.

The medications used for pharmacologic
treatment are varied and may include non-opioid
analgesics, adjuvant therapies, and opioids. Non-
opioid analgesics are frequently used in combi-
nation with opioids according torecommendations
by the World Health Organization; these include
acetaminophen, nonsteroidal anti-inflammatory
drugs or NSAIDs (e.g., ibuprofen, naproxen,
celecoxib), and aspirin. These medications can

be effective for mild to moderate pain and do not
pose a risk for addiction. There are several types
of medications used as adjuvant therapy, particu-
larly for neuropathic or functional pain (see
Table 6.1). Of the adjuvants, benzodiazepines are
the most commonly detected drug class (presum-
ably prescribed for concurrent anxiety disorders),
secondary only to opioids in patients undergoing

Table 6.1 Adjuvants used in pain management

Class
Muscle relaxants/
sedatives

Medications
Baclofen
Benzodiazepines
Carisoprodol
Cyclobenzaprine
Metaxolone
Methocarbamol
Tricyclic antidepressants
(TCAs)
Anmitriptyline
Desipramine
Imipramine
Nortriptyline
Serotonin norepinephrine
reuptake inhibitors (SNRIs)
Duloxetine
Desvenlafaxine
Milnacipran
Venlafaxine
Selective serotonin reuptake
inhibitors (SSRIs)
Citalopram
Escitalopram
Fluoxetine
Paroxetine
Sertraline
Carbamazepine
Gabapentin
Lamotrigine
Levetiracetam
Oxcarbazepine
Phenytoin
Pregabalin
Sodium valproate
Tiagabine
Topiramate
Zonisamide
Dexamethasone
Dextroamphetamine
Methylphenidate
Bupivacaine
Lidocaine
Capsaicin
Clonidine
Ketamine
Ziconotide

Antidepressants

Anticonvulsants

Corticosteroids
Psychostimulants

Local or regional
anesthetics
Others
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chronic pain treatment. In the antidepressant
class, SNRIs are generally preferred to TCAs due
to the risk of anticholinergic adverse effects.
SSRIs are frequently prescribed for depression,
which is a significant comorbidity in the pain
management population; however, SSRIs are less
effective for neuropathic and functional pain syn-
dromes than TCAs or SNRIs. Of the anticonvul-
sants, gabapentin and pregabalin are more
frequently prescribed due to the lower risk of
adverse effects and reduced need for therapeutic
drug monitoring compared to other agents in this
class.

Although practitioners are trained to use adju-
vants whenever possible, opioid analgesics are
frequently the mainstay of treatment for chronic
pain. They are the most frequently mentioned
drug in office visits, constituting 10% of all drugs
prescribed in the United States for adults in 2008.
Opioids exert their analgesic effects by binding
to mu opioid receptors located in the CNS,
although some opioids exhibit affinity at kappa
and delta opioid receptors. Multiple opioids may
be prescribed for patients with chronic pain.
Extended-release formulations are prescribed for
around-the-clock dosing, with a short-acting
immediate-release formulation used for break-
through pain on a pro re nata (PRN), or as
needed, basis. Opiates are drugs that are structur-
ally related to derivatives of the opium plant, lim-
ited to the following natural and semisynthetic
phenanthrenes: morphine, codeine, hydrocodone,
hydromorphone, oxycodone, and oxymorphone.
Synthetic opioids include methadone and pro-
poxyphene in the diphenylheptane class, fentanyl
analogues and meperidine in the phenylpiperi-
dine class, and novel opioids such as tapentadol
and tramadol.

Hydrocodone and oxycodone are the most fre-
quently used drugs in pain management. The
United States consumes 99% of the world’s supply
of hydrocodone, which is also the country’s most
commonly prescribed drug—far exceeding other
medications such as antihypertensive or antihyper-
lipidemic drugs. Hydrocodone is the second most
commonly abused prescription drug. A recent
amendment to the FDA Safety and Innovation Act
is currently under consideration which would

reclassify  hydrocodone combinations from
Schedule III to Schedule II controlled substances.
Oxycodone is the most frequently abused medica-
tion according to the Drug Enforcement
Administration (DEA), and prevalence data have
indicated that oxycodone is the most frequently
prescribed drug in the pain management setting.
Codeine and meperidine are rarely used for chronic
pain given limited efficacy and, in meperidine’s
case, potential for neurotoxicity. Use of other opi-
oids such as methadone, fentanyl, oxymorphone,
and hydromorphone is significant in the pain man-
agement setting.

Tapentadol was first approved in 2008 and is
available in immediate- and extended-release
forms. In addition to mu opioid activity, tapent-
adol acts as a norepinephrine reuptake inhibitor,
which is a mechanism considered to be poten-
tially useful for treating neuropathic pain.
Tramadol is a weak mu opioid receptor agonist
and a norepinephrine and serotonin reuptake
inhibitor. Although it is not a controlled sub-
stance at the federal level in the United States, it
is subject to abuse and some states have classified
it as a Schedule IV controlled substance.

Partial and mixed agonist-antagonists are
sometimes encountered in the pain management
setting. Buprenorphine is a partial mu opioid
receptor agonist, available as a sublingual tablet
and film for the treatment of opioid dependence
and as a transdermal patch for use as an analge-
sic. Buprenorphine should not be used in combi-
nation with pure mu opioid agonists, as it may
precipitate opioid withdrawal. Mixed agonists-
antagonists include butorphanol, nalbuphine, and
pentazocine. These medications exhibit a ceiling
effect for analgesia (e.g., limiting analgesic
response when doses are escalated) and carry an
increased risk of psychomimetic effects. Their
unique pharmacology profile comprises agonism
at the kappa receptor and partial agonism or
antagonism at the mu receptor, which, similarly
to buprenorphine, predisposes patients to opioid
withdrawal when given in combination with pure
mu opioids. Although use of buprenorphine has
increased, especially since the introduction of the
transdermal patch in 2010, mixed agonist-
antagonists are rarely prescribed for chronic pain.
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While the oral route is the most common route
of delivery, chronic pain patients may also take
opioid medications through other routes includ-
ing transdermal, oral transmucosal (sublingual
and buccal), rectal, intranasal, intravenous, sub-
cutaneous, intramuscular, and intraspinal (epi-
dural and intrathecal) administration. The
parenteral (intravenous, subcutaneous, and intra-
muscular) routes are not commonly used for most
outpatients with chronic pain, except in hospice
facilities. Intrathecal pumps may be implanted in
the patient via a surgical procedure and periodi-
cally refilled with opioids, local anesthetics,
baclofen, clonidine (an alpha-2 agonist), or
ziconotide (an N-type voltage-gated calcium
channel blocker).

Rationale for Drug Testing in Pain
Management

Prescription pain reliever use is prevalent in the
United States, with more than 200 million pre-
scriptions dispensed in 2009. While these medi-
cations are necessary, they are also subject to
abuse. Prescription drug abuse has become an
epidemic, with 12 million people reporting non-
medical use of prescription pain relievers in
2010. Drug overdose is listed as the second lead-
ing cause of accidental death behind motor vehi-
cle accidents. Polysubstance use is widespread,
particularly with opioids and benzodiazepines;
eighty percent of emergency department visits
reported by the Drug Abuse Warning Network
(DAWN) involve more than one drug.

The prevalence of patients with addiction in
pain management and primary care clinics has
been estimated to be between 3 and 31%. Doctor
shopping and drug diversion are significant con-
cerns in the pain management setting, where phy-
sicians are charged with the responsibility of
monitoring compliance and taking steps to reduce
medication misuse and abuse. However, physi-
cian training for substance abuse diagnosis and
treatment has historically been lacking, and it is
impossible to identify all cases of current or
potential substance misuse or abuse on the basis
of patient demographics or behavioral monitor-

ing. Given these factors, a “universal precau-
tions” approach has been recommended to ensure
adequate assessment of pain, treatment, and risk
for addictive disorders for all patients. The uni-
versal precautions assessment should include
drug testing, which is often called “compliance”
testing because it is used to determine whether a
patient is taking prescribed drugs or other, non-
prescribed licit or illicit medications. Frequencies
of unexpected toxicology results for chronic pain
patients between 45 and 51% have been reported,
with a prevalence of illicit drugs between 10.9
and 24%. Although not all patients with unex-
pected toxicology results will have a substance
abuse disorder, these results are concerning
because medication noncompliance can signifi-
cantly reduce treatment efficacy or increase the
risk of serious adverse effects, including death.

Systemic literature reviews have not yielded
strong support for urine drug testing programs in
pain management; however, implementation has
been recommended by numerous organizations
including the Institute of Medicine (IOM), Drug
Enforcement Administration (DEA), American
Pain Society (APS), American Academy of Pain
Medicine (AAPM), American Society of
Interventional Pain Physicians (ASIPP), most
state medical boards, and numerous well-known
practitioners and prolific authors in pain manage-
ment. Some proposed state regulations have for-
mally recommended drug testing, most recently
in Florida, and further legislation proposals may
follow. Finally, guidelines issued by third-party
payers also recommend or require drug testing in
pain management, such as the Official Disability
Guidelines (ODG) for worker’s compensation
patients.

Implementation of Drug Testing
Programs in Pain Management

Over the last decade, urine drug testing has
become an established standard of care in pain
clinics. Practitioners specializing in pain man-
agement are subjected to increased scrutiny to
manage the risk of addiction, thereby improving
patient outcomes and reducing their own medico-
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legal risk. Incorporation of drug testing as part of
routine patient assessment remains sporadic in
primary care clinics; only 8% of primary care
physicians order urine drug tests. This known gap
in risk assessment continues to be a problem, as
the majority of opioid prescriptions are generated
in the primary care setting.

Patients undergoing treatment for chronic pain
may be asked to sign a treatment agreement dur-
ing their initial visit, which explains the risks of
opioid therapy and outlines behavioral boundar-
ies for ongoing treatment. The requirement for
submitting to a drug testing program is divulged
in the treatment agreement. Although a free
example of such an agreement is available online
by the American Academy of Pain Medicine,
practitioners often adapt these to their own prac-
tice. Certainly there is not a consensus regarding
a standard urine drug testing protocol, as they
vary depending on the needs of the patient or pre-
scriber. A drug testing program may need to be
adapted to changes in the clinical picture.

Testing frequency varies depending on physi-
cian preference but should be ordered randomly
to reduce the opportunity for specimen adultera-
tion or substitution. If an office uses a screening
tool to identify the risk of substance abuse, test-
ing frequency may be based on stratification of
risk; however, these are not routinely applied in
clinical practice and most providers adopt a gen-
eral range for testing frequency such as 2—4 times
per year. If patients present with abnormal test
results or are diagnosed with a substance abuse
disorder, they may be tested more frequently
(every month or more). Patients found to be
engaging in substance misuse may be counseled;
substance abuse may lead to a referral for addic-
tion treatment, tapering of controlled substances,
and/or discharge from care.

Specimen Types

Urine is the gold standard and is the most common
specimen tested in pain management. Other speci-
men types may be tested such as blood and oral
fluid (saliva), which reflect recent drug use. Hair
and sweat testing have not gained traction in this
setting, although they may be used occasionally.

Urine testing is preferred because there is a
wide body of literature supporting its use and it
provides a substantial period of detection for
drugs and their metabolites. However, the useful-
ness of urine testing is sometimes compromised
in clinical practice by patient adulteration
attempts. Testing of oral fluid and blood both
yield shorter detection times; however, this is
typically not a problem for most drugs prescribed
in pain management, given the chronic nature of
medication use. The option of collecting oral
fluid or blood is advantageous in cases of shy
bladder or suspected specimen tampering. The
use of oral fluid in pain management has increased
recently due to its ease of collection, limited
invasiveness, and relative lack of opportunity for
adulteration. The medications of interest in pain
management are readily detected in oral fluid.
Blood testing is invasive and costly and is usually
not the preferred mode of testing in pain
management.

Drugs Included in Testing

Toxicology testing in pain management is chal-
lenging given the large number of drugs of inter-
est. Most panels include illicit drugs as well as
numerous prescription medications which are
either frequently prescribed in pain management
or subject to abuse (see Table 6.2). Metabolites of
prescription drugs should be included in urine
testing. This is particularly true for opioids and
benzodiazepines, which are extensively metabo-
lized. In recent years, evidence regarding the
prevalence of opioid normetabolites have been
published, indicating that testing for these ana-
lytes may avoid the risk of false negatives (see
Figs. 6.1 and 6.2 for metabolism pathways for
opiates and benzodiazepines).

Many opioid normetabolites are products of
cytochrome P450 3A4 (CYP3A4) metabolism,
which may be affected by a host of drug-drug
interactions. There have been case reports of
patients taking CYP3A4-inducing drugs when
upon drug testing had a normetabolite as the only
detectable marker in urine (e.g., noroxycodone
only was detected in a patient ingesting extended-
release oxycodone and rifampin, an antibiotic
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Table 6.2 Medications included in pain management

testing

Drug class
Amphetamine-like
stimulants

Barbiturates

Benzodiazepines

Opioids

Illicit drugs

Drugs/metabolites included in
testing
Amphetamine
Methamphetamine
MDMA
Phentermine
Butalbital
Phenobarbital
Alprazolam
Alpha-hydroxyalprazolam
Clonazepam
7-Aminoclonazepam
Diazepam/chlordiazepoxide/
clorazepate/oxazepam/
temazepam
Nordiazepam
Oxazepam
Temazepam
Flurazepam

2-Hydroxy-ethyl-flurazepam

Lorazepam
Buprenorphine
Norbuprenorphine
Codeine
Morphine
Norcodeine
Fentanyl
Norfentanyl
Hydrocodone
Dihydrocodeine
Hydromorphone
Norhydrocodone
Hydromorphone
Meperidine
Normeperidine
Methadone
EDDP
Morphine
Oxycodone
Noroxycodone
Noroxymorphone®
Oxymorphone
Oxymorphone
Propoxyphene®
Norpropoxyphene
Tapentadol
Nortapentadol
Tramadol
O-Desmethyltramadol
N-Desmethyltramadol
Cocaine
Benzoylecgonine
Heroin
6-Acetylmorphine
6-Acetylcodeine
Marijuana (THC)
THCCOOH

Synthetic cannabinoids (Spice/K2)
Synthetic cathinones (bath salts)

(continued)

Table 6.2 (continued)

Drugs/metabolites included in
testing
Carisoprodol
Meprobamate
Nicotine
Cotinine
Ethanol
Ethyl glucuronide
Ethyl sulfate
Gabapentin
Pregabalin

Drug class
Others

“Noroxymorphone testing has not yet become standard in
the pain management setting

"The prevalence of propoxyphene has declined (but has
not disappeared) since its removal from the United States
market

with significant CYP3A4-inducing activity).
Additionally, other drug markers resulting from
CYP2D6 metabolism (e.g., oxymorphone from
oxycodone metabolism, or morphine from
codeine metabolism) may be undetectable if
metabolism is impaired by pharmacogenetic poor
metabolizer phenotypes or drug-drug interac-
tions with CYP2D6 inhibitors. Finally, norme-
tabolites typically exhibit longer elimination
half-lives than their parent drugs and may accu-
mulate with repeated use, exceeding concentra-
tions of the parent drug or other metabolites in
urine. Inclusion of normetabolites in a test panel
may thus increase the detection of ingested drugs
and potentially extend the period of detection of
drug use. Many clinical laboratories offering test-
ing in pain management have not yet developed
methods for some of the opioid normetabolites,
particularly norhydrocodone and noroxycodone.

Abuse of carisoprodol has increased over the
last decade, necessitating its reclassification as a
Schedule IV controlled substance in January
2012. Due to its abuse and common use as a mus-
cle relaxant in pain management, it should be
included in pain management profiles.
Practitioners may test for nicotine (as cotinine) or
alcohol use because addiction to these substances
may increase the risk of developing other sub-
stance abuse disorders. In addition, alcohol can
interact with opioids, particularly some extended-
release formulations, exacerbating CNS depres-
sion. Provider attitudes regarding alcohol use
vary: some require their patients to abstain, while
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metabolism
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others are less concerned with occasional alcohol
intake as long as a patient has been stable on
chronic opioid therapy for some time. Testing for
ethanol or its metabolites ethyl glucuronide (EtG)
or ethyl sulfate (EtS) are primarily useful for pro-
viders who wish to ensure complete abstinence,
rather than for providers who simply wish to
assess whether use represents abuse/binge drink-
ing or occasional ingestion.

Some practitioners argue against testing for
marijuana and may exclude this drug from their
testing profile. Studies have indicated correlation
of marijuana use with misuse of opioids or other
illicit drugs, and it remains to be seen if exclusion
of marijuana from patient assessment increases
physician liability from a legal or medical board
perspective. Designer drugs, particularly syn-
thetic cannabinoids (marketed as Spice/K2), have
emerged as a significant risk in pain management

Noroxymorphone

—» CYP450 pathway
- ---%» Minor pathway

CYP3A4
—_—

Diazepam Temazepam
CYP3A4 CYP3A4
CYP2C19 CYP2C19
CYP3A4
——» Nordiazepam ———»  Oxazepam

and tests for these compounds are increasingly
requested. Some practices may elect to also test
for antidepressants (TCAs, SNRIs, or SSRIs),
methylphenidate, or anabolic steroids, although
test requests for these drugs are less common.
Phencyclidine is rarely tested in confirmation
testing given its low prevalence.

Drug Concentrations and Testing
Thresholds

Urinary concentrations of drugs in pain manage-
ment occur over a dynamic range. Clinical use of
drugs, particularly those administered on a PRN
basis, may result in low urine concentrations. In
contrast, chronic use can result in drug or metab-
olite accumulation and impressively high con-
centrations. Thus, testing methodology should be
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engineered to measure both very high and very
low concentrations, which can be challenging for
a laboratory.

Thresholds used in clinical practice must be
lower than those established for workplace drug
testing, or false negatives may result. This is par-
ticularly true for benzodiazepines and opiates,
which are often tested to a laboratory 50 or
100 ng/mL threshold in urine. An opiate testing
threshold of 2000 ng/mL is not recommended in
clinical practice. Variations in laboratory-
reported testing thresholds in pain management
exist. Some clinicians advocate “zero-threshold”
testing at low concentrations; however, this
approach may complicate result interpretation.
Recently, laboratories have reported increased
detection of low concentrations of unexpected
opiates, presumably originating from minor
metabolism pathways or pharmaceutical impuri-
ties. Practitioners are often unaware of these
opportunities for detection of incidental expo-
sure, and threshold selection should consider
these factors.

Specimen Collection

There are no collection or chain-of-custody
requirements governing specimen collection in
clinical practice, and medical personnel are not
always adequately trained in proper collection
procedures. Furthermore, offices may not have
staff available to devote to managing a drug testing
program. A laboratory may elect to place collec-
tion technicians in clinics to facilitate proper col-
lection procedures and reduce the risk for error.
Safeguards should be instituted by clinics to
prevent sample mix-up at the point of collection
(e.g., patient signatures required on the requisi-
tion form and/or specimen cup label). The order-
ing practitioner must either sign the test request
form or have a signature on file at the reference
laboratory, as the requisition form is treated as a
physician’s order. Personnel performing speci-
men collections should be reminded to use a cup
with a temperature strip and observe the visual
characteristics of urine after the patient provides
the specimen. The addition of bluing agent to toi-

lets is not a standardized practice and water is not
typically turned off in pain clinics, thereby
increasing the risk that a patient may adulterate a
specimen by adding water. Laboratory measure-
ments of creatinine and specific gravity are
imperative to identify possible occurrences of
substitution. As in nonclinical drug testing pro-
grams, adulteration attempts may be made to
obscure the presence of illicit or nonprescribed
licit drugs. However, there is additional risk
inherent in pain management testing programs,
as patients may adulterate specimens with pre-
scription medications to appear compliant with
prescribed treatment. Patients may crush a pill or
tablet for addition directly to the urine specimen
postcollection. Such attempts may result in obvi-
ous sediment in a urine specimen, the detection
of parent drugs in the absence of metabolites in
urine, and/or extremely high concentrations of
parent drug. If adulteration or tampering is sus-
pected, or if the patient has a history of a prior
adulteration attempt, an observed collection may
be warranted. Some practitioners are uncomfort-
able with the prospect of observing urine collec-
tions and may elect to obtain an alternative
specimen type such as blood or oral fluid.

If a clinical practice decides to order oral fluid
testing, collection practices should be thoroughly
explained as they may affect the validity of
results. Dry mouth, or xerostomia, is a side effect
of chronic opioid therapy and drugs such as tricy-
clic antidepressants, tobacco, cannabis, amphet-
amines, antipsychotics, and antihistamines. If a
patient cannot provide an adequate specimen, an
alternative specimen type should be considered.
Collection devices which contain buffer solution
should include a volume adequacy indicator to
ensure complete collection; testing of a specimen
comprised mostly or entirely of buffer solution
will fail to detect drug use. Stimulation of saliva
production with gum or candy may increase sali-
vary flow and affect oral fluid pH, thereby reduc-
ing drug levels in oral fluid. Medical personnel
should be advised to ensure the patients” mouth is
clear before providing a specimen.

Specimens collected in pain practices are usu-
ally shipped to a laboratory, either by courier or
overnight shipping. Clinics that house their own
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on-site immunoassay screening in a physician’s
office laboratory (POL) may test the specimen
initially before sending out for confirmation test-
ing, thus delaying shipping to the reference labo-
ratory. Clinics in a network may have one central
location where a benchtop immunochemistry
analyzer is housed; for these practices, specimens
are first sent to the physician’s office laboratory
before being routed to the reference laboratory.
Although refrigeration is recommended, in prac-
tice, specimens are sometimes left to sit on the
counter for several days before shipping. Noting
the date of specimen collection and receipt at the
reference laboratory is critical in evaluation of
potential impact of drug stability and possible
degradation on analytical results, particularly for
unstable analytes such as 7-aminoclonazepam or
6-monoacetylmorphine. When confronted with
an adamant patient denial of drug use, practitio-
ners may request retesting of specimens. Storage
times at the laboratory should be discussed with
providers, but typically these do not exceed 30 d.

Methodology

There are several similarities between testing in
pain management and forensic settings, in that a
large number of analytes are included. However,
there are important differences as well. There are
no specific requirements governing the methods
used for drug testing in the clinical setting.
Several testing methodologies are used in pain
management, with the most common being
immunoassay screening and mass spectrometry-
based confirmation. However, immunoassay test-
ing poses a challenge for the detection of some
prescription drugs and their metabolites. In recent
years, laboratories providing drug testing in pain
management have increasingly departed from
immunoassay technology in favor of testing
specimens directly by gas chromatography/mass
spectrometry (GC/MS) or liquid chromatogra-
phy/tandem mass spectrometry (LC/MS/MS).
Further driving this paradigm shift is the increas-
ing practice of point-of-care testing in pain man-
agement clinics, wherein immunoassay screening
is performed in the POL.

Testing programs may be set up as follows:

e Immunoassay screening only

* Immunoassay screening with mass spectrom-
etry confirmation of nonnegative or unex-
pected results

e Immunoassay screening with mass spectrom-
etry testing for an expanded profile of drugs
and metabolites

e Mass spectrometry testing only for an
expanded profile of drugs and metabolites

Testing programs that rely on immunoassay
technology may exhibit an increased risk of false
negatives due to reduced identification of speci-
mens that contain only drugs or metabolites
that are  poorly  cross-reactive  (e.g.,
7-aminoclonazepam, or normetabolites such as
norhydrocodone, noroxycodone, or norfentanyl).
Because normetabolites are frequently present in
the absence of other drug markers (with a preva-
lence of 2-50%, depending on the opioid), the
impaired detection of commonly prescribed
drugs may affect the decision to rely on immu-
noassay as a screening technique. Because
immunoassay tests yield qualitative results for a
drug class, they may be marginally useful when
assessing compliance of a specific prescribed
drug. Furthermore, the likelihood that some drug
classes such as opioids will be positive in pain
management patients may reduce the cost-
effectiveness of performing immunoassay as an
initial screening step. Testing directly by mass
spectrometry methods such as gas chromatogra-
phy/mass spectrometry (GC/MS) or liquid chro-
matography/tandem mass spectrometry (LC/
MS/MS) allows the inclusion of multiple drugs
and metabolites that may not be efficiently tested
by immunoassay.

The sensitivity of LC/MS/MS and ability to
test small specimen volumes has made this tech-
nology a mainstay of oral fluid testing. Drug con-
centrations in oral fluid are 10- to 100-fold lower
than urine, and testing this matrix necessitates
very low testing thresholds. For example, testing
thresholds for opiates such as hydrocodone and
oxycodone may be 1 ng/mL, whereas carboxy-
THC may be detected in the pg/mL range.
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Quality of testing may vary depending on the
laboratory. Most laboratories specializing in pain
management are more sophisticated than POLs
or hospital laboratories. There are no accredita-
tions or certifications designed for pain manage-
ment specifically, but accreditation through other
agencies such as the Substance Abuse and Mental
Health Services Administration (SAMHSA), the
ANSI National Accreditation Board (ANAB), or
the College of American Pathologists (CAP) may
be evaluated as evidence of competence. Many
laboratories rely exclusively on LC/MS/MS tech-
nology, with some testing all drugs in the profile
in one LC/MS/MS analysis. This approach can
facilitate a rapid turnaround time sometimes
requested by practitioners, although such meth-
ods may introduce quality concerns.

Other testing methodologies are occasionally
used in pain management, including (but not lim-
ited to) time-of-flight mass spectrometry
(TOFMS) and laser diode thermal desorption/
tandem mass spectrometry (LDTD/MS/MS).
These methods may provide improved screening
techniques over immunoassay. The landscape of
instrumentation used for drug testing in the clini-
cal setting is continually evolving.

warranted and some authors have recommended
this step on at least an annual or biannual basis.
In addition, identification of illicit drugs such as
marijuana and cocaine may be increased at a lab-
oratory using lower thresholds than those
employed in POCT programs. The opportunity
for false positives and false negatives with POCT
is frequently underestimated by practitioners.
Most recommendations in pain management
advise delaying changes to patient care until a
result has been confirmed using a more specific
method such as GC/MS or LC/MS/MS.

Clinic personnel involved in POCT programs
should be trained in quality control measures and
test interpretation. Laboratories which provide
POCT devices to pain management practices
may assist with these endeavors. Few practices
have attempted POCT with GC/MS or LC/MS/
MS as the expertise needed for method develop-
ment, quality measures, and result interpretation
is challenging, and most clinics do not have expe-
rienced or qualified personnel in this specialty.
POCT at this time is generally limited to urine
testing, since oral fluid devices have not achieved
the desired level of sensitivity to monitor compli-
ance with prescription medications.

Point-of-Care Testing (POCT)

Increasingly, practitioners are relying on point-
of-care testing to provide an immediate result. A
wide variety of profiles and immunoassay tests
are employed in pain management clinics,
including cups, dipcards, and instrumented test-
ing with small benchtop analyzers. POCT pro-
grams vary in their effectiveness and inclusion of
drugs and metabolites; many omit common drugs
such as fentanyl, carisoprodol, and even oxyco-
done. There are varying recommendations
regarding the decision to send testing to a labora-
tory for confirmation. Some practitioners will
send only nonnegative or unexpected immunoas-
say results; however, following this recommen-
dation increases the risk of false negatives due to
an incomplete assessment of prescription medi-
cation use. Testing for an expanded class of pre-
scription drugs and metabolites at a laboratory is

Interpretation

Practitioners may struggle with how to manage
patients with unexpected toxicology results.
Frank discussions with the patient and/or labora-
tory experts are encouraged. Unexpected positive
findings will indicate the need for patient evalua-
tion. Nonnegative immunoassay test results
should be confirmed by a more specific method
such as mass spectrometry. Confirmed positive
results should be evaluated for the medication
source, keeping in mind metabolism pathways
(e.g., hydrocodone metabolism to hydromor-
phone). Additionally, pharmaceutical impurities
pose a risk for unexpected opiate positives in
patients taking chronic opioid therapy or high
dosages of medications. The most commonly
observed impurities are codeine in morphine for-
mulations and hydrocodone in oxycodone formu-
lations (typically present at relatively low
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concentrations of 0.5 to 1% or less). The risk of
detecting impurity drugs in urine or oral fluid is
increased when low thresholds are used. The
opportunity for pharmaceutical impurities to
cause positive test results was only recently
appreciated and can be a major confounding fac-
tor for test interpretation.

Unexpected negative test results can be as
equally concerning as unexpected positives, as
providers are tasked with determining the reason
for noncompliance. Although diversion may be
suspected, it is not always the reason for a nega-
tive finding; there are many clinical explanations
for why a patient can test negative for prescribed
drugs. A patient may have refrained from taking
the drug due to concerns about side effects or fear
of becoming addicted. Alternatively, if the medi-
cation is taken on a PRN basis, a patient may not
have required a dose for some time prior to the
test. Some patients may hoard medications for
fear of running out, while others may self-
escalate dosing and run out early. In rare cases,
patients who have undergone gastrointestinal sur-
gery may not absorb the medication (although
under these circumstances, they are also unlikely
to experience analgesia). Patients with kidney
failure may test negative for some drugs in blood
or oral fluid if the specimen is collected follow-
ing dialysis. Medications delivered via intrathe-
cal routes may not always be detectable in urine
at routine thresholds and are extremely unlikely
to be detected in blood or oral fluid.

In addition to ruling out clinical factors, test-
ing methodology should also be considered.
Inclusion of the drug in question should be
checked against the ordered test profile. For
example, some practitioners are unaware that
fentanyl is not included in testing for opiates. If
the test was performed using immunoassay,
cross-reactivity to the drug or its metabolite
should be evaluated. Cases of patients being fired
from their pain management center for negative
findings for prescribed oxycodone have been
reported; the providers later discovered that oxy-
codone did not sufficiently cross-react to the opi-
ate test they had ordered.

Pain management practitioners may be prone
to overinterpretation of quantitative results. A

common source of confusion is that urine drug
concentrations do not correlate to medication
dosage. Consequently, a provider cannot distin-
guish between a patient who is taking a dosage as
prescribed or tripling their medication intake.
Likewise, urine drug testing will not reveal if a
patient is diverting some—but not all—of their
prescription. Some laboratories may alert the pre-
scriber if a measured drug concentration is a sta-
tistical outlier for all concentrations reported for
that drug. Although these findings are not defini-
tive indications of drug misuse, they may serve as
a warning for providers to carefully assess the
patient for signs of aberrancy.

Practitioners should be advised that the period
of detection for each drug is a rough estimate and
may be greatly impacted by medication dosing or
individual differences in metabolism. Urine
boasts the longest period of detection, while
detection times in oral fluid and blood are rela-
tively short. Oral fluid results may be negative for
PRN drugs if these are not administered rou-
tinely; most drugs are detectable in oral fluid for
a period up to 24 to 48 h.

Some practitioners have adopted blood testing
in an effort to establish therapeutic drug monitor-
ing. However, therapeutic ranges for opioids and
benzodiazepines in blood or plasma have not been
established and are not clinically meaningful
given the impact of drug tolerance; likewise, phar-
macokinetic changes and drug-drug interactions
may affect blood concentrations as well. Although
limited information has been published on thera-
peutic drug monitoring for methadone (mostly for
the treatment of opioid dependence), pharmacoki-
netic monitoring has not been proven to be effec-
tive for monitoring dosage compliance with
opioids or benzodiazepines in pain management.

Laboratory Reporting
and Relationship with the Practice

Studies have repeatedly demonstrated that practi-
tioners treating patients with chronic pain have
limited understanding of drug testing methodol-
ogy or results. If used indiscriminately, drug test-
ing may harm the doctor-patient relationship, and
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laboratories may spend significant resources in
providing guidance in result interpretation.
Toxicology reports should be streamlined and easy
to read and interpret. Prescription drugs may be
noted on the requisition form so that reports may
report compliant or noncompliant results accord-
ingly. Laboratories are increasingly integrating
reports into electronic medical record (EMR) sys-
tems used by the practice, which reduces the time
spent by clinic personnel filing documentation.
Additionally, laboratories providing testing in pain
management must provide available consultation
with qualified experts (e.g., toxicologists with
clinical experience or clinical pharmacy special-
ists). Requests for consultation usually occur dur-
ing a patient’s office visit, and responses must
therefore be given in a time-sensitive manner.

In patients dismissed from clinical practice, it
can be extremely difficult—if not impossible—to
find another clinic to reinstate care. Drug testing
programs must be carefully designed to reduce
the opportunity for error, with proper consider-
ation given to the risk of false positives and false
negatives.
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Abstract of the drugs and/or metabolic products from the
body, either into the bile, urine, or other means.
Mathematical models that describe the pharma-
cokinetics of drugs are also included.

Pharmacokinetics, derived from the Greek
words “pharmakon” (drug) and “kinesis”
(movement), is the study of the time course of
drugs in a biological system. This chapter dis-

cusses the major aspects of pharmacokinetics as Keywords
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process of drugs entering the bloodstream. This abuse
may occur by diffusion, facilitated diffusion, or
active transport. There are multiple routes of
drug administration including oral, inhaled,
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intrathecal, dermal, ocular, and intranasal. Once
in the bloodstream, drugs are distributed
throughout the body. Distribution is dependent
on plasma protein binding, tissue perfusion, and
pH characteristics. Elimination of drugs occurs
either through metabolism or excretion.
Metabolism is the process of changing the
chemical structure of the drug to better enable
removal from the body. Metabolism may be
Phase I where changes in functional groups on
the drug are made, or Phase II where a drug or
Phase I metabolite is conjugated with an endog-
enous substance. Excretion is the final removal
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Absorption

Absorption is the process whereby xenobiotics
enter the bloodstream. There are several mecha-
nisms by which entry into the bloodstream can
occur. The simplest mechanism is passive diffu-
sion, the movement of a substance from an area
of high concentration to an area of low concen-
tration. Initially, at the site of absorption, there
will be no xenobiotic present in the blood proxi-
mal to that site. A drug will diffuse from the site
into the blood. Diffusion may also occur with the
assistance of membrane proteins along a concen-
tration gradient; this process is called facilitated
diffusion.

A component common to passive and facili-
tated diffusion is the absence of an energy
requirement. This is contrasted by active trans-
port processes, which do require energy, act
against a concentration gradient, and use carrier
proteins or receptors to diffuse drug into the
bloodstream. Because the concentration of these
carrier proteins or receptors is finite, active trans-
port processes can be saturable.

Drugs can enter the bloodstream through a
wide variety of routes:

e Oral. This is one of the most common routes
for drug absorption and refers to absorption
through the gastrointestinal (GI) tract, i.e., the
stomach and the small intestine.

e [Inhalation. Drugs with sufficient volatility
(solvents, anesthetic gases, and alkaloids with
low boiling points such as nicotine) can be
absorbed through the lungs.

e Intravenous. This is the most efficient route of
administration, because the entire adminis-
tered drug is placed directly into the
bloodstream.

e Intramuscular. This is also a common route of
parenteral administration of drugs, but unlike
intravenous injection, it will display variable
absorption.

* Rectal. Individuals unable to take drugs orally
may be given a suppository for rectal
absorption.

e Oral mucosa. Drugs taken by mouth that
require very rapid entry into the blood may be

taken sublingually. One classic example of
this is the sublingual administration of nitro-
glycerin in patients suffering from angina
pectoris.

e [Intrathecal. Drugs requiring rapid central ner-
vous system onset can be administered directly
into the spinal fluid, thus bypassing the blood—
brain barrier, a layer of cells meant to retard or
prevent the entry of foreign substances into
the brain.

e Dermal. Drugs can be absorbed through the
skin. Nicotine, fentanyl, and scopolamine
have been administered in this way.

* Ocular. Drugs used to treat eye infections or
diseases may be delivered directly into the
eye, usually in the form of drops.

e Intranasal. Drugs that are not gaseous or vola-
tile can also be administered by insufflation.
Unlike inhalation whereby drug is absorbed
principally via the lungs, the substance is
locally applied to the mucous membranes of
the nose (e.g., via “snorting”).

Unless the drug is administered intravenously,
it is unlikely that all of the administered drug will
be absorbed. The amount of drug absorbed rela-
tive to the amount administered, i.e., its bioavail-
ability, can be affected by multiple factors such
as the following:

e Solubility. In order for drugs to enter the
blood, they must be in solution. For instance,
a tablet, upon entry into the stomach, will dis-
integrate first into granules and then into par-
ticles. The rate of this disintegration will affect
bioavailability. The formulation of the drug
will also play a major role in the rate of this
dissolution. A coated or sustained-release for-
mulation will be absorbed more slowly than
tablets or capsules. Drugs already in an aque-
ous medium will be more rapidly absorbed
than drugs in an oily medium or in solid form.
In general, salts are more water-soluble than
free acids or free bases.

e Concentration. Because absorption frequently
occurs by diffusion, the greater the concentra-
tion gradient, the faster the drug absorption
rate. This means that a concentrated
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formulation will be absorbed more rapidly
than a diluted formulation.

Surface area. The main function of the small
intestine is the absorption of substances taken
orally. The small intestine is made up of
microvilli, which are designed to provide a
large surface area to facilitate absorption. The
stomach also has a large surface area, and
some drugs are absorbed from the stomach.
Blood supply. Increased blood flow can
enhance absorption of a drug. Conversely, if
an individual is in shock, then absorption is
retarded.

pH. Entry of drugs into the blood involves
passage into membranes. Lipophilic drugs
cross these membranes more easily than do
hydrophilic drugs. Drugs that exist in an
unionized form will be more lipophilic in the
medium than drugs that exist in the ionized
form. For example, suppose an acidic drug is
present in the stomach, which has a pH
between 1 and 3.5. This acidic drug will exist
in the stomach predominantly in a nonionized
(unionized) form, the degree to which this
drug is in the nonionized form is a function of
the drug’s pK, and can be calculated using the
Henderson—Hasselbalch equation (Fig. 7.1).
As this acidic drug leaves the stomach and
enters the small intestine, the pH of the
medium changes significantly. The pH of the
upper portion of the small intestine, the duo-
denum, is 5-6 and increases to 8 at the lower
part of the small intestine, the ileum. This
means that as an acidic drug traverses the
length of the small intestine, the amount of

Acid drugs:

pH =pK, + log [ ionized ]
[un-ionized]

Basic drugs:

pH = pK, + log [un-ionized]
[ionized]

Fig. 7.1 Henderson—Hasselbalch equations for acidic
and basic drugs

drug that will be in the nonionized form will
decrease. The opposite reasoning can be
applied if the drug is a basic drug. In the stom-
ach, most of the drug will be ionized, thus
reducing the amount absorbed. The
Henderson—Hasselbalch equation can also be
used for basic drugs (Fig. 7.1). A basic drug
will become increasingly nonionized as it
enters the small intestine.

Because different production processes can
lead to different formulations of the same active
drug, the concept of bioequivalence has been
developed to compare products from different
manufacturers or, occasionally, lot-to-lot differ-
ences from the same manufacturer. Different for-
mulations are said to be “biologically equivalent”
if they yield similar concentrations of active drug
in blood or tissues. Formulations are “therapeuti-
cally equivalent” if similar therapeutic efficacies
are obtained.

Distribution

Distribution refers to the transfer of a substance
from one part of the body to another part. In phar-
macokinetic terms, distribution usually refers to
movement from the blood into the tissues. This
movement is a function of the amount of drug
presented to the tissues. Highly perfused tissues
such as the heart, liver, kidney, and brain initially
receive the bulk of the absorbed drug, usually
within minutes. Less perfused tissues, such as
muscle and fat, take longer to achieve equilib-
rium with the blood.

Some of the factors that affect drug absorption
will also affect the distribution of drugs. The
more lipid-soluble the drug, the more easily the
drug will move into the tissues. A sample illustra-
tion of this point would be to compare the entry
into the brain of two barbiturates, thiopental and
pentobarbital. The only structural difference
between the two drugs is a C=S for thiopental
versus C=0 for pentobarbital on the barbiturate
ring structure. This seemingly slight difference
drastically changes the lipophilicity of the two
drugs. Because thiopental is much more lipid-
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soluble than pentobarbital, it distributes more
rapidly into the brain than does pentobarbital.
This rapid onset of action explains why thiopen-
tal is used as an anesthetic agent while pentobar-
bital is used as a sedative hypnotic drug.

Closely related to the lipophilicity factor is the
pH effect. The Henderson—Hasselbalch equation
can be used to indicate the conditions under
which a particular acid or basic drug will be
unionized and to what degree. It is the unionized
form of the drug that crosses membranes and
enters tissues.

Plasma protein binding also influences the
movement of drugs from blood to tissues. Albumin
is the major binding protein and is present in the
plasma at an approximate concentration of
40 g/L. Albumin binds preferentially to acidic
drugs but may bind weakly to basic drugs. Alpha-1
acid glycoprotein is another significant plasma
protein, binding preferentially to weak bases. Its
plasma concentration fluctuates but is about
0.7 g/L. In addition to these major proteins, lipo-
proteins and globulins are available to bind drugs.
Regardless of the binding protein, the extent to
which a given drug binds to a plasma protein is
variable. For example, warfarin, an anticoagulant,
is approximately 99% protein-bound; digoxin, a
cardiac glycoside used to treat congestive heart
failure, is approximately 25% protein-bound.

Plasma protein binding limits drug distribu-
tion in that only unbound or free drug is able to
leave the blood and enter the tissues. In turn, only
free drug can interact with receptors to produce
pharmacologic effects. On the other hand, drug
bound to protein is restricted to the blood,
because the drug—protein complex is too large to
leave the capillaries. Because bound drug cannot
reach the tissues, it cannot produce pharmaco-
logic actions at the intended site. Drugs that are
highly protein-bound will have a delayed onset of
action and an extended duration of action relative
to drugs that are not highly protein-bound.

Potential drug interactions may occur if multi-
ple highly bound drugs are administered simulta-
neously. If the protein binding of a drug is reduced,
then more is in the free form and is available to
enter tissues. This can lead to an unexpected
increase in pharmacologic activity or toxicity.

Drugs can distribute into body fluids to vary-
ing degrees. The average 70-kg male has 42 L of
total body water, divided into intracellular and
extracellular fluid. Intracellular fluid makes up
approximately 27 of the 42 L. The remaining
15 L exists outside the cell and consists of plasma,
the fluid component of blood (3 L), interstitial
fluid, cerebrospinal fluid, GI fluids, and fluids of
the potential spaces.

Drugs may distribute into any or all of the
total body water. This has led to the concept of
apparent volume of distribution (V,), which rep-
resents the amount of fluid in which a drug dose
would appear to have been distributed if the total
dose had remained in the blood. The V, is not a
physiological volume, rather it is a proportional-
ity constant that relates the mass of the drug (X)
to its concentration (C) at a particular time:

(7.1)

In order to calculate the apparent volume of
distribution, the concentration of drug must be
measured over time. Although it is possible to use
the drug concentration at any time along with the
associated quantity of drug, it is commonplace to
use the initial concentration (Cy) and drug dose.
A semilogarithmic plot of concentration versus
time allows C, to be estimated by extrapolation to
time zero. The V,; may be reported in units of vol-
ume (L), or volume per body weight (L/kg).

The volume of distribution is a function of
the drug’s lipophilicity, pK,, and binding to
plasma protein, tissues, etc. Drugs that are
hydrophilic, such as alcohol, and that distribute
mainly to body water or are strongly bound to
plasma proteins such as salicylic acid or acet-
aminophen have a V, < 1. Most psychoactive
abused drugs are lipophilic, distribute into fatty
tissue such as the brain, and have a V, > 1. For
example, the V, of phencyclidine is 5.5-7.5 L/
kg. Because V, is a theoretical value, it is possi-
ble that the V, is much greater than the total
body water. This could suggest sequestration of
a drug at a particular tissue site. For example,
tricyclic antidepressants have very high appar-
ent volumes of distribution because they are
sequestered mainly in the liver.
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The volume of distribution for a given drug
can change as a function of the person’s age, gen-
der, disease, and body composition. The popula-
tion average V, for alcohol is 0.70 (range
0.62-0.79) for males and 0.60 (range 0.46—0.86)
for females. The V, of alcohol decreases with
increasing age and is 10-15% lower in persons
more than 60 years of age.

Although the brain is a highly perfused tissue,
it has unique features that limit entry of xenobiot-
ics. These serve as a protective mechanism for
the brain. Endothelial cells of the brain capillary
restrict aqueous bulk flow relative to endothelial
cells in other tissues. There is also a layer of glial
cells, which retards the diffusion of organic acids
and bases in the brain.

Metabolism

Metabolism is the process by which the structure
of a xenobiotic is altered to facilitate the removal
of the foreign substance from the body. These
changes occur with the assistance of enzymes or
biological catalysts. Enzymatic activity occurs
primarily but not exclusively in the liver. Other
sites of enzyme action include the kidney, lung,
GI tract, and blood. Groups of enzymes have
been identified and characterized. Metabolic
activity is divided into two general phases: Phase
I and Phase II metabolism.

Phase | Metabolism

Phase I reactions are characterized by enzymatic
transformation of functional groups (see
Table 7.1). The most widely studied group of
Phase I enzymes is the cytochrome P450 mono-
oxygenases. Studies have indicated that cyto-
chrome P450 (CYP) exists in many different
forms, called isozymes, which have different
physical and chemical properties as well as dif-
ferent affinities for different drugs. These
enzymes are embedded in the lipid bilayer of the
smooth endoplasmic reticulum.

In humans, there are approximately 18 fami-
lies and 44 subfamilies of CYP enzymes.

Table 7.1 Examples of Phase I metabolism

Reaction Example
N-Dealkylation Anmitriptyline
O-Dealkylation Codeine
Desulfuration Parathion
Sulfoxide formation Cimetidine
Ester hydrolysis Cocaine

Amide hydrolysis Lidocaine
Deacetylation Heroin
Aliphatic hydroxylation Pentobarbital
Aromatic hydroxylation Propranolol
Deamination Chlordiazepoxide
Nitro reduction Flunitrazepam
N-Oxide formation Atropine
Epoxide formation Carbamazepine
Reduction Chloral hydrate

However, there are only about a dozen enzymes
responsible for the metabolism of drugs. The iso-
zyme that metabolizes the most drugs is CYP
3A4. Using CYP3A4 as an example, the nomen-
clature used to name these different CYP enzymes
is the following: “3” represents the family, “A”
represents the subfamily, and “4” represents the
individual enzyme. Most hepatically cleared
drugs involve the CYP enzymes from families 1,
2, or 3. CYP 3A4/5, CYP2D6, CYP2C9,
CYP2C19, and CYP1A2 account for the vast
majority of oxidative drug transformations.

These enzymes also have a common mode of
activity. The xenobiotic to be metabolized ini-
tially binds to the ferric ion component of the
CYP. This complex reduces the iron to the +2
valence state (ferrous ion). The reduced complex
then binds molecular oxygen. As the oxygen is
reduced, the xenobiotic is oxygenated. At this
stage, NADPH is utilized. The final step is the
release of the oxygenated product with regenera-
tion of the enzyme. The net result of the process
is the formation of water and NADP*, the
expenditure of NADPH and molecular oxygen,
and the production of an oxidized xenobiotic.

A large number of CYP enzymes are selec-
tively induced by drugs and environmental chem-
icals, including phenobarbital, antipyrine,
rifampicin, polychlorinated biphenyls, polybro-
minated biphenyls, and aromatic hydrocarbons.
Enzyme induction requires an increase in the
number of enzyme-binding sites, which in turn
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require protein synthesis. Therefore, several
weeks are required before significant enzyme
induction is observed. These enzymes can also be
selectively inhibited by a variety of drugs; exam-
ples of some P450 isozyme inhibitors include
cimetidine, fluoxetine, diltiazem, and verapamil.
Enzyme inhibition usually results from a compe-
tition for the active site between the drug and the
inhibitor. As a result, inhibition of metabolism
occurs concurrently with administration of the
drug and the potential inhibitor.

The significance of CYP induction and inhibi-
tion in pharmacotherapy cannot be underesti-
mated. Many of the compounds that have been
shown either to induce or to inhibit components
of the P450 system are drugs routinely prescribed
for a variety of medical conditions. These drugs
can profoundly influence the metabolism of other
therapeutically administered drugs. These drug
interactions may produce an increase in metabo-
lism of a particular drug, leading to reduced ther-
apeutic efficacy. Conversely, a decrease in
metabolism can cause an increased amount of
drug in the blood and tissues, producing unex-
pected toxic effects.

There are significant individual differences in
the metabolism of drugs, especially the CYP
enzymes. Differences in enzyme activity accounts
for much of these differences. These differences
can in turn be traced back to an individual’s
genetics. An entire field of study, pharmacoge-
nomics has developed as a result of these genetic
variants (polymorphisms). Pharmacogenomics
will be discussed in a later chapter.

The body contains other oxidases in addition
to the CYP monooxygenases. Monoamine oxi-
dase, for example, is a mitochondrial enzyme that
metabolizes catecholamines and tyramine. A
series of flavin-containing monooxygenases,
which have some similarities to the P450 system,
is also present in the body. These flavin-
containing monooxygenases are microsomal
enzymes that use NADPH and molecular oxygen
to oxidize nucleophilic nitrogen, sulfur, or phos-
phorus atoms.

Hydrolytic enzymes are another significant
group of enzymes involved in Phase I metabolism.
Cholinesterase, which takes two forms in humans,

is one such enzyme. Acetylcholinesterase, also
known as true or red blood cell cholinesterase, is
found in erythrocytes, lung, spleen, nerve endings,
and the brain’s gray matter. Acetylcholinesterase
hydrolyzes acetylcholine and acetylbetamethylcho-
line. Pseudocholinesterase, produced in the liver but
also located in the plasma, heart, pancreas, and the
brain’s white matter, lacks the substrate specificity
of acetylcholinesterase.  Pseudocholinesterase
hydrolyzes acetylcholine, butyrylcholine, and ben-
zoylcholine.  Acetylcholinesterase  hydrolyzes
acetylcholine in the synapse; the role of pseu-
docholinesterase remains unclear.

Phase I metabolism is generally viewed as a
detoxification process. However, this is not nec-
essarily the case. For example, parathion, an
organophosphate pesticide, is converted to para-
oxon, which is the active cholinesterase inhibitor.
Moreover, some drug formulations serve as “pro-
drugs,” compounds that become activated upon
entry into the body. For instance, prazepam is a
benzodiazepine prescribed as a sedative, but the
sedative activity is due to its conversion to
nordiazepam.

Phase Il Metabolism

Phase II metabolism, or conjugation reactions,
involves the derivatization of a drug or Phase I
metabolite with an endogenous substance. The
main purpose of these reactions is to increase the
water solubility of these compounds to facilitate
elimination.

The most common conjugation reaction uses
uridine diphosphate-glucuronic acid and reacts
with hydroxyl, carboxylic acid, or amino groups
to form conjugates of glucuronic acid. These
reactions are catalyzed by a group of microsomal
enzymes referred to as glucuronyltransferases. In
general, glucuronide conjugates are inactive. One
notable exception is morphine-6-glucuronide,
which has a much greater analgesic potency than
does morphine.

Other conjugation reactions are listed in
Table 7.2. Drugs and metabolites may be conju-
gated with more than one substance. Both gluc-
uronide and sulfate conjugates of morphine
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Table 7.2 Examples of Phase II metabolism

Reaction Example
Glucuronidation Oxazepam

Sulfate formation Morphine

Glutathione conjugation Acetaminophen
Glycine conjugation Salicylate

Acetylation Procainamide
Methylation Theophylline (neonates)

have been identified. The conjugation reaction
involving acetaminophen and glutathione has
been extensively studied. Acetaminophen is
converted in the liver into an epoxide which is
detoxified by conjugation with glutathione to
form a mercapturic acid derivative. However, if
too much acetaminophen is presented to the
liver, as might occur in an overdose, an insuffi-
cient amount of glutathione is available for
epoxide detoxification. This reactive intermedi-
ate then binds to macromolecular components
in liver tissue, ultimately leading to liver necro-
sis and death.

Phase II metabolism is usually but not always
preceded by Phase I metabolism. The structure of
the xenobiotic ultimately determines whether
Phase I metabolism is needed. The benzodiaze-
pine drug diazepam is demethylated to nordiaze-
pam, which is then hydroxylated to oxazepam
(these being the Phase I reactions). Oxazepam is
then conjugated with glucuronic acid. Oxazepam
can also be prescribed therapeutically; when
taken directly, the drug is rapidly cleared by con-
jugation without Phase I metabolism.

First-Pass Effect

One phenomenon that may occur when drugs are
administered orally is known as the first-pass
effect. Enzymes in the GI tract can metabolize
drugs before they enter the bloodstream. Once
absorbed from the small intestine, the drug enters
the portal circulation and is transported to the
liver. In the liver, metabolism may occur prior to
entry into the heart and the general circulation.
Drugs with a significant first-pass effect may
require administration by routes other than the
oral route.

Excretion

Excretion is the final removal of xenobiotics or
their by-products from the body. Excretion can
occur in a variety of ways. The most common
routes are via the kidney and the liver, and these
routes will be discussed in greater detail. Volatile
substances can be eliminated through the lungs.
Thus, drivers can be tested for ethanol without
the invasive procedure of blood collection. Drugs
can also be eliminated into breast milk and cause
a breast-fed infant to be exposed to drugs. Foreign
substances can also be excreted into sweat,
affording drug detection in this matrix. Drugs can
also be cleared into sebum and semen.

Drug elimination is discussed in terms of
clearance. Clearance refers to the removal of
drug from plasma. It is defined as a volume
cleared of a drug per unit time. Clearance does
not indicate how much drug is removed, but rep-
resents the volume of plasma from which the
drug is completely removed. The total body
clearance is the sum of the individual organ
clearances.

Hepatic Excretion

The liver weighs 1400-1700 g and is the major
site of xenobiotic metabolism. The liver receives
blood from two sources: the portal vein, supply-
ing about 1100 mL/min, and the hepatic artery,
which flows at about 350 mL/min. Blood from
the hepatic artery supplies the liver with the nutri-
ents and resources that it needs to perform its
functions. The functional unit of the liver is the
lobule, which is constructed around a central vein
and empties into the hepatic vein and the vena
cava. Substances cleared by the liver form the
bile that is stored in the gall bladder. The bile
enters the intestines, where final elimination
occurs in the feces.

One factor affecting the clearance of drugs
and metabolites is the blood flow to the liver.
Certain physiological, pathological, and pharma-
cological factors influence this flow. For exam-
ple, food and a reclining posture can increase
hepatic flow, while exercise, an upright posture,



98

V. Spiehler and B. S. Levine

and dehydration can reduce blood flow. Disease
states such as cirrhosis, hypertension, and con-
gestive heart failure may decrease hepatic blood
flow. General anesthetics also decrease blood
flow; chronic phenobarbital administration can
increase blood flow.

Another factor pertaining to the clearance of
drug from the liver is the ability of the liver to
remove or extract the drug from the blood. Drugs
may enter the liver by diffusion or by carrier sys-
tems. Drugs cleared by the liver efficiently, such
as opiates and tricyclic antidepressants, have a
hepatic elimination rate not limited by processes
in the liver but by the rate at which the drug in the
blood gets to the liver. Conversely, elimination
rates of drugs effectively removed from the blood
are limited by the abilities of the liver to process
the drug.

It can be difficult to assess the role of hepatic
excretion. The measurement of the drug and/or
metabolites in feces may indicate poor absorp-
tion rather than hepatic excretion. Moreover,
drugs or their by-products excreted into the bile
enter the intestine; here they can be reabsorbed
into the blood. Subsequent elimination by the
kidney may occur. This is known as enterohe-
patic circulation and can account for an increase
in the time that it takes to clear a drug from the
body.

Renal Excretion

To understand how the kidney clears drugs, it is
necessary to understand the kidney’s basic struc-
ture. The functional unit of the kidney is the
nephron, and each kidney has approximately one
million of them. The nephron consists of multiple
components. The glomerulus is the site where the
blood entering the kidney is filtered. The kidneys
are perfused by about one-fifth of the total car-
diac output of about 6500 mL/min. Of this, about
130 mL is filtered each minute at the glomerulus.
In fact, glomerular filtration rate (GFR), which is
determined by measuring creatinine clearance, is
used clinically to evaluate kidney function.
Creatinine is a normal by-product of muscle
metabolism and is produced at a constant rate in

an individual with a stable muscle mass. Thus, an
elevated serum creatinine suggests a reduced
GFR and possible kidney malfunction.

Once the filtered product or ultrafiltrate is pro-
duced, it passes into the tubule component of the
kidney, comprised of a proximal tubule, the loop
of Henle, and the distal tubule. Changes in ultra-
filtrate concentration of drugs can occur in this
part of the nephron through an active secretion of
drugs from the blood or a reabsorption of drugs
from the ultrafiltrate into the blood. Much of the
water initially filtered is reabsorbed, with the net
effect being a concentration of the components in
the filtrate. The remaining fluid moves into the
collecting tubule, accumulates in the bladder, and
is eventually excreted as urine.

The renal excretion of drugs is a function of
filtration, secretion, and reabsorption. A drug will
be filtered at the glomerulus if its molecular
weight is less than 50,000 atomic mass units.
This means that molecules such as proteins are
not filtered. Therefore, any drug that is bound to
plasma proteins will not be filtered. At equilib-
rium, a drug that is freely filtered will have the
same concentration in the ultrafiltrate as appears
unbound in the plasma. Drugs that are not highly
protein-bound are cleared most rapidly and effi-
ciently by filtration. The amount of free drug
appearing in the ultrafiltrate is directly related to
the GFR.

Highly plasma protein-bound drugs are
cleared by the kidney to a greater extent by secre-
tion, which occurs mainly in the proximal tubule.
Specific carrier proteins located in the epithelium
of the proximal tubule can separate bound drug
from plasma proteins and carry them across the
epithelium and into the tubular fluid. Secretion of
drugs is an active process and requires energy.

There are separate carrier proteins for acidic
and for basic drugs. These carrier proteins are
saturable and subject to competition. A reduction
in secretion of a particular drug can occur if
another drug that is secreted with the assistance
of the same carrier protein is coadministered.

Filtration and secretion increase the concen-
tration of drugs in the tubular fluid. Reabsorption
of drugs occurs mainly in the proximal and distal
tubules and decreases the concentration of drugs
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in the tubule fluid. Reabsorption may be passive
or active and is affected by factors similar to
those that affect the absorption of drugs into the
blood, such as the drug’s lipid solubility and pH
characteristics. The normal pH of urine is 4.5—
7.5, which is a 1000-fold range in hydrogen ion
concentrations. The pK, of weak acids is 3-7.5,
while the pK, of weak bases is 7.5-10.5. This
indicates that certain drugs can have significant
differences in renal clearance depending on the
pH of the urine. Agents that acidify the urine,
such as ammonium chloride, can lower urine pH
by 2-3 units, leading to faster elimination of
basic drugs. Sodium bicarbonate, which will
alkalinize the urine, will lead to faster elimina-
tion of acid drugs. This phenomenon is used
when treating drug intoxications.

Compartmentalization of Drugs
and Elimination Kinetics

A series of mathematical models has been devel-
oped to describe the pharmacokinetics of drugs.
To minimize the complexity that rapidly devel-
ops when describing these pharmacokinetics,
assumptions and generalizations are required.

One assumption is the concept of body com-
partments. Although each tissue or tissue sub-
structure could be viewed individually, the body
is generally described as a one-compartment or a
two-compartment system. The one-compartment
model assumes instantaneous distribution after
administration. For this model, it is also assumed
that the drug distributes evenly throughout the
body. The two-compartment model, rather than
assuming instantaneous distribution throughout
the body, assumes different distribution rates. A
more rapid distribution occurs in the more highly
perfused tissues and is termed the “central com-
partment.” Distribution continues at a slower
pace in less well-perfused tissues collectively
termed the “peripheral compartment.”

One- and two-compartment models can be
demonstrated diagrammatically by plotting the
natural log (In) of plasma concentration versus
time. Figure 7.2 depicts a profile of an intrave-
nously administered drug; in each case, the peak

plasma concentration is reached instantaneously.
In the one-compartment model, the decline in
plasma concentration as a function of time pro-
ceeds in a linear fashion. In the two-compart-
ment model, a rapid decline is initially observed.
This consists of a combination of drug elimina-
tion and movement of drug into the peripheral
compartment and is called the a-elimination
phase. Once the distribution into the peripheral
compartment has been completed, a slower
decline from the plasma occurs and represents
removal from the body. This is known as the
p-elimination phase.

Most drugs follow first-order kinetics: A con-
stant fraction of drug is removed from the blood
per unit time. First-order elimination kinetics is
defined by the following equation:

C=C,e™" (7.2)
c = concentration of drug in
plasma at time, t
G = the initial plasma drug
concentration
k = elimination rate constant

The elimination half-life (¢,,) is calculated
using the equation

0.693
Ly, = T
By taking the natural log of both sides of Eq.

(7.2) and rearranging, the following equation is
obtained:

(7.3)

InC =—kt +InC, (7.4)

Therefore, by plotting In C vs. , the y-intercept
is In C, and the slope is —k. In first-order elimina-
tion kinetics, the blood drug concentration is
decreased by one-half every half-life. By four to
five half-lives, the drug is essentially removed
from the blood, assuming no additional drug is
absorbed.

Some drugs are eliminated by zero-order
kinetics. Rather than a constant fraction of a drug
being removed from the blood per unit time, a
constant amount of a drug is cleared from the
blood per unit time. For instance, ethanol will
display zero-order kinetics at high blood concen-
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Fig.7.2 Plot of natural
log concentration (In C)
versus time plots for
drugs with (a) one-
compartment and (b)
two-compartment
pharmacokinetics

(A)

In C

(B)

«-elimination

InC

|«— B-elimination —>

trations (this will be discussed in greater detail in
Chap. 19). The equation defining a zero-order
process is as follows:

C=C,—ki (1.5)

In this scenario, a plot of C vs. t yields a
straight line with slope —k and intercept C,. The
elimination half-life is also dependent on the ini-
tial drug concentration:

(0.5)C, (7.6)

Ly, =

When multiple dosing occurs, the eliminated
drug is being replaced by subsequent drug admin-
istration. If the amount absorbed surpasses the
amount eliminated, then a net increase in plasma
drug concentration will occur until equilibrium is
attained. By properly setting dosing schedules, an
equilibrium will eventually be realized whereby
the highest blood concentration (peak) and the low-
est blood concentration (trough) each becomes the
same with subsequent dosing. At this point, steady
state is achieved. If the drug follows first-order
kinetics and the dosing interval is the elimination
half-life of the drug, steady state will be reached

t

within four to five half-life intervals. Steady-state
drug concentrations may be increased either by
increasing the dose but maintaining the same dos-
ing interval or by increasing the frequency of the
same dosing. The former method results in wider
fluctuations between the maximum and minimum
concentrations after each dose, while the latter
method reduces the difference between the peak
and trough concentrations.
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Abstract

Pharmacodynamics involves the effects of
drugs and their mechanism of action. These
effects can be described on the “macro” level,
which pertains to the physiological or bio-
chemical effects that the drugs produce. For
example, a drug may lower heart rate and
blood pressure or cause a reduction in the
inflammatory response. These effects would
often be the basis for the therapeutic use or
uses of the drug. The study of pharmacody-
namics also includes the effects of a drug at
the molecular level that is the mechanism of
action at the cellular level.

Keywords
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Receptors

To understand how a drug produces its effects, it is
first necessary to understand how drugs interact at
the molecular level. The molecular interaction
usually involves a substrate, either endogenous or
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exogenous, interacting with a receptor. A receptor
is a protein that these substances, called ligands,
can bind. Binding can occur through a number of
mechanisms, ionic, hydrogen, van der Waals, or
covalent. Once bound, a cascade of biochemical
processes may or may not occur, depending on the
nature of the ligand.

A ligand may be a full agonist, which means
that once binding to the receptor occurs, a strong
physiological response ensues. The endogenous
ligands would be examples of full agonists. A
partial agonist is a ligand that, when bound to the
receptor, produces a response that is less than that
of a full agonist. Conversely, an antagonist is a
substance that, when bound to the receptor, pro-
duces no response. It may block or dampen the
biological response at the receptor site, rather
than activating it like an agonist. An antagonist
may be competitive or noncompetitive. As the
name implies, a competitive antagonist can com-
pete with an agonist for sites on the receptor.
Competitive agonists are reversible.
Noncompetitive antagonists bind irreversibly to
the receptor, usually through covalent bonding.
Noncompetitive antagonism can only be over-
come through the synthesis of a new receptor.

One other interaction that a ligand may have
with a receptor is as an allosteric modulator. These
compounds do not bind to the same site as an ago-
nist or antagonist, but bind to a different site. These
modulators, when bound, can enhance agonist
activity when the agonist is bound to the receptor.
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The binding of an agonist or antagonist to a
receptor follows the same laws of mass action
that other chemical reactions follow. The equilib-
rium is between the ligand, the receptor, and the
ligand-receptor complex. It is defined by the fol-
lowing equation:

ki
[ligand ] +[receptor | &= [ligand — receptor |
ky

where [ | represents concentration

k; represents the association constant for the
ligand and receptor

k, represents the dissociation constant for the
ligand-receptor complex

At equilibrium, the rate of association of the
drug to the receptor is equal to the rate of disso-
ciation from the receptor. Putting this into an
equation

k, [ligand ][ receptor | = k, [ligand — receptor |

The ratio of &, to k, is a constant and the ratio
is called K. The parameters associated with the
binding process are affinity and efficacy. Affinity
is the tendency of the ligand to bind to the recep-
tor. Efficacy is a measure of the ability of the
ligand-receptor complex to produce its effect.

Receptors may be classified based on the
molecular activity that is triggered when a ligand
is bound to it:

e G-protein-coupled receptors (GPCR). These
are the largest family of receptors and are
membrane-based proteins that consist of seven
transmembrane-spanning regions, an
N-terminal region that extends into the extra-
cellular space, and a C-terminal region that
extends into the cell. G-proteins are signal
transducers such that when an agonist is bound
to the receptor, a conformational change
occurs that results in the release of GDP and
the binding of GTP. This in turn signals effec-
tor proteins such as adenylyl cyclase, phos-
pholipase C, or membrane ion channels
selective for Ca** and K* to produce the ago-
nist’s effects.

e lonotropic receptors. These receptors cause
changes in ion movement across a membrane.

* Kinase-linked receptors. These include recep-
tors for hormones such as insulin and a variety
of growth factors.

* Nuclear receptors. These receptors are located
in the cytoplasm, but move into the nucleus
after binding to a ligand. Steroid receptors and
thyroid receptors are examples.

Neurotransmission

Ligands that bind to receptors in neurons are
known as neurotransmitters. A neuron consists
of a dendrite, a cell body, and an axon. Between
neurons, there is a gap called the synapse. In
the axon part of the synapse, there are vesicles
that store neurotransmitters. When stimulated
by an action potential, these neurotransmitters
are released into the synapse, cross the gap
called the synaptic cleft, and bind to a receptor
on the dendrite of the next neuron. In this man-
ner, activity is propagated between neurons and
continues as long as the neurotransmitter
remains in the synaptic cleft. Removal of the
neurotransmitter from the synaptic cleft stops
neuronal transmission and can occur by enzy-
matic breakdown of the neurotransmitter or by
reuptake of the neurotransmitter back into the
presynaptic neuron.

There are a number of neurotransmitters that
are affected by the drug classes covered in Part I11
of this book:

Monoamines

There are a number of neurotransmitters that are
in this group. One synthetic pathway starts with
the amino acid tyrosine. Tyrosine undergoes
hydroxylation through the activity of tyrosine-3-
monooxygenase to form DOPA (dihydroxyphe-
nylalanine). DOPA is decarboxylated to produce
one neurotransmitter, dopamine. Dopamine may
then be hydroxylated to form another
neurotransmitter, norepinephrine. Norepinephrine
may then be methylated to form epinephrine
(adrenaline). These three neurotransmitters are
collectively known as catecholamines. Numerous
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drugs of abuse, including the amphetamines and
cocaine, interact with monoamine receptors.

In another pathway, the amino acid tryptophan
is hydroxylated to form 5-hydroxytryptophan.
Decarboxylation of this compound produces
5-hydroxytryptamine (5-HT) or serotonin,
another neurotransmitter.

There are two broad classifications of recep-
tors for epinephrine and norepinephrine: a- and
B-adrenergic receptors. There are three subtypes
of a-receptors and two subtypes of B-receptors
and they have significant effects throughout the
body. A listing of these effects is given in
Table 8.1.

There are five dopamine receptor subtypes
within two families, The D,-like family includes
D, and Ds receptors, while the D,-like family
consists of receptors D,, D;, and D,. In the central
nervous system, dopamine receptor activity plays
arole in memory, reward system, cognition, eme-
sis, and motor function. In the heart, dopamine
increases the contractile force and cardiac output
of the heart without increasing heart rate. In the
kidney, these receptors lead to the increase in
urine output.

The 5-HT receptors have the most subclasses
of the monoamine neurotransmitter group. There
are seven families, numbered 1-7, and all fami-
lies, except 5-HTs;, are G-protein-coupled recep-
tors. These receptors play a significant role in the
brain, affecting aggression, anxiety, appetite,
learning, memory, mood, sexual behavior, and

Table 8.1 Effects at adrenergic receptors

Receptor

subtype Primary effects

o Contraction of vascular smooth
muscle
Vasoconstriction of aorta and arteries
Cardiac growth
Mydriasis

o Platelet activation

B Increased heart rate
Increased contractile force of heart
Increased amylase secretion

B, Smooth muscle cell relaxation
Bronchodilation

Bs Relaxation of muscle in bladder

Increased lipolysis

thermoregulation. These receptors also modulate
the release of other neurotransmitters and hor-
mones. These drugs, including antidepressants,
stimulants, and psychedelics, have serotonergic
activity. The hallucinogenic effects of mescaline,
psilocybin, and LSD are mediated via 5-HT2,
receptor agonism.

A complication of the coadministration of
multiple drugs that interact with the 5-HT recep-
tors is serotonin syndrome. These drugs may
increase serotonin production or release, inhibit
serotonin reuptake or metabolism, or serve as
5-HT agonists. The net result is a potentially life-
threatening situation characterized by muscle
hyperactivity, tremor, fever, altered mental status,
and autonomic instability.

After release of these compounds into the syn-
apse and binding to their specific receptors, they
are removed from the synapse either by reuptake
into the presynaptic vesicles by an amine pump
or by metabolism. Norepinephrine and epineph-
rine are metabolized primarily by two enzymes.
Monoamine oxidase (MAO) catalyzes an oxida-
tive deamination followed by either a reduction
or oxidation to produce 3,4-dihydroxyphenyl eth-
ylene glycol or 3,4-dihydroxymandelic acid,
respectively. Alternatively, they can be methyl-
ated through the action of catechol-O-
methyltransferase to produce normetanephrine or
metanephrine, respectively. Both sets of reactions
ultimately occur, leading to the major urinary
products of 3-methoxy-4 hydroxyphenylethylene
glycol and 3-methoxy-4-hydroxymandelic acid.
Serotonin also undergoes metabolism by oxida-
tive deamination by MAO to form
5-hydroxyindole acetaldehyde which is subse-
quently oxidized to 5-hydroxyindole acetic acid.

Acetylcholine

There are two types of cholinergic receptors and
the classification is based on drugs that specifi-
cally interact with each type. Muscarinic
cholinergic receptors are located primarily in the
peripheral nervous system primarily in postgan-
glionic parasympathetic nerves. They are also
located in the hippocampus, cortex, and thalamus
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Table 8.2 Effects
receptors

of acetylcholine at muscarinic

Cardiovascular effects
Vasodilatation
Decreased heart rate
Decreased conduction velocity of the atrioventricular
node
Decreased contractile force of heart
Bronchoconstriction
Increased urination
Increased salivation
Increased defecation
Increased lachrymation

of the brain. The effects of acetylcholine at these
receptors are shown in Table 8.2. There are three
subtypes of muscarinic receptors, M;, M, and
M. Atropine and scopolamine are antagonists to
all subtypes.

The other type of cholinergic receptor is the
nicotinic receptor. It is primarily at the neuro-
muscular junction and at peripheral autonomic
ganglia. There are two subtypes of receptors. The
primary effect of receptor antagonism is muscu-
lar blockade. Curare was the classic receptor
antagonist, but is not used therapeutically. Drugs
that are competitive antagonists include pan-
curonium, vecuronium, and rocuronium. These
agents vary primarily by their duration of action
and are used to relax skeletal muscle during sur-
gical anesthesia.

Unlike the monoamine neurotransmitters,
there is no pump to remove acetylcholine from
the synapse. Activity is stopped by hydrolyzing
acetylcholine to choline and acetate. This hydro-
lysis is catalyzed by cholinesterase enzymes.
There are two forms of cholinesterase: (1) acetyl-
cholinesterase, found in red blood cells and in the
neuromuscular junction and (2) butyrylcholines-
terase, found in the plasma. Although both cata-
lyze  the hydrolysis of  acetylcholine,
acetylcholinesterase hydrolyzes more rapidly
than butyrylcholinesterase. These enzymes also
play a significant role in the metabolism of
cocaine, as will be discussed in Chap. 23.

Substances that inhibit cholinesterase lead to
continued cholinergic activity both at muscarinic
and nicotinic receptors. Cholinesterase inhibitors
have been used as pesticides and as nerve agents.

Once cholinesterase inhibition has occurred, the
administration of an enzyme reactivator such as
pralidoxime (2-PAM) can nullify the enzyme
inhibition.

GABA

Gamma-aminobutyric acid (GABA) is the major
inhibitory neurotransmitter in the central nervous
system. There are two subgroups of GABA
receptors, GABA,, an ionotropic receptor, and
GABAg, a G-protein-coupled receptor. They dif-
fer in their pharmacological, electrophysiologi-
cal, and biochemical properties. GABA,
receptors are composed of five subunits. When
GABA is bound to the GABA, receptor, the
opening of chloride ion channels leads to an inhi-
bition in the firing of a new action potential.
Besides the GABA binding site, there are also
allosteric sites that affect the binding of GABA to
the receptor. These allosteric sites have been tar-
gets for drugs that do not bind to the GABA
receptor site itself, but bind to these other sites
and produce pharmacological effects in that man-
ner. Ethanol, benzodiazepines, and barbiturates
interact with GABA receptors to mediate seda-
tive, anxiolytic, and anticonvulsant effects.

Glutamate

Glutamate is the main excitatory neurotransmit-
ter in the central nervous system. There are
three ionotropic receptors for which glutamate
serves as an agonist: the N-methyl-D-aspartate
(NMDA), the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), and kainate
receptors. The binding of glutamate to these
receptors allows cations to flow through the cell
membrane. Glutamate and glycine are co-
agonists for the NMDA receptor. Interestingly,
glutamine in high concentrations is cytotoxic
and can lead to neuronal cell death. Examples
of drugs that bind to receptors of this type
include ethanol and dissociative anesthetics,
both of which are considered NMDA
antagonists.
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Endogenous Opioids

Three families of endogenous opioids have been
identified: endorphins, enkephalins, and dynor-
phins. Each are peptides derived from large pre-
cursor proteins. These substances interact with
the three opioid receptors, designated mu, delta,
and kappa. The enkephalins and the p-endorphins
produce strong activity when bound to the mu or
delta receptors and no activity at the kappa recep-
tor. Dynorphins and o-neoendorphins produce
strong activity when bound to the kappa recep-
tors and some activity at the mu and delta recep-
tors. The effects produced by these agonists will
be discussed in greater detail in the chapter on
opioids.

Others

Other receptors are discussed in subsequent
chapters. These include cannabinoids, melatonin,
and orexin.

Tolerance

Whether a drug is used for therapeutic reasons or
for abuse, the dose is titrated to produce the
desired effect. However, over time, a phenome-
non develops whereby continued administration
of the same dose produces a reduced effect. This
effect is known as tolerance. For a specific drug,
tolerance may develop rapidly to some or all of
the effects or may not develop at all. One of the
classic examples of tolerance is illustrated by an
opioid addict. When the abuse of the drug begins,
a particular dose will produce the desired effect,
euphoria. Continued abuse of opioids at the same
dose will lead to less euphoric feelings in the
abuser. This in turn causes an increase in dose to
produce the same euphoric effects as were origi-
nally felt.

Many types of tolerances have been reported.
Pharmacokinetic tolerance includes changes in
distribution and elimination of the drug with con-
tinued use. A drug may induce its own metabo-
lism, leading to reduced concentrations of the

parent drug in the plasma. If the metabolites are
inactive or have less activity than the parent drug,
this reduces the amount of active compound at
the receptor. Pharmacodynamic tolerance refers
to drug-induced changes that result in changes in
target receptors with repeated administration.
This may be a reduction in receptor efficiency or
in the number of receptors available for binding.
Learned or behavioral tolerance is the ability to
compensate in task performance due to the expe-
rience developed when performing the test while
using the drug. Finally, acute tolerance is the tol-
erance that develops during one dosing session.
An individual will have reduced response to each
subsequent use within the session.

Tolerance to a particular drug in a class often
conveys tolerance to other drugs within the class.
This is referred to as cross-tolerance. Cross-
tolerance may also develop between classes. For
instance, there is cross-tolerance between alcohol
and benzodiazepines.

With some drugs such as cocaine, a reverse
tolerance or sensitization may develop during a
long, single use. This is the opposite of acute tol-
erance and requires a longer period of time to
develop.

The concept of tolerance plays a significant
role in the interpretation of forensic toxicology
results. The most frequently encountered drug in
the field is alcohol. Alcohol displays many of the
forms of tolerance discussed above. That is a pri-
mary reason why at a given blood alcohol con-
centration, a chronic user will demonstrate less
impairment than the occasional or social drinker.
This is discussed in greater detail in Chap. 19.
The interpretation of drug results is also compli-
cated by tolerance. A particular blood concentra-
tion of an opioid may be an incidental finding in
a chronic user, but may account for toxicity or
death in a naive individual.

Physical Dependence

Besides tolerance, another phenomenon may
occur with chronic use of a drug. This will occur
after the use of the drug has abruptly stopped.
During the time that a drug is being used regu-
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larly, the processes in the body make compensa-
tory adjustments based on the regular presence of
the effects caused by the drug. A physical depen-
dence on the drug ensues. Rapid removal of this
drug disrupts this “new equilibrium” and the
body needs time to readjust.

The manifestation of physical dependence is
the development of withdrawal symptoms. These
symptoms will be the opposite of the effects that
the drug produces and will often be the same
symptoms that caused use of the drug in the first
place. For instance, an individual being treated
for anxiety with an anxiolytic drug may develop
severe anxiety if taken off of the drug rapidly; the
drug should be tapered gradually to prevent this
from occurring. Withdrawal symptoms may not
only be uncomfortable but may be life-
threatening. A chronic alcoholic who abruptly

stops drinking may develop an alcohol with-
drawal syndrome that include anxiety, shaking,
seizures, and delirium tremens (DTs) that, if
untreated, can lead to death.
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Specimen Preparation/Extraction
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Abstract

The chapter covers the wide range of biologi-
cal specimens collected in forensic cases that
are submitted to the laboratory for toxicologi-
cal analysis (e.g., blood, urine, vitreous, liver,
kidney, hair, saliva, etc.). Specimen collection,
handling, and aliquoting are covered as part of
routine specimen triage for the various types
of analyses that can be performed. Numerous
methodologies are available for specimen
preparation and/or extraction. Fundamentals
of protein precipitation, bound/unbound drugs
and metabolites, acidic or enzymatic hydroly-
sis, specimen digestion, and tissue homogeni-
zation are presented. Classic methodologies
for liquid/liquid extraction (LLE), solid phase
extraction (SPE), solid phase microextraction
(SPME), and supported liquid extraction
(SLE) are reviewed. More recently developed
techniques that have been applied to forensic
toxicology such as “dilute and shoot” and
“QuEChERS” are presented and critiqued.
Standard techniques for specimen preparation
and/or extraction are presented and compared/
contrasted based on their advantages and dis-
advantages to the toxicologist.
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Purpose

Toxicologists are faced with a number of differ-
ent biological specimens for drug analysis in
forensic toxicology. Whether it be urine speci-
mens in forensic urine drug testing, blood speci-
mens with driving under the influence of drugs
(DUID) cases, or the vast array of specimens
(e.g., blood, urine, vitreous, tissues) in postmor-
tem cases, they all will need some type of speci-
men preparation in order to analyze them for
drugs. Extraction does several things for the toxi-
cologist in preparing the biological specimens for
analysis. It removes or extracts the drug from the
biological matrix and thus isolates it from the
normal endogenous constituents found in the
specimen (e.g., lipoproteins, carbohydrates, etc.)
which may interfere with the analysis. It concen-
trates the drug down into a smaller volume with a
greater concentration for analysis. Plus, it can
dissolve the drug in a solvent which can either
make the drug suitable for the type analysis need-
ing to be performed (i.e., volatile with GC or GC/
MS), suitable for the derivatization required for
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analysis, or dissolved in an aqueous solvent suit-
able for analysis by a wide array of methodolo-
gies (i.e.,LC,immunoassay or spectrophotometric
techniques). Some technologies do not require
extraction; analytes can be tested directly in an
aliquot of the specimen (i.e., immunoassays,
direct injection techniques). There are a lot of dif-
ferent ways to prepare the specimens we are pro-
vided for analysis and each has distinct
advantages and disadvantages. This chapter will
summarize the different types of specimen prepa-
ration used in forensic toxicology.

Specimens

Accurate and reproducible analytical results are
dependent on the proper application of validated
procedures to correctly identified specimens.
Good integrity and uniformity of the specimen
for analysis is crucial for robust analytical results
and critical to the proper interpretation of those
results. Collection of sufficient specimen volume
in the correct container and proper storage until
analysis is essential for all testing procedures.
Liquid specimens (e.g., blood, serum, plasma,
urine, vitreous, amniotic fluid, oral fluid, and
bile) should be collected, labeled, and separated
in the proper containers or tubes indicated for the
specific analysis or analyses desired. The speci-
mens routinely collected should be homogenous
by nature, and can be easily aliquoted in accurate
volumes for analysis by using verified pipetting
instruments. Gastric contents (i.e., stomach or
bowel) as well as tissues (e.g., liver, kidney,
brain, muscle, fat, placenta, skin, blood vessel,
lung, spleen, hair, nails, and bone) may vary sig-
nificantly in consistency and density. Gastric
contents are not as homogenous as tissues. All
these specimens require proper preparation and
homogenization in order to achieve a high yield
of extraction of the drugs and produce accurate
and reproducible analysis. Specimens of greater
density may even require pulverization (e.g., hair,
nails, or bone) in a ball mill in order to obtain an
aliquot of the specimen adequately homogenized
to achieve good extraction of the drugs contained
in the tissue. Special preparation techniques may

also be required for certain specimens to avoid
environmental contamination of the specimen in
order to measure the true drug concentration in
the specimen (i.e., wash and dry hair before pul-
verization, homogenization, and extraction).
Proper collection and identification of the bio-
logical specimen is extremely important for the
correct toxicological interpretation of the analyti-
cal results. The source of the specimen (e.g.,
femoral or cardiac blood) as well as the orienta-
tion and/or partition of the specimen (e.g., scalp
versus distal segment of hair) is of toxicological
significance. The source of the specimen should
be noted in the report for proper interpretation of
the result.

Extent of Testing

Depending on the analytical techniques used
and the extent of testing needed to achieve a
final result, the amount of specimen needed for
analysis can vary significantly. If initial drug
screening is the extent of testing to be per-
formed, then smaller specimen volumes or
weights are required. If screening and confirma-
tion is to be performed, then more specimen is
required. With the increased sensitivity of cur-
rent state of the art methodologies, a toxicolo-
gistis able to detect the necessary concentrations
of even some of the more efficacious drugs to
the subnanogram per milliliter or gram. In
today’s world where resource and financial con-
straints must be considered, miniaturization of
techniques allows us to use smaller specimen
aliquots and smaller amounts of solvents,
reagents, and materials. Screening specimens
with immunochemistries or chromatographic
techniques may require anywhere from a few
microliters, to several milliliters of specimen.
Focused quantitative analysis of a specific ana-
lyte or group of analytes may require a signifi-
cant volume of specimen. Do not use all of a
specimen  unless  absolutely  necessary.
Remember, it is always better to have additional
specimen if available and collectable for
repeated analyses or further testing by other
laboratories.
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Results

Regardless of the method of aliquoting a speci-
men being analyzed, the result will be reported as
a quantity per volume or weight. Qualitative test-
ing will have a positive or negative result associ-
ated with a specific cutoff concentration, decision
point, or limit of detection. For quantitative test-
ing, analyte concentrations should be associated
with a known limit of detection, limit of quantita-
tion, range of linearity, and measure of the mea-
surement uncertainty. Units used may include
milligram/liter (mg/L), microgram/milliliter (pg/
mL), nanogram/milliliter (ng/mL), gram/100 mil-
liliters (g/100 mL, g/dL or g%), milligram/kilo-
gram (mg/kg), microgram/gram (pg/g), and
nanogram/gram (ng/g). Blood ethanol concentra-
tions can be reported with different units in dif-
ferent courts (e.g., mg/dL or g%). Do not use
“alcohol” in place of ethanol. Correct conversion
of metric units is essential for proper presentation
and interpretation of results.

Analysis of Gases and Volatile
Liquids

Gases and volatile liquids are particularly chal-
lenging for the toxicologist. Proper collection
(e.g., full, sealed, gray top, Vacutainer® tubes for
fluids and glass or plastic jars for tissues) and fro-
zen storage are critical in order to preserve gas
concentrations until analysis. Limited thawing
and aliquoting of the specimen should be done.
Short-chain hydrocarbons (i.e., C,g), nitrous
oxide, phosgene, chlorine, trichloroethane
(TCE), difluoroethane (DFE, Freon), and the
inhalation anesthetic flurane derivatives all have
gas solubilities in biological fluids which
decrease with rising temperature and therefore
allow them to degas when the specimen container
is open or even when closed at room temperature.
The gas/liquid partition is temperature-
dependent. The absolute quantity of the gas in
weight or volume is expressed as a percentage at
a given temperature and pressure. Nitrous oxide,
for example, is soluble in blood at a partition of
47/100 (47 volume%) at 37 °C and atmospheric

pressure. This is equivalent to 0.92 gram per liter
per the ideal gas law.

Gas standards in blood are achieved by saturat-
ing the fluid with the pure gas to referenced con-
centrations. Linear concentration ranges can then
be serial diluted for comparison and quantitation of
the unknown concentration in the specimen. Gas
concentrations are best determined using “head-
space” injection with gas chromatography and
thermal conductivity, flame ionization or mass
spectrometric detection. This technique utilizes the
volatile nature of the analyte to our advantage. Due
to the physical nature of the analyte and the diffi-
culty in controlling gas loss from the specimen,
analysis of the specimen as quickly as possible to
the time of collection offers the best possibility for
accurate and reproducible results that reflect the
concentration when the specimen was taken.

Some gases are so water soluble that they will
dissolve and ionize in blood and other biological
fluids. Hydrogen sulfide and hydrogen cyanide
are unionized at a pH less than 2 and can be liber-
ated from the biological fluid with dilute sulfuric
acid. Use of a Conway diffusion cell allows anal-
ysis of the gas by its liberation from an aliquot of
the biological specimen with addition of dilute
sulfuric acid in the outer chamber, diffusion
within the sealed devise, and dissolution in a
trapping solution within the inner chamber. The
colorimetric reaction of the gas with the trapping
solution is proportional to the concentration of
the gas in the specimen. Due to their solubility in
an aqueous fluid, LC and LC/MS techniques are
applicable for analysis of these analytes.

Volatile liquids are just that, liquids at room
temperature, readily dissolvable in biological flu-
ids and tissues, which become gaseous with
increased temperature. Ethanol determinations
are the most significant, prevalent, and frequent
analyses in forensic toxicology. Volatile panels
will often include ethanol, acetone, isopropanol,
methanol, ethyl acetate, propanol, 2-butanol, and
dichloromethane. These volatiles are readily ana-
lyzed by gas chromatography with either flame
ionization or mass spectrometric detectors. Direct
injection and “headspace” injection techniques
are utilized. Briefly, an aliquot of specimen is
mixed with an appropriate internal standard such
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as l-propanol, in a vial and sealed. The vial is
heated to between 30 and 50 °C and a sample of
the gas in the headspace above the liquid is col-
lected and injected into the gas chromatograph.
Based on Henry’s law, at a constant temperature,
the amount of a given gas dissolved in a given
type and volume of liquid is directly proportional
to the partial pressure of that gas in equilibrium
with that liquid. Minimal liquid volumes (less
than a microliter) of the specimen/internal stan-
dard mixture may also be injected directly into
the glass liner leading to the column with direct
injection techniques. In both cases, the detector
response is proportional to the concentration of
the analyte in the specimen. Use of a volatile
internal standard such as 1-propanol normalizes
all injection volumes, confirms chromatographic
separation, and covers a number of analytical
sins. It is essential for accurate determinations.

The volume of biological specimen is rou-
tinely mixed with much larger volumes of the
internal standard in water (2 to 10 times the vol-
ume) thus relatively removing the matrix effect
of the specimen. Correct measurement of speci-
men and internal standard volumes are critical for
accurate and precise results. A distinct advantage
to these techniques for volatile liquids in biologi-
cal fluids is that they can be easily automated due
to the physical-chemical characteristics of the
analytes with the application of precise repetitive-
pipettes and autosamplers. A limitation to these
techniques is the potential for co-elution of inter-
fering substances volatilized from the biological
specimen. Multiple-column chromatography
with flame ionization detection or single-column
chromatography with mass spectrometric detec-
tion is performed to positively identify and quan-
titate these analytes. If it is suspected that
1-propanol is present in a specimen, reanalysis of
the specimen using a different internal standard
such as 2-butanol may be conducted.

Specimen Digestion for Elemental/
Inorganic Analyses

Tissues and biological fluids are predominantly
organic material. In order to analyze these speci-
mens for inorganic toxins such as the heavy met-

als (i.e., arsenic, cadmium, mercury, and lead) as
well as other inorganic ions, the specimen is
digested to remove the carbonaceous material.
The isolated inorganic residue can then be dis-
solved and subjected to analysis by atomic
absorption spectrophotometry, atomic emission
spectrophotometry, or anodic stripping voltam-
metry to determine the ionic concentration with-
out interference from the biological matrix.
Digestion can be performed by either “dry” or
“wet” techniques. Digestion is usually performed
on milligrams to a few grams of tissue or micro-
liters to a few milliliters of biological fluid (e.g.,
hair, nails, tissues, blood, or urine). Specimens
are placed in either acid washed/resistant tubes or
crucibles. For “wet” digestion a mixture of sulfu-
ric, nitric, and perchloric acid is added and heated
until the biological specimen is completely
digested and turned into dissolved residue. For
“dry” digestion the biological specimen is burned
within the crucible inside a muffle furnace until
reduced to a dry residue. Complete digestion is
obtained when carbonaceous and sulfuric fumes
are no longer emitted. Residues can then be dis-
solved in deionized water and analyzed.

Heavy metal analyses as well as specific inor-
ganic elemental analyses are very specialized
forensic toxicological procedures that are usually
performed in larger comprehensive toxicology
laboratories capable of performing the rare inor-
ganic determinations proficiently and effica-
ciously. The dedicated instrumentation needed
for these procedures is not routinely available in
many forensic toxicology laboratories. Due to the
significance and the occurrence of lead intoxica-
tion, blood lead screening programs are often the
charge of state department of health laboratories.
Digestion techniques for the determination of
drugs in other matrices (e.g., hair) are addressed
in subsequent chapters.

Specimen Preparation for Bound
Drugs and Metabolites

Many drugs and metabolites in biological fluids
and tissues are physically bound to proteins, lip-
ids, and carbohydrates (i.e., glucose). This bind-
ing hinders extraction of the drug. In order to free



9 Specimen Preparation/Extraction

113

these drugs to measure their total concentration
in the specimen, different enzymatic treatments
are used to liberate the analytes for detection.
Subtilisin Carlsberg is a protease enzyme used to
free strongly protein bound drugs that may be too
acid-labile for any other chemical procedure.
Enzyme is added to tissue homogenate or bio-
logical fluid, under optimized pH for enzymatic
activity, and heated at a set temperature for a
fixed incubation time interval. Time, tempera-
ture, and pH are set for complete liberation.
During Phase II metabolism many drugs form
glucuronides, sulfates, and other conjugates. This
is discussed in more detail in Chap. 7. These
bound drugs and metabolites can be liberated by
either chemical or enzymatic treatments. For
enzymatic treatment there are several sources of
sulfatase or beta-glucuronidase (e.g., bovine,
bacterial, molluscan, synthetic) which are used to
hydrolyze the sulfate and glucuronide bonds.
Again, time, temperature, pH, and concentration
are set to optimize activity and completely liber-
ate the drug. Analysis of separate aliquots of a
specimen with and without these treatments
allows for determination of free, bound, and total
concentration of the drug and/or metabolite in the
specimen. Determination of free, bound, and
total concentrations of drugs/metabolites in bio-
logical specimens can be of toxicological signifi-
cance and important for forensic interpretation as
to time of dosage in fatal overdose cases (i.e.,
opioids). Acute toxicities of opiates are corre-
lated with unconjugated opiate parent drug.
Although chemical hydrolysis (using acid or
alkali) of glucuronidated drugs can be achieved
fairly rapidly (often at elevated temperature) and
with limited expense, subsequent extracts may be
subject to reduced cleanliness. Drug stability
must also be considered due to the harsh condi-
tions that may be used. Enzymatic treatments
using beta-glucuronidases (e.g., Helix pomatia,
Patella vulgata, E. coli Type IX) may take longer
(several hours/overnight), require careful pH
control, but typically produce fewer co-extractive
interferences. More recently, recombinant beta-
glucuronidases have become available, permit-
ting deconjugation in as little as 30 min. However,
disadvantages of enzymatic deconjugation

include increased cost and limited shelf-life of
reagents. When deconjugation is performed prior
to extraction, the conditions used must be care-
fully considered prior to analysis. Chemical
deconjugation may require careful pH adjust-
ment prior to liquid-liquid or solid phase extrac-
tion. Although enzymatic reagents are removed
during traditional extraction techniques, special-
ized cartridge and plate-based devices are also
available for the removal of glucuronidase and

other large biomolecules from hydrolyzed
specimens.
Immunoassays

Some methods in toxicology such as immunoas-
says do not require a great degree of specimen
preparation. Enzyme-multiplied immunoassay
techniques (EMITs), enzyme-linked immunosor-
bent assays (ELISAs), and biochip array technol-
ogy fall into this category. In most instances
small volumes of specimen can be analyzed
directly following dilution, centrifugation, or fil-
tration. As long as matrix effects are evaluated as
part of method validation, specimens of accept-
able quality and integrity (i.e., valid as to pH and
lack of adulterants) can be analyzed without
extraction. This direct analysis with minimal
specimen preparation is a distinct advantage and
lends itself well to liquid specimens (e.g., blood,
urine, vitreous, etc.) but is less applicable for
more solid or semisolid specimens (e.g., decom-
posed blood, tissues, hair). If there is a matrix
issue, then an extraction technique may be
required to remove and concentrate the drug from
the specimen matrix and dissolve it in an aqueous
solution of the proper nature to complete the ana-
lytical determinations.

Protein Precipitation

Biological fluids and tissues vary considerably in
their protein content. Serum and plasma are
approximately 6% protein by weight while liver,
kidney, and heart can be more than 50% protein
by weight. Since there are significant concentra-
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tions of protein in these specimens, methods have
been developed to precipitate the proteins so they
can be separated out, allowing for better extrac-
tion and concentration of the drugs contained
within the specimen. Chemicals used to precipi-
tate proteins are listed in Table 9.1. Precipitation
is followed by separation. This can be achieved
by either centrifugation or filtration. The precipi-
tant can be washed to increase recovery of drugs.
Addition of an appropriate internal standard to
the biological fluid or tissue homogenate prior to
protein precipitation will account for drug recov-
ery through the process. Although organic sol-
vents (acetonitrile, acetone, methanol) are often
preferred for protein precipitation, not all sub-
stances are extracted efficiently using this tech-
nique. Use of cold solvent (stored in the freezer)
may improve the cleanliness and efficiency of the
precipitation.

A clear aqueous solution is often needed for
immunochemical or colorimetric/fluorometric
analyses. This may be achieved by protein pre-
cipitation. The acidity of Trinder’s reagent will
precipitate protein in serum or plasma while also
producing a visible purple color indicative of the
presence of salicylic acid. It is an easy qualitative
test for aspirin, which can also produce a quanti-
tative result with simple spectrophotometric
analysis of the supernatant. Hemolyzed blood
which is often received from autopsy cases may
be too dense and opaque for EMIT analysis.

Table 9.1 Protein precipitation agents

Chemical Procedure

Add 2 to 3 volumes of solvent
to one volume of biological
fluid.

Dissolve 5 g of ZnSO, in

100 mL water added to 43 mL
of methanol

1:10 dilution of concentrated
HCI1O, in water

10 to 15% TCA in water

Organic solvents
(acetone, acetonitrile
or methanol)

Zinc sulfate in
methanol

Perchloric acid

Trichloroacetic acid
(TCA)

Sodium tungstate and
sulfuric acid
Ammonium sulfate and
hydrochloric acid

10% Na,WO, in water with
3N H,SO,

Add solid (NH,),SO, to
preheated tissue homogenate,
complete precipitation with
3N HCl1

Simple protein precipitation and extraction with
acetone/methanol can produce an extract which
can be easily concentrated and rehydrated in
physiological buffer for drug screening.

The thermal and chemical stability of the ana-
lyte needs to be considered when choosing a
specimen preparation and/or method of analysis
with the corresponding specimen preparation
and/or extraction. If the drug is heat-labile or eas-
ily hydrolyzed by aqueous or alkaline conditions
then the appropriate protein precipitation method
should be employed, e.g., zinc sulfate/methanol
at room temperature. Alkaloids such as strych-
nine, quinine, various opiates, and some narcot-
ics will be not be degraded by moderate heating
and acid treatments to precipitate protein. Careful
consideration must be given to the limitations of
the methodology in detecting certain drugs when
applied to broad spectrum screening of numerous
classes of drugs versus focused analysis of a spe-
cific drug, metabolite or class of drugs. It is
essential that this be addressed and determined in
the validation of any toxicological method.

More recently, filter plates and cartridge-like
devices for protein precipitation and specimen
preparation are becoming more widespread.
Proteins and biomolecules are removed using
multi-layer filters of differing porosities.
Numerous commercial devices are available,
including some that are capable of separating
proteins, lipids, and surfactant interferences from
biofluids. These are particularly useful for LC-
MS based applications where matrix effects and
ion suppression must be closely evaluated.

Tissue Homogenization

Tissue specimens obviously require a great deal
of specimen preparation for analysis. Tissues are
homogenized with water or buffer in order to
break down the tissue matrix and facilitate the
release of drug. Depending on the density of the
tissue (e.g., liver versus hair, wet versus dry tis-
sue) this process may be more complex than
anticipated. Tissue homogenates are highly ame-
nable to liquid/liquid extraction techniques,
although careful attention is required to avoid the
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formation of an emulsion due to increased par-
ticulates. However, solid phase extraction can
also be utilized, typically following a protein pre-
cipitation step. A good homogenizer with an ade-
quate procedure to obtain a uniform homogenate
is important for all toxicological procedures.
Various approaches to homogenization are avail-
able, including ball mills, mechanical blades/
blenders, and paddle mixer-type devices.
Contamination and transfer of drug from one
specimen to another must be considered if equip-
ment comes into contact with more than one
specimen (i.e., blenders).

“Dilute and Shoot”

So-called “dilute and shoot” techniques have
been developed and used in forensic toxicology
for a wide range of analyses. As the name implies,
this methodology takes the liquid specimen and
dilutes it in a favorable solvent with addition of
the internal standard and then an aliquot of the
diluted specimen, fortified with internal standard,
is injected (“shot”) onto the analytical instru-
ment. There is really no extraction of the drug
from the biological matrix, and thus from the
other constituents or potential interferants. This
specimen preparation technique is often used
with  liquid chromatography-based tech-
niques (e.g., LC/MS, LC/MS/TOF). Using this
approach, centrifugation, filtration, and the use of
guard columns may be particularly important to
trap constituents from the matrix. Depending on
the mode of data acquisition (high-resolution
mass spectrometry, targeted MS/MS), the detec-
tion method may have sufficient specificity to
accommodate this type of primitive treatment.
The advantage of this technique is that it is fast,
inexpensive, and easy to perform. Disadvantages
include additional costs associated with LC col-
umn consumables, increased routine and preven-
tive maintenance, potential down-time associated
with repairs, and increased potential for interfer-
ences. These issues must be addressed and
resolved during method development and
validation.

Liquid/Liquid Extraction

Liquid/liquid extraction (LLE) is a time-honored
technique in forensic toxicology. Due to the
aqueous nature of the biological specimens that
we encounter (e.g., blood, urine, bile, vitreous,
tissue homogenate) it is a logical approach as it
requires very little sample pre-treatment. In some
instances, a single-step LLE of the analyte from a
pH-adjusted biological (aqueous) matrix into an
organic solvent is conducted. Drugs and metabo-
lites are apportioned between the aqueous and
the organic solvent based partially on its polarity.
Buffering or pH adjustment of the specimen will
allow for selectivity in the extraction technique
for ionizable (acidic or basic) drugs. Neutral
drugs, which remain uncharged at all pHs, can be
extracted with either an acidic or a basic extrac-
tion based on solvent solubility partitioning.
Table 9.2 lists common solvents that are used by
forensic toxicologists in various LLE schemes.

Solvent combinations can be used to increase
recovery of select drugs and metabolites and
enhance specificity. Nonpolar, organic solvents
such as petroleum ether and hexane work very
well extracting saturated hydrocarbons from
aqueous biological matrices but do not perform
well with water soluble, polar drugs. For exam-
ple, caffeine is more readily extracted with chlo-
roform than with diethyl ether since caffeine can
form a hydrogen bond from a donor solvent like
chloroform (Fig. 9.1a). Diethyl ether on the other
hand is incapable of any hydrogen donation as
with extracting phenol (Fig. 9.1b). Addition of
alcohols like isopropanol, isoamyl alcohol, or
butanol from 1 to 10% by volume with hexane
promotes hydrogen bonding with drugs by either
accepting or donating hydrogen atoms and thus
increasing extraction yield. Chloroform is less
preferable because it is partially converted to
phosgene, a very toxic and reactive substance.
Hydrogen bonding characteristics of common
solvent systems are also shown in Table 9.2.
Additionally, the overall tendency of a substance
to partition between aqueous and lipophilic
phases can be predicted by the octanol/water par-
tition coefficient (log P).
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Table 9.2 Chemical properties of organic extraction solvents
Density (g/ Boiling point g H,O/L Dielectric H Bond H Bond

Solvent mL) °C) saturation constant donor acceptor

n-Hexane 0.66 68 0.045 1.89 No No

Toluene 0.87 111 0.46 2.38 No No

1-Chlorobutane 0.89 78 0.90 7.4 No No

Chloroform 1.49 61 1.24 4.8 Yes No

Dichloromethane 1.34 40 11.9 9.08 No No

(DCM)

Ethyl ether 0.71 35 17.0 4.33 No Yes

Methyl-t-butyl ether 0.74 55 20.3 NA No Yes

(MTBE)

Ethyl acetate 0.90 77 294 6.0 No Yes

1-Butanol 0.81 118 170 17.8 Yes Yes

Isopropanol (IPA) 0.79 82 miscible 18.3 Yes Yes

Acetone 0.79 56 miscible 20.7 No Yes
Acetonitrile 0.79 80 miscible 37 Yes Yes
NA, not available
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Fig. 9.1 Illustration of drug interactions with solvents. (a) Caffeine with chloroform (b) Phenol with diethyl ether

Tonizable functional groups within the mole-
cule cause the drug to exist in either charged or
uncharged states. The extent to which this occurs
depends on the equilibrium association constant
(K,) as follows:

Ka

HA=H"+A"
I<b

BH" =H" +BH
K, +K, =14

As can be seen above, drugs bearing acidic
functional groups (e.g., carboxylic acids, phe-
nols) can exist as either uncharged (neutral) or
negative species. Conversely, drugs bearing basic
functional groups (e.g., amines) exist as either
uncharged or positive species. The uncharged
molecule, which is clearly less polar, will prefer-
entially partition into a nonpolar solvent, whereas
the charged species (positive or negative) will
prefer the more polar aqueous phase. This ten-
dency for “like dissolves like” is the basis for
LLE, whereby two immiscible solvents are used
to partition a substance between aqueous and
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organic layers. Adjustment of the specimen pH
using buffer, acid, or alkali influences the per-
centage of drug that is either charged or uncharged
in accordance with the Henderson-Hasselbalch
equation:

Acidic drugs:

He oK +1 [charged]
= og—— =
PE=pR, 08 [uncharged|

Basic drugs:

[uncharged ]
pH=pK, +log———=
: [charged]

Ampicillin, fluoroacetic acid, ibuprofen, indo-
methacin, ketoprofen, probenecid, salicylic acid,
and tetrahydrocannabinol metabolite all contain
carboxylic acid moieties. Acidic drugs with pK,’s
above a pH of 7 to 8 include barbiturates, phe-
nytoin, acetaminophen, phenolphthalein, dicou-
marol,  warfarin,  hydroxycoumarin,  and
tolbutamide. Differential extraction can be
accomplished based on the classification of the
analytes: strong acids (pK,’s of 1 to 5), weak
acids (pK,’s of 5t0 9), neutrals (no acidic or basic
moieties, extractable at any pH based on octanol/
water coefficient), weak bases (neutral below pH
5 or 6), strong bases (nonionized from pH 7 and
above), and amphoteric bases, which contain
both acidic and basic functional groups. Buffers,
which are naturally resistant to changes in pH,
are frequently used in LLE. Since specimen pH
can be widely variable for some matrices (e.g.,
urine), they ensure a more uniform extraction
pH. Buffers are prepared from a mixture of a
weak acid and its conjugate base, or weak base
and its conjugate acid. Common buffering sys-
tems and their effective pH ranges at 25 °C are
summarized in Table 9.3.

Application of a sequential extraction to sepa-
rate drug groups with different chemical moieties
is illustrated in Fig. 9.2. When screening speci-
mens for multiple classes of drugs and/or metab-
olites as in general unknown procedures, this
differential extraction will separate drugs into
acidic, basic, amphoteric, and water soluble frac-
tions from which individual drugs can be identi-

Table 9.3 Common buffers and their effective pH range
in order of increasing alkalinity

pH
Buffer Range
Acetate (e.g., sodium acetate/acetic acid) 3.6-5.6
Citrate (e.g., sodium citrate/citric acid) 3.0-6.2
Phosphate (e.g., mono and dibasic sodium 5.8-8.0

phosphate)
Bicarbonate (e.g., sodium carbonate/sodium  9.2-10.8
bicarbonate)

fied and quantified. Examples of different drug
classes based on their chemical structures are
illustrated in Fig. 9.3.

Due to the large number of substances with
nitrogen-bearing functional groups, the vast
majority of drugs of forensic interest are basic,
rather than acidic or neutral. Therefore, it is com-
monplace to combine acidic and neutral drugs in
a single LLE. In many instances, this can be
accomplished in a single step. However, LLE
approaches for basic drugs often include a “back
extraction”, which is discussed in more detail
below.

The purpose of the extraction is to remove the
analytes from impurities and interfering sub-
stances in the biological matrix, while concen-
trating the analytes into a smaller volume which
can be analyzed. Partitioning the analytes in
either an aqueous or an organic phase is critical
for subsequent analysis based on the methodol-
ogy employed. Direct analysis of aqueous frac-
tions is readily performed using
spectrophotometric techniques (ultraviolet or
fluorometric), immunochemistry (EMITs or
ELISAs), or LC-based techniques. Organic frac-
tions can be further concentrated with evapora-
tion techniques to produce a smaller volume, or
residue which can be reconstituted in another sol-
vent. This process is particularly amenable to
chromatographic techniques (e.g., TLC, GC, CE,
or LC). Dried extracts can also be dissolved in
various solvents and derivatized if necessary.
This is discussed in more detail in Chap. 12.

The significance of the Henderson-
Hasselbalch equation is to adjust the extraction
pH to produce predominantly uncharged, organi-
cally soluble forms of the drug and/or metabo-



118 K. E. Ferslew
SPECIMEN
-0.1 volume 3N H,PO,
-3-6 volumes MTBE
AQUEOUS
ORGANIC
- Adjust to pH 9
- pH 6 buffers
-5% IPA in DCM
] [ ]
ORGANIC AQUEOUS
ORGANIC AQUEOUS i
. (amphoteric bases) -pH 12
-0.1 N NaOH (strong acids) i
(weak bases) -5% IPA in DCM
[ I
[ ] [ ]
ORGANIC AQUEOUS ORGANIC AU EOLS
X (water soluble
(neutrals) (weak acids) (strong bases) )

H;PO, — phosphoric acid; NaOH — sodium hydroxide; DCM — dichoromethane; IPA — isopropyl alcohol

Fig. 9.2 Fractionation scheme for the separation of organic drugs according to acidity/alkalinity

lites so that they will preferentially partition into
the organic solvent from the aqueous specimen.
Acidic drugs (e.g., barbiturates) are uncharged in
acidic solutions, while basic drugs (e.g., amphet-
amines) are uncharged in alkaline solutions. In
accordance with the Henderson-Hasselbach
equation, when the pH is adjusted two units
above or below the pK,, the ratio of uncharged to
charged species is 100:1 for basic and acidic
drugs, respectively.

Some drugs and metabolites contain two or
more ionizable functional groups. Salicylic acid
(Fig. 9.3) contains two acidic functional groups,
a phenol (pK, 12.5) and a carboxylic acid (pK,
4.5). The functional group with the smallest pK,
value will dissociate first, so it is the carboxylic
acid that is most critical when determining the
optimum extraction pH using LLE However,
some drugs containing both an acidic and a basic
functional group are considered amphoteric (e.g.,
morphine and benzoylecgonine, a metabolite of
cocaine). Morphine has a phenolic moiety which
ionizes above a pH of 10, and a tertiary amine
which ionizes below a pH of 8. For drugs that

carry multiple charges, the isoelectric point (iso-
electric pH) is the average of the pK, values.
Therefore, the optimum extraction pH for mor-
phine by LLE is pH 9, where the positive and
negative charges are balanced. Benzoylecgonine
is so polar it is always ionized and therefore a
“zwitterion” or internal salt between a pH of 7
and 8 (Fig. 9.3). It should be noted that although
the positive and negative charges of an ampho-
teric drug are balanced (net zero charge) at the
isoelectric point, the functional groups are still
charged, potentially decreasing extraction effi-
ciency into an organic solvent. For this reason,
solid phase extraction is particularly advanta-
geous for amphoteric drugs.

There are several issues that can cause prob-
lems with LLE. Since excessive adjustment of
pH does not increase the extraction yield of acids
or bases, stay within 2 pH units of the pK, of the
analyte for best recovery. Substituting 2N sodium
hydroxide for 0.1N, or 6N sulfuric acid for 0.1N
does not further increase extraction yield.
Furthermore, not all drugs are stable at extreme
pH. Strong alkalization of norpropoxyphene
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causes rearrangement to an amide and cocaine
(and other drugs bearing an ester) convert into
their respective carboxylic acids. Ammonium
hydroxide does not alkalinize blood or other bio-
logical fluids as well as sodium hydroxide. Strong
acids and bases can also cause emulsification
problems when added to biological fluids.

While neutral drugs can be extracted at any
pH value from 1 to 14 in an unionized form, other
contaminants may also be extracted which can
interfere with the analysis of the drugs. Acidic
fractions will contain fatty acids from glyceride
hydrolysis and neutral fractions will contain
glycerides, cholesterol, and cholesterol esters.

Solvent extraction followed by “back extraction”
into the aqueous phase and then re-extraction
with solvent will eliminate neutral biological
constituents. During the extraction of basic drugs
at alkaline pH, the organic fraction containing the
drug may be acidified. This forces basic drugs
back into the aqueous fraction, allowing the
organic layer to be discarded. Following re-
alkalinization, basic drugs can be repartitioned
back into the organic layer. Differential extrac-
tion/back extraction will always result in a
cleaner final fraction than a single step or single
phase extraction, but extraction efficiency may be
reduced due to potential loss from additional
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steps in the procedure. Natural pigments, food
additives, dyes, phthalates, and solvent impuri-
ties account for a majority of the interfering sub-
stances and extraneous peaks in chromatograms.

Hydrochloride salts of many drugs are soluble
in chloroform, 1-chlorobutane, and dichloro-
methane.  Hydrochloride salt  partitioning
increases proportionally with the hydrocarbon
content of the solvent. Acidic extractions are best
performed with methyl t-butyl ether (a proton-
accepting solvent) when back extracting from
chloroform or dichloromethane, followed by
dilute sulfuric or phosphoric acid versus hydro-
chloric acid, so that the resulting salt is less solu-
ble in the organic solvent. It is wise to note that
phenothiazines such as thioridazine and other
high molecular weight drugs will form hydro-
chloride salts that are solvent soluble. Therefore,
sulfuric and phosphoric acids should be used in
back extractions from solvents to produce less
organically soluble salts.

There are many nuances that occur with dif-
ferent toxicological analytes based on the ana-
Iyte’s chemistry and the specifics of the LLE
procedure. It is critical to follow procedures
exactly as stated in the validated methodology for
good analytical results. The devil is in the details.

Risk factors and cost should be considered
when selecting solvents for LLE. Diethyl ether
has an unpleasant odor, high volatility/flamma-
bility and can produce reactive peroxides. Known
carcinogens such as benzene should not be used.
Other chlorinated hydrocarbon solvents such as
chloroform, dichloromethane, and butylene chlo-
ride have varying potentials for carcinogenicity.
Dichloromethane with 5 to 10% isopropanol is
preferable to chloroform based on contaminants
in chloroform and its high degree of toxicity.
Minimization of the amount of solvent used,
proper storage, handling, venting, and disposal
are critical for safe and economical use of these
solvents in the toxicology laboratory.

The octanol/water partition coefficients for
drugs indicate the degree of lipophilicity to
hydrophilicity and therefore the extent of polarity
for a drug. While biological fluids are not pure
solvent systems, but also include carriers and
molecular partitions, logP values can help predict

the solubility of the drug between organic and
aqueous phases. Recoveries of both very polar
and nonpolar drugs using different solvents with
different polarities and dielectric constants are
given in Table 9.4. Selective extraction with
increased yields can therefore be obtained with
the optimal combination of solvents.

There are distinct advantages and disadvan-
tages to single-step LLEs versus multi-step LLEs
or extractions/back extractions. With preferential
solvent to biological fluid ratios from 5:1 to 10:1,
single-step LLEs may have a recovery yield of
70% or better, but there will also be extraction
and concentration of soluble artifacts or matrix
components/contaminants.  Differential back
extraction can be selective for either acids or
bases and reduce the volume thus miniaturizing
the procedure while concentrating desired ana-
lytes over artifacts/contaminants. While there
may be loss of recovery of the analyte with each
additional step, increased purity of the extract is
obtained and is beneficial from the standpoint of
potentially interfering substances. This should be
considered with very high potency drugs, where
detection of sub-nanogram per milliliter concen-
trations may be needed (i.e., fentanyl, buprenor-
phine, novel psychoactive substances (NPSs)).

Solid Phase Extraction

Limitations in LLE techniques have brought
about the development of new and more conve-
nient methodologies to extract, isolate, purify,
and concentrate analytes. Solid phase extraction
(SPE) is a specimen preparation process whereby
the analytes that are dissolved or suspended in a
liquid mixture are partitioned between a liquid
and a solid (stationary) phase. Separation is still
achieved based upon the distinct physical and
chemical properties of the drug that dictate
adsorption, solubility, binding, and electrostatic
interactions. SPE can be applied to any biological
fluid or tissue homogenate. The affinity of the
analytes dissolved or suspended in the liquid
phase for a solid stationary phase (through which
the liquid passes) is the basis for separating the
various analytes from the other undesirable com-
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ponents in the mixture. The stationary phase can
retain either the desired analytes or the undesired
artifacts/contaminants, producing the separation
with either collection of the initial diluent or elu-
tion of the analytes from the stationary phase
with an appropriate elution solvent. Different
separation chemistries can be employed with
these SPE techniques to extract various drugs and
metabolites from biological specimens. These
chemistries include normal phase, reverse phase,
and ion exchange (both anion and cation) modali-
ties. Some commonly employed column sorbents
are listed in Table 9.5.

Several commercial companies offer manu-
factured SPE columns in a number of different
sizes, shapes, and configurations packed with
various stationary phases including ion exchange
resins, XAD resins, and purified silica gel. Silica
(SiO,) is the most common stationary phase in
traditional SPE columns. Advanced production
processes produce a silica with uniform particle
shape, size, and inactivation (e.g., spherical, 10
micron, and chemically inactivated silol sites (Si-
OH)). This purified silica is covalently bonded
with hydrocarbon chains (e.g., C8 or C18), phe-
nyl groups, polar groups, as well as anionic or
cationic exchange sites to create an SPE cartridge
to selectively extract whatever analyte(s) is/are
desired. “Mixed bed” or “copolymeric” columns
can be used to extract acidic, basic, and neutral
drugs and metabolites all in one procedure which
is very applicable for general screening for a
broad spectrum of toxicological unknowns.

remove impurities/contaminants, dry column
with air or nitrogen, and elute analytes with elu-
tion solvent. Multiple solvents can be used to
rinse polar and nonpolar impurities from the col-
umn. Solvents can migrate through the SPE col-
umn by gravity, under vacuum, positive pressure,
or by centrifugation. Although traditional silica-
based SPE columns require solvation prior to the
addition of a specimen, polymeric sorbents do
not require this. Sorbents in polymeric SPE car-
tridges appear disc-like, rather than silica-based
columns that contain a much larger volume of
sorbent. For this reason, flow rates using poly-
meric SPE are often faster when using complex
biological matrices, and smaller solvent volumes
may be utilized.

Solid phase extraction is amenable to automa-
tion, which may be highly desirable in high
throughput laboratories. Miniaturization of the
SPE column to mini-columns/cartridges and
even pipette tips allows for use of reduced speci-
men volume as well as solvents. These miniatur-
ized techniques fit very well with ethanol and
volatile analyses as well as mass spectrometric
techniques (e.g., GC/MS and LC/MS). SPE
plates are also available in 96-well configura-
tions. Without sample pre-treatment (i.e., dilu-
tion, centrifugation, filtration, or protein
precipitation), viscosity and density of the bio-
logical fluid can be a problem and/or limitation in
application of this technique to forensic speci-
mens. It is critical that the extraction capacity of
the SPE column be confirmed in the validation of

General steps used with SPE columns are: sol- the method, especially with quantitative
vate/wet column with methanol, rinse with water  analyses.
and buffer, load specimen on column, wash to
Table 9.5 Sorbents for solid phase extraction (SPE)
Reverse phase/
hydrophobic Normal phase/hydrophilic = Copolymerized Cation exchange Anion exchange
(0% Silica Cg/Benzenesulfonic acid ~ Propylsulfonic acid Aminopropyl
Cis Dimercaptotriazine Cg/Aminopropyl Carboxylic acid Diethylamino
Florisil Benzenesulfonic acid  Quaternary
amine
Cyanopropyl Triacetic acid Polyimine
Alumina (acidic, basic,
neutral)

Carbon
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The overall principles by which the drug
adheres to the stationary phase are similar to
those described for LLE. Polar/nonpolar and
ionic interactions determine the extent to which
the drug interacts with the solid phase, or the lig-
uid (mobile) phase. One notable exception
between the two extraction techniques is that
SPE can exploit both “like attracts like” and
“opposites attract” type interactions.
Incorporation of charged species on the station-
ary phase (e.g., sulfonic acids, quaternary amines)
can be used to selectively adsorb basic or acidic
species. Provided that the specimen and rinse
steps are performed at a pH that maintains the
charge on the functional group, the drug will be
retained on the column. Conversely, an adjust-
ment in pH to eliminate the charge can be used to
elute the drug from the column. Due to the fact
that ionic interactions are stronger than either
hydrogen bonding or dipole-dipole interactions,
careful attention to elution solvent composition
(and volume) is required during method
development.

Supported Liquid Extraction
and Specialized Specimen Clean Up

There is a need for “better, faster, cheaper” tech-
niques to clean up specimens for toxicological
analysis. While simultaneously achieving all
three characteristics may not be possible, use of
multiple technologies may get toxicologists a
step closer. Specimens can be quickly filtered
through specialized cartridges which will remove
lipids, proteins, and artifacts so that a filtrate can
be directly analyzed. Cost for use of the cartridge
is often offset by the ease and speed of the proce-
dure, reduced solvents and supplies, and
increased productivity. Combination of LLE
chemistries with a SPE column in a supported
liquid extraction (SLE) will provide specimen
clean up while also increasing extraction effi-
ciency of the analytes from the matrices. This
combination eliminates emulsion formation and
precipitation that may occur with standard
LLE. While separation using SLE still relies
upon differential solubility, the physical nature of
the technique offers distinct benefits, including

potential for automation and 96-well plates for
high volume testing. Other specialized specimen
clean up devices are also available, including car-
tridge and plate-based consumables for the
removal of proteins, lipids, surfactants, and
enzymes. Although this increases consumable
costs associated with specimen preparation, this
approach is gaining in popularity.

Solid Phase Microextraction

Solid phase microextraction (SPME) is another
technique that can be applied to ethanol, volatile
substances, and drugs in biological specimens.
The main differences between SPE and SPME
are the size of the sorptive surface and the appli-
cation of the biological specimen to the extract-
ing material. SPE uses a relatively larger sorptive
surface area and extraction from applied liquid
samples; SPME uses a relatively smaller sorptive
surface area and the sorptive fiber adsorbs ana-
lytes from gaseous, liquid, or semi-solid samples
upon exposure. Analytes are adsorbed to the
coating of the fiber when exposed to the speci-
men, either directly (e.g., urine or blood) or indi-
rectly (e.g., head space or gas). The extent of
extraction within a set time of exposure is pro-
portional to the concentration of the analyte in
the specimen. Once equilibrated, the fiber can be
transferred to the sampling system for chromato-
graphic (e.g., GC or LC) or immunochemical
analysis. Analytes are desorbed from the fiber by
exposing it in the injection port of the GC or in an
SPME/LC interface desorption chamber. Fiber
coating can be selective for specific types of ana-
lytes based on the polarity and molecular weight
of the analyte. Analytes include but are not lim-
ited to gases and small molecular weight com-
pounds, volatiles, amines/nitro-aromatic
compounds, alcohols/polar compounds, polar/
semi-volatiles, nonpolar large molecular weight
compounds, and amines/polar compounds. The
range of specificity of fibers/sorbents for analytes
is given in Table 9.6. Miniaturization of the
SPME is very applicable to today’s GC/MS, LC/
MS, and immunochemical analytical techniques,
and has a distinct advantage with automation for
increased efficiency and productivity.
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Table 9.6 Solid phase microextraction (SPME) fibers/sorbents

Fibers/sorbents
Carboxen/polydimethylsiloxane
Polydimethylsiloxane
Polydimethylsiloxane/divinylbenzene
Polyacrylate

Carbowax
Polydimethylsiloxane/divinylbenzene
Polydimethylsiloxane

QuEChERS

“QuEChERS” is an acronym for quick, easy, cheap,
effective, rugged, and safe sample preparation and
extraction techniques. QUEChERS is pronounced
“catchers”. The methodology was first developed
for pesticide residue analysis in foodstuffs by
Anastassiades, Lehotey, et.al. in 2003 and coined
QuEChERS by Schenck and Hobbs in 2004. Basics
of the extraction combines a liquid extraction/parti-
tioning from the hydrated or homogenized speci-
men into acetonitrile, then phase separation with
addition of anhydrous magnesium sulfate and
sodium chloride and centrifugation. Excessive
amounts of these chemicals “salt out” matrix con-
stituents and trap water. The primary extract is then
cleaned up with addition of a dispersive (loose)
solid phase extraction media (dSPE) and primary
secondary amine (PSA) sorbent to further remove
interferants. Centrifugation then produces a clean
organic extract which can be pipetted into an appro-
priate vial for a wide variety of chromatographic
analyses, be it GC/MS, LC/MS/MS, LC/MS/TOF
or any other method of analysis (e.g., GC with
NPD, FID, or ECD or LC with UV or FL).

There are a number of different modifications to
the QUEChERS approach, but all methods consist
of these fundamental steps. The method uses mini-
mal reagents, disposable labware, and routine lab
equipment (pipettes and centrifuge) while produc-
ing a relatively small amount of nontoxic waste.
The simple solvents and dry chemicals/media/sor-
bent allow for commercial application and packag-
ing of the needed supplies to perform the complete
extraction from specimen to analysis on the analyti-
cal instrument. The methodology is also very easily
adaptable to either low volume, hands on extrac-
tions or high volume, mechanically automated

Types of analytes best used for

Gases, low molecular weight compounds
Volatiles

Volatiles, amines, nitro-aromatic compounds
Polar, semi-volatiles

Alcohols, polar compounds

Amines, polar compounds

Nonpolar, large molecular weight compounds

applications. Standard QuEChERS extraction
methods are the basis of the Association of
Analytical Communities AOAC 2007.01 and the
European Standard EN 15662.2008 methods for
the analysis of pesticide residues in plant food-
stuffs. Modification of some buffering salts in the
primary extraction with acetonitrile and addition
of other sorbents with the clean up have been
researched to improve the extraction of a wide
range of drugs. Application of this technique has
therefore been very well suited for forensic speci-
mens of biological matrices such as whole blood
and homogenates of putrefied tissues which are
the foundation of many postmortem toxicology
cases.

Esoteric Isolation/Extraction
Techniques

Some esoteric isolation techniques such as micro-
wave extractions, soxlet extractions, countercur-
rent distribution, steam distillations, vacuum
distillations, and Stas-Otto procedures are beyond
the scope of this basic principles chapter. A vast
assortment of techniques can be used to isolate/
extract various potential analytes from the large
array of biological matrices. There is no single
method to isolate/extract every toxicological ana-
lyte we may be faced with, but all procedures can
be properly developed, validated, and applied to
insure quality results.

Final Thoughts

There is no one method used to analyze all drugs
or toxins. Just as there are “mutiple ways to skin
a catfish”, there are mutiple ways to analyze a
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specimen for a drug. All specimen preparation
techniques have advantages and limitations. Each
area of forensic toxicology has a different focus
and therefore may use different methods and pro-
cedures. Regardless of the methodologies used or
the extent of their application (i.e., qualitative ver-
sus quantitative, screening versus confirmation, or
even stand-alone quantitation of a single analyte)
proper specimen handling and extraction is essen-
tial for valid analytical results. Remember, what
goes in affects what comes out.

Appendix 1

Buffer solutions?®
Buffer pH
Acetate 4.8

pH Range
3.6-5.6

Reciepe

4.789 g Na acetate
(anhydrous)

2.498 g Acetic acid
4.35 g Na bicarbonate
5.115 g Na carbonate
(anhydrous)

12.044 g Na citrate
dihydrate

11.341 g Citric acid
20.209 g Na
phosphate dibasic
3.394 g Na phosphate
monobasic

2All buffers 0.1 M at 25 °C Dilute in 800 mL of deionized
water. Adjust pH with 1 M HCI or NaOH as appropriate

Bicarbonate 9.9 9.2-10.6

Citrate 6.0 3.0-5.6

Phosphate 74 5.8-74
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Abstract

Ultraviolet (UV) and visible spectrophotome-
try have been utilized in forensic toxicology
for both qualitative and quantitative analysis.
Lambert discovered that for monochromatic
radiation, absorbance was directly propor-
tional to the path length of the incident light
through the material. Beer (1797-1850)
expanded Lambert’s work by studying the
relationships between concentrations of a sub-
stance in solution and found that the same lin-
ear relationship existed between concentration
and absorbance as Lambert had found between
thickness and absorbance. The Beer-Lambert
law is the basis for quantitative analysis using
UV and visible spectrophotometry. Color tests
involve the reaction of a specimen, a protein-
free filtrate, or an extract with a reagent or a
series of reagents to produce a color or change
in color. Besides color tests, another use of
spectrophotometry in forensic toxicology is in
the detection systems of a number of commer-
cially available immunoassays. Many immu-
noassays involve the conversion of a substrate
by an enzyme into a product that causes either
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an increase or a decrease in absorbance at a
particular wavelength.

Keywords

Spectrophotometry - UV-VIS - Forensic
toxicology

Introduction

Ultraviolet (UV)-visible spectrophotometry is
one of the most useful and widely used tools
available for quantitative analysis.
Characteristically, this technique has broad appli-
cability to both organic and inorganic systems,
moderate to high selectivity, sensitivities that are
typically in the 10~ to 10~ M range, reliable
accuracy with typical relative uncertainties in the
range of 1-3%, and convenient methods of data
acquisition.

The principle of operation for UV-visible
spectrophotometry is based on two phenomena:
(1) substances selectively absorb or emit electro-
magnetic energy at different wavelengths, and (2)
the energy absorption properties of a substance
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can be used to measure the concentration of the
substance in solution. Before continuing, a
review of electromagnetic radiation is in order.

Electromagnetic Radiation

Electromagnetic radiation shows both wave and
particle characteristics, depending on how the
radiation is observed. As a wave, electromagnetic
radiation is composed of an electric field compo-
nent and a magnetic field component (Fig. 10.1).

Electromagnetic radiation differs from other
types of waves in several important respects.
Familiar waves such as sound waves and water
waves exist only by virtue of the media in which
they exist, whereas electromagnetic waves can
travel in a vacuum. Sound waves traveling
through a gas consist of alternating zones of com-
pression and rarefaction, and the molecular dis-
placements that occur are in the direction that the
waves travel. An electromagnetic wave is very
different. Because it can travel through a vacuum,
the medium is not essential. When such a wave
comes in contact with matter, important
interactions affect the wave and the material. The
radiation couples with the medium, and how this
occurs is best considered by referring to Fig. 10.1,
which shows that the wave has two components:
(1) an electric field and (2) a magnetic field.
These components are in two planes at right
angles to each other. A given point in space expe-
riences a periodic disturbance in electric and
magnetic fields as the wave passes by. A charged
particle such as an electron couples its charge
with these field fluctuations and oscillates with

propagation
direction

Fig. 10.1 Representation of electromagnetic radiation as
a wave. (E = electric; M = magnetic)

the frequency of the wave. In other words, at the
proper wavelength, an electron will interact with
the electromagnetic wave and absorb energy.
Conversely, an oscillating electron induces elec-
tric and magnetic fields and will also generate an
electromagnetic wave or light.

Electromagnetic radiation is characterized by a
wavelength (A) and a frequency (v). These two
physical quantities are related to the velocity of light
(c) by the equation Av = c. The velocity of light is a
constant in a vacuum (2.99792 x 10® m/s). Various
wavelengths and the types of interactions produced
in atoms and molecules are given in Table 10.1.

The wave model fails to account for phenom-
ena associated with the absorption and emission
of electromagnetic energy. These processes can
be better explained with a model in which elec-
tromagnetic radiation is viewed as a stream of
particles or energy packets, known as photons.
The energy of a photon is proportional to the fre-
quency of the radiation. This relationship is given
by the Bohr equation E = ho = hc/A, where E is
the energy, h is Planck’s constant (6.62618 x 1073
Js), v is the frequency of the radiation in hertz
(Hz), c is the speed of light, and A is the wave-
length in meters. These dual views of electro-
magnetic radiation as waves and particles are

Table 10.1 Electromagnetic spectrum

Frequency
Type of Wavelength  Type of
radiation Range (Hz) range transition
Gamma- 10%°-10* <10-”?m  Nuclear
rays
X-rays 107-10*  10°—10"" m Inner
electron
Ultraviolet 105-10;;  400-1 x 10=° Outer
m electron
Visible 4-75x%x 10" 750~ Outer
450 x 10 m electron
Near- 1" =il 2.5x 10°°~ Outer
infrared 750 x 10° m electron
vibrations
Infrared 10"-10" 25-2.5x 10~° Molecular
m vibrations
Microwaves  10°-10' 1.0 x 103~ Molecular
25x 10°m rotations,
electron
spin flips
Radiowaves 10°-108 >1 x 10 m Nuclear
spin flips
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complementary, not mutually exclusive, and this
behavior has since been applied to other elemen-
tary particles such as electrons, neutrons, and
protons.

The Laws of Lambert and Beer

The absorbance of light by materials was first
explored by the German mathematician Johann
Heinrich Lambert (1728-1777). Lambert discov-
ered that for monochromatic radiation, absor-
bance was directly proportional to the path length
of the incident light through the material. He for-
mulated this discovery into Lambert’s law: The
proportion of radiation absorbed by a substance is
independent of the intensity of the incident radia-
tion. This means that each successive layer having
a thickness of dx of a medium absorbs an equal
fraction —dI/I of the radiant intensity incident
upon it. Mathematically this is represented as

_dr_
I

bdx (10.1)

where b is a constant. Integration of this equa-
tion for a passage of light for a distance of / pro-
ceeds as follows:

dl !
—=-b 10.2
= b fix (102)

0

or

Inl=-bl+g (10.3)

where g is an integration constant. Using the
boundary condition that / = [, when [ = 0 where [,
is the intensity of radiation before passage
through the medium, g can be evaluated as

g=Inl, (10.4)
Substitution back into Eq. (10.3) gives
In/ =-bl+Inl, (10.5)
or
lnIT0 =bl (10.6)
or

I=I,¢" (10.7)
Using the more customary common loga-
rithms, Eq. (10.7) is expressed as follows:

logl, /I =bl/2303=A (10.8)

where A is the absorbance. Absorbance has
also been referred to as “extinction” or “optical
density.” The two terms are archaic, and their use
is discouraged by the International Union of Pure
and Applied Chemistry (IUPAC).

Transmittance (7) is the ratio of the intensity
of the transmitted radiation to the incident
radiation:

r=L (10.9)
IO

Substituting transmittance into Eq. (10.8)
gives

Io I _ A (10.10)

g T .

The German astronomer Wilhelm Beer (1797—-

1850) expanded Lambert’s work by studying the

relationships between concentrations of a sub-

stance in solution and found that the same linear

relationship existed between concentration and

absorbance as Lambert had found between thick-

ness and absorbance. For a substance in solution

at concentration ¢, Beer’s law states that

1
logF:A:constxconc (10.11)
The Lambert-Beer law combines Egs. (10.8)
and (10.11) to give

A=logl,/I=gcl (10.12)

where A is the absorbance, e is the molar
absorptivity, c is the concentration of the solution
in mol/L, and [ is the path length of light through
the solution. The molar absorptivity constant, e,
is a proportionality constant with units of L cm™!
mol~! and is characteristic of the substance
absorbing the light and of the wavelength.

This relationship indicates that the absorbance
of a solution is linearly related to the concentra-
tion of the absorbing species and that quantifica-



130

K. Cole and B.S. Levine

0.13
0.11 /

/
/
/
/

0.03 7/
0.01

0.09
0.07
0.05

Absorbance

0 0.05 0.1 0.15 0.2
Concentration (mol/L)

Fig. 10.2 Example of a Beer-Lambert law plot

tions may be made by plotting concentration of a
solution versus absorbance (Fig. 10.2).

The linearity of the Beer-Lambert law is lim-
ited by chemical and instrumental factors. Causes
of nonlinearity include deviations in absorptivity
coefficients at high concentrations (>0.01 M) due
to electrostatic interactions between molecules in
close proximity, scattering of light due to particu-
lates in the sample, fluorescence or phosphores-
cence of the sample, changes in the refractive
index at high analyte concentration, shifts in
chemical equilibria as a function of concentra-
tion, nonmonochromatic radiation, and stray
light. Deviations can be minimized by using a
relatively flat part of the absorption spectrum
such as the maximum of an absorption band.

Instrumentation

Instruments for measuring the absorption of UV
and visible radiation are generally composed of
one or more light sources, a wavelength selector,
sample container, detector, signal processor, and
readout devices. Some of these components are
discussed below.

Sources

It is important in UV and visible spectrometry to
use a continuum source whose power does not
change over a considerable range of wavelengths.
For the UV range of 160-375 nm, the source is
usually a hydrogen or deuterium discharge lamp.

These lamps use an electrical arc to produce
excited molecules, which then dissociate into two
atomic species plus UV photons. As such, these
lamps require a regulated power supply to main-
tain a constant intensity of light.

The tungsten filament lamp is the most com-
mon source of visible and near-infrared radia-
tion. This lamp will produce most of its energy
in the infrared region, producing usable visible
light in the 350-2000 nm range. The lower limit
of 350 nm is usually imposed by the absorption
of radiation by the glass housing of the lamp.
Modern instruments commonly use a tungsten/
halogen lamp as the visible light source. The
lifetimes of these lamps are nearly double those
of tungsten lamps. Due to the high operating
temperatures of  tungsten/halogen  lamps
(~3200 °C), they are usually made of quartz.
These lamps use a small amount of iodine that
reacts with the gaseous tungsten that sublimes
from the filament and assists in redepositing the
tungsten onto the filament. These lamps are
more efficient and have an output range well
into the UV range.

Wavelength Selectors

Wavelength selection is accomplished with a
monochromator. A modern monochromator con-
sists of an entrance slit to provide a rectangular
optical image from the source, a collimating lens
or mirror to produce a parallel beam of radiation,
a prism or a grating to disperse the radiation into
its component wavelengths, a focusing element
to reform the image of the entrance slit and to
focus the light, and an exit slit that isolates the
desired spectral band.

Two types of dispersing elements are found
in monochromators: reflection gratings and
prisms. In a prism monochromator, refraction at
the two faces results in angular dispersal of the
radiation. A reflection grating monochromator
has a reflective surface onto which small grooves
have been evenly etched. Light entering the
monochromator strikes the grating at an angle
and is dispersed. The grating offers advantages
over a prism in that it gives linear wavelength
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dispersion along the focal plane of the light,
whereas a prism gives greater dispersion at
shorter ~ wavelengths  than at  longer
wavelengths.

Sample Cell

In any type of spectroscopy, the cells or cuvettes
that hold the sample and solvent must be con-
structed of a material that is nearly transparent to
the radiation in the spectral region of interest. For
observing samples in the UV range (below
350 nm), a cuvette made of quartz or fused silica
is desired. Both of these materials are transparent
in the UV and visible range. Silicate glass and
some plastics can be used in the visible range
above 350 nm. The most common cell length for
measuring absorbance in the UV and visible
regions is 1 cm. Matched and calibrated cuvettes
are available from several commercial sources.
Cuvettes must be treated carefully: The use of
unmatched cuvettes or the presence of finger-
prints, grease, or other deposits on the walls of
the cuvettes will dramatically decrease the qual-
ity of the absorbance data.

Detectors

For UV-visible spectrometry, the detector usually
consists of a photon transducer. These detectors
usually have an active surface capable of absorb-
ing radiation that causes a photocurrent or
enhances conductivity.

Several types of photon transducers are used
in UV-visible spectrometry: photovoltaic or
barrier-layer cells, phototubes, photomultiplier
tubes, and silicon photodiodes. The photovoltaic
cell usually consists of a copper or iron electrode
that has a layer of a semiconducting material
(e.g., selenium) and a layer of gold or silver on
the outer surface of the semiconductor. Light
striking the photovoltaic cell generates a current
at the interface of the semiconductor layer and
the metal. A typical cell has a maximum sensi-
tivity around 550 nm, with the response falling
to around 10% of the maximum around 350 and

750 nm. The photocurrent produced is directly
proportional to the number of photons that strike
the semiconductor surface (typically
10-100 pA). This type of detector is rugged and
inexpensive and requires no external electrical
source. Yet this detector also has several disad-
vantages. Due to the cell’s low internal resis-
tance, it is difficult to amplify its output, thus
producing lower sensitivity at low levels of
transmittance. In addition, the cell exhibits
fatigue—its output decreases gradually during
continued illumination.

The phototube is a vacuum tube that consists
of a semicylindrical cathode and a wire anode.
The inner surface of the cathode supports a layer
of photoemissive material that ejects electrons
when struck by radiation. When an electric poten-
tial is applied across the electrodes, electrons
ejected from the photoemissive surface flow
toward the anode, resulting in a photocurrent.
The photocurrent is about one-tenth that pro-
duced by a photovoltaic cell, but because of the
phototube’s high electrical resistance, signal
amplification is readily accomplished, accelerat-
ing the electrons that are ejected from the photo-
emissive surface. When an electron strikes the
dynode, several electrons are ejected. This pro-
cess is repeated with subsequent dynodes pro-
ducing a cascade of electrons that is finally
collected at the anode. It is common for a photo-
multiplier to generate a cascade of >10° electrons
for every incident photon.

A major improvement in detector technology
occurred with the photodiode array. In this detec-
tor, the photosensitive elements are small silicon
photodiodes. Each diode has a dedicated capaci-
tor and is connected to a switch register. These
capacitors are charged to a specific level; when
the diode is impinged by photons, the capacitors
are discharged. The capacitors are then recharged
at regular intervals. The amount of charge needed
to recharge each capacitor is directly proportional
to the light intensity.

A recent innovation in the detection system
is the charge-coupled device (CCD) array. Like
the diode-array detector, the CCD is capable of
simultaneously measuring absorption at a range
of wavelengths. CCDs are multi-channel silicon
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array detectors in which photosensitive semi-
conducting silicon pixels collect incident light
and transfer this charge in a stepwise process.
Whereas a diode-array detector uses 512 or
1024 photosensitive diodes, a CCD uses 2048
pixels.

Instrument Configurations

Figure 10.3 is a schematic of a single-beam
UV-visible  spectrophotometer.  Single-beam
instruments vary widely in their complexity and
performance characteristics. A very simple instru-
ment may consist of a battery-powered tungsten
bulb source, a set of glass filters to select wave-
lengths, test tubes for cuvettes, a phototube detec-
tor, and microammeter for readout. A more
sophisticated instrument may be a computer-con-
trolled instrument with a range of 200-1000 nm
or more. These instruments consist of inter-
changeable tungsten/deuterium lamp sources,
high-resolution grating monochromator, rectan-
gular silica cuvettes, a photomultiplier detector,
and digitized output to permit storage and presen-
tation in a variety of forms. Single-beam instru-
ments have the inherent advantages of greater
energy throughput, superior signal to noise ratios,
and less cluttered sample compartments.

Many modern spectrophotometers are based
on a double-beam design. Fig. 10.4 illustrates a
typical double-beam instrument. In this instru-
ment, the beam emerging from the monochroma-
tor is split by a mirror. One beam passes through
the reference solution to a detector, and the sec-
ond beam simultaneously passes through the sam-
ple of interest into a second matched detector. The
two detector outputs are amplified and their ratio
determined electronically and displayed by the
readout device. Double-beam instruments com-
pensate for fluctuations in the output of the source
and variations in source intensity and wavelength.

Fig. 10.3 Schematic of
a single-beam
spectrophotometer

lamp

lens

In addition, they continuously record absorbance
or transmittance spectra.

The most recent type of spectrophotometer is
a single-beam instrument using a diode-array
detector. This type of instrument is illustrated in
Fig. 10.5. Radiation from the source is focused
on the sample and then passes into a monochro-
mator with a fixed grating. The dispersed radia-
tion is then reflected onto a photodiode-array
transducer, which consists of a linear array of
several hundred photodiodes mounted on a sili-
con chip. The monochromator slit is made identi-
cal to the width of one of the diodes. Thus the
output of each diode corresponds to the radiation
of a different wavelength. A spectrum is obtained
by scanning these outputs sequentially. Because
these electronic outputs are scanned rapidly, the
data for an entire spectrum can be accumulated in
<1 s. Moreover, the diode-array instrument is
simple in design. It has few moving parts and
needs no recalibration and minimal maintenance.
A disadvantage of this instrument is its limited
resolution of 1-2 nm.

Forensic Toxicology Applications

Color tests are one of the oldest forms of toxicol-
ogy testing and can be viewed as assays using
visible spectrophotometry. Color tests involve the
reaction of a specimen, a protein-free filtrate, or
an extract with a reagent or a series of reagents to
produce a color or change in color. The biggest
advantages to color tests are simplicity and ease
of use. No sophisticated equipment is required
and the time needed to train analysts is short. A
negative result for a color test is helpful in ruling
out a drug intoxication.

Two of the most commonly used color tests
are for salicylate and acetaminophen, two over-
the-counter non-narcotic analgesics. Salicylate,
the metabolite of aspirin, reacts with an acidic

i Q detector
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solution of ferric chloride to produce a purple
color. This color reaction requires the presence of
both the free phenolic group and the free carbox-
ylic acid group that appears on the salicylate mol-
ecule. Therefore, aspirin itself will not produce a
positive result prior to hydrolysis to salicylate.
The test for acetaminophen is performed on urine
or a protein-free filtrate of blood and requires
heating at 100 °C after hydrochloric acid is
added. A blue color after the addition of 1%
o-cresol in water and ammonium hydroxide con-
stitutes a positive test for acetaminophen. Both of
these color tests have sufficient sensitivity to
detect the therapeutic use of the respective drugs.
Although both color tests have a high degree of
specificity, confirmation by an alternate analyti-
cal technique is necessary.

Other color tests may be used in the forensic
toxicology laboratory. Some of the more esoteric
color tests are listed in Table 10.2. However, for a
number of reasons, these color tests are rarely
used in the modern forensic toxicology labora-
tory. For example, they lack the necessary sensi-
tivity to detect therapeutic concentrations of
many drugs. In addition, they have low specific-

. SHUTTER

HOLMIUM
OXIDE
FILTER

ARRAY

HOLOGRAPHIC
GRATING

Table 10.2 Esoteric color tests

Substance

identified Color reagent(s)

Borate Carminic acid, sulfuric acid

Bromide Gold chloride

Iron 2,4,6-Tripyridyltriazine,
thioglycolic acid

Isoniazid Nitroprusside, sodium hydroxide

Nitrite Sulfanilic acid, naphthylamine

Paraquat Dithionite

Trichloroethanol ~ Sodium hydroxide, pyridine

ity as many drugs may have similar absorbance.
Moreover, parent drugs and any active or inactive
metabolites that retain the chromophore moiety
will contribute to the measured absorbance.
Color reactions are also used to make visible
thin-layer chromatographic spots. Ninhydrin is
used to identify primary amines.
Diphenylcarbazone and mercuric nitrate are used
to identify barbiturates. lodoplatinate reacts with
nitrogenous bases to produce a purple color.
Dragendorff’s reagent produces orange, red-
orange, or brown-orange color with nitrogenous
bases. Carbamates can be detected by spraying
with furfural and exposing to hydrochloric acid



134

K. Cole and B.S. Levine

fumes. A rapid screening test for the major
metabolite of marijuana uses Fast blue B.
Besides color tests, another use of spectropho-
tometry in forensic toxicology is in the detection
systems of a number of commercially available
immunoassays. Many immunoassays involve the
conversion of a substrate by an enzyme into a
product that causes either an increase or a decrease
in absorbance at a particular wavelength. This
change in absorbance can then be correlated to the
amount of a drug in the specimen. For example, in
EMIT®, the enzymatic activity causes the conver-
sion of the cofactor nicotine adenine dinucleotide

(NAD) to its reduced form NADH. Whereas NAD
does not have any absorbance at 340 nm, NADH
does; therefore, greater enzyme activity causes
more production of NADH and more absorbance
at 340 nm. The amount of absorbance is then used
to determine the amount of drug in the specimen.
A common method in hospital laboratories to
measure serum ethanol is an enzymatic method
using alcohol dehydrogenase. In this reaction, the
enzyme converts the ethanol to acetaldehyde and
in the process, NAD is converted to NADH. The
increase in absorbance at 340 nm is then used to
determine the serum ethanol concentration.
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in forensic toxicology, the most significant of APCI  atmospheric pressure chemical

which is mass spectrometry (MS), are ionization
enhanced by minimizing the number of APPI atmospheric pressure photoionization
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at any given time. The most powerful separat- EI electron impact ionization
ing technique available is chromatography, ESI electrospray ionization
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TN Trennzahl number History
UHPLC ultra-high-performance liquid
chromatography Early chromatographic  separations  were
Uuv ultraviolet described by a Russian botanist, Michael
WCOT  wall-coated open tubular S. Tswett, who published some of his work
involving the separation of leaf extracts using a
glass tube packed with a form of calcium carbon-
ate as the stationary phase and petroleum ether as
Definition the mobile phase. The extract was placed at the

A nearly universal definition of chromatography
is that it is a separation process based on the dif-
ferential distribution of sample components
between a moving and a stationary phase. This
definition applies to all types of chromatography
except size-exclusion chromatography, which
depends on the differential diffusion of sample
components in stationary phase pores of closely
controlled sizes. This definition includes three
very important facets:

1. Chromatography is a separation process. It is
not an identification technique in the sense
that infrared (IR) and MS are because it pro-
vides no molecular identification data. The
fact that a component may have the same
retention time as a known standard, even on
several different columns, will increase the
analyst’s confidence that the two are the
same, but identification will not have been
achieved.

2. The chromatographic separation process
depends on  differential  distribution.
Distribution here refers to the relative concen-
trations of a component in two immiscible
phases at mass transfer and temperature equi-
librium, as described by Nernst in 1891. If
two components do not have different distri-
bution coefficients, they cannot be separated
chromatographically.

3. The chromatographic separation process uses
two immiscible phases. These may be a gas
and a liquid or polymer, a gas and a solid, two
liquids, or a liquid and a solid. A rather recent
development uses a supercritical fluid as the
mobile phase.

head of the column, and then, the mobile phase
was trickled through the column by gravity flow.
The separation of the specimen into colored
bands that could then be removed and studied
gave us the term “chromatography,” or color
writing. This work was the genesis of liquid chro-
matography (LC).

Little changed in the art of chromatography
until the mid to late 1930s. By that time, good-
quality, small-diameter silica particles were
available, and a mechanism had been developed
to affix a thin layer of these particles to a glass
plate. A sample placed near the bottom of the
plate could then be separated by mobile phase
rising through the stationary phase layer via cap-
illary action. The small particle size and concen-
trated specimen spot resulted in much more
efficient separations than Tswett’s classical col-
umn method, and because several specimens
could be processed simultaneously on a single
plate, analytical time decreased. Detection was
frequently by ultraviolet (UV) absorption, fluo-
rescence, or charring with sulfuric acid spray.
Thus, thin-layer chromatography (TLC) was
born. Izmailov and Shraiber reported separations
of a number of pharmaceuticals in 1938—1939.

In 1941, Martin and Synge elucidated the con-
cept of partitioning, for which they later received
the Nobel Prize. In 1951-1952, Martin and James
reported the development of a chromatographic
process using inert gas as the mobile phase,
resulting in what is today called gas chromatog-
raphy (GC). The first commercial GC instrumen-
tation became available in 1954, and the analytical
capabilities were so great that there was explo-
sive growth in analytical technique and instru-
mentation. In the late 1950s, M.J.E. Golay
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reported dramatically improved column effi-
ciency using narrow-bore columns. This discov-
ery led to the development of capillary or
wall-coated open tubular (WCOT) column chro-
matography. The production of the first WCOT
columns was difficult and expensive, and they
exhibited unstable performance. Not until the
early 1970s, when the expiration of the patents on
some WCOT column technology was in sight,
did better-quality columns become available. The
best of these were glass columns, although they
were fragile and therefore tedious to handle. In
1979, fused silica was introduced as a column
material, and its inertness and handling charac-
teristics were so superior that fused silica capil-
lary columns became, and remain today, the most
widely used GC columns. For this reason, the
remainder of the GC-related discussion in this
chapter will focus on GC using capillary
columns.

Development of the Technology

Similar to GC, both classical column LC and
TLC are partitioning processes. LC changed little
from Tswett’s time until the mid to late 1960s. At
that time, dependable mobile phase pumps and
low-volume, sensitive flow-through UV detectors
became available, giving rise to high-performance
LC (HPLC). Subsequently, in the early to mid
2000s, smaller stationary phase particles (<2 pm)
were introduced, leading to the development of
ultra-high-performance LC (UHPLC), a special-
ized subset of HPLC.

The tremendous separating capability of chro-
matographic methods and their lack of capability
to supply molecular identification data made it
inevitable that attempts would be made to com-
bine them with identification techniques, such as
IR and MS. Because of the relative insensitivity
of IR, most early work concentrated on marrying
GC and MS. Since this work began in earnest in
the late 1960s, the instrumentation developed
was based on the GC and MS techniques in popu-
lar use at the time and was typically a combina-
tion of packed-column GC and either magnetic
sector or quadrupole MS. The concurrent avail-

ability of more powerful, less expensive, and
more convenient computers gave even more
impetus to the development of hyphenated tech-
niques. The first GC-MS systems provided some-
what less than routine operation; however,
present-day instrumentation is powerful and reli-
able and allows for considerable automation. The
GC-MS systems currently in analytical use are
almost all capillary-column GCs directly con-
nected to quadrupole or ion-trap MS
instruments.

Compared to GC-MS, the combination of LC
and MS was slower to develop, primarily
because HPLC instrumentation was developed
later than GC, but also because of the problems
associated with handling the mobile phases,
some of which contain salts, and the large vol-
ume of vapor produced when the eluent is
vaporized for transfer into the MS. Perhaps the
most significant advances in LC-MS came in the
early 1990s when atmospheric ionization
sources, such as electrospray ionization (ESI),
atmospheric  pressure chemical ionization
(APCI), and atmospheric pressure photoioniza-
tion (APPI), became commercially available.
Today, these are the most widely used LC-MS
interfaces.

Principles

The primary reason to subject any specimen to
chromatography is to separate one or more com-
ponents from the other components for identifi-
cation (e.g., by MS), quantification, or pattern
recognition (e.g., accelerant analysis, which is
sometimes a forensic, but not toxicologic, analy-
sis). Figure 11.1 presents a typical chromatogram
of a two-component mixture, with several fea-
tures indicated. This chromatogram is a graph of
the detector response as a function of time of
analysis from a GC or HPLC determination. If
the track of a TLC plate were scanned with a den-
sitometer, a similar plot would be expected.
However, that plot would be of component den-
sity as ordinate (x-axis) versus distance from the
origin or distance from the origin relative to the
mobile phase front, R, as abscissa (y-axis).
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Fig. 11.1 Typical

chromatogram
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The first peak after injection, with a retention
time of t,, corresponds to an unretained compo-
nent, which spent no time in the stationary phase.
In the older GC literature, this time may be
referred to as 7,, or the air peak. With a flame ion-
ization detector (FID), t,, may be determined by
injecting natural gas or butane from a cigarette
lighter; in HPLC, it is the negative/positive
response observed when the injection solvent
reaches the detector. The time from injection to a
peak maximum is the retention time, 7,; f,, for
peak a, and ¢,, for peak b. The difference between
t.and t,, is 7', the adjusted retention time (e.g., t',,
for peak a, where ¢, = t,, — t,,). The average mol-

ecule of each peak spends the same amount of
time, #,, in the mobile phase; a molecule in the
mobile phase is carried through the column with
the velocity of the mobile phase. Thus, because ¢,
represents the total time in the column, and ¢,
represents the time in the mobile phase, ¢, repre-
sents the time spent in the stationary phase.
Separation is achieved when the molecules of
two components interact differently with the
stationary phase and, therefore, spend different
lengths of time in the stationary phase.

In chromatography, the distribution coeffi-
cient (referred to earlier in this chapter) is desig-
nated K, (K, for analyte a) and is defined as:

__concentration of ain the stationary phase

da

(11.1)

concentration of ain the mobile phase

The distribution coefficient for analyte a is a
function of the temperature, pressure, stationary
phase (P;,), and mobile phase (P,,):

K, =f(T.P.P.P,) (11.2)

In GC, operating pressures are relatively low,
with head pressures typically 25-30 psig for
packed columns and 5-15 psig for WCOT col-
umns. The nature of the inert gas, P, has little
effect on K,; therefore, K,, can be considered a
function of 7 and P,. In HPLC, operating tem-
peratures are frequently ambient or up to a maxi-
mum of about 60 °C. Although pressures may
reach up to 15,000 psig in UHPLC, the K, values
between condensed phases are only slightly

affected by pressure; therefore, K,, can be con-
sidered a function of P, and P,,. Here, both the
nature and concentration of P, may have an
effect. For instance, the K, in 30% methanol/
water may be very different than the K, in 50%
methanol/water or 30% acetonitrile/water.
Although most analysts never measure K, or have
any knowledge of its numerical value, it is impor-
tant to understand how it is affected, controlled,
and manipulated because it governs chromato-
graphic performance, and most of the parameters
over which the analyst has control are set or
changed to achieve differences in K, between
analytes.

As indicated previously, a primary purpose of
chromatography is to separate, or resolve, the
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components of a specimen; therefore, it is conve-
nient to have some way of describing this resolu-
tion. Chromatographically, the resolution, R,

(trb - tra )

between two peaks is defined as the difference in
their retention times relative to the peaks’ aver-
age width at base, W,. Referring to Fig. 11.1:

(t;b _t;u)

(172)(W,, +W,,)

- 11.
(172)(W, +W,) -

Resolution is a dimensionless number, and as
a result, all factors must be in the same units. For
two Gaussian peaks of the same size, complete
(baseline) resolution will be achieved at approxi-
mately R =1.5. At R = 1, the two peaks will over-
lap by about 10%; R for the two peaks in Fig. 11.1
is approximately 4.

Resolution is calculated using Eq. 11.3 and
measurements taken from the chromatogram;
however, this does not address the parameters at
the analyst’s disposal to control or modify R. To
examine these, consider the general resolution
equation:

(k,)

r-(ra) U

(@)

Selectivity

(v)

Efficiency

(k, +1) (11.4)

Capacity

Equation 11.4 shows that resolution is a func-
tion of the product of a selectivity (@) term, a
capacity (k) term, and the square root of an effi-
ciency term (). These, then, are the factors that
can be altered to control or modify R.

The capacity term does not refer to volumetric
or gravimetric capacity but rather to the capacity
of the column to retard the passage of a compo-
nent through the column. The capacity factor or
partition ratio k (sometimes designated &’ in older
literature) is the ratio of the adjusted retention
time to the time required for an unretained com-
ponent to pass through the column:

k=t 11, =(t,-1,)/t, (11.5)

In GC, the partition ratio is a function of tem-
perature; in HPLC, it is a function of the mobile

Column volume (or cross —sectional area) available to the mobile phase

phase concentration and composition. If the tem-
perature of the GC oven is increased, k decreases
because K, decreases. As the temperature is
increased, the analyte vapor pressure increases.
Therefore, the analyte concentration in the sta-
tionary phase decreases, the analyte concentra-
tion in the mobile phase increases, and following
Eq. 11.1, K; must decrease. Every GC operator
has observed this effect. At higher temperatures,
analytes elute more quickly. Because #, decreases
and t, remains constant, k must decrease. The
retention time can be manipulated by adjusting
the temperature to change K,, and the resulting
effect can be observed and measured as k, a
dimensionless number.

The distribution coefficient and k are directly
related through f, the phase ratio, a property of
the column geometry:

~ Column volume (or cross —sectional area) available to the stationary phase

(11.6)
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p is the proportionality constant relating K,
and k:

K, = Bk (11.7)

Selectivity, a, describes the relative interac-
tion of two analytes with the stationary phase and
is defined as the ratio of the two analytes’ adjusted
retention times:

a=t,/t, (11.8)

Substituting from Eq. 11.5 and Eq. 11.7, it can
be shown that

a=k k=K, /K, (11.9)

In GC, temperature changes will have only a
minor effect on a. The two peaks under consider-
ation usually have very close 7, values; therefore,
according to Eq. 11.9, their K;s are nearly equal.
A change in K, will be matched by a proportional
change in K, and the ratio will remain constant.
To change a, it is necessary to change the station-
ary phase. In HPLC, a can be changed by chang-
ing the stationary phase or, more conveniently, by
changing the mobile phase concentration or the
mobile phase components. Either of these
approaches can be used to manipulate the K,s.

The column efficiency, N, in Eq. 11.4, relates
the time an analyte remains in the column, z#,, to
band broadening as described by W,;:

N=16(1, /W, ) (11.10)
or using the peak width at half peak height,
Wip:

N =5546(1, 1W,,) (11.11)

Equation 11.10 was derived from an analysis
of the mass transfer in the chromatographic col-
umn, and Eq. 11.11 results from consideration of
the geometry of a Gaussian peak. Column effi-
ciency must be calculated from an isothermal GC
or isocratic HPLC run. Calculating N using
either Eq. 11.10 or 11.11 yields a dimensionless
number, referred to as the number of theoretical
plates in the total column. This is perhaps a con-
fusing choice of nomenclature, but remember
that many of the individuals who derived these

relationships worked in the petroleum industry
and used distillation columns that frequently con-
tained actual plates to affect vapor/liquid contact.
When the efficiency of these plates is taken into
consideration, the number of theoretical plates or
number of vapor/liquid equilibria can be calcu-
lated. A similar concept applies to chromatogra-
phy. A more convenient indicator of column
efficiency, which allows efficiency between col-
umns of different lengths to be compared, is the
height equivalent to a theoretical plate (HETP):

HETP=L/N (11.12)

where L is the length of the column. HETP is
conveniently expressed in millimeters, and
because it has a reciprocal relation to N, the
smaller the HETP, the more efficient the column.
In some of the chromatographic literature, HETP
is simplified to H.

Consider the general resolution equation,
Eq. 11.4, and notice that the chromatographer has
three “handles” to control R: k, a, and N. The
capacity term, k/(k + 1), has arange of O to 1. A
plot of k/(k + 1) as ordinate and k as abscissa
results in a hyperbolic curve that begins at O and
is asymptotic to 1. At k = 2, the capacity term
contributes 67% of its maximum to R, and at
k = 10, it contributes approximately 91%. In GC,
k for the first peak of interest should be >2 (>1
for HPLC) and not more than about 10. When
developing a method, it is desirable to have k for
the first peak of interest at roughly 4-5.
Examination of Eq. 11.5 reveals that k represents
the ratio of the time the analyte spends in the sta-
tionary phase to the time it spends in the mobile
phase. At very low k, there is too little interaction
with the stationary phase, whereas at very high £,
analytical time is wasted.

Examining the selectivity term of Eq. 11.4
shows that fora =1,

(a—1)/a=0andR =0;

there is no resolution. The range of (@ = 1)/a is
0 to 1, and a plot similar to that described for k
results in an identically shaped curve with the dif-
ference that the ordinate is 0 at a = 1. Selectivity
describes the ratio of the times that two analytes
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spend in the stationary phase, and when they
elute close together, their K,s will be nearly
equal. Therefore, typical values of a are fre-
quently in the range of 1.1 to 1.2. Values of a
lower than this range make separation difficult, if
not impossible, whereas higher values result in
longer analysis times. When developing a
method, if k is approximately 4-5 and no accept-
able a is obtained, a more selective GC stationary
phase may be needed, or the HPLC mobile phase
composition or components may need to be
changed. This recommendation assumes that the
column is reasonably efficient.

Ideally, a sample is injected into a chromato-
graph as a bolus. As the sample travels through
the column, it spreads from a single plug to a
peak shaped as shown in Fig. 11.1. The longer
the sample remains in the column, the broader
the band will become. In 1956, van Deemter
et al. described a relationship between column
efficiency, diffusion, and mass transfer effects in
the column. A simplified version of the van
Deemter equation is given here, where efficiency
is related to the average linear mobile phase
velocity, y, in cm/s:

HETP=A+B/u+Cu (11.13)

The terms A, B, and C represent the factors
that contribute most to band broadening. By min-
imizing each of these factors, band broadening
can be minimized, and therefore, efficiency can
be increased.

The A term is related to the eddy diffusion or
multipath effect. In any packed column, channels
are of different lengths, and diffusion and mixing
occur as the mobile phase flows around the pack-
ing particles. These processes cause the analyte
band to spread. Using uniformly sized, tightly
packed particles with smaller diameter can mini-
mize this effect. Once the column is packed, the
eddy diffusion term is constant and independent
of the mobile phase flow rate. Typical particle
sizes are 100/120 mesh (0.125-0.15 mm diame-
ter) for GC packings, 2.5-10 pm for HPLC pack-
ings, and 1.5-2.5 pm for UHPLC packings. The
A term is negligible for capillary GC columns
because the mobile phase travels through an open
tube with stationary phase coated on the walls.

The B term in Eq. 11.13 relates to the ten-
dency of the analyte to diffuse in the mobile
phase. As a component enters the mobile phase,
the analyte concentration gradient drives diffu-
sion toward areas of lower concentration. This
diffusion in the mobile phase can be minimized
by using a tightly packed column of closely sized
particles and a higher mobile phase flow rate. In
GC, it is advantageous to use larger, heavier car-
rier gas molecules; for example, the diffusion rate
through nitrogen is approximately one-fourth of
that through helium. Diffusion rates in condensed
phases are minimal compared to those in gas
phases, and as a result, this term can be ignored in
HPLC.

The C term in the van Deemter equation
addresses band broadening caused by resistance
to mass transfer in the stationary phase. If two
analyte molecules enter the stationary phase at
the same time, and one spends x time before re-
entering the mobile phase and the other spends 2x
time, then the first molecule will be transported
down the column some distance while the second
molecule is still in the stationary phase. This pro-
cess spreads the analyte band. This term’s effect
can be minimized by using a thin, uniform film of
a stationary phase with a low viscosity to pro-
mote diffusion and by decreasing the mobile
phase velocity. Note that the effect of this term
varies according to the square of the film
thickness.

The selection of jis critical. To minimize the
B term, it is desirable to have a high mobile
phase flow rate, but to minimize the C term, it is
desirable to have a low flow rate. This problem is
solved by creating a van Deemter plot, as shown
in Fig. 11.2, and finding the optimum flow rate,
i.e., the minimum in the curve. The optimum z
for capillary-column GC varies dramatically
with carrier gas type, as shown in Fig. 11.2a. In
contrast, for LC, decreasing the particle size of
the stationary phase limits the effect increasing
the flow rate has on the C term. As the particle
size decreases, the curve becomes flatter, as
shown in Fig. 11.2b, and the slope of the curve at
higher rates is so low that using higher flow rates
does not usually result in much loss of
efficiency.
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Fig. 11.2 Van Deemter
curves for (a) WCOT-
column GC using
different carrier gases
and (b) LC using
different particle sizes
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The van Deemter equation for capillary-
column GC differs from that for packed-column
GC and HPLC in that there is no A term because
there is only one channel. However, a D i term
must be added to account for cross-column diffu-
sion in the mobile phase. The effect of diffusion
rates through the most commonly used carrier
gases is shown in Fig. 11.2a. For hydrogen and
helium, the optima are much higher than for
nitrogen, and the slopes of the curves at higher
flows are lower. Nitrogen is a poor choice of car-
rier gas in capillary-column GC because analysis
times are much longer than with hydrogen or
helium. Another factor to consider when using
capillary columns is that the analyses will almost
invariably involve temperature programming,
and the viscosity of gases, unlike that of liquids,

increases with increased temperature. Many cap-
illary columns are operated at constant head pres-
sure rather than constant flow rates. The pressure
drop for flow through any channel is governed
by:

AP =(QuFL)/ A® (11.14)

where AP is the pressure drop across a column
of length L and cross-sectional area A for a fluid
of viscosity / at a flow rate F. The proportionality
constant is Q. Examination of this equation
shows that if 7 increases with increased tempera-
ture and AP is constant, then F must decrease,
and consequently, HETP will change. The solu-
tion to this problem is to set the flow rate higher
than the optimum with the oven temperature at
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the low point of the program. As the temperature
increases, the flow will decrease, and HETP will
also decrease. If conditions are selected properly,
operation will never be lower than the optimum
flow rate. Referring to Fig. 11.2a, with helium as
the carrier gas and a temperature program of
100-300 °C, if the flow rate is set at 100 °C, i
will be approximately 45 cm/s. This maintains
efficiency and results in faster analyses.

Characterization of Separations

The simplest, least effective mechanism to
describe a separation is by the absolute retention
time, t,,. However, this presumes that operating
conditions are exactly reproducible, which is not
always the case. A better method is the use of
relative retention time (rrt). If one or more mark-
ers, x and y, are injected with the sample, then the
retention time of an analyte a can be described
relative to that of the markers. For example,
Ity = t,,/t,,, and rrt, = t,,/t,. The rrt is much less
subject to change compared to the absolute reten-
tion time, and a library of rrt values can be very
useful in making preliminary, or presumed,
identifications.

In 1958, Kovats published a retention index
(RI) system as part of his doctoral thesis.
Beginning with the Clausius-Clapeyron equa-
tion, it is possible to derive a linear relation
between log #, and molecular weight for a
homologous series of compounds. Kovats plotted
log ¢, as ordinate against the number of carbons
number multiplied by 100 as abscissa to indicate
the molecular weight for a series of normal
hydrocarbons chromatographed isothermally. He
called 100 multiplied by the number of carbons
in the molecule the RI. The RI for n-hexane is
600, that for n-decane is 1000, and so on. Having
established the RI curve for n-hydrocarbons, it is

then possible to chromatograph analyte a under
the same conditions, calculate log 7',,, and read its
RI from the normal hydrocarbon line. Alternately,
the RI can be calculated mathematically by linear
interpolation between the two bracketing
n-hydrocarbons. If RI, = 1250, then analyte a
chromatographs as if it were a normal hydrocar-
bon with 12.5 carbons. The Kovats RI is depen-
dent on both the analyte and the stationary phase.
It is independent, over a reasonable range, of col-
umn length, stationary phase film thickness, tem-
perature, and mobile phase flow rate. Thus,
analyte a will always have RI, = 1250 on that
stationary phase, permitting the compilation of a
library of Rls that can be used by any analyst in
any laboratory. A similar treatment can be applied
to HPLC; however, there is no widely applicable
homologous series to establish the RI curve, and
it is generally not used. It should be remembered
that Kovats RlIs result from isothermal data. In
GC applications where temperature program-
ming is used, a similar treatment can be employed,
except that the retention time, ¢, is used in place
of log 7,. In this case, RI, will be a function of the
stationary phase, initial temperature, and tem-
perature ramp.

Trennzahl

As indicated, column performance can be
assessed or monitored using column efficiency,
N. However, N must be calculated from isother-
mal data to be meaningful, and many GC separa-
tions are done under temperature-programmed
conditions. In 1961, Kaiser proposed the use of
the Trennzahl or separation number (TZ) to
address this issue under temperature-programmed
conditions. The separation number is readily cal-
culated from the hydrocarbon data used to estab-
lish RIs, using

TZ = |:(trcn+l - trcn ) / (VVI/2cn+1 + vvl/ch )] - 1

(11.15)
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In Eq. 11.15, t.,,, and ., represent the reten-
tion times for two adjacent normal hydrocarbons
(e.g., n-C;; and n-Cj¢), and W,,, represents the
corresponding peak widths at half-height. For
capillary-column chromatography, TZ would be
expected to be in the range 16-20. TZ represents
the number of peaks, of size and shape similar to
the n-hydrocarbons, that can fit evenly spaced
between C, and C, , ;, each with a resolution of
1.177.

By keeping a log of TZs determined periodi-
cally, the column performance can be monitored
with very little effort. TZ and RI data may also be
used to predict whether two compounds can be
separated on a particular column without ever
running them. If a column operated under a given
set of conditions has a TZ of 19, then 19 peaks
will fit between the bracketing n-hydrocarbons
dividing this space into 20 equal segments. Two
adjacent n-hydrocarbons have a ARI of 100 RI
units; therefore, each of the theoretical peaks is
separated by 5 RI units. If two analytes, a and b,
have RIs that differ by 5 or more RI units, they
can be separated with R > 1.177. If the RI differ-
ence is less than 5, they cannot be separated with
this R.

Thin-Layer Chromatography

Tswett’s classical LC was inefficient and slow,
and though it was suitable for the separation of
milligram quantities of natural products, it was
not very useful as an analytical tool. The develop-
ment of the capability to produce and classify by
size adsorbents such as silica and alumina in the
mid-1930s quickly led to the development of
TLC. Early plates were made in the laboratory,
and some were rather large, as much as 1 x 1 m.
Today, plates are mass produced and usually
20x20cm, 10 x 20 cm, or 2.5 x 7.5 cm. Standard
analytical plates have 50- to 150-pm diameter
particles in layers from 150- to 500-um thick-
ness. High-performance TLC plates have smaller
diameter particles (<10 pm) and thinner layers
(100-150 pm). Plates can be purchased with the
coating divided into channels about 1 cm wide
that run the length of the plate to minimize lateral

diffusion. Some plates also have a pre-adsorbent
layer, consisting of a material different than the
adsorbent, across one end of the plate. This layer
allows the analyst to introduce a concentrated
spot without risking disrupting the adsorbent
layer, helping to present a more uniform sample
front to the adsorbent.

Silica is the most widely used adsorbent, but
others are available, including alumina and some
reversed-phase materials. When calcium sulfate
is used as a binding agent, plates are frequently
designated by G for gypsum (e.g., Silica Gel G).
Some plates also incorporate a fluorescent or
other compound to aid in visualizing spots on the
developed plates. The support material for the
adsorbent is frequently glass but may be either
metal or plastic.

In practice, the sample solution is spotted
about 1.5-2 cm above the lower edge of the plate,
either directly on the silica or near the top of the
pre-adsorbent layer, if present. If samples are
very dilute, then several applications may be
made, with the sample solvent being allowed to
dry between applications. This process results in
smaller spots and less band broadening than if a
larger amount of sample were applied at one
time. Care must be taken not to damage the
adsorbent layer if the spots are applied directly.
Irregularities in the adsorbent layer can cause dis-
torted mobile phase flow and distorted compo-
nent patterns. After spotting, the sample solvent
must be allowed to vaporize. It is convenient to
place a piece of tape across the top of the plate, so
that the identification of the sample in that lane
can be designated. The tape should not come into
contact with the mobile phase.

After the sample solvent has evaporated, the
plate is placed in a glass developing tank contain-
ing mobile phase to a depth of approximately
1 cm in the bottom. Some time is required for the
atmosphere in the tank to reach equilibrium. The
plate rests nearly vertically in the tank with the
lower end, near where the samples were spotted,
immersed in the mobile phase. The mobile phase
must contact the adsorbent or pre-adsorbent layer
uniformly without touching any spot. The tank is
then covered to preserve the integrity of the
mobile phase vapor/liquid atmosphere during
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development. It is important not to make waves.
Examples of mobile phases are ethyl
acetate:methanol:ammonia, 90:7:3 for acid/neu-
tral drugs and 85:13.5:1.5 for basic drugs sepa-
rated on silica.

The mobile phase will rise up the adsorbent
layer by capillary or wicking action, and each
component will be distributed between the
mobile and stationary phase according to its K;
those with lower K,s migrate faster and farther
from the origin than those with higher K;s. The
result is separation of the components along the
mobile phase path. When the mobile phase front
has reached about 60-80% of the plate’s height,
the plate is removed from the tank, and the mobile
phase front is marked for reference. The plate is
then allowed to dry, typically in a 50-60 °C oven
for about 5 min. Developing tanks are most com-
monly glass and can hold several plates.

Visualization of the separated compounds is
generally done by a combination of examination
under UV radiation, fluorescence, and a series of
sprays and over-sprays to produce spots with col-
ors characteristic of the drugs present. In addition
to the color and, sometimes, the shape of the
spots, each compound will have a characteristic
retardation factor (Ry), which is the ratio of the
distance the center of the spot travels from the
origin relative to the distance the solvent front
travels. Because the conditions under which TLC
is done are not as precisely controlled as those of
instrumental techniques, Ry have more variabil-
ity than 7.5 or RIs. It is possible to scan the TLC
channels with a densitometer, produce a chro-
matogram, measure retention times, do the calcu-
lations discussed previously, and even attempt
quantification. However, in most cases, the
imprecision of the data does not justify the effort
and expense.

Gas Chromatography
Functional Division
To get an overall view of the GC process and

facilitate troubleshooting, it is convenient to
divide the system into five functional areas:

mobile phase supply, injection, separation, detec-
tion, and data handling.

The function of the mobile phase supply sys-
tem is to provide a source of pure, clean, dry car-
rier gas at constant pressure or constant flow rate.
The function of the injector is to take the sample
from atmospheric pressure, introduce it into the
instrument at system pressure, vaporize it, and
conduct all or part of it onto the column with
minimum band broadening. Separation is
achieved in the GC column, which is usually
maintained in an oven for temperature control.
The detector is selected to provide a signal when
each of the sample components of interest elutes
from the column. Under some conditions, the
signal will be proportional to the concentration or
amount of component passing through the detec-
tor. The primary purpose of the data-handling
operation is to provide a timed record of detector
response. Depending on the degree of sophistica-
tion, it may also store and manipulate data and
generate reports.

Mobile Phase and Auxiliary Gas
Selection, Supply, and Control

The selection of carrier gas is governed by sev-
eral factors: type of chromatography, detector,
operator experience and safety, and cost. For
capillary-column GC, the carrier gas should be
helium or hydrogen because of the shape of the
van Deemter curves (Fig. 11.2a) and shorter anal-
ysis times these gasses offer. Nitrogen should not
be used because of the longer analysis times and
loss of efficiency at higher flow rates and under
temperature-programmed conditions.

Recently, hydrogen has become more widely
used as a carrier gas because of the increased cost
and limited availability of helium. When hydro-
gen is used, an oven monitor should be used to
detect any leaks. In the event of column breakage
or a significant hydrogen leak, such a monitor is
designed to shut off hydrogen flow and, with
some designs, discontinue electrical power to the
instrument. Consideration should also be given to
the experience of the operator. Individuals with
relatively little GC experience should be closely
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supervised when operating systems using hydro-
gen as a carrier gas. However, hydrogen diffuses
rapidly, and with a single GC using about 4 mL/
min for septum purge and column flow and per-
haps 200 mL split vent per injection, the volume
of hydrogen used per day is only about 10 L and
does not represent a particular hazard under most
conditions. A tank of carrier gas should last
60-90 days.

Carrier gas is frequently supplied in tanks
holding about 225 cubic feet (6.3 m?) at standard
temperature and pressure (STP) and a pressure of
2200-2500 psig (~150 atm). Gas is supplied to
the instrument through a two-stage regulator at
30-60 psig. Further pressure and flow control are
provided by the instrument’s control system.
Carrier gas should pass through hydrocarbon,
water, and oxygen traps to remove substances
that may adversely affect detector sensitivity but
primarily to prolong column life. Auxiliary gases
should pass through a hydrocarbon trap and,
depending on the detector type, through a water
trap. If high-quality gases are purchased, traps
should last for about three tanks of gas.
Hydrocarbon and moisture traps can be readily
regenerated in-house. Some types of oxygen
traps are equipped with regeneration capability,
while other types must be sent back to the sup-
plier for regeneration. Systems are also available
to generate acceptable-quality hydrogen, nitro-
gen, and air in-house. Depending on the labora-
tory’s requirements, investing in these systems
may be justified. However, the requirements for
treatment to assure carrier gas quality remain.

Traditionally, analyses were done at constant
head pressure. That is, the pressure was set to
give the desired pressure, and a feedback regula-
tor was used to keep it constant. As discussed ear-
lier (see “Principles”), as temperature increases
under temperature-programmed conditions, gas
viscosity increases, and at constant pressure, the
flow rate will decrease. To address this problem,
electronic pressure control was introduced. With
this system, as the temperature and viscosity
increase, the head pressure is increased to main-
tain constant flow and achieve more reproducible
analytical conditions and column efficiency.

Auxiliary gases are required with most detec-
tors. For example, for an FID, air at about 350—
400 mL/min, hydrogen at about 30 mL/min, and
perhaps a makeup gas are needed. Most thermal
conductivity cells require a reference gas, usually
helium, the same as the carrier gas. Electron cap-
ture detectors (ECDs) may be operated with 5%
methane in argon to help produce more
capturable, low-energy electrons. These gases
must be clean, pure, and dry. Mass spectrometers
are an exception as they require no auxiliary gas
when operated in electron impact mode.

Makeup gas is required with some, though not
all, detector designs. For capillary columns with
inner diameters (IDs) of 0.20-0.25 mm, the car-
rier gas flow rate through the column will be
about 1 mL/min. This rate can be calculated
using:

F=[(x)(7)(L)]rs, a1

Flow, F, will be in mL/min if the column
radius, r, and length, L, are in centimeters, and ¢,
is in minutes. With such a low flow rate, any
excess empty space (dead volume) will allow
mixing and, therefore, broadening of the peaks.
The effect of dead volume in the detector can be
reduced by supplying a makeup gas, frequently
introduced with the hydrogen to increase the total
gas flow through the detector and “sweep” the
component peak from the system. Nitrogen
works well as a makeup gas. It should be noted
that for packed-column instruments that have
been adapted to use 0.53-mm ID fused silica or
0.75-mm ID glass columns, whether a makeup
gas is used frequently does not seem to make
much difference.

Injectors

The function of the injection system is to intro-
duce the sample, usually a measured amount,
into the GC and vaporize it immediately and
completely. Figure 11.3 presents a diagram of a
split/splitless injector typically used in capillary-
column GC. A split injector arrangement allows
the operator to introduce an amount of sample
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SPLIT/SPLITLESS INJECTOR
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Fig. 11.3 Split/splitless WCOT-column injector with
valves set for a split injection

that can be measured with reasonable accuracy
(e.g., 1 pL) and have the injector conduct a por-
tion of it (e.g., 1/50th) onto the column. The part
of the sample that is injected but not taken onto
the column is vented through the split vent. In
splitless mode, the total amount of sample
injected is conducted onto the column for the first
30-90 s after injection, and subsequently, any
sample remaining in the injector is vented.

In split mode, the solenoid valves are set as
shown in Fig. 11.3 for injection. The septum
purge is designed to flush out any degradation
products from the septum and remains open at a
flow of 1-3 mL/min. Carrier flow is across the
septum, down through the inside of the liner, and
then through the column or out the split vent.
Injected sample is vaporized in the liner, and an
aliquot of it is then conducted onto the column,
while the rest is vented out the split vent. With a
standard 0.20-0.25-mm ID WCOT column, the
flow will be about 1 mL/min. At a split ratio of
50:1, 1/51th of the sample will go onto the col-
umn, and 50/51ths will be vented. Thus, the col-
umn flow will be ~1 mL/min, and the split flow
will be ~50 mL/min. Because the column and

split vent act as two resistances in parallel, the
split vent can be closed 1-2 min after injection,
and the column flow will remain unchanged if the
column head pressure is kept constant.

The splitless mode of injection is designed to
accommodate dilute samples, for which it is
desirable to have most of the sample injected go
onto the column. For this mode, the solenoid
valves would be set as shown in Fig. 11.3, except
that the split vent valve would be closed and
remain that way. The sample is injected and
vaporized, and the total flow goes onto the col-
umn. After a 30-90-s delay, the purge valve (not
the septum purge, which remains open) is opened,
and simultaneously, the carrier gas control valve
is switched to cause carrier gas to flow around the
outside of the liner and flush any remaining sam-
ple out through the purge valve. During splitless
injection, the oven temperature is maintained at
approximately 20-30 °C below the boiling point
of the injection solvent. This allows 90-95% of
the sample injected to be focused at the head of
the column. After the 30-90-s delay, as the purge
and carrier gas valves are switched, the oven tem-
perature program is initiated. The result is that
the 5-10% of sample that was not conducted onto
the column is vented, and the chromatography of
the sample begins. Injection solvent rushes
through the column, and the analyte components
are then separated. The injection solvent must be
carefully selected, and the delay time must be
experimentally determined. Roughly 1-2 min
after the end of the delay time, the purge valve
can be closed for the duration of the run. All these
steps are done at constant carrier gas pressure.

Cold on-column injection may be used to cir-
cumvent some of the undesirable features of split
and splitless injections. In this mode of injection,
the sample is deposited directly into the head of
the column, which is maintained at cryogenic
conditions. After sample deposition, the injection
device (needle) is removed, and the area of the
column containing the sample is heated, vapor-
izing the sample and allowing it to be carried
onto the column. The advantage of cold on-
column injection is that the total sample is con-
ducted onto the column, making this technique
ideal for quantitative applications. Furthermore,
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there is no discrimination against higher boiling
components, as can occur in split injection, and
there is no solvent effect to contend with, as in
splitless injection. One disadvantage is that sam-
ples must be clean to prevent column contamina-
tion and additional system maintenance.
Automated injection of gaseous samples can
be done via direct transfer line or through the use
of a loop injector. One advantage of using a loop
injector is that a known amount of sample is
injected each time. In this mode of injection, the
sample is loaded into the fixed-volume loop of
the injector and then flushed onto the column by
the carrier gas. The valve can be thermostatically
controlled. The most widely used forensic appli-
cation of such an arrangement is automatic head-
space analysis of alcohols and acetone in blood
or urine (Fig. 11.4 shows a schematic of a head-
space injector). In this type of injection, mea-
sured amounts of specimen and internal standard
are contained in a septum-sealed vial and allowed
to equilibrate at an appropriate temperature, typi-
cally approximately 60 °C for alcohol analyses.
In standby mode, carrier flow is as indicated in
Fig. 11.4, proceeding through the upper route of
the tubing while also flushing through the sample
loop and out the needle. After temperature equili-
bration of the specimen, the vial is automatically
raised, the septum is punctured, and the vial con-
tents are pressurized. When pressurization is
complete, the two valves in the lower leg of the
tubing are switched to stop the carrier flow
through the loop and allow sample headspace
vapors to flow to the left in the diagram, filling

HEADSPACE INJECTION SYSTEM
—
TO
COLUMN
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Fig. 11.4 Headspace injection system

the sample loop and venting any excess. Once the
loop is filled, all four valves are switched, isolat-
ing the vial and upper leg of the tubing and clos-
ing the vent. At this point, the carrier flow is
through the loop, flushing sample from the loop
onto the column.

Solid-phase micro extraction (SPME) is
another technique that is used to gather compo-
nents from a sample and transport them for GC
analysis. In SPME-GC, a syringe containing a
reusable fiber with a retentive coating is inserted
into a sample vial. The syringe punctures the sep-
tum, the fiber extends down into the headspace,
and components in the headspace vapor are
trapped on the SPME fiber. After equilibrating,
the fiber is drawn back into the syringe and trans-
ported to the GC inlet. Sample components are
then thermally desorbed, and the carrier gas
transfers them to the column.

Separation

In GC, separation efficiency is primarily deter-
mined by the column. Four main characteristics
must be considered when selecting a WCOT cap-
illary column: the stationary phase, film thick-
ness, column ID, and column length.

e Stationary Phase: As discussed under
“Principles,” and following Eq. 11.2, the dis-
tribution coefficient, K,, for GC is nearly
independent of the type of carrier gas and
pressure. However, K,, does depend on the
stationary phase and temperature. The charac-
teristic most often used to describe a station-
ary phase is its “polarity.” Thus, it is important
to define what polarity means chromatograph-
ically. A compound in which a separation of
charges results in a permanent dipole (e.g.,
water) is called a polar compound. However,
in addition to strong permanent dipoles, a
weaker dipole can be induced when a polariz-
able molecule is subjected to the force field of
a permanent dipole, and two polarizable mol-
ecules may interact to form even weaker,
mutually induced polarity. These phenomena
are known as dipole—dipole, dipole—apole,
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Table 11.1 Common stationary phases and applications for WCOT GC columns

Common

phase

designation Stationary phase description

X-1 100% Dimethylpolysiloxane

X-5 5% Diphenyl-95% dimethylpolysiloxane

X-20 20% Diphenyl-80% dimethylpolysiloxane

X-1701 14% Cyanopropylphenyl-86%
dimethylpolysiloxane

X-35 35% Diphenyl-65% dimethylpolysiloxane

X-17 or X-50  50% Diphenyl-50% dimethylpolysiloxane

X-200, X-210 Trifluoropropylmethylpolysiloxane, 50%
Trifluoropropyl-50% dimethylpolysiloxane

X-225 50% Cyanopropylphenyl-50%
dimethylpolysiloxane

X-WAX Polyethylene glycol

X-2330 90% Biscyanopropyl-10%

cyanopropylphenylsiloxane

Polarity Applications

Non-polar  Amines, hydrocarbons, petroleum
products, volatile organic compounds,
environmental contaminants, amines

Non-polar  Polyaromatic hydrocarbons, alkaloids,
volatile organic compounds,
halogenated compounds environmental
contaminants, drugs of abuse

Moderately Aromatic compounds, compounds

polar contain lone pairs

Moderately Pesticides, alcohols, phenols, esters,

polar ketones

Moderately Pesticides, pharmaceuticals, drugs of

polar abuse, substituted polar compounds,
phenols

Moderately Drug esters, ketones, plasticizers,

polar organochloro compounds, steroids

Polar Compounds with free electron pairs,
steroids, esters, ketones, drugs,
alcohols, freon fluorocarbons

Polar Fatty acid methyl esters

Strongly Alcohols, fatty acid methyl esters, fatty

polar acids, solvents, amines

Strongly Fatty acid methyl esters, dioxins,

polar aromatic compounds

Note: “ms” at the end of the column designation often indicates a low-bleed version of the stationary phase intended for

MS or high-temperature operation

and apole—apole interactions, respectively.
The sum effect of these is what is referred to in
chromatography as “polarity.” Although the
term “polarity” may oversimplify the complex
interactions that occur within a columns’ sta-
tionary phase, it provides a useful and succinct
means by which to classify and compare dif-
ferent stationary phases. Table 11.1 lists some
of the more common WCOT GC column sta-
tionary phases and their relative polarities.

Note that there are P—P,, P,—P,,, P—P,,, P—
analyte, P,—analyte, and analyte—analyte interac-
tions at work, and as mentioned previously,
describing this complex situation using a single
term—polarity—can be misleading. To address
this issue, W.O. McReynolds in 1970, following
earlier work by L. Rohrschneider (1966, 1969),
published the results of his characterization stud-
ies. As probes, he selected ten compounds, each

representative of a class of chemical compounds
(e.g., alcohols, aromatics). He ran these com-
pounds isothermally at 120 °C on nearly every
stationary phase available and calculated their
Kovats RIs. Using squalane as the least polar sta-
tionary phase known, he tabulated the
McReynolds constant (i.e., the difference
between the RI on a given P, and the RI on squa-
lene), for each probe on each P,. Using these
data, it is possible to estimate which phase might
be used to separate alcohols, separate alcohols
from aromatics, and so on. The data can also be
used to predict elution order and compare the
separation properties of stationary phases.

e Film Thickness: Film thickness affects the
retention of analytes, sample capacity, and
maximum operating temperature of the col-
umn. Thicker films cause analytes to spend
more time in the stationary phase, thereby
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increasing their retention times. Thus, thicker
films are useful for separating highly volatile
compounds and also increase the column’s
capacity, increasing its compatibility with
higher concentration samples relative to col-
umns with thinner films. In contrast, thinner
films reduce the amount of time analytes
spend in the stationary phase, thereby decreas-
ing their retention times. Additionally, thinner
films are less prone to phase bleed at higher
temperatures and are amenable to higher max-
imum operating temperatures. Common film
thicknesses for 0.25-mm ID columns are 0.25
and 0.50 pm; however, the optimal film thick-
ness varies depending on the application.

e Column ID: Column ID primarily affects col-
umn efficiency and sample capacity.
Decreasing the column ID increases the col-
umn efficiency, enabling the separation of
analytes that elute closely together. However,
this increased efficiency comes at the expense
of sample capacity; that is, large sample vol-
umes or highly concentrated samples can
exceed the sample capacity of narrow-bore
columns, leading to peak broadening and
decreased resolution. Generally, 0.25-mm ID
columns are thought to provide adequate effi-
ciency and sample capacity for most
applications.

e Column Length: Column length affects col-
umn efficiency, carrier gas pressure, and anal-
ysis time. That is, increasing the column
length increases all three of these parameters.
Although increasing the column length is one
option for increasing resolution, it is often
more prudent to try decreasing the column ID
before increasing the column length, as longer
columns are more expensive and lengthen the
total analysis time.

With this complex array of column options,
what is the best approach to column selection?
Once the separation has been defined, the fastest,
easiest, and least expensive way of selecting a
column is to ask someone who is doing or has
done it successfully. Colleagues are a good
source of information because they may be work-
ing in the same or a related area. The second most

efficient way to answer this question is to look in
the literature. Extensive, readily accessible elec-
tronic compilations of abstracts and online search
tools (e.g., Medline, Web of Science, Google
Scholar) are available. Suppliers’ catalogs and
websites are also excellent sources of information
as major suppliers’ catalogs often contain exten-
sive sections presenting chromatograms of a
wide variety of separations. Many suppliers also
provide column selection guides according to
intended application and application notes. These
resources are all free except for the time invested.
The least efficient approach to column selection
is to go into the laboratory and experiment.
Although this step is ultimately necessary to con-
firm that the separation can be performed on the
chosen system, accumulating good information
prior to this step will shorten the time and labor
involved.

Detectors

To discuss GC detectors, it is necessary to first
define some detector characteristics: sensitivity,
linear dynamic range, specificity, and sample
destructive or nondestructive.

o Sensitivity is the detector’s response to the
amount of analyte, which can be observed as
the slope of the detector response vs. analyte
amount curve. Note that there is some amount
of analyte below which no discernible
response is observed. Practically, this value is
typically defined as the amount of analyte that
produces a response twice that of the baseline
noise and is referred to as the minimum detect-
able quantity (MDQ) or lower limit of detec-
tion. The lower limit of detection will be lower
than the lower limit of quantification (LLOQ),
which is the lowest concentration that will
allow acceptable quantitative results accord-
ing to the laboratory’s criteria (e.g., a coeffi-
cient of variation of 10%).

e A portion of the response vs. amount curve
will be linear up to some amount; the range
over which this linear relationship exists is
known as the linear dynamic range. Beyond
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this amount, which is termed the limit of lin-
earity, the incremental increase in response
will begin to decrease. Mathematically, the
linear dynamic range can be described as the
ratio of the limit of linearity to the MDQ. If
quantification is necessary, to achieve the best
accuracy and precision possible, the analysis
should be done within the linear dynamic
range of the detector. It is poor policy to quan-
tify outside this range.

e Specificity is the ability of the detector to
selectively detect a particular type of com-
pound. A thermal conductivity detector (TCD)
is nearly universal in that it will detect any-
thing with a thermal conductivity different
from that of the carrier gas. In contrast, an FID
may be thought of as a carbon counter. That is,
it will respond to most organic compounds,
with varying degrees of sensitivity, but will
not detect many fixed gases (e.g., O,, N,, H,O,
CO, CO,, NH;). An ECD is also rather selec-
tive in that it will detect only electrophilic
compounds.

e Of the types of detectors that are widely in use
today, nearly all but the TCD and IR detector
(IRD) are sample destructive. That is, the
sample is burned or otherwise altered and can-
not be recovered intact after passing through
the detector.

The most widely used detector in the early
days of GC, the 1950s, was the TCD, which was
initially referred to as a katharometer. In most
designs, the TCD consists of two electrically
heated, high-resistance filaments, typically tung-
sten or tungsten/rhenium, as two legs of a
Wheatstone bridge circuit. One of these is in a
reference channel and sees only carrier gas; the
other is in the column effluent channel and sees
carrier gas plus any eluting analyte. A current—
usually 100-300 amps—is maintained through
the filaments, which heats them, much like an
incandescent light bulb filament. Heat is con-
ducted from the filaments, most of it to the detec-
tor block, at a rate dependent on the carrier gas
type and flow rate. With only carrier gas flowing
through both channels, the temperatures of the
filaments equilibrate, the circuit is balanced, and

a constant baseline can be established. Analyte
molecules that elute and pass through the sample
channel are much larger and less thermally con-
ductive than carrier gas molecules; therefore, less
heat is conducted away, and the filament temper-
ature rises, increasing the filament’s electrical
resistance. This causes an imbalance in the bridge
circuit and a change in the output voltage, which
is monitored as the detector response.

Helium is often used as the carrier gas for
GC-TCD because of its high thermal conductiv-
ity, although hydrogen, nitrogen, and argon are
also used. TCDs work best when there is a large
difference in thermal conductivity between the
carrier gas and the analytes in the sample.

The FID, introduced in the mid to late 1950s,
quickly became the most widely used detector
because of its sensitivity, broad applicability, and
large linear dynamic range. Figure 11.5 shows a
schematic of an FID. A hydrogen/air flame burns
at the jet tip, and column effluent exits through
the jet into the flame. In the environment of the
flame, some of the carrier gas will be ionized, and
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Fig. 11.5 Flame ionization detector
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the analyte molecules that are eluted will also be
ionized. A constant electrical potential of about
300 volts is maintained between the jet and the
collector. The gap between these components
acts as a variable resistance, as resistance is a
function of the number of conductors (i.e., ions)
in the gap. When just carrier gas is exiting from
the column, the current that flows in the circuit is
amplified, balanced, or nulled and monitored as
baseline. As analyte molecules are ionized in the
flame, the resistance decreases, and more current
flows; this amplified current is the detector
response.

The FID is widely applicable to most volatile
organic compounds. It also has a wide linear
dynamic range, typically about 10°, and MDQs in
the picogram range for many compounds. The
FID, similar to other ionization detectors, is mass
flow rate dependent; that is, its response is a func-
tion of the rate (i.e., mg/s) at which analyte passes
through the detector. In contrast, the TCD is con-
centration dependent, and its response is a func-
tion of concentration over time (i.e., mg/mL/s).
Thus, ionization detectors are suitable for use
with capillary columns, which produce very nar-
row peaks with most of the mass passing through
the detector over a short period of time. The TCD
is not nearly so well suited to capillary-column
chromatography.

Another detector widely used in forensic toxi-
cology laboratories is the nitrogen—phosphorus
detector (NPD) or thermionic detector. It is simi-
lar in design to the FID except that an alkali metal
salt, typically rubidium or cesium, is positioned
above the flame. The hydrogen and air flow are
reduced in intensity compared to FID operation
so that ionization is minimized. The hot alkali
salt causes the selective ionization of compounds
containing nitrogen or phosphorus. Because
many drugs are nitrogen-containing compounds,
using an NPD can facilitate selectively detecting
drugs with good sensitivity and minimal interfer-
ence from other organic compounds that are not
ionized well under the operating conditions.

The ECD is constructed somewhat similarly
to the FID but without a jet or flame. Instead, the
source of ionization is a radioactive material, in
almost all cases the nickel isotope weighing 63

atomic mass units (AMU). Within the ECD, the
Ni% emits f particles that result in low electrical
resistance and, therefore, high current in the gap
between the electrodes. This “standing current”
is monitored as baseline. As analyte molecules
elute from the column, very little change occurs
in the electrical atmosphere of the gap unless the
molecules are electrophilic. If electrophilic mol-
ecules elute, they capture electrons, decreasing
the current flow across the gap. This change is
amplified and monitored as the detector output.
Compounds containing halogens or nitro or
cyano functional groups are good candidates for
detection by an ECD.

Another detector option is the atomic emis-
sion detector. This detector is capable of detect-
ing elements contained in each component
separated by the column. Note that its use in
forensic toxicology has been limited because it is
less sensitive than the NPD to compounds con-
taining nitrogen and less sensitive than the ECD
to halogenated compounds.

The detector most widely in forensic toxicol-
ogy to collect structural information is the mass
spectrometer. Chromatography is a powerful sep-
arating technique, but it does not identify any-
thing. Conversely, MS is a very powerful
molecular identification technique, but it does not
separate anything. By combining these two tech-
niques into a GC-MS system, the advantages of
each are realized. By using capillary-column GC,
with typical column flow rates of about 1 mL/
min, the column effluent can be conducted
directly into the ion source of a mass spectrome-
ter equipped with a vacuum pump capable of
handling this flow. The most common GC-MS
ionization mode in forensic toxicology is elec-
tron impact ionization (EI), although chemical
ionization (CI) is also used.

Mass spectra may be presented in several
ways. One useful presentation is as a frequency
diagram, where the signal proportional to the
number of ions in a group is plotted as ordinate
and the mass-to-charge ratio of the group as
abscissa. Frequently, the most abundant ion in the
spectrum, the “base peak,” is plotted as 100, with
each of the other ion abundances plotted as a per-
centage of the base peak. More in-depth informa-
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tion about GC-MS systems, ionization modes,
and mass spectra is presented in Chap. 14.

IRDs are not as common as mass spectrome-
ters in forensic toxicology, but they are being
used with increasing frequency. IR spectroscopy,
like MS, is valuable because it can provide iden-
tification information based on molecular struc-
tures; the other detectors mentioned do not.
GC-IRD is especially useful for resolving posi-
tional isomers that may have identical fragmenta-
tion patterns in MS. However, it is rather
insensitive. If an interferometer is used as the IR
source, Fourier transform IR (FTIR) is possible,
dramatically increasing the sensitivity of
GC-IRD. In a vapor-phase IRD, the column efflu-
ent is conducted through a light pipe in the path
of the IR beam. Analyte molecules in the light
pipe absorb energy from the beam. Transmitted
energy is detected by an IR sensor and presented
as the detector output. In a solid-phase IRD, the
column effluent is transferred to an IR chamber
and condensed onto a slowly moving disc com-
posed of an IR-transparent material. An IR beam
is directed through the disk, producing transmis-
sion IR transmission spectra of the solid-phase
material. One advantage of the IRD is that it is
sample nondestructive; thus, the effluent from
vapor-phase GC-IRD systems can be presented
to another detector, such as MS, to obtain addi-
tional information. Note that because potassium
bromide is used in the optics of most IRDs, the
system must be purged with dry gas.

A word of caution concerning selective detec-
tors is in order. Just because a chromatogram
using a thermionic detector or ECD shows only a
few peaks, it does not mean that other compounds
are not present. When injected into, for example,
a GC-MS system, this same sample may produce
many more peaks than seen with the selective
detector.

Data Systems

Data systems used with GC systems have evolved
from the simple strip chart recorders used in the
1950s to onboard recorder/integrators or con-
nected computer systems. The primary purpose

of a data system is to record the separation
achieved and produce a chromatogram or plot of
detector response as a function of retention time.
A chromatogram may be all that is required, but
more frequently, it is desirable and necessary to
perform additional tasks, such as calculating
retention indices, quantifying one or more ana-
lytes, comparing chromatographic patterns, stor-
ing data, creating and searching libraries,
controlling one or more GCs, and generating
reports. Most instrument vendors have proprie-
tary software that can accomplish all of this func-
tionality. Additionally, third party software
solutions exist that can accommodate data gener-
ated from many different vendors’ instruments.

Multi-Dimensional Gas
Chromatography

Multi-dimensional GC allows the use of multiple
analytical columns within a single GC run. The
most common incarnation of multi-dimensional
GC is two-dimensional GC using columns of dif-
ferent polarities. In this technique, a sample is
injected onto the primary column with the efflu-
ent directed to a thermal or valve modulator. In
systems that use heart cuts, selected portions of
the effluent from the first column are directed
onto the second column in discrete portions.
More complex systems direct all the effluent
from the first column onto the second column in
a technique known as comprehensive multidi-
mensional GC. For comprehensive multidimen-
sional GC, carefully controlled sample
modulation is critical to generate interpretable
data.

High-Performance Liquid
Chromatography

Applicability

To be amenable to GC separation, a material
must have at least 1 torr vapor pressure at 300 °C
or below and must be stable in the vapor phase.
Approximately 18-20% of organic compounds
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meet these criteria. For those that do not, LC is
available. Theoretically, any sample that can be
dissolved can be separated by LC. Obviously,
reactivity, suitable mobile and stationary phases,
and detectors impose limitations. Even so, a
much wider variety of compounds are amenable
to LC than to GC separation.

Development

As described earlier, the first publication of LC
separations of any note was done by Michael
S. Tswett at the turn of the century. That work
relied on classical LC, where the mobile phase
flow was controlled by gravity, the columns were
glass tubes packed with solid absorbent, and
detection was frequently by visual observation.
Separations were primarily confined to natural
products. In the mid-1960s, materials for pump
construction improved, pump designs became
more reliable, controlled porosity silica with bet-
ter size classification was developed, and UV
detectors with small volume (100 pL) flow-
through cells became available. Each of these
developments contributed to the dramatic
increase in interest in LC during this period. As
researchers began to build systems and test and
stress their capabilities, more operable instru-
ments with increased separation efficiency were
produced, and HPLC was launched. In the early
to mid 2000s, stationary phases with particle
sizes <2 pm were introduced, leading to dramatic
increases in the speed and efficiency of HPLC
and the development of UHPLC, a specialized
subset of HPLC.

HPLC lags behind GC in terms of separating
power, but it has other advantages, including
speed, compatibility with simpler extraction pro-
cedures, and lower operating temperatures, that
make it more compatible with thermally unstable
compounds. Because analyte retention in LC
depends largely on the compositions of both the
mobile and stationary phases, LC also offers
more flexibility in optimizing separations than
GC. However, although LC has seen a significant
rise in popularity in recent years, it does not
replace GC as a universal separation technique.

HPLC separations can be based on a variety of
molecular properties. The three most common
types of HPLC are ion exchange, which separates
compounds based on electrical charge; size
exclusion, which separates compounds based on
molecular size; and polarity based, which sepa-
rates molecules based on their relative polarities.
Polarity-based HPLC includes both normal- and
reversed-phase separations and is the most widely
used in forensic toxicology; therefore, it is the
focus of this section.

Functional Division

The division of function in HPLC is exactly the
same as in GC: mobile phase supply and control,
injection, separation, detection, and data systems.
There are, of course, differences in how these
functions are achieved.

Mobile Phase Supply

The mobile phases used in HPLC must be com-
patible with the materials used to construct the
system: stainless steel pump housings and tub-
ing, sapphire pump pistons, ruby ball and ceramic
check valve components, and polytetrafluoroeth-
ylene (PTFE, Teflon) or polyetheretherketone
(PEEK) tubing and seal parts. Chlorinated sol-
vents can corrode stainless steel under some con-
ditions, and mobile phases at highly acidic or
basic pHs can degrade incompatible stationary
phases. In addition, the mobile phase must be
free of any particulate matter and must be
degassed. Particulate matter is usually removed
by fitting the suction line to the pump with a
metal or plastic filter with 2-pm pores. Degassing
may be achieved by briefly subjecting the mobile
phase to vacuum, sonication, filtering through a
specially designed filter, or purging with helium
(but not nitrogen). Many systems have onboard
inline degassers.

Almost all pumps are reciprocating stainless
steel pumps with a sapphire piston. Figure 11.6
shows a cross-section of a reciprocating piston
pump. Pumps are fitted on both suction and dis-
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Fig. 11.6 HPLC reciprocating pump cross-section

charge with single or double check valves with
ceramic seats and ruby balls. The mobile phase
delivery rate is controlled by either limiting the
length of the piston stroke or using a fast,
constant-speed suction stroke and a controlled-
speed delivery stroke. Operating pressures range
from several hundred to around 15,000 psi.
Because the pumps use a reciprocating action,
the pump delivery pressure and flow will oscil-
late. To minimize this oscillation, a pulse damp-
ener is used in the delivery line.

Isocratic separations (i.e., with constant
mobile phase composition) can be accomplished
by preparing the appropriate solvent mixture,
placing it in a reservoir, and then pumping it
through the system using a single pump. Gradient
elutions involve changing the mobile phase com-
position throughout the course of the chromato-
graphic run. This technique requires pulling
mobile phase solvents from more than one reser-
voir and mixing them prior to sample introduc-
tion. There are two main configurations for
mixing mobile phase components in HPLC sys-
tems: high-pressure mixing and low-pressure
mixing.

In systems with high-pressure mixing, each
solvent reservoir is connected to a pump, and the
components are independently pumped into a
mixer at high pressure. These systems typically
utilize binary pumps, capable of delivering
mixtures of two different solvents to the column.
In contrast, in systems with low-pressure mixing,
a single pump is used to pull from multiple sol-
vent reservoirs. All the solvents are simultane-
ously pulled into a proportioning valve that
allows specified amounts of each solvent to pass
through. The components are mixed at low pres-
sure as they exit the proportioning valve and
enter the high-pressure pump. An additional mix-
ing chamber may be included to increase solvent
homogeneity. Pump systems with low-pressure
mixing typically include three or four solvent res-
ervoirs and are known as ternary or quaternary
pumps, respectively.

Binary pumps typically have smaller dwell
volumes than ternary or quaternary pumps, and
gradient changes are passed to the column
quickly. Quaternary systems have larger dwell
volumes to ensure adequate mixing, which can
lead to longer analysis times. They are, however,
more versatile and allow for more complex gradi-
ent programs, including variation of the pH as the
run progresses.

Injectors

The function of the injection system is to intro-
duce a measured volume of sample at atmo-
spheric pressure into the mobile phase flow at
high pressure, without interrupting the flow or
changing the system pressure. Most injectors
used in HPLC employ a six-port loop injector
somewhere in the system. Figure 11.7 is a sche-
matic of such an injector. The injector consists of
a stainless steel body, a rotor, a sample loop, and
six connections for tubing. In load mode, the port
from the pump communicates with the port going
to the column; the port where sample is intro-
duced communicates with the fixed-volume loop
and then to waste. This setup allows the loop to
be filled at atmospheric pressure while maintain-
ing flow through the column. In inject mode, the
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Fig. 11.7 Six-port loop injector

rotor is rotated 60°, allowing the pump to flush
the contents of the loop onto the column. These
valves may be operated manually or by an actua-
tor. Typical loop volumes are 10-20 pL. If the
injector is not part of an automatic injection sys-
tem, the loop is filled using a syringe. The circuit,
sample injection port, loop, and waste port must
be completely filled and contain no gas bubbles.
If less than the full capacity of the loop is to be
injected, the desired amount can be measured
with the injection syringe and the remainder of
the circuit filled with mobile phase. In some auto-
matic injectors, the valve is remote and does not
contact the sample. These valves are remarkably
durable but must be serviced occasionally
because of seal wear.

Separation

Here, we look at several factors that affect sepa-
ration: the column dimensions, the column pack-
ing, and mobile phase.

¢ Column Dimensions: Efficiency is directly
proportional to the column length and
inversely proportional to the ID. Therefore,
increasing the column length and decreasing
the ID will increase the chromatographic reso-
lution. Conventional HPLC columns are gen-
erally constructed of '4” outer diameter
stainless steel tubing with IDs of 2-4.6 mm
and are usually 3, 5, 10, 15, or 25 cm long. A
typical HPLC column connection is shown in
Fig. 11.8. Zero dead-volume fittings and the
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2 MICRON
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1167/ 1/4” -
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—

1/4” COLUMN

PACKING

Fig. 11.8 HPLC column cross-section

shortest length of 1/16” narrow-bore intercon-
necting tubing practicable are used to mini-
mize dead volume (i.e., empty space that
permits mixing). Inlet and discharge end fit-
tings are each fitted with a 2-pm porous
sintered stainless steel frit to retain the column
packing. UHPLC columns have smaller IDs
(<2 mm) and lengths generally in the range of
5-10 cm.

e Frequently, a guard column will be placed
between the injector and analytical column
inlet. The purpose of this column is to protect
the analytical column from particulates and
chemical impurities that may have a very high
affinity for the packing and be detrimental to
the life and performance of the column. Guard
columns can consist of a replaceable cartridge
in a holder or a very short packed column and
preferably contain the same packing material
as the analytical column.

e Column Packings: The performance charac-
teristics of HPLC column packing materials
depend largely on three main aspects: size,
particle composition, and surface chemistry.
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— Size: Early HPLC packings were nearly all
porous silica or alumina of irregular shape,
with sizes in the range of 45-60 pm. Today,
HPLC utilizes packing particles with diam-
eters ranging from approximately 1.5 to
10 pm. Using smaller particle sizes
increases column efficiency by reducing
the contributions of eddy diffusion and
mass transfer to band broadening (A and C
terms in the van Deemter equation [Eq.
11.13], respectively). Using smaller parti-
cles also increases the optimum linear
velocity at which the minimal HETP is
achieved (Fig. 11.2b), allowing for faster
analysis. HPLC with column particle sizes
less than 2 pm is generally considered
UHPLC and results in higher backpres-
sures compared to columns packed with
larger particles.

— Particle Composition: Porous silica-based
packings have wide applicability for a
broad range of separation conditions.
However, they are unstable at extreme pHs
and can exhibit poor peak shapes for basic
compounds. To increase column durability,
several manufacturers now offer HPLC
columns with hybrid organic/inorganic
packing materials.

— One of the most important advances in
HPLC packing materials was the introduc-
tion of small-diameter superficially porous
particles (SPPs), which happened around
2006. (Note: SPPs are also known as core-
shell, poroshell, fused-core, and solid-core
particles.) SPPs have a solid inner core
structure that is surrounded by a layer of
porous material. Columns packed with
SPPs have higher efficiencies than columns
packed with equivalently sized, fully
porous particles. The solid inner core is
impenetrable to both sample analytes and
the mobile phase, decreasing mass transfer
and longitudinal diffusion (C and B terms
in the van Deemter equation [Eq. 11.13],
respectively). For small-molecule applica-
tions, SPPs have also been shown to reduce
eddy diffusion (A term in the van Deemter
equation [Eq. 11.13]). The mechanism
underlying this reduction in eddy diffusion

is currently not well understood but is often
attributed to the highly uniform packing of
SPPs, possibly because of their rougher
surfaces, compared to fully porous parti-
cles. Columns packed with 3-pm SPPs
have efficiencies similar to columns packed
with <2-pm, fully porous particles but gen-
erate significantly less back pressure. Thus,
they can be used on both conventional
HPLC instruments and specialized UHPLC
equipment.

— Surface Chemistry: Column packings
that use unmodified silica as the stationary
phase are polar, limiting the possible chro-
matographic separation types to what is
now known as normal-phase separation.
The polarity of the silica particles can be
modified by bonding less-polar functional
groups to the surface hydroxyl groups, cre-
ating a broad array of HPLC particles with
a range of polarities and selectivities suit-
able for reversed-phase separations.
Examples of common stationary phases
used for reversed-phase separations are
shown in Table 11.2.

* Mobile Phase: In HPLC, selectivity is a func-

tion of both the mobile and stationary phases.
It is often easier and less expensive to change
the mobile phase concentration and/or compo-
nents than to change the stationary phase.
The mobile phases used in HPLC are mixtures
of buffers and solvents. Mobile phase compo-
nents must be high grade and of known
composition; for example, the stabilizers in
many solvents may cause problems. HPLC-
and UHPLC-grade solvents are available and
are worth the investment to reduce pressure
fluctuations, baseline drift, and system
maintenance.

In normal-phase separations, the stationary
phase is polar, and the mobile phase has low
polarity. A normal-phase mobile phase might
be based on iso-octane and have its polarity
modified with the addition of a more polar
material such as chloroform. As the polarity
of the mobile phase increases, the tendency
of analyte molecules to adsorb on the silica
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Table 11.2 Stationary phases used in reversed-phase water mixtures have different elution
separations strengths, and one may be more suitable than

Stationary phase the other for a particular application.

functional group Applications

Octylsilane (C8)
Octadecylsilane-
embedded polar
(C18-embedded polar) polar analytes, separations

Octadecylsilane (C18) Highly retentive alkyl phase

for a broad range of
compounds, including drugs of
abuse, steroids, fatty acids, and
environmental pollutants
Similar to C18 but less polar
Complementary selectivity to
C18, promotes retention of

based on functional group
differences

Cyano Polar compounds, suitable for

normal phase also

Phenyl Promotes retention of aromatic

and moderately polar
compounds

Pentafluorophenyl Enhanced selectivity for
halogenated, polar, and
isomeric analytes

Amino High retention of polar

analytes, anion exchange

surface decreases somewhat. Thus, these mol-
ecules spend less time on the stationary phase
and elute with shorter retention times. A more
polar phase is described as a “stronger” mobile
phase because it causes the analyte molecules
to elute more quickly. Very polar molecules,
such as organic acids, can be difficult to sepa-
rate by normal-phase HPLC because they are
very strongly retained on the stationary phase.
In reversed-phase HPLC, the stationary
phase is relatively non-polar, and the mobile
phase is polar. Typically, a reversed-phase
mobile phase is based on water and may be
modified with less-polar materials such as
methanol, acetonitrile, or tetrahydrofuran. A
stronger reversed-phase mobile phase is one
that is less polar, exactly the opposite of the
situation with normal-phase HPLC. The most
common organic modifiers for reversed-
phase HPLC today are acetonitrile and meth-
anol. Acetonitrile is often preferred over
methanol because of its low viscosity, which
leads to lower system backpressures; its low
UV cutoff; and its high boiling point.
However, acetonitrile/water and methanol/

Acetonitrile has a higher dipole moment than
methanol, making it a slightly weaker mobile
phase when the organic component is near
100% of the mobile phase composition.
Additionally, acetonitrile is considerably
more expensive than methanol.
When a sample contains ionic or highly polar
compounds, it may be necessary to add an ion
pair reagent to the mobile phase to separate
compounds using reversed-phase HPLC. The
ion pair reagent pairs with the ionic group on
the analyte molecule, allowing it to be retained
by the non-polar stationary phase.

— Gradient elution: The HPLC analog to
temperature programming in GC is gradi-
ent elution. In a gradient elution, the
strength of the mobile phase is increased
by changing the mobile phase composition
as the run progresses. For reversed-phase
separations, this is achieved by increasing
the amount of organic modifier in the
mobile phase composition over the chro-
matographic run. Advantages of gradient
elutions over isocratic elutions include the
ability to separate complex samples,
improved resolution, increased sensitivity,
shorter analysis times, and more complete
flushing of the column.

— Gradient elutions introduce the complica-
tion that as the mobile phase composition
changes, the pH may also change, affecting
the charge state of ionizable analytes and,
thus, their retention characteristics.
Solutions to this complication include using
buffered aqueous solutions and working at
pH extremes to avoid slight variations hav-
ing large impacts on analyte retention.

— When selecting mobile phase components
for HPLC, care must be taken to ensure that
they are compatible with the intended detec-
tor. For example, low-UV-absorbing compo-
nents, such as acetonitrile, should be selected
for UV detection, whereas volatile buffers
based on ammonium instead of potassium or
sodium should be selected for MS.
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HPLC Detectors

By far the most widely used detectors in HPLC
are based on UV energy absorption. These detec-
tors can be classified into three types: fixed-
wavelength, variable-wavelength, and
diode-array detectors. A schematic of a fixed-
wavelength detector is shown in Fig. 11.9. The
construction of this detector is similar to any UV
spectrophotometer except that it employs a flow-
through cell. To preserve peak resolution, flow
cell volumes should be less than 10% of the
smallest peak volume. For conventional HPLC
(4.6 x 100 mm column, 3-um particle size), flow
cells typically have volumes around 8—10 pL and
path lengths of 10 mm (1 cm). Under UHPLC
conditions (i.e., smaller-diameter columns and
<2-pm particles), an 8-pL flow cell may lead to
band broadening. Specialty cells designed spe-
cifically for UHPLC applications have volumes
of 0.5-3 pL while maintaining a path length of
1 cm. In most operations, the reference cell is
filled with air. The energy source is usually a
254-nm lamp with higher wavelengths available
through the use of filters. In a variable-wavelength
UV detector, light from a broad spectrum lamp is
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Fig. 11.9 HPLC fixed-wavelength detector

split into multiple wavelengths, usually by a dif-
fraction grating, and the desired wavelength,
from about 180 to 300 nm, is focused through the
sample cell. Specific wavelengths can be selected
based on the application, and the wavelength can
be changed throughout the chromatographic run.
A number of attempts to produce scanning UV
detectors have been made, but none has been very
satisfactory. The timescale of modern HPLC con-
ditions, where peak widths can be as narrow as
1 s, makes the use of scanning UV to acquire full
UV spectra of analytes as they elute impractical.
Additionally, this functionality has been achieved
with advances in diode-array detectors.

A diode-array detector focuses full-spectrum
energy from the source through the cell and then
diffracts the beam into its component wave-
lengths and focuses the resultant spectrum onto
an array of photodiodes. Each photodiode
receives a different wavelength band, and a com-
plete spectrum may be obtained for any point in
the chromatogram. This feature enables the
examination of spectra from multiple points in an
eluting peak, which is particularly useful in iden-
tifying impurities. A subset of wavelengths can
also be selected to generate specific-wavelength
traces in a manner similar to generating extracted
ion chromatograms from full-spectra LC-MS
data. This mode of operation allows both targeted
analysis and quantitative analysis based on mul-
tiple discrete wavelengths within a single chro-
matographic run.

UV detectors are widely used because many
compounds exhibit appropriate UV absorption.
Nevertheless, there are some limitations and pre-
cautions that must be considered. First, the sol-
vents used in the mobile phase must have a UV
cutoff below the wavelength used for detection; if
this condition is not met, the mobile phase will
not be transparent, and detectability will be low
or nonexistent. Second, many compounds absorb
at the low operating wavelengths achievable with
some designs (below 200-210 nm), which
increases the number of potentially interfering
components and decreases selectivity.

For analytes that do not have usable UV spec-
tral properties, the differential refractive index
detector is available. A refractive index detector
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compares the refractive index of the mobile phase
with that of the column effluent. This detector is
nearly universal in that any eluting compound
that has a refractive index differing from that of
the mobile phase will give a response. Gradient
elution is not possible because changing the
mobile phase composition also changes its refrac-
tive index, and baseline drift becomes significant.
Because refractive indices are temperature
dependent, the system must be carefully thermo-
statted to control baseline drift. The differential
refractive index detector was originally designed
for use in the polymer industry and does not find
wide use in toxicology. However, it is applicable
for the analysis of sugars, starches, and similar
compounds.

Fluorescence detectors offer a sensitive and
selective analytical approach for those com-
pounds that have natural fluorescence or that can
be made to fluoresce by derivatization. These
detectors allow the selection of excitation and
detection wavelengths. However, fluorescence
detectors are not widely used in forensic toxicol-
ogy because of the limited number of compounds
for which they are suitable.

Another detector of rather limited use in toxi-
cological analyses is the electrochemical detec-
tor. In this detector, the flow cell contains a
working electrode and reference and auxiliary
electrodes. The potential between the working
and auxiliary electrodes is set to a value that will
selectively oxidize or reduce specific compounds.
The working electrode monitors electroactivity
in the cell, and the reference electrode provides a
reproducible, stable voltage as a reference for the
working electrode. For applicable compounds,
this detector offers good sensitivity and
selectivity.

The use of a mass spectrometer as a detector for
HPLC has increased dramatically in recent years,
concurrent with advances in LC-MS interface tech-
nologies and the development of APCI and ESI
sources. The primary obstacle to overcome when
interfacing LC with MS is the large volume of sol-
vent introduced to the source of the mass spectrom-
eter. This issue is mitigated somewhat when using
UHPLC conditions, which include significantly
lower flow rates than conventional HPLC. LC-MS

interfaces and ionization techniques are discussed
in detail in Chap. 14.
Data Systems

The same data systems available for GC can be
used for HPLC.

Quantification
Objectives and Requirements

The goal of quantitative analysis is to determine
with accuracy and precision how much of one or
more analytes is present in a specimen or the
relative amounts of two or more analytes in a
specimen. Both GC and HPLC are well suited to
quantitative analyses. To perform quantitative
analyses satisfactorily and be able to support the
results under rigorous examination in court, the
analyst must be aware of, and adhere to, good
analytical practices and understand what is being
done and why. Details of best practices for quan-
titative method validation are discussed in Chap.
16. When performing quantitative analysis by
GC or HPLC specifically, several factors must be
considered. This section will address some of
these factors.

Resolution

If using a non-mass-selective detector or collect-
ing full-scan MS data, the resolution must be
acceptable, generally 1.5 or greater, and a deci-
sion has to be made about whether to use peak
area or peak height as the response to derive the
result. For the quantification of a small peak in
the presence of a larger, closely eluting peak, it is
preferable to use peak height; otherwise, peak
area should be used. When using a mass-selective
detector to monitor selected ions, having co-
eluting peaks, while not desirable, is acceptable,
providing the peaks do not interfere in each oth-
er’s detection, and the final method meets all
method validation parameters.
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Response Factors

Equal amounts of two different analytes will not
give equal detector responses. There are two
approaches to handling this situation: calculating
response factors and generating calibration
curves. The response factor for analyte a can be
defined as the response (peak area or height) per
unit weight of a:

_ Responseofa
Weight of aInjected

» (11.17)

After determining response factors for each
analyte of interest, the amount of each can be
determined based on the magnitude of the detec-
tor response and Eq. 11.17.

Calibration Type

It is not necessary to calculate response factors if
a calibration curve is generated for each analyte.
An external calibration curve is determined by
injecting the same volume of each of several
standards of various concentrations. The response
is plotted as ordinate, and the concentration is
plotted as abscissa. After the line that fits these
data has been determined, the same amount of
analyte solution is injected, and the concentration
of the material of interest is read from the curve
or calculated from the equation for the curve. The
precision of analyses using external standard cal-
ibration depends on injecting the same volume of
standards and sample as closely as possible.
Some variation in the amounts injected is
unavoidable, especially if small volumes are
injected with a syringe, and will affect the ana-
lytical precision. Another factor to consider when
deciding whether to use external calibration is
that there is no monitoring of sample recovery
during extraction, derivatization, drying, or
reconstitution.

The accuracy and precision of an external
standard calibration can be greatly enhanced by
including an internal standard. The internal stan-
dard selected should be a material that is not
expected to appear in the specimen, has good sta-

bility, chromatographs satisfactorily, has a reten-
tion time reasonably close to that of the analyte,
does not interfere with other peaks that may be
present, and goes through the sample preparation
process in a manner similar to the analyte. In
practice, the same amount of internal standard is
added to each specimen to be run. By plotting the
ratio of the response of the analyte to that of the
internal standard against concentration, for a
series of calibrators at known concentrations.
The use of an internal standard improves analyti-
cal precision by eliminating the effect of small
variations in injection volumes. Because the
internal standard peak should always give nearly
the same response, this method also allows the
analyst monitor method performance. If a mass-
selective detector is used for quantification, a
stable isotope (e.g., deuterated or *C labeled)
analog of the analyte can be a good choice for an
internal standard. Selected ion monitoring can be
used to examine the relative magnitudes of the
quantitative ions and ratios of the qualifying ions
of the analyte and isotope analog.

To confidently and correctly use the tech-
niques covered in this chapter, and to support
them in court, the analyst must understand them
sufficiently enough to be able to articulate their
use and importance. The analyst must also appre-
ciate the different techniques’ strengths and
limitations.
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Gas chromatography-mass spectrometry
(GC-MYS) is still one of the most widely used
analytical techniques in the forensic toxicol-
ogy laboratory. Chemical derivatization is
used to enhance the volatility, temperature
stability, and detectability of drugs. It is an
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PFPA or PFAA  Pentafluoropropionic acid
anhydride

PFPI Pentafluoropropany
limidazole

PFPOH 2.2.3,3,3-Pentafluoro-
1-propanol

TBDMDMCS Tert-butyldimethylchlorosilane

TFAA Trifluoroacetic acid anhydride

TFAI Trifluoroacetylimidazole

TMCS Trimethylchlorosilane

TMS Trimethylsilyl

TMSI Trimethylsilylimidazole

Introduction

Forensic toxicologists are responsible for the
identification of drugs and metabolites in biologi-
cal fluids. Gas chromatography-mass spectrome-
try remains one of the most universally used and
robust techniques in forensic toxicology. Gas
chromatographic separation is particularly effec-
tive for compounds that are non-polar, thermally
stable, and volatile. It has been used for the detec-
tion, identification, and quantitation of a wide
range of xenobiotics. However, the presence of
polar functional groups, or the introduction of
such groups during biotransformation can be
problematic. Under these circumstances, drugs or
metabolites may exhibit poor chromatographic
properties. Modification of the chemical struc-
ture of the molecule during the derivatization
process can improve both separation and detec-
tion. The most frequently used derivatization
techniques for GC are reviewed, including
silylation, acylation, and alkylation.

Derivatization for GC-MS

If a molecule is too polar, non-volatile, thermally
liable, produces insufficient diagnostic ions, or
has poor chromatographic properties (e.g., peak
tailing or poor separation), derivatization may be
necessary. Derivatization involves the chemical
modification of an existing drug or metabolite to
produce a new compound, with enhanced chro-

matographic properties. Additionally, since the
chemical structure is changed, the drug may frag-
ment differently, potentially improving the abun-
dance, or the diagnostic value of the resulting
ions. Advantages of derivatization as it relates to
gas chromatography include:

e Decreased polarity

e Increased molecular mass
e Improved detectability

¢ Increased specificity

¢ Increased volatility

* Increased thermal stability

Decreasing the polarity of a molecule is ben-
eficial because it results in less adsorption onto
the stationary phase, which can improve peak
shape and enhance resolution. Derivatization,
which increases the molecular mass, can also
improve the specificity of ions, which is particu-
larly important if selected ion monitoring (SIM)
is being used. Some drugs of interest produce
poorly diagnostic mass spectra when analyzed
directly by GC-MS. For example, during electron
impact (EI) ionization, methamphetamine readily
fragments to produce the tropylium ion base peak
at m/z 91 (C;H;%) and the C;HgN* ion (m/z 58)
from the phenethylamine side chain, neither of
which are highly specific (Fig. 12.1). Smaller
fragments are less diagnostic because of their
increased abundance in nature. Therefore, the
absence of the molecular ion can be a disadvan-
tage, particularly for drugs with small molecular
masses. Therefore, chemical derivatization can
not only increase the molecular mass, but improve
the mass spectral characteristics of the drug,
yielding more specific ions with greater diagnos-
tic value. This is depicted in Fig. 12.1, which
shows EI mass spectra for underivatized and
derivatized methamphetamine.

Derivatization typically involves the replace-
ment of an active hydrogen on various functional
groups. Target functional groups can include
amines, alcohols, phenols, ketones, carboxylic
acids, and others. The general reaction for
derivatization is as follows:

R,-AH+R,-D >R, -AD+R, -H
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Fig. 12.1 Mass spectra of methamphetamine underivatized (a) and derivatized with TFAA (b), PFPA (c), and HFBA (d)

where “A” is an oxygen, sulfur, nitrogen, or
similar atoms found in functional groups, “H”
is an active hydrogen, and “D” is the functional
group on the derivatization agent. There are
multiple derivatization agents and a single
drug may be derivatized using a variety of dif-
ferent approaches. Abbreviations for the most
common derivatization reagents can be found
at the end of the chapter. The ideal derivatiza-
tion technique for a certain molecule or drug
should:

Produce a single, stable, reproducible, and
high yield derivative

Result in simple and fast reaction using
straightforward laboratory techniques
Achieve the desired modification and chemi-
cal properties

e Use non-hazardous reagents
e Not result in detector fouling

There is potential to produce more than one
derivative if the molecule contains multiple func-
tional groups. Side products may be produced
during the reaction, which can change the
chemical environment of the reaction (e.g., make
it more acidic) and compromise the stability of
the derivative product. A disadvantage of
derivatization is the increased sample preparation
time in the laboratory; additional post-derivatiza-
tion clean-up may also be required to remove
excess reagent and/or by-products prior to analy-
sis. Failure to remove these prior to injection can
result in deterioration of the stationary phase,
detector fouling and increased instrument
maintenance.
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Once polar functional groups within the mol-
ecule have been identified, the appropriate
derivatization technique can be selected.

Silylation

Silylation is one of the most universal derivatiza-
tion techniques as it is applicable to numerous
functional groups, including alcohols, phenols,
amines, thiols, and carboxylic acids (Table 12.1).
Silylation involves the introduction of a silyl
moiety through substitution at the active
hydrogen.
The advantages of silylation include:

* Applicability to a wide range of functional
groups

e Variety of reagents commercially available

e Ease of preparation

e Thermally stable derivatives

» Excellent chromatographic characteristics

¢ Increased volatility

* Amenable to direct
clean-up)

GC analysis (no

Table 12.1 Derivatization of common functional groups

Trimethylsilyl (TMS) are among the most
common derivatives utilized, although many
other alkylated silyl groups can be used. Common
derivatization reagents for silylation are listed in
Table 12.1. The replacement of an active hydro-
gen with TMS [R-Si(CHj;)] increases the molec-
ular weight of the drug by 72 Da. In EI spectra
the m/z 73 often features prominently and is not
considered a diagnostic ion because it is not asso-
ciated with the molecular structure of the drug
itself. Higher alkyl homologs further increase
molecular weight (e.g., r-butyldimethylsilyl or
t-BDMS). They also have increased hydrolytic
stability and improved mass spectral characteris-
tics. Their EI mass spectra are often character-
ized by abundant [M-57]* ions due to the loss of
the tert-butyl group. Despite this advantage, these
bulky groups present difficulties for sterically
hindered groups on some drug molecules.

While silylation is applicable to various func-
tional groups, alcohols (primary > second-
ary > tertiary) are the most reactive with silyl
reagents, followed by phenols, carboxylic acids,
and amines (primary > secondary). N-methyl-/N-
trimethylsilyltrifluoroacetamide (MSTFA) and

Functional
group Derivatization Reagent Derivatives
Alcohols/ Silylation BSTFA, BSA, HDMS, MSTFA, TMSI, TMCS Trimethylsilyl (TMS)
phenols (catalyst)
MTBSTFA, TMCS (catalyst) t-Butyldimethylsilyl
(+-BDMS)
Acylation TFAA, TFAI, MBTFA Trifluorobutyramides
PFPA/PFAA Pentafluorobutyramides
HFAA/HFBA, HFBI Heptafluorobutyramides
Alkylation PFBBr Pentafluorobenzyl ethers
Amines Silylation BSTFA, BSA, MSTFA, TMCS (catalyst) Trimethylsilyl (TMS)
MTBSTFA, TBDMCS (catalyst) t-Butyldimethylsilyl
(--BDMS)
Acylation TFAA, MBTFA Trifluorobutyramides
PFPA/PFAA Pentafluorobutyramides
HFAA/HFBA Heptafluorobutyramides
Carboxylic Silylation BSTFA, BSA, MSTFA, TMSI, TMCS (catalyst) Trimethylsilyl (TMS)
acids MTBSTFA, TMCS (catalyst) -Butyldimethylsilyl
(--BDMS)
Alkylation PFBBr Pentafluorobenzyl ethers
BF;/Methanol Methyl esters
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CH,4
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Fig. 12.2 Chemical structures of commonly used
silylation reagents MSTFA and BSTFA with severed bond
indicating the TMS group

N, O-bis(trimethylsilyl)fluoroacetamide (BSTFA)
are widely utilized for this purpose (Fig. 12.2).
Other silylation reagents include trimethylsily-
limidazole (TMSI) and N,O-bis(trimethylsilyl)
acetamide (BSA) (Table 12.1). While many of
these reagents have similar silylation potencies,
increased volatility of the reagent can be benefi-
cial because it can reduce interfering peaks in the
chromatogram.  Silylation reactions occur
through nucleophilic attack, so their efficiency
depends on good leaving groups. For this reason,
BSTFA is a more effective silylating reagent than
BSA, because trifluoroacetamide is a better leav-
ing group, reacting faster and more completely
than BSA for most compounds.

Catalysts are often employed during silylation,
particularly if sterically hindered functional
groups (e.g., tertiary alcohols or steroids) are the
target molecule. The most commonly used cata-
lyst for silylation is trimethylchlorosilane
(TMCS). A commonly used combination is
BSTFA + 1% TMCS. Alternatively, some mix-
tures of silylating reagents and catalyst are used
(e.g., BSA/TMSI/TMCS (1:1:1, v/v/v)). TMSI is
a particularly useful derivatization reagent
because it is not reactive toward amines and
therefore has greater selectivity than BSTFA and
MSTFA. If the drug of interest contains both
hydroxyl and amine groups, TMSI could be
advantageous in terms of the production of a sin-
gle derivative. The use of TMSI will also pre-
serve keto groups and prevent the formation of
enols during the reaction.

Itis very important when performing silylation
reactions to use aprotic organic solvents, as these
reagents are easily hydrolyzed when exposed to
aqueous conditions and will react with any active
hydrogens. GC column stationary phase should
not contain any active sites as well. Pyridine is
sometimes used as the solvent because it is an
acid scavenger and helps drive the reaction for-
ward. However, it can also result in peak tailing.
Silylation reactions can be performed in the
absence of solvent if the compounds of interest
are sufficiently soluble in the reagent. Finally,
silylating reagents are typically moisture sensi-
tive, as are the derivatives themselves.

Although the reaction requires heat, most are
effective at moderate temperatures (e.g.,
60-80 °C), and on-column derivatization is also
possible for some silylating reagents. During
method development, derivatization conditions
should be carefully evaluated and optimized to
ensure that the reaction is either complete, or
reproducible. If derivatization does not go to
completion, it is important to ensure that the
internal standard selected behaves in an identical
fashion to the drug or interest. This can be
achieved using isotopically labeled internal stan-
dards. If compounds of interest undergo
derivatization, it is not acceptable to use an inter-
nal standard that does not derivatize. The com-
pleteness and reproducibility of the derivatization
are particularly important when drugs contain
more than one derivatization site (e.g., mor-
phine). The trimethylsilyation of morphine is
shown in Fig. 12.3, whereby both OH groups are
derivatized, resulting in a di-TMS derivative.

Forensically relevant analytes that are fre-
quently derivatized using silylation reactions
include cannabinoids (e.g., A°-THC, carboxy-
THC, hydroxy-THC), cocaine metabolites,
opiates, and benzodiazepines. Their reactivity
toward so many functional groups, ease of prep-
aration, and limited sample clean-up prior to
GC injection makes silylation a popular choice
in forensic toxicology applications. Advantages
and disadvantages of the most common
derivatization approaches are summarized in
Table 12.2.
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Fig.12.3 Silylation of morphine using BSTFA + 1% TMCS
Table 12.2 Advantages and disadvantages of derivatization approaches

Derivatization type  Advantages Disadvantages

Silylation * Large number of silylating reagents * Must use aprotic solvents

available * Reagents and derivatives are moisture

e Easy to prepare

sensitive

Acylation

Alkylation

No additional clean-up necessary
Reactive towards many functional groups
(-CO,H, NH,, OH, Amide)

Useful when derivatizing drugs with more
than one functional group type (e.g., -OH
and —CO,H, carboxy-THC)

Large number of reagents available
Fluorinated derivatives with increased
molecular weight and longer retention
times

Derivative hydrolytically stable

Addition of halogenated carbons can
increase detectability

Reaction conditions vary from strongly
basic to strongly acidic

Some reactions possible in aqueous

Required anhydrous conditions
Potential for multiple derivatives

Acid by-products for some reagents
require removal prior to GC analysis
Acylation reagents moisture sensitive
Reagents hazardous and odorous
Not reactive toward carboxylic acids

Can be used in conjunction with acylation
and silylation
Reagents often toxic

solution
e Derivatives generally stable

Acylation

Another common derivatization technique is acyl-
ation, which involves the introduction of an acyl
moiety (RCO-) onto a molecule through substitu-
tion of an active hydrogen. Acylation is an ideal
technique for polar molecules containing hydrox-
yls, thiols, or amines and converts them into esters,
thioesters, and amides (Fig. 12.4). The advantage
of using acylation as a derivatization technique is
the formation of stable derivatives that are highly
volatile and have increased sensitivity with charac-
teristic mass spectral fragmentation due to the
increase in molecular weight.

* Conditions may be harsh

Acyl derivatives can be formed using three
different types of reagents: acyl halides, acid
anhydrides, or reactive acyl derivatives, such as
acylated imidazoles. Acetic anhydrides, particu-
larly perfluoroacyl anhydrides, are among the
most common reagents for acylation. Examples
of these reagents include trifluoroacetic acid
anhydride (TFAA), pentafluoropropionic acid
anhydride (PFPA or PFAA), and heptafluorobu-
tyric acid anhydride (HFBA or HFAA)
(Fig. 12.5). The fluorinated acyl groups increase
molecular weight and retention time significantly.
This electronegativity can be further exploited if
negative chemical ionization is to be used for
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Fig. 12.4 General
reaction scheme for
acylation of hydroxyls,
thiols, and amines

I I
Hydroxyl Ry—OH + R,—C—X ——= R;~0—C—R, + H—X

. Ri—SH + ” —_— H + H—X
Thiol ! ,—C—X R;—S—C—R,
Ammi I I
mine  R,—NH, + R,—C—X ——= R;—NH-C—R, + H—X
Fig. 12.5 General ()
structure of [ I
perfluoroacyl acid —C—0—C—R
anhydrides
Reagent R Additional Molecular Weight
TFAA O =C-CF; 210
PFAA O0=C-CF,-CF; 310
HFAA  O=C-CF,-CF,-CF, 410

analytes that are present at low concentration
(e.g., triazolam) or if electron capture detection
(ECD) is used.

While acyl halides and acid anhydride reagents
produce stable and volatile acyl derivatives, they
form acid by-products that must be removed
prior to GC analysis. These reactions may be per-
formed in pyridine, tetrahydrofuran, or other sol-
vents capable of accepting the acid by-product.
Even if a basic acceptor is used to neutralize
them, additional steps are often necessary to
remove excess derivative prior to analysis. Their
removal is relatively straight-forward using sim-
ple evaporation (under nitrogen) or liquid-liquid
extraction, but it does require an additional sam-
ple preparation step.

Additional common reagents include
N-methyltrifluoroacetamide = (MBTFA) and
perfluoro-acylimidazoles, such as trifluoroacety-
limidazole (TFAI), pentafluoropropanylimid-
azole (PFPI), and heptafluorobutyrylimidazole
(HFBI). These reagents also produce highly vola-
tile derivatives, but do not produce by-products
that would need to be removed prior to analysis

by GC; the by-products are inert and highly vola-
tile. Caution is needed when using these reagents
however, because they are sensitive to aqueous
environments.

Acylation has been widely utilized for the
derivatization of many drug classes, notably
amphetamines and opiates. Since they are not
reactive toward carboxylic acid groups, metabo-
lites of cocaine and THC require an additional
derivatization step (discussed later). LSD has
been derivatized using trifluoroacetylimidazoles.
MBTFA has been used to produce carbohydrate
derivatives. Acetic anhydride can also be used for
the acylation of alcohols, phenols, and amines.
Although the resulting esters are more stable than
silylated derivatives, the molecular weight
increase is minimal.

Alkylation

While not as common as silylation or acylation,
alkylation is another derivatization technique
used to improve detection and chromatographic



170

L. Glicksberg and S. Kerrigan

characteristics of drugs by GC analysis.
Alkylation involves the substitution of an alkyl or
aryl group at an active hydrogen on hydroxyls,
carboxylic acids, thiols, and amines to produce
ethers, esters, thioethers, thioesters, N-alkyl
amines, and N-alkyl amides. It is particularly
widely used for the modification of acidic hydro-
gens on carboxylic acids and phenols. The advan-
tages of alkylation are the formation of stable
derivatives that have higher volatility than the
original molecule. However, as the acidity of the
active hydrogen decreases, stronger alkylating
reagents are required.

Reagents include substituted benzyl bromides,
unsubstituted benzyl bromides, and alkyl halides
such as aliphatic bromides and iodides. Common
reagents include boron trifluoride (BF;)/metha-
nol and pentafluorobenzyl bromide (PFBBr).

Alkylation of carboxylic acids is also possible
by esterification with alcohols. Drugs or metabo-
lites containing a carboxylic acid can be esteri-
fied wusing 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) or 2,2,3,3,3-pentafluoropropanol
(PFPOH). These reagents convert carboxylic
acids into the corresponding fluorinated ester.
This approach is often used in combination with
other derivatization reagents. For example, acyla-
tion and esterification of -OH and —CO,H using
both PFPA and PFPOH when dealing with poly-
functional compounds (e.g., benzoylecgonine).
Although silylation using a single reagent can be
used to derivatize carboxylic acids and phenols,
these derivatives are less stable than their alkyl-
ated counterparts.

Other Derivatization Techniques
Oximes

Some molecules contain more than one func-
tional group; however, only one functional group
may need to be transformed during derivatization
reaction. This often occurs when the ketone
group of a compound does not need to undergo
derivatization and another more polar functional
group does. An example is the silylation of the

hydroxyl group on steroids. Oximes can be used
to prevent the keto group from interfering with
the derivatization of another functional group,
essentially protecting it. Using this approach, a
pentafluorobenzyl oxime can be prepared using
pentafluorobenzyloxylamine. Oxime formation
has been widely reported for steroids, and also
for the keto-opioids (discussed later).

Cyclization

Another derivatization technique involving poly-
functional group molecules is cyclization, where
there is a simultaneous reaction with two proxi-
mal active functional groups to form a cyclic
derivative. In order for a cyclic derivatization to
occur, there must be the appropriate amount of
spatial separation between the two functional
groups and the ring must be stable. Reagents
using cyclization include boronic acids
[R-B(OH),] in the presence of aprotic, organic
solvents such as pyridine or acetone.

The advantage of cyclization over other
derivatization techniques is the potential to pro-
duce one derivative versus multiple derivatives.
However, multiple derivative products could be
formed if the molecule has more than two func-
tional groups with an active hydrogen.

Chiral Derivatization

Separation of chiral compounds (e.g., &/l meth-
amphetamine) presents a unique challenge using
gas chromatography. If derivatization is to be
avoided, stereoisomers can be separated using a
chiral stationary phase. However, an alternative
approach is to derivatize the molecule using an
optically pure reagent, followed by separation on
a traditional (achiral) chromatographic phase.
Chiral separation on GC has been achieved for
multiple analytes, including methamphetamine,
3,4-methylenedioxymethamphetamine
(MDMA), methadone, and a variety of anti-
inflammatory  medications.  Fluroacyl-prolyl
chlorides are commonly used: heptafluorobutyryl
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prolyl chloride and /-N-trifluoracetyl-prolyl chlo-
ride ([-TPC) have been used to separate the two
methamphetamine enantiomers and  S-(-)-
trifluoroacetyl prolyl chloride has been used to
separate. MDMA chiral forms. Additional
reagents include (R)-(-)methoxytrifluoromethyl-
phenylacetic acid (MTPA) for methamphet-
amine, (-)methyl chloroformate for methadone,
and S-(-)-1-(-1-naphtyl)ethylamine for anti-
inflammatory drugs.

Although chiral derivatization is more special-
ized and requires optically active and pure
reagents of sufficient volatility, it avoids the costs
associated with a chiral stationary phase.

Derivatization by Drug Class
Amphetamines

Amphetamines are frequently encountered in
forensic toxicology casework. Amphetamines
and structurally related analogs (e.g., cathinones)
contain a primary, secondary or tertiary amine.
Active hydrogens on primary and secondary
amines benefit from chemical derivatization. The
EI mass spectra of amphetamine and metham-
phetamine are each dominated by one poorly
diagnostic ion, m/z 44 and m/z 58, respectively.
The derivatization of these molecules improves
their chromatographic and mass spectral proper-

Molecular Structure

NH,

Molecular Formula: CgH,,N
Formula Weight:

Amphetamine

Methamphetamine
Molecular Formula: C,H ;N

Formula Weight:

135.20622

149.2328

ties. Derivatization also allows for these rela-
tively small molecules to be better separated
from structurally related endogenous compounds
found in biological matrices.

Although primary and secondary amines read-
ily undergo silylation and acylation, the latter is
the most common approach. Acylation using
HFBA, PFPA, or TFAA, and silylation using
MTBSTFA have been reported (Fig. 12.6). Other
techniques including the use of propylchlorofor-
mate, pentafluorooctanoyl chloride, and combi-
nation of acid anhydrides with organic solvents
are also possible. Amphetamines bearing tertiary
amines, including the pyrrolidine-type cathi-
nones (e.g., methylenedioxypyrovalerone
(MDPV), a-pyrrolidonopentiophenone (a-PVP))
do not derivatize with these techniques due to the
absence of an active hydrogen. Chiral separation
of amphetamines by GC is commonly achieved
using the chiral derivative, /-TPC described ear-
lier. A schematic for this reaction is shown in
Fig. 12.7.

Benzodiazepines

While derivatization is not necessary for the
analysis of most benzodiazepines by GC-MS, it
can be used to improve chromatographic char-
acteristics and improve volatility of the more
polar benzodiazepines, such as oxazepam,

Technique Derivative Structure
CH
NH [ /3‘< CHs
Silylation m S\' CHs
(MTBSTFA) CHy  CHs
Molecular Formula: C,;H,,NSi
Formula Weight: ~ 249.46708
OYCFS
N
) CH,
Acylation
CHs
(TFAA)

Molecular Formula: C,,H,,F,NO
Formula Weight: 245.2408696

Fig. 12.6 Derivatization of amphetamine and methamphetamine
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temazepam, and lorazepam (containing a
hydroxyl group) or clonazepam (containing a
nitro group). Although 1,4-benzodiazepines are
most common, the drug class is extensively
functionalized at many sites on the molecule.
Considering the wide variety of benzodiazepine

structures, derivatization has been achieved
using an assortment of techniques, including
silylation, acylation, and alkylation. Silylation
remains one of the most popular approaches for
the identification of benzodiazepines and their
metabolites (Fig. 12.8).

O Y (Y

OCF3

OCF,

Fig. 12.7 Chiral derivatization of methamphetamine using /-TPC

Molecular Structure

Lorazepam O cl

Molecular Formula: C,;H,,CI,N,0,
Formula Weight: 321.1581

Oxazepam O

Molecular Formula: C,;H,,CIN,O,
Formula Weight: 286.71304

Clonazepam O c

Molecular Formula: C,;H,,CIN,O,
Formula Weight: 315.7112

Technique Derivative

H3C CHa
O—S|
Silylation ol
(BSTFA) O

Molecular Formula: C, H,,CI,N,0,Si
Formula Weight: 393.33922

H (0]
N
H,C  CH
& / 3
O—Sl\
cl —N CH,

Silylation

(BSTFA) O

Molecular Formula: C, H,,CIN,O,Si
Formula Weight: 358.89416

Alkylation

N
(Methy & o
lodide) O

Molecular Formula: C,H,,CIN,O,
Formula Weight: 329.73778

Fig. 12.8 Derivatization of benzodiazepines by silylation and alkylation
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Cannabinoids

Derivatization is necessary for the identification
of THC and its metabolites in biological samples.
While acylation of the hydroxy (e.g., PFPA) and
esterification of the carboxylic acid (e.g., HFIP)
have been reported, silylation is more convenient
because it derivatizes both functional groups.
Commonly used silylation reagents include
BSTFA, MSTFA, and MTBSTFA (Fig. 12.9).

Opioids

Morphine and related compounds often contain
multiple sites for derivatization. Silylation and
acylation are the most commonly used tech-
niques. Common reagents used for silylation of
these analytes include BSTFA or MSTFA, often
in the presence of a catalyst (TMCS) (Fig. 12.10).

Structurally similar to opiates, semi-synthetic
opioids also require derivatization prior to analy-
sis by GC-MS. The semi-synthetic opioids (oxy-
codone, oxymorphone, hydrocodone) include a
keto-substituent, which decreases the volatility of
these analytes. Derivatization can be achieved
using silylation or acylation; however, both the
enol and keto derivative may form. Protection of
the ketone group by the formation of an oxime is
possible. For keto-opioids this is commonly
achieved using hydroxylamine or methoxyl-
amine. This is depicted in Fig. 12.11 using
hydrocodone.

Cocaine
Chromatographic properties of cocaine metabo-

lites (particularly benzoylecgonine) are signifi-
cantly improved by derivatization. This can be

Molecular Structure Technique Derivative
THC Silylation
. (BSTFA+ 1% TMCS) N
3 3
M Molecular Formula:  C,;H,,0, © Molecular Formula: C,,H,,0,Si
Formula Weight: ~ 314.4617 Formula Weight:  386.64282
O OH
COOH-THC : Silylation
He— o o (BSTFA +1% TMCS)
HsC Molecular Formula: C,,Hy50,
o e e HaC Molecular Formula: C,,H,,0,Si
Formula Weight: 4;;3.;(’)6486 ’
Hac\s‘/CHz
o]
11-OH-THC Silylation
(BSTFA + 1% TMCS)
HsC Molecular Formula: C,H;,0, CHy
Formula Weight: ~ 330.4611 HL Molecular Formula: C,H,;0,Si,
Formula Weight: ~ 474.82334

Fig. 12.9 Derivatization of cannabinoids by silylation



174 L. Glicksberg and S. Kerrigan
Molecular Structure Technique Derivative
?Hs ?Ha
N N
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Morphine y . YA
HO o OH (MSTFA) S0 o —S|
Molecular Formula: C,,H,(NO, HsC CHs CHs
Formula Weight: 285.33766 Morphine-Di-TMS
Molecular Formula: C,,H,;NO,Si,
Formula Weight: 429.6999
LI"}H3 ?H3
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odeine
(MSTFA) H3C\ /CH3
H,C—O o OH H,c—0 o 0—Si

Molecular Formula: C;gH,,NO,
Formula Weight: 299.36424

Fig. 12.10 Derivatization of opiates by silylation

H,C—O 6) (0]
Molecular Formula: C,;,H,;,N,O,,
Formula Weight: 1971.28504

Fig. 12.11 Derivatization of select opioids

CHj
Molecular Formula: C,,H,,NO,Si
Formula Weight: 371.54536

H,C—O (e}

Molecular Formula: C,gH,,N,0, \
Formula Weight: 326.38958

achieved using silylation, which is reactive silylation. As described earlier, esterification
towards both —OH and —CO,H, or by esterifica- requires the use of two derivatization reagents. A
tion. Higher abundances of BE have been schematic for the esterification of cocaine metab-
reported using acylation when compared to olites using PFPA/PFPOH is shown in Fig. 12.12.
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Molecular Structure Technique Derivative
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Fig. 12.12 Derivatization of cocaine and metabolites
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Immunoassay

Michael L. Smith

Abstract

Immunoassays are still widely used for pre-
sumptive testing in forensic toxicology appli-
cations, including workplace drug testing,
human performance, and medicolegal investi-
gations. Although they cannot be used quanti-
tatively or definitively to identify a specific
substance in a forensic setting, they are widely
used for screening purposes. The nature of the
antibody—antigen interaction, antibody pro-
duction, specificity, and cross-reactivity are
described. Homogeneous and heterogeneous
immunoassays are also discussed, together
with the relative advantages and disadvan-
tages of each.
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Cross-reactivity - Cutoff

Immunoassays are scientific tests that use anti-
bodies to identify and measure amounts of a
chemical substance. In forensic toxicology, these
assays are typically used to screen biological
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samples for the presence of an antigen. The origi-
nal immunoassays developed in the 1950s by
Rosalyn Yalow and Solomon Berson were used,
conversely, to quantify human antibodies them-
selves in the blood of diabetics who had acquired
immune responses to the bovine insulin they
were taking to treat their disease. The insulin
antibody concentration was determined by mix-
ing *'I-labeled insulin with the patient’s blood in
a test tube, separating protein-bound from
unbound insulin, then measuring the gamma
radiation from the labeled insulin bound to
immunoglobulins. The amount of bound insulin
correlated to a patient’s insulin antibody concen-
tration and this laboratory result assisted physi-
cians in prescribing insulin dosages and
determining the patient’s prognosis.

Using the same theoretical basis of antibody—
antigen interactions, Yalow and Berson extended
this technique to measure nanogram quantities of
numerous human hormones. The ability to mea-
sure submicrogram quantities of hormones revo-
lutionized the fields of endocrinology and
neuroscience. The principle they exploited was
called competitive binding, and Dr. Yalow
received the Nobel Prize in medicine in 1977 for
developing and refining the analytical method
based on this principle: radioimmunoassay (RIA).
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Competitive Binding Process

The generalized competitive binding process is
represented in Fig. 13.1.

The antigen is represented by a drug because
this is the most common analyte of interest in
forensic toxicology. To generate antibodies
against a drug antigen, an immunogen prepared
from the drug of interest is injected into an ani-
mal, and antibodies that specifically bind the
drug are produced in the serum. The serum
(called antiserum) collected from the animal is
mixed with labeled drug and with the drug itself.
Labeled and unlabeled drug compete for the anti-
body binding sites; at equilibrium, the concentra-
tion of drug can be determined using the law of
mass action, if the equilibrium constants,
concentration of labeled drug, and concentration
of antibody are known. In practice, the antigen
concentration is determined by comparing the
amount of labeled drug bound to antibody in a
sample to that of reference standards containing
known concentrations of antigen. A convenient
way for readers to analyze immunoassay prob-
lems in the remainder of this chapter and in the
laboratory is to remember the radioimmunoassay

_ [Dr-Ab]
"~ [Drl[Ab)
+

Dr Dr-Ab

K* [Dr¥*-Ab]
" [Dr*][Ab]

&i* Labeled drug (Dr?)
¢ Drug (Dr)
Y Antibody (Ab)

Dr#-Ab

Fig. 13.1 Generalized competitive binding process

(RIA) example in Fig. 13.2, which is a represen-
tation of a coated tube assay in which antibodies
are attached to the bottom of test tubes.

First, the same amount of radioactive 'I
(y-emitter)-labeled drug is added to each of a
number of assay tubes and binds to the antibod-
ies. Reference solutions, each containing a known
concentration of drug, are then added to some of
these tubes and unknown samples to the other
tubes. A high concentration of drug in a reference
solution or sample will displace a large amount
of the labeled drug originally bound to antibod-
ies. Samples with lower drug concentration will
displace less labeled drug. The supernatant of
each tube is decanted and the y-radiation remain-
ing in each tube (bound fraction) is measured. A
calibration plot of radioactivity vs. drug concen-
tration is constructed using data from the known
solutions. The concentration of drug for each
unknown sample can be determined from the
standard plot by correlating its radioactivity mea-
surement on the ordinate of the standard plot with
the corresponding concentration on the abscissa.

Mathematical manipulation of the data allows
one to produce a linear plot (if this is desired).
One common method of converting data to a lin-
ear plot is shown in Fig. 13.2 (see the glossary for
definitions). For a qualitative screening test, stan-
dard plots are not needed. Samples with bound
radioactivity equal to or less than that of a
selected cutoff calibrator, i.e., equal to or higher
in concentration than the cutoff calibrator, would
be positive for the drug and sent for confirmation
by another analytical technique.

Since the introduction of the original insulin
assays, there have been many new developments
in immunoassay technology. For example, assays
have been developed to test for molecules smaller
than peptide hormones that are of more interest to
toxicologists, such as drugs, organic poisons, etc.
[molecular weight (MW) of many toxicants is
100-600 daltons (Da); MW of insulin is 6000 Da].
Also, methods called homogeneous assays have
been developed that do not require physical sepa-
ration of bound and free antigen and can be used
on large-volume automated analyzers.

The RIA described above is called a heteroge-
neous assay and is more labor intensive. Most of
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Fig. 13.2 Representation of a coated-tube RIA. (a) RIA procedure; (b) a plot of bound counts per minute (B) vs. con-
centration of drug; (¢) mathematical transformation of data to produce a linear plot

the assays used by toxicologists are commer-
cially available in kit form, have been optimized
by manufacturers, and contain simple instruc-
tions for using the kit components to screen for
analytes in urine, blood, and other biological flu-
ids. Although the kits differ in many respects, the
common reagents they contain are an antiserum
(antibodies), labeled drug, calibrator solutions,
and control solutions. Students must understand
the important scientific characteristics of these
components to critically evaluate the strengths
and limitations of various immunoassays.

Antibodies
Production of Antibodies
Antibodies are immunoglobulins (Ig) produced

by mammalian lymphocytes in response to for-
eign substances introduced into the body.

Scientists have taken advantage of this biological
phenomenon by injecting compounds of interest
into hypersensitized animals and then collecting
blood serum containing antibodies specific for
the compound. The antiserum can be used to con-
struct a laboratory test that identifies the com-
pound. The serum proteins from the animal,
which specifically bind the antigen, fall into at
least five classes: IgG, IgM, IgA, IgE, and
IgD. About 90% of Ig in the serum of hypersen-
sitized animals are IgG, so this form will be
described and is represented in Fig. 13.3.

IgG is a monomeric form with two light pep-
tide chains and two heavy peptide chains con-
nected by disulfide bonds (IgG MW= 150,000 Da).
A portion of the molecule called the Fab region
contains the peptide sequences that form the anti-
gen recognition (binding) sites. Antibodies spe-
cifically bind an antigen based on the antigen’s
molecular composition and spatial orientation of
molecules. This is an important characteristic of
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antibodies to remember when evaluating the
specificity of immunoassays: they will exclude
many substances that are dissimilar to the antigen
but will also bind others that are structurally
related. Binding of structurally related com-
pounds is called cross-reactivity and is discussed
below under the subsection “Specificity.”

ab

Hinge region

[N Antigen binding sites
| Lights chains

Il Heavy chains

Fig. 13.3 Diagram of antibody (IgG) molecule. F,, and
F. are names used by immunologists for regions of the
molecule

Fig. 13.4 Synthesis of
an immunogen

CH,

Small molecules, i.e., those with molecular
weights less than 2000 Da (e.g., amphetamine
MW = 135 Da), are not antigenic, and scientists
must “trick” an animal’s immune system to pro-
duce specific antibodies. The trick is to bind the
small molecule to a larger, antigenic compound
before injecting it into an animal. The animal will
then produce some antibodies that are specific for
the small molecule. An example synthesis for
preparation of such an immunogen is shown in
Fig. 13.4. Note two important points in this
figure:

1. Textbook diagrams of immunogens do not
accurately represent the size difference
between the small molecule, called a hapten
by immunologists, and the attached protein.
In this case, the MW of the methamphetamine
hapten is 149 Da and the BGT protein is
150,000 Da.

Scientists designed the immunogen so that
several bond lengths separate the hapten from the
larger protein. This makes the hapten more spa-
tially unique and causes the host animal’s immune
system to produce a higher concentration of anti-
bodies that specifically bind its hapten-like struc-
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ture. Antiserum with high concentrations of
specific antibodies is said to have a high titer.
High titers are desirable and are typically
described by the dilution factor needed in a stan-
dard binding assay; representative titers are 1:500
for small molecule antisera and 1:100,000 for
protein antisera.

Polyclonal and Monoclonal
Antiserum

Animals produce polyclonal antiserum in vivo.
From the frame of reference of an analyst who
uses the final product, this means that there are
different types of antibodies in the antiserum,
each with a different affinity for the compound of
interest. These antibodies may also differ in

Antigenic /’_h‘ Immunization
determinants [a w_nm\
(a.b,c) — ¢ produce

antibodies

Antibody-forming cells

Tumor cells grown in
tissue culture

Spleen cells

Antibody-forming cells are fuscdl
with tumor cells to produce
hybridomas

Hybridoma __

unsatisfactory

antibody

production
Monoclonal Monoclonal
antibodies 1=y antibodies
(Anti-a) g ¥ « (Anti-b)

isolated from SPICV Q:d removed

which part of the compound they recognize. The
distribution of antibodies usually differs between
animals treated with the same antibody-producing
regimen and within the same animal as time pro-
gresses after injection. Often a manufacturer will
struggle to find an animal that produces the
desired titer and specificity of antiserum only to
discover with later blood drawings that these crit-
ical parameters have changed.

With the development of hybridoma technol-
ogy, manufacturers began to produce monoclonal
antibodies. The pictorial summary of the produc-
tion of polyclonal and monoclonal antibodies is
shown in Fig. 13.5. Production of polyclonal
antiserum appears straightforward: inject an
immunogen, collect blood, and then separate the
serum. Variables in immune response and the
time required to find the individual animal that

—® Sample centrifuged and purified

Antibodies . .
Polyclonal antibodies

(varying activities)

Hybridomas screened for
specific antibody
production. Optimal
antibody-producing
hybridomas are separated
and cloned.

Monoclonal antibodies
produced from cloned
hybridomas are isolated for
cultivation and purification,

Fig. 13.5 Production of polyclonal and monoclonal antibodies



182

M. L. Smith

will produce antiserum with the desired proper-
ties make this a more difficult task than it appears.
The host animal, usually a rabbit, sheep, or goat
(not the mouse shown in the figure), must also be
large enough to allow large volumes of blood to
be drawn without causing harm.

Figure 13.5 also diagrams the production of
monoclonal antiserum. Lymphocytes from an
immunized mouse are fused to mouse myeloma
cells to produce a hybridoma. The myeloma por-
tion allows the hybridoma to propagate as long as
the correct conditions are present in the culture
medium. (Cancerous cells like the myeloma cells
are required because normal cells die after a cer-
tain number of replications.) The lymphocyte
portion of the hybridoma produces antibodies.
An individual hybridoma that produces the
desired type of antibody is selected by cell-
sorting techniques and then reproduced in cul-
ture. Each antibody in the culture medium
(serum) has identical binding properties. The
antiserum is very specific for the analyte and,
unlike the polyclonal antiserum produced in an
animal, will have the same properties as long as
the selected cell line is maintained.

Specificity

Specificity is a critical characteristic of assays. It
is the degree to which an assay correctly identi-
fies only the compound of interest. (The mathe-
matical definition may be found in the glossary.)
It is often used to describe antiserum, because in
immunoassays the specific binding of the antise-
rum is very important, but the term specificity
should more appropriately be applied to the assay
using the antiserum. This is also true for the
related term ‘“‘cross-reactivity,” which describes
the degree of assay response to compounds other
than the one the assay was designed to detect.
When toxicologists must identify specific tox-
icants in biological fluids, cross-reactivity to
structurally related compounds is important,
because it may lead to false-positive laboratory
results if an immunoassay is not confirmed by
another method. Some immunoassays and com-
mon interfering compounds are shown in

Table 13.1. Table 13.2 shows quantitative cross-
reactivity figures for common interfering drugs
in a representative amphetamine/methamphet-
amine assay.

Table 13.2 makes several important points:

1. First, samples containing substances with low
cross-reactivity, such as /-ephedrine (0.55%),
may appear to have a low probability of con-
tamination in an amphetamine assay. However,

Table 13.1 Cross-reactants in immunoassays

Common cross-reacting
substances

MDA, MDMA, ephedrine,
Pseudoephedrine, bupropion,
chlorpromazine,
dimethylamylamine (DMAA),
promethazine, ofloxacin,
tyramine, phentermine

Immunoassay

Amphetamine,
methamphetamine

Benzodiazepines Efavirenz 8OH-metabolite,
sertraline

Benzoylecgonine,  Ecgonine, ecgonine methyl ester,

(cocaine) cocaine

Cannabinoids Ibuprofen, naproxen, niflumic

(THC metabolites) acid

LSD Ergotamine, tricyclic
antidepressants, verapamil

Morphine Codeine, dihydrocodeine,
thebaine, hydrocodone,
norcodeine, levofloxacine,
ofloxacine

MDMA, MDA Trazodone metabolite (m-CPP)

PCP Venlafaxine, diphenhydramine,
dextromethorphan

Tricyclic Quetiapine

antidepressants

Table 13.2 Cross-reactivities of common drugs in an
amphetamine/methamphetamine immunoassay

Compound % Reactivity
d-Amphetamine 100
d-Methamphetamine 100
[-Methamphetamine 50
Phentermine 50
I-Amphetamine 16.7
I-Ephedrine 0.55
Tyramine 0.5
Phenylpropanolamine 0.3
Pseudoephedrine (100 mg/L) 0.15
Pseudoephedrine (1000 mg/L) 0.08
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one must remember that potential ephedrine
concentrations in patient urine samples
(10,000-200,000 ng/mL) are typically much
higher than expected amphetamine concentra-
tions (usually <5000 ng/mL). A sample con-
taining /-ephedrine at the higher end of the
concentration range would produce an appar-
ent amphetamine result of 1100 ng/mL and
exceed the 500 ng/mL mandated cutoff for
federally regulated workplace drug testing
programs. Individuals taking ephedrine could
be mistakenly identified as positive for
amphetamines by this assay. For this reason,
the federal program requires that immunoas-
say positive samples be confirmed using gas
chromatography-mass spectrometry (GC/MS)
or liquid chromatography-mass spectrometry
(LC/MS).

Second, there is a lower cross-reactivity for
l-amphetamine, the stereoisomer of
d-amphetamine, than for phentermine, the
structural isomer of methamphetamine. This
occurs in this assay because of the nature of the
antiserum, which was produced using the
immunogen in Fig. 13.4. The antibodies recog-
nize the phenyl portion of methamphetamine
hapten, and the phenyl portion of phentermine
is more similar to d-methamphetamine than is
the phenyl portion of the /-amphetamine stereo-
isomer. This also explains why d-amphetamine
and d-methamphetamine have identical reac-
tivities. These are theoretical concepts that are
primarily the province of manufacturers who
design assays but are also important for
toxicologists who need to apply them when
evaluating immunoassay limitations.

Another characteristic of cross-reacting sub-
stances is that the response of assay antiserum
to them is usually not parallel to the response to
analyte as the concentration increases. Note that
the cross-reactivity of pseudoephedrine in this
amphetamine assay is 0.15% and 0.08% at 100
and 1000 pg/mL of pseudoephedrine, respec-
tively. This indicates that the cross-reactivity of
the assay is concentration dependent and quota-
tions of the percent cross-reactivity for an assay
should be accompanied by the concentration of
the cross-reactant.

4. The last point can be made again using phen-
termine as an example. Its cross-reactivity is
50%. Expected urine concentrations can be as
high as 5000 ng/mL. This means that most
individuals taking an anorectic medication
containing phentermine, e.g., Adipex or
Ionamin, could produce urine that would
screen positive in this assay. In workplace
drug screening laboratories, this assay would
be a nemesis since many false-positive screen-
ing results would be produced and have to be
confirmed as negative by more expensive
techniques. These laboratories may choose to
use another immunoassay with less cross-
reactivity to common over-the-counter medi-
cations such as phentermine. However, a
laboratory investigating the cause of aircraft
accidents, for example, may find this assay
useful for detecting both amphetamines and
sympathomimetic amines in the flight crew.
Cross-reactivity of structurally related sub-
stances can be a boon or a bane; it is most
important, in interpreting results and choosing
applications, to know that it exists and how it
affects immunoassay data.

Specific Inmunoassay Techniques

Labeled compounds must have two important
characteristics: (1) they must be immunologi-
cally similar to the compound being tested so
they will successfully compete for the antibody,
and (2) the labels must lend themselves to sensi-
tive detection, free from interference by common
matrices.

Labeled compounds are usually prepared by
attaching a radioactive, fluorescent, enzyme, or
microparticle molecule to the compound of inter-
est. The labeled molecule is added to the reaction
mixture in an assay, and the assay detects the spe-
cific energy changes associated with the label
when it is bound in order to measure the amount
of bound labeled compound.

Many different immunoassays that test for
common toxicological substances are available,
and different manufacturers usually have propri-
etary assays available for the same target com-
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pounds. Although the antiserum and other kit
components differ between competing compa-
ny’s assays, the primary theoretical difference is
the type of labeled compound and method of
detection. The most common types of assays
used by toxicologists are enzyme-multiplied
immunoassay technique (EMIT®; DRI™); fluo-
rescence polarization immunoassay (FPIA);
cloned enzyme donor immunoassay (CEDIA™);
kinetic interaction of microparticles in solution
(KIMS®); and enzyme-linked immunosorbent
assay (ELISA).

Radioimmunoassay (RIA)

RIA is rarely used in clinical and forensic labora-
tories due to its principal weakness, required
management of radioactivity during analysis and
waste disposal. A short description of this
immunoassay is included here since it is a simple
example of a heterogeneous assay and for histori-
cal reasons. The commonest label is I with a
59.5-day half-life. Figure 13.2 displays the com-
monest method called a coated-tube assay. The
supernatant containing free drug is easily

Drug in solution

decanted leaving the bound fraction in a tube for
placement in a y-counter. RIA has a low limit of
detection as evidenced by assays for LSD in
urine, ricin in tissue, and THC in hair.

Enzyme-Multiplied Inmunoassay
Technique (EMIT)

EMIT assays use an enzyme-linked antigen.
EMIT is a homogeneous assay and the basic
assay theory and typical standard plot are
depicted in Fig. 13.6. The label attached to drug
in this assay is the enzyme glucose-6-phosphate
dehydrogenase (G6P-DH) that oxidizes the sub-
strate glucose-6-phosphate to gluconolactone-6-
phosphate and also reduces the cofactor
nicotinamide adenine dinucleotide (NAD) to
NADH. Enzyme activity is determined by spec-
trophotometrically measuring the NADH pro-
duced, monitoring absorbance at the A, of
340 nm. The enzymatic activity of G6P-DH
decreases when the attached drug is bound to
antibody, so adding drug reduces the antibody
available to bind to G6P-DH labeled drug and
increases the rate of NADH production. The

Enzyme

High drug concentration + /‘ \’
Higher conversion ratio of T AT
: |
NADto NADH — \rtibody \_)
Cofactor Product
NAD NADH
580,
Enzyme 570/
Low calibrator
550! (cut-off)

Low drug concentration
Lower conversion ratio
of NAD to NADH

Cofactor
NAD

1

Medium-
calibrator

Change in Absorbance
340 nm)

20 75
Cannabinoid Concentration (ng/mL)

Fig.13.6 Schematic of enzyme-multiplied immunoassay technique (EMIT®)
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change in absorbance at 340 nm is directly related
to the concentration of the drug in the biological
fluid that is added.

Strengths

* Bound labeled drug can be measured without
separation from free drug. These homoge-
neous assays are easy to automate since the
reagents can be mixed, incubated, and have
light measurements made in the original reac-
tion container. Once samples are aliquoted
and loaded, a typical high-volume analyzer
can screen >500 samples/h with one operator
monitoring the system. Automation improves
throughput, intra-assay variability, and analyst
error liability.

o Shelf lives of kits are long (usually >1 year).

e Enzyme-linked assays discriminate between
concentrations over a large range.

e Enzyme-related technology is well estab-
lished, which improves troubleshooting and
reduces costs.

e The absorbance change of the solution is mea-
sured as a function of time, i.e., as a rate mea-
surement. Absorbances from interfering
substances do not usually change with time
and their contribution is minimized.

* More specialty assays, such as LSD, are
available.

Limitations

 Interference results not only from compounds
that cross-react with the antibody but also
from substances in the matrix that interrupt
the enzyme process.

e Urinary metabolites of tolmetin and aspirin,
common analgesics, can cause false-negative
assay results. Scientific studies showed that
salicyluric acid, the culprit aspirin metabolite,
directly interferes with measurement of the
NADH product by absorbing light at
A = 340 nm. This type of interference can be
detected by incorporating appropriate instru-
ment absorbance flags in the method parameter
software. If not, they will go undetected.

e Interfering substances usually cause false-
negative results.

e Additional sample preparation steps may be
required for some biological specimens.

e The LSD assay cited above has linear charac-
teristics in the low pg/mL range but has a high
false-positive rate, probably due to cross-
reacting substances.

Fluorescence Polarization
Immunoassay (FPIA)

FPIA theory and a representative standard plot
are depicted in Fig. 13.7. The most prevalent
FPIA methods are marketed by Abbott
Laboratories for operation on ADx®, AxSym®,
Architect®, or Aeroset® analyzers and use
fluorescein-labeled drugs as tracers. Fluorescein
can absorb light at 1 = 485 nm and emit light in
the range of 4 = 525—-550 nm. If the incoming
light is polarized, emitted light will remain polar-
ized if the fluorescein molecule is fixed in space.
When the fluorescein-linked drug is bound to
antibody, the fluorescein label does not rotate
freely and the polarized light absorbed is emitted
with little loss of polarization. When the fluores-
cein label is free, it rotates freely in solution and
the amount of polarized light emitted is reduced.
Therefore, the addition of drug releases labeled
drug molecules from antibody-binding sites and
lowers the polarization of the light emitted. The
concentration of drug in the biological fluid being
measured is inversely related to the intensity of
polarized light being emitted at a wavelength
selected in the 4 = 525—550 nm range.

Strengths

e This immunoassay is homogeneous.

* Fluorescein-labeled drug is more stable than
enzyme—drug conjugates.

e Fluorescent probes provide low limits of
detection. Measurement of changes in the
polarization of fluorescence capitalizes on the
sensitivity of fluorescence and avoids stray
light interference common to measurement of
direct fluorescence. Also, matrices have less
effect on changes in fluorescence polarization
than on changes in direct light intensity, mak-
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Fig. 13.7 Schematic of fluorescence polarization immunoassay (FPIA)

ing FPIA measurements in blood and older
urine samples generally more accurate than
those from an EMIT.

» Shelf lives of reagents are long (usually >1 year).

Limitations

e The assays are generally more expensive than
comparable enzyme-linked assays.

e Fluorescent salts in bile occasionally give
false-positive results.

e Currently, not many FPIAs are adaptable to
common high-speed analyzers. Abbott meth-
ods must be performed on the company’s own
analyzers.

e Additional sample preparation steps may be
required for some biological specimens.

Cloned Enzyme Donor Immunoassay
(CEDIA)

The theory and a standard plot for the CEDIA are
depicted in Fig. 13.8. CEDIA is a trademark
method marketed by Thermo Fisher Scientific

with genetically engineered fragments of E. coli
[-galactosidase as an enzyme label. The activity
of the enzyme requires assembling two frag-
ments, termed enzyme acceptor (EA) and enzyme
donor (ED) fragments. The reassociated enzyme

hydrolyzes chlorophenolred-f-galactoside
(CPRG) to chlorophenolred (CPR) and
galactose.

CPRG does not absorb significant energy at
A =570 nm, whereas the 4, for CPR is 570 nm.
Production of CPR is easily measured. A second-
ary wavelength (660 nm) for CPR can also be
used to correct for minor changes in sample
absorbance. ED is linked to the drug and will not
reassociate if bound to antibody. Added drug dis-
places the ED-labeled drug from antibodies, reas-
sociation occurs, and absorbance increases. The
concentration of drug in biological fluid is directly
proportional to the change in absorbance.

Strengths

e This immunoassay is homogeneous.

e Shelf lives of reagents are long (usually
>1 year).
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Fig. 13.8 Schematic of cloned enzyme donor immunoassay (CEDIA®)

* Enzyme activity is almost completely stopped
when antibody binding blocks reassociation of
the enzyme. This phenomenon makes release of
labeled drug, subsequent enzyme reassociation,
and production of colored product directly pro-
portional to the concentration of the drug of
interest, and the resulting standard plot is linear
over a wide range of concentration values.

e Monitoring a second wavelength, 660 nm,
provides some measure of security against
interference from substances that may absorb
light at the primary wavelength, 570 nm.

* The absorbance change of the solution is mea-
sured as a function of time, i.e., as a rate mea-
surement. Absorbances from interfering
substances do not usually change with time
and their contribution is minimized.

e Additional sample preparation steps may be
required for some biological specimens.

» CEDIA® has a three-component assay Kit that
can be used to measure LSD. The method has
a large linear range and is subject to less drift
than comparable immunoassays.

Limitations

Despite resistance to interference, CEDIA™
methods can be affected by urine adulterants and
usually yield false-negative results.

Kinetic Interaction of Microparticles
in Solution (KIMS)

KIMS theory and a typical standard plot are
shown in Fig. 13.9. The method was patented by
Roche Diagnostic Systems. The labeled com-
pound is a microparticle with several drug mole-
cules linked to it. In the absence of the drug of
interest, the conjugate of microparticle and drug
molecules binds several antibody molecules and
forms large aggregates that scatter transmitted
light. As the aggregation reaction proceeds, the
change in absorbance increases. The added drug
substitutes for the conjugate attached to antibod-
ies and prevents the formation of aggregates,
which diminishes the rate of absorbance increase
in proportion to the drug concentration. Plotting
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Fig. 13.9 Schematic of kinetic interaction of microparticles in solution (KIMS®)

change in absorbance vs. concentration of drug
yields a negative slope. Change in transmission
can also be plotted, yielding a parabolic plot with
positive slopes.

Strengths

e Itis an inexpensive homogeneous assay.

e Shelf lives of kits are long (usually >1 year).

* Microparticle drug conjugates are more stable
than enzyme drug conjugates.

e Substances that interfere with the agglutina-
tion process in KIMS usually cause false-
positive results. This is an advantage because
immunoassays are screening tests for identify-
ing samples that may contain a drug. Samples
containing both a drug and an interfering sub-
stance will be identified as positive by KIMS
and forwarded for confirmation testing, while
other techniques, such as EMIT, will produce
a false-negative result and the sample will not
be identified for confirmation testing. The
absorbance change of the solution is measured
as a function of time, i.e., as a rate measure-
ment. Absorbances from interfering sub-
stances do not usually change with time and
their contribution is minimized.

Limitations

e The microparticle solution used in KIMS
assays coats the analyzer tubing and requires
special system maintenance.

e The linear range for KIMS assays is generally
smaller than for EMIT and CEDIA. The mic-
roparticle technology allows a steep response
plot but for a narrower range than enzyme-
based assays.

e Additional sample preparation steps may be
required for some biological specimens.

Enzyme-Linked Immunosorbent
Assay (ELISA)

ELISA has been in use in specialty laboratories
for many years, e.g., in HIV testing. Its applica-
tion in drug testing is more recent; many proce-
dures for testing oral fluid, blood, and urine have
developed only within the past decade. Several
companies market drug-testing methods, e.g.,
OraSure Technologies, Immunalysis, and others.

The theory and a representative standard plot
for an OraSure method are shown in Fig. 13.10.
When free in solution, the enzyme label (horse-
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Fig. 13.10 Schematic of enzyme-linked immunosorbent assay (ELISA)

radish peroxidase) converts the substrate tetra-
methylbenzidine (TMB) to a colored product
(Amax = 450 nm). Enzyme activity is restricted
when the drug portion of the enzyme—drug com-
plex is bound to antibodies attached to the bottom
of the well in a microtiter plate. Labeled drug is
released from antibody-binding sites, and enzyme
activity is restored in proportion to the concentra-
tion of the drug in the sample that is added.

Strengths

e ELISA has very good sensitivity.

Being a heterogeneous assay, it is less subject
to matrix effects, especially if the double-
wash technique is used. Some laboratories
have implemented this technique to analyze
postmortem blood samples.

Compared to RIA, ELISA is much easier to
automate. Both current and traditional meth-
ods typically used 96-well microtiter plates
with automated pipetting, washing, and spec-
trophotometric reading.

Because the label is an enzyme, shelf lives are
longer than for RIA (usually >1 year).
Limited sample preparation due to the hetero-
geneous nature of the assay.

Limitations

Being a specialized heterogeneous assay, it
cannot be easily adapted to common high-
speed analyzers. Analyzers currently being
used are specific for this technology.

Cost per sample is generally higher than for
some of the homogeneous assays, primarily
because of the special analyzer needed.
Sodium azide, a common antimicrobial agent
added to preserve urine, will block the activity
of horseradish peroxidase, and the method
cannot be used to test these samples.

Biochip Array Technology (BAT)

BAT is a specialized ELISA that allows a multi-
analyte testing platform. A proprietary method
(Randox) bonds antibodies or antigens to a
9 x 9 mm square on a solid chip. With this ability
manufacturers can create a chip with discrete
testing regions that allow a laboratory to identify
a different analyte in each region. As a result,
multi-analyte testing can be achieved simultane-
ously, and custom panels are available. The
detection system is similar to that shown for the
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ELISA in Figure 13.10 except that chemilumi-
nescent light is produced and a charge-coupled
device (CCD) camera simultaneously records
the light intensity for each discrete testing
region. The analyzer can be large enough for
laboratory screening or small enough for special
applications, such as screening blood during an
autopsy.

Method Validation

High-quality laboratories have always ensured
that their immunoassays met standards for
accuracy and precision but over the past decade
the standards have become more formal. The
National Laboratory Certification Program
(NLCP) describes specific requirements.
Laboratories in this program must have docu-
mentation of an immunoassay’s linearity, preci-
sion around any decision concentrations (called
cutoffs), false-positive and false-negative rates,
carryover detection, and interference studies.
When the method is first established laborato-
ries must also conduct a parallel study, usually
on authentic specimens, showing that it is com-
parable to the previous screening technique.
These standards apply to urine immunoassays
for drugs of abuse that are under the auspices of
NLCP, but are also important for tests in other
biological matrices. For blood, hair, tissue, etc.,
it is also important to identify matrix effects on
the immunoassay. This is particularly important
if the immunoassay kit was initially developed
for use with a different biological sample (e.g.,
plasma, rather than  whole  blood).
Heterogeneous immunoassays such as ELISA
can be readily adapted for use with a variety of
biological samples with relatively minimal
sample preparation. Due to the sensitivity of
immunoassay, predilution of the specimen is
often sufficient to mitigate matrix effects.
Protein precipitation, filtration, centrifugation,
and other techniques may be used, and these are
discussed in more detail in Chap. 9. Additionally,
method validation for immunoassay and other
screening techniques is outlined in Chap. 16.

Quality Control

In addition to antiserum and labeled antigen,
most immunoassay kits contain calibrators and
control solutions. A general principle of quality
control is that these two solutions should be in a
matrix similar to actual samples. This is very
important in immunoassays because matrix
effects can be significant.

In practice, limited supplies of human urine and
serum force analysts to compromise. As a compro-
mise rule, urine that is used to prepare calibrators
for urine assays should not be diluted more than
50%; synthetic urine can be used with caution;
controls must be in actual human urine. These are
basically the guidelines used by the Food and
Drug Administration to clear kits for medical test-
ing. Very few drug-of-abuse assays are available
for blood or serum that require toxicologists to
compromise further when applying urine-based
kits to analysis for these fluids. Calibrators from
the kits may be used if quantitative values are not
important. Controls must be prepared in drug-free
blood or serum, respectively. More detailed dis-
cussions of quality control requirements can be
found elsewhere, but a few basic principles need to
be discussed here. Calibrators should be used in
consonance with analytical requirements. If the
immunoassay is a screening test, then a single cali-
brator is sufficient. For quantitative tests, multiple
calibrators with concentrations that bracket those
of the samples should be included in each assay.
There should be sufficient control solutions, run
with the samples in each assay, to demonstrate dis-
crimination above and below the cutoff for screen-
ing tests. For quantitative tests, these controls
should demonstrate good assay performance in the
low- and high-concentration region of the linear
range. Prior to placing an immunoassay in service,
the laboratory should establish and verify a limit
of detection and linear range for the method.
Cross-reactivities to common interfering sub-
stances must also be verified. Performance param-
eters must be reverified periodically or when
reagent lots change because assay response varies
greatly with changes in antiserum or components
that interact with it in the assay.
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Cutoffs

“Cutoff” is a term used in screening assays
because these methods identify samples as either
positive or negative with no quantitative results
reported. A cutoff is the concentration of drug
below which all specimens are considered to be
negative. This can be the limit of detection of the
assay or a higher concentration. For most pro-
grams using immunoassays, oversight agencies
mandate administrative cutoffs well above the
limit of detection of the method.

Table 13.3 lists the cutoffs for two workplace
drug testing programs. A cutoff above the limit of
detection is usually established to ensure that
most laboratories can achieve accurate results at
this concentration and to meet other special pro-
gram requirements. For example, the administra-
tive immunoassay cutoff for cannabinoids was
originally set at 100 ng/mL to identify active
marijuana smokers but reduce the risk of identi-
fying as positive urine samples from individuals
passively exposed to marijuana smoke.

Applications

Immunoassays have applications in postmortem
investigations, workplace drug testing, and human
performance investigations. In a postmortem
examination, the forensic pathologist collects
blood, urine, tissues, and other body fluids from the

Table 13.3 Immunoassay cutoffs for urine

deceased for toxicological analyses. If there is no
apparent anatomic cause of death, toxicology
results are critical to the investigation. Analytically,
urine is the specimen of choice for immunoassay
screening because it usually has fewer interfering
proteins and decomposition products, but other flu-
ids or tissues may be the specimens of choice for
interpretation. For example, some victims who die
of acute heroin overdose have high concentrations
of morphine in their blood but not in urine. An
immunoassay screen of urine for opiates would
give a negative result and the cause of death could
be missed. This example supports screening blood
but presents challenges for the toxicologist since
blood assays have many more interfering sub-
stances. Proteins are usually precipitated before
analysis using acetonitrile or a similar solvent to
eliminate some of the interfering substances, and
then the supernatant is pipetted for immunoassay.
Historically, RIA was used to screen postmortem
blood. With the decreased availability of RIA
methods, other techniques are being implemented.
The following assorted facts about application
of different immunoassay techniques to postmor-
tem analysis illustrate some of the assay charac-
teristics discussed above:
e Postmortem blood decomposes with time,
producing biogenic amines. These amines
often cross-react with the antibody in amphet-
amine immunoassays (regardless of the type)
and produce false-positive results. For example,

Drug testing programs

DoD (ng/mL) HHS (ng/mL)
Amphetamines 500 500
Benzodiazepines 200 )
Cannabinoids 50 50
Cocaine metabolites 150 150
Designer amphetamines 500 500
Opiates (codeine/morphine) 2000 2000
Opioids (hydrocodone/hydromorphone) 300 300
Opioid (6-acetylmorphine) 10 10
Opioids (oxycodone/oxymorphone) 100 100
Phencyclidine a 25
Synthetic cannabinoids 10 -
Opioid (Fentanyl/Norfentanyl) 1.0 -

“Drug class not included in program
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due to decomposition, tyramine can accumu-
late in biological fluids and cross-react in the
immunoassay (see monoclonal assay in
Table 13.2).

e Salts in bile, some of which are fluorescent,
can cause false-positive FPIA results.

e Some RIA and ELISA assays will give false-
positive cannabinoid results in old blood. The
mechanism is not well understood.

e High concentrations of diphenhydramine
cause false-positive results in some urine PCP
immunoassays.

e Dihydrocodeine and codeine give false-
positive results in most morphine assays.

* As mentioned above, enzyme-based assays
may yield false-negative results if sodium
azide is present in the sample.

Most urine drug-testing programs use immu-
noassays. The federally regulated workplace pro-
gram, for example, mandates an immunoassay
screen for cannabinoids, benzoylecgonine
(cocaine metabolite), PCP, opiates, opioids, and
amphetamines, and establishes screening cutoffs
for each class of drugs. Table 13.3 shows cutoffs
for the Department of Health and Human Services
and Department of Defense programs. Samples
that screen positive must be confirmed by GC/
MS, LC/MS, or LC/MS/MS for both programs.
Some common interfering substances in urine
assays for these drugs are listed in Table 13.1.

Drug testing in accident, probable cause, and
similar human performance investigations use
immunoassays as screening tests. Immunoassay
quantifications are often used in medical testing
where other clinical information about the patient
is available, but forensic analysis usually requires
quantification and confirmation by a technique
based on a different scientific principle than the
immunoassay. In a 2008 policy statement, the
National Safety Council recommended that the
practice of reporting only presumptive drug
screen results in transportation safety cases be
abolished. If both blood (or serum) and urine are
collected from the subject, the urine may be
screened for evidence of drug use and then the
blood analyzed (usually by chromatography) for
evidence of the drugs found in the urine screen. It

is easier to relate impaired performance to drug
concentrations in blood, serum, or plasma than in
urine. Elevated blood concentration of drug also
indicates more recent use of the drug, which may
be important in the investigation. The relation-
ship of blood alcohol, which is not typically mea-
sured with an immunoassay, to impairment has
been investigated for many years and is well
documented, but correlation of blood drug con-
centration to impaired performance is in its
infancy. It is an active field of research.

Special Problems

Manufacturers of immunoassay kits are chal-
lenged by customers to produce a product that
will test certain analytes in a class of drugs but
exclude others. An excellent example is the
development of a method for screening the urine
of employees for amphetamines. Program direc-
tors want to identify amphetamine and metham-
phetamine in a donor’s urine with a single
immunoassay and exclude other amines such as
the over-the-counter cold medication pseudo-
ephedrine. In addition, they want to identify only
the d-isomers since these are the usual illicit
forms of the drugs. A first approach to assay
development might be to construct an immuno-
gen with the amino function of the hapten, either
amphetamine or methamphetamine, exposed.
However, antibodies produced with increased
specificity for d-amphetamine will have a reduced
ability to detect d-methamphetamine because the
amino portions of these two molecules differ.
Attempts to reduce the specificity of amphet-
amine antiserum by hiding the amino group to
achieve increased cross-reactivity to
methamphetamine usually result in the capture of
other unwanted amines.

One solution offered by some manufacturers
is to use a mixture of two specific antibodies, one
for amphetamine and one for methamphetamine.
The Roche Online Amphetamines method com-
bined antibodies and used microparticle—amphet-
amine as a labeled drug. In this method, the
methamphetamine antibody must have some
cross-reactivity to amphetamine for the method
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to be effective. The ADx, EMIT, and CEDIA
methods use both an amphetamine and metham-
phetamine labeled compound in the reaction
mixture with the combined antibodies. The com-
bined antibody approach increases specificity for
just these two analytes but often introduces an
analytical problem. The methamphetamine anti-
body binds methamphetamine in a sample more
strongly than the labeled amphetamine and this
binding difference may increase cooperative
binding. This phenomenon occurred for the
Online and ADx methods. A typical cooperative
binding curve is shown in Fig. 13.11.

These assays are good screening methods, but
the characteristics of their plots complicate inter-
pretation of assay results. For example, let us
consider a urine sample from a methamphet-
amine user that has 500 ng/mL of methamphet-
amine and 500 ng/mL of its principal metabolite,
amphetamine. One would expect an immunoas-
say with reactivity to each drug of 100% to yield
a response equivalent to 1000 ng/mL of amphet-
amines but might observe an assay result of
1500 ng/mL as a result of the cooperative binding
phenomenon.

Another special problem of immunoassays
involves cross-reactivity studies. Most manufac-
turers examine potential interfering substances
and list these in package inserts before assays are
approved for marketing. Independent research
scientists expand these studies and publish a
larger list of cross-reacting compounds. However,

Fig. 13.11 Assay
response for a solution
containing 1000 ng/mL
of total amphetamines in
an amphetamine/
methamphetamine
immunoassay that
exhibits cooperative
binding

Assay response

the human metabolites of these compounds are
usually not readily available for study, are often
elevated in urine, and can significantly influence
urine immunoassay results. For example, fenflu-
ramine and phentermine, two drugs used to treat
obesity, each had low cross-reactivities in studies
using the ADx (FPIA) amphetamine/metham-
phetamine assay. Norfenfluramine, a metabolite
of fenfluramine in urine, was initially unavailable
and not examined in studies of cross-reactivity.
Laboratories were puzzled when they observed
many false-positive results from testing the urine
of patients who were taking diet medications
containing fenfluramine since previous studies
showed little cross-reactivity to this drug.
However, they later discovered that norfenflura-
mine with high cross-reactivity in the assay had
caused the false-positive results. Note in
Table 13.1 that some cross-reactants are drug
metabolites. It should be noted that although
cross-reactivity can result in unconfirmed posi-
tive results, the general lack of specificity can
also be exploited when a large number of struc-
turally similar compounds (e.g., benzodiaze-
pines, barbiturates) are of interest.

The concept of administrative cutoffs for
assays presents a special problem. In workplace
drug testing programs, specific cutoffs are man-
dated so that each person, regardless of which
laboratory tests the sample, will be treated
equally. That is, the cutoff must be easily achieved
by most laboratories and must be the same

[AMP + METH] = 1000 ng/mL %

100%
AMP

75% AMP
25% METH

T 100%
METH

50% AMP
50% METH

25% AMP
75% METH
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whether the employee works in California or
Maryland and regardless of the immunoassay
used by the laboratory. However, as we have
learned, different immunoassays have different
cross-reactivities to common metabolites of the
target drug. For some urine samples, one manu-
facturer’s assay may be negative and another
positive even if both have the same cutoff for the
target drug. The special problem is that the very
nature of immunoassays defies the legal objec-
tives of equal treatment. One solution is to make
each immunoassay for these programs more spe-
cific for the drug of interest. Unlike workplace
drug testing, uniform administrative cutoffs are
not employed in human performance or postmor-
tem forensic toxicology laboratories. In these set-
tings, each jurisdiction or agency establishes its
own cutoffs. Minimum cutoffs for toxicological
testing in impaired driving investigations were
first proposed in 2007 and were updated in 2013
and 2017. In 2019, minimum standards for the
scope and sensitivity of toxicological testing
(including immunoassay screening) were pro-
posed for impaired driving investigations (ANSI/
ASB 120), medicolegal death investigations
(ANSI/ASB 119), and drug-facilitated crimes
(ANSI/ASB 121).

Over the years, immunoassays have in general
been manufactured to be more specific to address
this problem. Good examples include the immu-
noassays for amphetamines, benzoylecgonine,
cannabinoids, morphine/codeine, and PCP that
are required in the large federal workplace drug
testing program. This program emphasizes the
reduction of false-positive screening results and
equal treatment of urine donors. To satisfy cus-
tomers who are responsible for drug testing pro-
grams, manufacturers have refined immunoassays
to be more specific for the drug of interest.

One adverse result is that in other applications
these assays miss more drug users. For example,
original cannabinoid assays targeting the princi-
pal marijuana metabolite, 11-nor-9-carboxy-
delta-9-tetrahydrocannabinol glucuronide,
identified more users than the current methods
that use antibodies more specific for the unconju-
gated acid that is lower in concentration. As

another example, European toxicologists in the
1990s complained that available amphetamines
assays no longer detected MDMA, one of their
most problematic drugs of abuse, as manufac-
tures made their immunoassays more specific for
d-amphetamine and d-methamphetamine to sat-
isfy the larger workplace drug testing market in
the United States. New immunoassays that
detected MDMA were not developed until the
use of this drug began to increase in the United
States. This problem related to specificity may be
more of a lesson in marketing than science, but
users must know the scientific characteristics of
immunoassays to understand it.

Conclusions

Immunoassays in forensic toxicology are pri-
marily used to screen biological samples for the
presence of drugs and similar toxicants. Many
commercial kit methods are available, and each
kit contains an antibody reagent, labeled drug,
calibrators, and controls. The assays are very
sensitive, usually detecting analytes in the low
ng/mL range, and many of the methods can be
easily adapted to automated analyzers that test
hundreds of samples per hour for several drugs.
Yet cross-reactivity of structurally similar sub-
stances is a major problem with immunoassays,
resulting in false-positive results. In forensic
toxicology applications immunoassay results
should be confirmed by a method based on a dif-
ferent scientific principle. The primary theoreti-
cal difference between various immunoassays is
the labeled antigen used and the method of
detecting it. The most common types of immu-
noassays are listed above as subheadings with a
description beneath each. The general strengths
and limitations of each method are listed and
may be categorized under the following head-
ings: specificity (cross-reactivity to unwanted
substances), sensitivity, matrix interferences,
stability of reagents, stability of assay compo-
nents, cost and labor requirements, and prob-
lems reproducing antibodies with the same
characteristics as original lots.
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Glossary

Affinity (In immunology) The strength of bind-
ing between an antibody and its antigenic
determinant.

Analyte A substance of interest that is being
identified and measured in an assay.

Antibody A protein synthesized by animal lym-
phocytes in response to a foreign substance
that specifically binds the foreign substance.
The molecular weight of the monomeric form
of an antibody is about 150,000 Da.

Antigen Any substance that stimulates an animal
lymphocyte to produce an antibody that spe-
cifically binds it. Small molecules that were
part of a larger immunogen when the antibod-
ies were produced may later be referred to as
antigens when they are being measured in an
immunoassay but are technically called anti-
genic determinants by immunologists.

Antigenic determinant The portion of an
immunogenic molecule that binds to an anti-
body-binding site.

Avidity (In immunology) The strength of bind-
ing between antiserum, or an antibody mix-
ture, and an antigen.

Calibrator A solution containing an analyte at a
known concentration that is used to establish a
measured reference concentration in an assay.

CEDIA® A type of immunoassay: Cloned
Enzyme Donor Immunoassay.

Competitive binding process The process of
two different substances competing for the
same antibody-binding sites. In immunoas-
says, the competing substances are an antigen
and a labeled antigen.

Cross-reactivity Qualitative definition: The
degree of response in an immunoassay to a
substance other than the analyte of interest.
Quantitative definition:

9ocross — reactivity = Concentration reading of assay (w / v unitsof assay analyte)

x100

Concentration of crossreactivity analyte (w /v units)

Cutoff A concentration of an analyte established
for a screening assay below which all measured
values are identified as negative for the analyte.

Efficiency Qualitative definition: A charac-
teristic of an assay that denotes the assay’s

ability to detect and correctly identify an
analyte in samples. Also called accuracy
of an assay in older literature. Quantitative
definition:

True positive test results + True negative test results]

x100

Efficiency (%) = [

[All testresults]

ELISA A type of immunoassay: Enzyme-
Linked Immunosorbent Assay.

EMIT® A type of immunoassay: Enzyme-
Multiplied Immunoassay Technique.

FPIA A type of immunoassay: fluorescence
polarization immunoassay.

Hapten A small, nonimmunogenic molecule
that is attached to a larger immunogenic sub-
stance, forming a new antigen that stimulates
production of antibodies specific for the small
molecule.

Heterogeneous immunoassay An immunoas-
say that requires bound and free antigen to be
separated before labeled antigen is measured.

Homogeneous immunoassay An immunoassay
that allows measurement of labeled antigen
without separating bound and free antigen.

Immunoassay Any assay using antibodies that
specifically bind an analyte to identify and
measure the amount of the analyte.

Immunogen A substance injected into an ani-
mal causing production of antibodies to the
injected substance.

KIMS® A type of immunoassay: Kinetic
Interaction of Microparticles in Solution.

Limit of detection (LOD) Qualitative defini-
tion: The smallest amount of analyte that can
be distinguished from random assay noise.
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Quantitative definition: The smallest concen-
tration of analyte that can be distinguished
from analyte-free samples in 95% of repeated
measurements.

Logit B/B, A mathematical function used to lin-
earize standard plots where B = bound counts
per minute (cpm) of sample, B, = bound cpm
of drug-free sample.

Monoclonal antiserum Antiserum containing
antibodies that each have identical binding

[True positive test results]

properties. This antiserum is produced in tis-
sue culture by a set of selected lymphocytes
(clones) that produce a single type of antibody.

Polyclonal antiserum Antiserum containing
antibodies with a spectrum of affinities/speci-
ficities toward an antigen. Animals produce
polyclonal antiserum.

Sensitivity Qualitative definition: An assay char-
acteristic that denotes the assay’s ability to detect
an analyte in samples. Quantitative definition:

Sensitivity (%) =

Specificity Qualitative definition: An assay
characteristic that denotes the assay’s ability

Specificity (%) =

X
[True positive test results + False negative test results]

[ True negative test results|

100

to correctly identify an analyte in a sample.
Quantitative definition:

x100

Titer A measure of an antiserum’s antibody con-
centration, usually expressed as the antise-
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Mass Spectrometry

Shawn P. Vorce

Abstract

Mass spectrometry (MS) is the most widely
used identification technique in forensic toxi-
cology. In a mass spectrometry, the sample,
usually following chromatographic separa-
tion, enters the mass spectrometer through an
inlet device. Once inside the ion source, the
sample components are ionized and selec-
tively monitored by the mass analyzer. The
ions that exit the mass analyzer enter the
instrument’s detector. Common ionization
techniques for gas chromatography-MS are
the electron ionization, where significant frag-
mentation can occur, and the softer chemical
ionization. Common liquid chromatography-
MS ionization techniques are electrospray
ionization, atmospheric pressure chemical
ionization, and collision-induced dissociation.
The quadrupole, ion trap, and time of flight
are common mass analyzers. Currently, multi-
stage mass spectrometers have gained wide-
spread wuse. Although an identification
technique, MS coupled with its hyphenated
chromatographic techniques is widely used in
quantitative analysis as well.

Mass spectrometry (MS) was developed
about 80 years ago and has since been applied

14

in a wide variety of scientific disciplines. The
applications of MS run the gamut from the
elucidation of fundamental physical and
chemical properties of substances to the study
of large biological molecules. The technique
has come into widespread use in the last sev-
eral decades, largely because of the develop-
ment of small, relatively inexpensive
instruments that are easy to operate. Advances
in computers and sophisticated software have
reduced the need for training, because instru-
ments can be controlled and data acquired
with little analyst intervention. Moreover, var-
ious advances have made MS technology
more usable for a wider variety of compounds
in a diverse array of scientific endeavors, most
recently in elucidating the nature of the
genome and its encoded protein products.
Since the previous edition of this book, the use
of MS in forensic toxicology has begun to
transition toward more applications that use
liquid chromatography (LC), tandem MS
(MS/MS), and time-of-flight (TOF) MS. The
introduction of these techniques into forensic
analysis promises to be an exciting area of
advancement in the coming years.
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General Theory

Mass spectral analysis is accomplished by mea-
suring an analyte that has been converted into an
ion in the gas phase. Compared with neutral mol-
ecules, ionic species are relatively easy to manip-
ulate because they can be affected by magnetic
and electrostatic fields that allow the ions to be
isolated with remarkable specificity. The funda-
mental physical chemistry properties of a com-
pound’s mass (m) and charge (z) make its ions
unique and permit separation with resolutions of
<1 Dalton (a Dalton, abbreviated Da, is equal to
1 atomic mass unit, i.e., one twelfth of the mass
of a carbon atom). A molecule is introduced via
one of a variety of inlet devices into an “ion
source,” where the molecule is ionized by one of
a variety of techniques. The ions of the various
molecules constituting the sample are then
directed through a mass analyzer to a detector
system, where a signal is generated to represent
the ions that have impinged on the detector. The
system requires a vacuum to allow the transfer of
ions from one place to another, virtually eliminat-
ing the chance for the ions to collide with other
ions or molecules. Manipulation of the electrical
and magnetic fields allows the isolation of ions of
a single mass-to-charge ratio (m/z). The mass
resolutions available range from unit mass reso-
lution (the ability to separate ions differing by
1 Da) to the ability to differentiate ions with the
same nominal mass but different exact masses.

Schematic

Figure 14.1 illustrates the basic components of
the MS system. The sample enters the mass spec-
trometer through an inlet device. Once inside the
ion source, the sample components are ionized
and selectively monitored by the mass analyzer.
The ions that exit the mass analyzer enter the
instrument’s detector. Traditionally, these three
critical components of the system were under
vacuum. Recent advances that permit ionization
at atmospheric pressure have led to the develop-
ment of a number of ion sources that operate at
atmospheric pressure. The process of ion selec-

tion and detection remains under vacuum in all
systems. Data are captured by the data system
(computer) and manipulated to describe the ana-
lyzed sample in a meaningful way.

Sample Inlet

For mass analysis, the sample must first be intro-
duced into the mass spectrometer. Of the several
different methods that have been used for this
task, the most commonly used technique in
forensic toxicology remains gas chromatography
(GC). In recent years, however, LC and capillary
electrophoresis have become more widely used.
Sample introduction by direct insertion is still an
option, but this method has not gained wide use,
most probably because the lack of automation for
the process limits its efficiency. Each method has
distinct advantages and disadvantages that influ-
ence the selection of inlet type for sample analy-
sis. Because the molecules must be in the gas
phase and the mass spectrometer must be under
vacuum, introducing molecules into the system
poses a significant problem. Each of the sample
introduction techniques overcomes this problem
differently. Likewise, each technique addresses
vacuum integrity in different ways. Several of
these techniques are discussed in more detail
later in this chapter.

Direct Insertion Probe

Directly inserting a sample into the mass spec-
trometer is the simplest form of introduction. The
simplicity of this approach is its appeal, because
no material is lost in the process and the amount
placed into the analyzer can be easily controlled.
The direct insertion probe is also often referred to
as a solid probe because it can be used to intro-
duce solid material into the mass spectrometer.
Materials that otherwise could not readily be
introduced can be placed on the probe and then
inserted directly into the source. Compounds that
do not lend themselves to introduction through a
chromatographic system can often be analyzed
via direct insertion. The disadvantage of direct
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insertion is a lack of separation. A sample is typi-
cally placed into the probe, which is then inserted
directly into the ion source through a vacuum
interlock. The probe can then be heated to volatil-
ize the compound(s) on the probe. If a mixture of
compounds is on the probe, the only separation
that can be effected is by heating the probe in
such a manner that compounds with lower boil-
ing points are volatilized, ionized, detected, and
pumped out of the mass spectrometer before
other compounds with higher boiling points are
volatilized. Depending on the manufacturer, the
probe may also be fitted with a cooling capability
that allows for rapid temperature cycling of the
probe from low to high and back to low again.
This feature makes it possible to process samples
in rapid succession.

A related technique uses a direct exposure
probe. Using the same principle as the direct
insertion probe, the direct exposure probe has a
small filament on which a sample is placed and
then inserted into the source. A liquid sample,
usually 1-2 pL, is placed directly on the wire.
The solvent is evaporated, thereby depositing the
residue on the wire. Solid samples can be applied
directly, or they can first be dissolved in a solvent
and then applied to the wire. Once inside the
source, the sample wire can be heated to volatil-
ize the sample. Both electron ionization (EI) and
chemical ionization (CI) can be used to ionize
samples that have been introduced by either of
these probes.

Gas Chromatography

The most common method of sample introduc-
tion for MS is to pass the sample through a GC
instrument. GC has been used to analyze com-
pounds for many years, and several different

detector methods besides MS have been used,
with flame ionization, nitrogen-phosphorus
detection, and electron capture being three of
the most common. Although each of these GC
detector methods has its advantages, MS offers
a significant advantage over other detectors. The
ability of GC to separate compounds chromato-
graphically is a tremendous advantage. Ideally,
the GC instrument provides a pure compound to
the mass spectrometer, facilitating spectral anal-
ysis. Because the mass spectrometer operates at
low pressure, the amount of carrier gas intro-
duced into the mass spectrometer must be lim-
ited so that the pumping system can keep up
with the volume of incoming gas. Various types
of GC interfaces can be used, depending to
some extent on the pumping capacity of the sys-
tem. Large-diameter packed columns have far
too large a gas volume to allow all of the efflu-
ent to enter the source of most MS systems.
Therefore, a number of devices have been
designed to divert the bulk of the carrier gas
away from the MS instrument, allowing only a
small portion of the gas—along with the
analyte(s)—to enter the mass spectrometer.
Some large-bore capillary columns also carry
too large a gas volume for some of the benchtop
MS systems to handle, because of their rela-
tively low pumping capacities. For such MS
systems, “macro-bore” columns require some
means of separating the carrier gas from the
analyte. Capillary columns that have flow rates
consistent with the pumping capacity of the
mass spectrometer (usually 1-2 mL/min) can be
inserted directly into the source. This method,
commonly called capillary direct, provides the
most efficient delivery of analyte to the mass
spectrometer while still not overwhelming the
pumping system. Chromatographic separations
are discussed in more detail in Chap. 11.
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Liquid Chromatography

Interfacing an LC instrument with a mass spec-
trometer is not a new technique, but recent
advances in technology have made this approach
a much more common method of analysis. Many
different LC procedures are available, and all
allow the separation of analytes, even in very
complex matrices. In many ways, LC offers
advantages over GC. Typically, extraction proce-
dures can be less extensive than for GC,
derivatization is not required (thus saving time
and expense), and many compounds that are not
stable at high temperature fare much better with
LC. The main hurdle that had been associated
with coupling LC with MS was the removal of
the large volumes of solvent used in LC.

Recent developments in LC interfaces have
made LC a very viable technique for introducing
samples for MS analysis. Several different tech-
niques [e.g., atmospheric pressure CI (APCI),
atmospheric pressure photoionization (APPI),
and electrospray ionization (ESI)] are available
for getting the LC effluent into the mass spec-
trometer. These methods, along with the ability to
ionize samples at atmospheric pressure, have
made LC available for use with many different
analytes and with far fewer difficulties than were
seen with previous methods.

lonization

Several different ionization techniques are com-
monly used in MS. The most common techniques
are El and CI. EI produces positive ions by causing
the loss of an electron, leaving a net positive charge
on the molecule or its fragment. CI can lead to the
production of either positive or negative ions.
These techniques are somewhat limited by the
volatility of the compounds and are typically
used for compounds with a mass of approxi-
mately 1000 Da or less. For larger compounds,
the energy used in the process can lead to decom-
position of the molecules. An approach that helps
to avoid this problem with these nonvolatile com-
pounds often involves the use of desorption-
ionization techniques, including field, chemical
ionization, plasma, laser, secondary ion MS, fast

atom bombardment, and laser desorption.
Because this discussion is directed toward com-
pounds of relatively small molecular weight,
these desorption techniques are not discussed in
detail in this chapter. Larger compounds can also
be analyzed with LC-MS techniques involving
multiply charged species.

Electron lonization

El is the most common form of ionization used in
MS. This method involves a source of electrons,
typically a filament, to which an electric potential
is applied, causing electrons to leave the surface
of the filament and move to ground. The energy
potential applied to the filament is typically fixed
at 70 eV. The molecules in the ion source are
exposed to the beam of electrons, and the interac-
tion between these high-energy electrons and the
molecule imparts sufficient energy such that the
molecule loses an electron, leaving a positively
charged molecular ion (M*). Although EI is a
high-energy process, the efficiency of ionization
is low, with typically only 1 of 1000 molecules
being ionized. The high energy of these electrons
(70 eV) commonly destabilizes the molecule,
causing rearrangement, bond breaking, and, ulti-
mately, fragmentation of the molecule. In some
cases, virtually none of the intact molecular ion
remains after exposure to this high-energy pro-
cess. Some instruments allow the user to adjust
the voltage, but many, including most benchtop
instruments, do not. Lowering the voltage gener-
ally leads to less ionization and less fragmenta-
tion; such information can be useful in elucidating
the chemical structure of a molecule.

The ionized fragments produced by EI are
characteristic of a molecule. Therefore, the ions
formed and their relative proportions are repro-
ducible, and this information can be used for qual-
itative identification of the compound, thus
making MS a powerful analytical tool for the
identification of unknown compounds. Libraries
of mass spectra are commonly used in the identifi-
cation of unknown compounds through compari-
son of spectrum of the unknown compound with
spectra of known compounds. Various algorithms
are used to compare ions and their relative intensi-
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ties to assist in compound identification. The net
result of such analyses is the identification of
spectra for known compounds that are similar to
the spectrum of the analyte of interest. Such com-
parisons are possible because the relatively high
energy of the EI process produces consistent
behavior by molecules exposed to the same
energy. Because most instruments use the same
70 eV potential, a molecule’s behavior is remark-
ably similar from day to day and from instrument
to instrument, thus facilitating comparisons with
reference spectra generated on other instruments.

Chemical lonization

The CI process depends on electrons as the pri-
mary source of ions, but the electrons ionize a
reagent gas rather than directly ionizing the ana-
lyte molecules. The reagent gas enters the ion
source and is ionized by high-energy electrons.
When analyte molecules are exposed to the ion-
ized reagent gas, the analytes themselves are ion-
ized and give rise to molecular ions. The CI
source differs slightly from the EI source in that
it is more “gas tight,” which allows a reagent gas
to be introduced into the source and to be at a suf-
ficiently high concentration to permit reagent
ion-analyte molecule reactions to occur. Because
of the added reagent gas, the vacuum in the CI
source is lower than typically seen in EI, thus
increasing the probability that an analyte mole-
cule will collide with a reagent gas ion. The ini-
tial ionization of the reagent gas with electrons is
a high-energy process, but the ionization of ana-
lyte molecules by the reagent gas is far less ener-
getic. Consequently, this type of ionization
causes less fragmentation of the analyte molecule
than EI Ionization is most commonly due to the
transfer of a proton from the ionized reagent gas
to the analyte molecule.

Several different reagent gases have been used
for CI (e.g., methane, ammonia, isobutane). The
reaction with methane is shown below. The first
reaction is the EI of the methane molecule:

CH,+e —CH," +2¢”

The electrons resulting from this process are of
low energy and can play a significant role in res-

onance electron capture negative-ion CI, which
is discussed later. The ion formed in this process
may itself fragment in several ways, one of
which is:

CH,” ->CH, +H™

There will also be a significant number of colli-
sions between the ions and other neutral methane
molecules, which will yield the following:

CH,” +CH, » CH," +CH;’

CH," +CH, - C,H," +H,

When these ions interact with the analyte mole-
cule (M), several reactions are possible. The most
common reaction for most molecules, except
saturated hydrocarbons, is for the molecule to
acquire a proton:

M+CH," > CH,+M+H"

Ton-molecule reactions can also lead to the for-
mation of adduct ions, such as the following:

M+CH," ->M+CH,"

M+C,H;" >M+C,H,"

These ions (M+H*, M+CH;*, M+C,Hs*) are
referred to as molecular species or pseudomo-
lecular ions. The actual molecular weight of the
molecule is determined by subtracting the mass
of the added proton or adduct ions, as the case
may be.

Ammonia is another commonly used ioniza-
tion gas that is ionized by an electron:

NH, +e” - NH," +2¢"

The radical ion created by this EI process reacts
with another ammonia molecule in the following
manner:

NH," +NH, — NH,” + NH,’

The ionization by this reagent gas depends on the
kind of molecule with which it interacts. An
amine-containing molecule (RNH,) will gener-
ally undergo the following reaction:

NH," +RNH, — RNH," + NH,

Polar molecules without a strong basic group will
generally form adduct ions. Importantly, mole-
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cules that do not have these characteristics are not
readily ionized, thus making ammonia CI a selec-
tive ionization technique that eliminates much of
the potential interference by other molecules.

The most commonly used form of CI is
positive-ion CI. The reagent gas forms ions that,
in turn, transfer a charge to analyte ions. This
charge transfer is most commonly due to proton
transfer, which yields a molecular ion with an
additional proton attached, [M + H]*, as described
above. Commonly used reagent gases include
methane, isobutane, and ammonia. Reagent gases
are also sometimes combined to give a mixture
that optimizes the ionization of the analyte mol-
ecules of interest. The ability of the reagent gas to
transfer a proton to the molecules depends on the
proton affinity of the molecules and the acidic
properties of the reagent gas.

Negative-ion CI (NICI or NCI) is a valuable
tool in the analysis of some analytes. The process
involves the generation of negative ions by reso-
nance electron capture, in which the analyte mole-
cule captures a relatively low-energy electron. This
process typically yields intact molecular anions
that are readily detected. Because the energy is
low, molecules with high electron affinity are the
best candidates for this type of ionization. Almost
all neutral molecules can yield positive ions, but
negative-ion formation generally works with mol-
ecules containing a halogen, a nitro, an acidic, or
similar electronegative group. Many biological
molecules do not contain such groups and there-
fore do not become ionized by this method. This
selectivity typically leads to a much cleaner base-
line and cleaner chromatograms, which contribute
to the sensitivity of this technique, often 100-1000
times as sensitive as positive-ion CIL. Derivatization
of molecules with highly electronegative reagents,
such as trifluoroacetic, pentafluoropropionic, and
heptafluorobutyryl groups, yields a derivatized
molecule with a high electron affinity, thus facili-
tating the capture of an electron.

Atmospheric Pressure lonization

The coupling of LC to a mass spectrometer
requires the transition of analytes from a liquid
medium at atmospheric pressure to the gaseous
state under high vacuum in a mass spectrometer.

To make this transition possible, the analytes of
interest must be ionized before they enter the
mass spectrometer. This process is commonly
referred to as  atmospheric  pressure
ionization(API). Specially designed interfaces
connecting the LC instrument and the mass spec-
trometer are required to successfully facilitate the
transition.

LC-MS interfaces have two main functions:
(1) to remove and dispose of the liquid mobile
phase and (2) to create and/or facilitate the trans-
fer of ions into the mass spectrometer. Removal
of the liquid mobile phase is a process called
desolvation. Desolvation of the liquid mobile
phase is accomplished with heaters, gas nebuliz-
ers, and the strategic positioning of the nebulized
LC spray with respect to the capillary. Instrument
manufacturers have moved away from aligning
the spray directly in front of the capillary, which
serves as the entrance into the high-vacuum
region. Instead, most modern interface designs
are orthogonal or perpendicular to the capillary.
This positioning of the spray reduces the amount
of solvent and other unwanted material from
entering the mass spectrometer. By allowing only
ions to enter the capillary, the background signal
is reduced, thereby increasing the signal-to-noise
ratio and the overall sensitivity.

Ionization is the second main function of an
LC-MS interface and can be accomplished in a
number of ways, depending on the chemical prop-
erties of the analyte(s). Some analytes can be ion-
ized in solution with acid/base chemistry via
adjustments in the solvent pH. Two of the most
common methods are ESI and thermospray (TSP).
For example, alkaline drugs containing primary or
secondary amines will accept a hydrogen mole-
cule and become positively charged in acidic solu-
tions. A second method of ionization is the transfer
of a charge from a charged gas molecule to an ana-
lyte, namely, APCI. A third method is APPI,
which uses a UV lamp source to emit high-energy
photons that can directly ionize vaporized ana-
lytes. Matrix-assisted laser desorption-ionization
(MALDI) is an ionization technique that uses a
laser to vaporize and ionize analytes within the
matrices themselves. Most MALDI applications
are retained for analyses of larger macromole-
cules, such as proteins and polypeptides. All of
these ionization techniques have been used in cur-
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Fig. 14.2 The relative applications of the atmospheric
pressure  ionization techniques used in liquid
chromatography-mass spectrometry, compared with gas
chromatography-electron ionization-mass spectrometry

rent LC-MS and LC-MS/MS analyses. Their
applicability depends on the polarities and molec-
ular weights of the compounds being analyzed.
Figure 14.2 illustrates a general guideline to the
applicability of the different ionization techniques
used in forensic toxicology.

Certain considerations are required when
developing methods that use an API technique.
Ion suppression is a major concern, and all
LC-MS and LC-MS/MS ionization techniques
are susceptible. lon suppression is a matrix effect
that can coincide with other factors (some of
which are not really understood) to muffle the sig-
nal from the analyte. When excessive ions are
present in the sample, the signal from the analyte
of interest can be suppressed or buried in the
background noise. These effects can vary greatly
between samples and between different matrices,
such as blood and urine. The interferences can
come from the matrices, the extraction procedure,
the solvents, and even the glassware or plastic
tubes used in the extraction procedure. Other fac-
tors relating to the chemical properties of the ana-
lytes, such as mass, alkalinity, and concentration,

|
Polar

(GC-EI-MS). APCI, atmospheric pressure chemical ion-
ization; APPI, atmospheric pressure photoionization; TSP,
thermospray; ESI, electrospray ionization

can also contribute to ion suppression. The degree
of suppression can negatively affect the limit of
detection, the precision, and the accuracy of quan-
titative results. All API methods should be exam-
ined for the presence and influence of ion
suppression, and appropriate steps should be
taken, if needed, to minimize their effects.

Electrospray lonization

ESI is the most commonly used API technique
and is regularly used in forensic toxicology. An
electrospray interface has three main compo-
nents: the nebulizer, the desolvation assembly,
and the mesh electrode or repeller. Modern elec-
trospray interfaces have pneumatically assisted
nebulization, which enables larger solvent vol-
umes and higher flow rates. Heated, highly pres-
surized nitrogen gas nebulizes the mobile phase
as it enters the ESI interface and creates an aero-
sol of charged droplets. As the solvents evaporate
and shrink, ions within the droplets become
closer and closer to one another until the electro-
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Fig.14.3 The desolvation process for electrospray ionization (ESI) and thermospray (TSP) interfaces. Nebulized drop-
lets containing ions are evaporated with heated gas (N,) until only the free ions remain

static repulsion is too great for the surface ten-
sion. At this breaking point, referred to as the
Rayleigh limit, the droplet explodes into smaller
droplets (Coulombic explosion). The process of
desolvation (Fig. 14.3) continues until the solvent
is evaporated and only free ions remain. lons are
drawn into the capillary via a difference in elec-
trostatic potential between the end of the capil-
lary and the mesh electrode. This electrode is
positioned across from the capillary orifice on the
opposite side of the spray. Figure 14.4 is an illus-
tration of an ESI interface.

Depending on the pK, of the compound and
the pH of the mobile phase, ions formed in solu-
tion can be either positively or negatively charged.
Most modern ESI interfaces can be programmed
to analyze both positive and negative ions, either
separately or simultaneously. ESI is the “softest”
API technique available and often produces only
the [M + 1] ion of the molecule of interest. ESI is
used for very polar to slightly nonpolar com-
pounds that can be charged in solution. For all
analytes, the optimal operational parameters for
fragmentation are determined by a sequential
series of injections of a standard solution. This
process of optimization is referred to as a flow
injection analysis (FIA). During an FIA study,
such parameters as the fragmentor voltage, dry-
ing gas temperature and flow, and nebulization
pressure are varied in sequential injection. Ion

abundance and intensity usually determine the
optimal settings.

ESI is a valuable technique in forensic toxi-
cology, because most drugs are plant alkaloids.
Alkaline compounds are ideal for ESI because
they can be easily charged in solution and typi-
cally have some polar properties. Typical ESI
techniques are capable of analyzing a singly
charged ion up to 3000 Da in size; however, anal-
yses of large molecules such as proteins and
enzymes make up the majority of ESI applica-
tions. The use of a high electrostatic potential in
the ESI interface is thought to help charge the
many functional groups found on large proteins
and enzymes. Therefore, the use of ESI helps
accomplish the goal of creating multiply charged
ions. This capability greatly extends the dynamic
mass range of an MS detector that differentiates
molecules on the basis of the m/z ratio and
enables LC-ESI-MS techniques to analyze mol-
ecules with masses greater than 100 kDa.
Deconvolution software is used to decipher the
cluster of peaks produced by multiple charges
and to determine the molecular weight and struc-
tural identity of an analyte.

Some disadvantages are associated with ESI
techniques. ESI operates most efficiently when
flow rates are less than 1.0 mL/min, and loss of
sensitivity occurs when this flow rate is exceeded.
ESI does not work well for nonpolar analytes,
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Fig. 14.4 Example of an electrospray ionization (ESI) interface for a liquid chromatography-mass spectrometry (LC-

MS) system. CID, collision-induced dissociation

thereby limiting the types of analytes that can be
analyzed successfully. Additionally, the forma-
tion of such adducts as [M + Na] or [M + NH,] is
common with ESI and can contribute to ion sup-
pression effects. The formation of adducts is
minimized by the use of highly pure mobile
phases (HPLC grade) and low-molarity buffer
solutions (<50 mmol/L).

Thermospray

TSP is an API technique very similar to ESI. Ions
are created in solution with buffers that permit
the analysis of polar, thermally labile, and non-
volatile analytes. The pressurized mobile phase is
passed through a heated tube that vaporizes the
solution. The desolvation process for the mobile
phase and the subsequent production of free ions
are similar to the process described for ESI. With
the addition of a repeller electrode, ions are trans-
ferred into the mass spectrometer for analysis.
Traditional designs for TSP differ from those for
ESI only in that ESI uses a high electrostatic

potential in the interface to facilitate the produc-
tion and transfer of free ions. This high electro-
static potential gives ESI a significant advantage
in its ability to produce multiply charged species,
thus extending its mass range. Unlike ESI, for
which the more efficient flow rates are It;1.0;mL/
min, TSP interfaces can sustain flow rates of up
to 2.0 mL/min. TSP is a soft ionization technique
and produces primarily pseudomolecular adduct
ions, such as [M + NH,]* or [M + Na]*, depend-
ing on the buffer and salts used in the mobile
phase. Although still used in forensic toxicology,
TSP techniques have mainly been sidelined by
the advances in other API techniques, such as ESI
and APCIL.

Atmospheric Pressure Ci

An ionization method complementary to ESI is
APCI. APCI is used for analyzing low- to
medium-polarity molecules that are easily vapor-
ized. Unlike ESI, for which compounds can have
multiple charges, APCI usually yields a singly
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Fig. 14.5 Example of atmospheric pressure chemical ionization (APCI) interface for a liquid chromatography-mass
spectrometry (LC-MS) system. CID, collision-induced dissociation

charged ion. Consequently, the mass range for
APCI is limited by the mass spectrometer’s mass
range, which is typically <3000 Da.

APCI sample introduction is similar to that of
ESI. An APCI interface has four basic compo-
nents: the nebulizer, the vaporization tube, the
corona needle, and the desolvation module.
Figure 14.5 illustrates an APCI interface for
LC-MS system. The liquid mobile phase enters
the nebulizer and flows through the needle assem-
bly. The nebulizer blows high-pressure nitrogen
(approximately 60 psi) around the needle and
blasts the mobile phase into a fine aerosol. The
nebulizing gas then carries the aerosol containing
the mobile phase and analytes through the heated
(200400 °C) vaporization tube. The temperature
in this region is optimized to minimize any ther-
mal decomposition and to maximize solvent
vaporization. The vaporized mobile phase and
the analytes are then ionized by a discharge from
the corona needle, which is positioned at the exit
of the vaporization tube. The corona needle cre-
ates a field of electrons that protonates the gas-

phase solvent as it exits the tube. The charge is
then transferred to the analytes in a process simi-
lar to methane positive-ion CI in GC-MS. The
corona needle can produce positively or nega-
tively charged ions, depending on the application
and the analyte. The nebulizer pressure, the
vaporization temperature, and the corona current
are analyte dependent and are optimized with an
FIA.

APCI is best used for analytes of intermediate
polarity and molecular weight that do not contain
acidic or basic sites. This consideration is espe-
cially true for compounds that are sensitive to
acid/base solution chemistry and exhibit a poor
ESI response. Samples that contain such com-
pounds as ketones, esters, aldehydes, alcohols,
and some hydrocarbons can be analyzed with
APCI. APCI tolerates higher flow rates without
sacrificing sensitivity and accommodates a wider
range of solvents than ESI.

Applications for APCI are more limited than
for ESI, and some considerations are necessary
before APCI can be developed. Compounds must
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be moderately volatile so that they can be vapor-
ized and ionized. A compound must have a
molecular mass <3000 Da, because APCI will
produce only a singly charged ion. These two
limitations rule out larger, more polar molecules,
such as peptides and proteins. APCI is also less
effective for analyzing thermally labile analytes.
The high temperature in the vaporization tube
will degrade thermally sensitive molecules such
as steroids. The vast majority of compounds
encountered in a forensic toxicology laboratory,
including most pharmaceuticals and abused
drugs, can be analyzed with APCI or ESI
techniques.

Atmospheric Pressure
Photoionization

APPI is an interface that uses photons emitted by
a light source to ionize analytes. Figure 14.6
presents a schematic of an APPI interface. APPI

LC effluent
l Nebulizer gas

uses a gas discharge lamp that emits UV photons
at distinct energy levels that are specific to the
type of gas used. Three gases frequently used in
APPI are krypton (10.0 eV and 10.6 eV), argon
(11.2 eV), and xenon (8.4 eV). Analytes will ion-
ize if their ionization energies are lower than the
energy emitted by the source lamp. Typically,
nonpolar analytes will appear as a radical molec-
ular ion (M*"), and polar compounds will appear
as a protonated pseudomolecular ion ([M + 1]).
Depending on the composition of the mobile
phase and the polarity of the analyte, the [M*']
created can accept a hydrogen from the mobile
phase (MP) to produce the [M + 1]* ion:

M+hy 5> M"™ +e”

M" +MPH - [M+1] +MP’

APPI can operate in both positive- and
negative-ion modes. In positive-ion mode, the
mobile phase must contain a solvent, such as
methanol, that can easily donate a hydrogen mol-
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Fig. 14.6 Example of an atmospheric pressure photoionization (APPI) interface for a liquid chromatography-mass
spectrometry (LC-MS) system. CID, collision-induced dissociation
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ecule. In general, one of the most popular choices
for the mobile phase is a combination of acetoni-
trile and water. This combination is not suitable
for APPI, however, because there is no hydrogen
that can be freely donated. Water in its gaseous
state acts as a strong base and has a strong affinity
for hydrogen. The compound must have a stron-
ger affinity for the proton than for the solvent gas,
or the ionization efficiency will be decreased
severely. In negative-ion mode, the reagent gas
must have a strong affinity for protons or be able
to capture electrons.

APPI is not limited by acid/base chemistry or
by the compound’s volatility. APPI can be used to
analyze nonpolar to moderately polar compounds
that may not be amenable to analysis with either
ESI or APCI. The energy used for ionization is

D+hv 5> M"™ +e”
D" +M—>—>[M+1] +D
D"+M->M"+D

Toluene, acetone, and anisole have all been used
successfully as dopants. Most APPI methods
show increases in sensitivity and ionization effi-
ciency when dopants are used. One drawback
with the use of dopants is the potential increase in
adduct formation, which can complicate the
interpretation of mass spectra.

Collision-Induced Dissociation

Collision-induced dissociation (CID) is a frag-
mentation technique used in LC-MS, MS/MS, or
ion trap MS applications. CID occurs when ion-
ized compounds accelerated in a fixed area by an
electrical charge collide with neutral gas mole-
cules (molecular nitrogen, argon, or helium) and
cause fragmentation. API techniques most often
produce even numbers of electron ions. CID is
analyte dependent, and the degree of fragmenta-
tion is dependent on experimental parameters. In
CID, fragmentation is much less energetic than
with EI, and sometimes there is no fragmentation
at all. Figure 14.7 displays cocaine fragmentation

relatively low but can generate doubly charged
ions, thereby increasing the mass range of the
mass spectrometer to slighter better than APCI
but not as high as ESI.

Compounds can be ionized directly, or a dop-
ant can be used to transfer the charge indirectly.
Direct ionization occurs if the compound being
analyzed has an ionization energy lower than that
of the photon. Dopants are chemical additives
used to increase the overall ionization efficiency
of APPI for compounds that are difficult to ionize
or that lose their ionization easily. Dopants (D)
are added in the nebulizer to the mobile phase.
Most dopants have very low ionization energies.
This property makes them more easily photoion-
ized and thereby more able to transfer their
charge to the compounds of interest:

Photoionized analyte

Photoionized dopant

Charge transfer from dopant

patterns produced with three different ionization
techniques. Note that the highly energetic EI
technique produces greater fragmentation,
whereas positive-ion CI and ESI have less energy
and produce mostly the pseudomolecular ion
with minimal fragmentation.

Two places where CID can occur are in the
source and in the mass analyzer. For an LC-MS
system, in-source CID refers to the fragmenta-
tion that occurs prior to mass detection. Applying
a potential difference between the capillary end-
cap and the skimmer accelerates the molecules
over a short distance, causing them to collide
with the drying gas. These collisions cause frag-
mentation of the compounds. Increasing the
potential  difference  (fragmentor  voltage)
increases the rate of collisions and produces dif-
fering degrees of fragmentation. The fragmentor
voltages can be optimized to produce a desired
fragmentation for each ion of interest. The dis-
tance between the endcap and the skimmer varies
among manufacturers and affects the fragmenta-
tion of a particular molecule at a fixed voltage.
Fragmentor voltages are not universal; the same
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Fig. 14.7 Tllustrated are the distinctly unique full-scan spectra of cocaine produced with three different ionization
techniques: electron ionization (EI), positive-ion chemical ionization (PCI), and electrospray ionization (ESI)

fragmentor voltage in two instruments from dif-
ferent manufacturers can cause different degrees
of fragmentation. In addition, the mass of the col-
lision gas also affects the overall fragmentation.
A heavy gas, such as argon, will accelerate faster
and impact the molecules with more energy,
causing a greater degree of fragmentation.
In-source CID can take place in the octapole
region by increasing the voltage applied, thereby
increasing the number of collisions.

In tandem quadrupole MS, CID occurs in the
second mass analyzer (collision cell) via
increasing the pressure and accelerating the
ions to collide with the gas molecules. Similarly,
CID can occur inside an ion trap. Energy
applied to the trap excites the ions and causes
them to collide with helium gas, producing
fragmentation. Helium also serves to cool and
focus the ions inside the center of the trap by
forming a buffer between the orbiting ions and
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the inside walls of the trap. Mass analyzer CID
imparts greater specificity and has a higher effi-
ciency of collision compared with in-source
CID. The molecular ions are isolated prior to
fragmentation, therefore eliminating the possi-
bility of co-eluting ion interferences that can
occur during in-source CID. Therefore, mass
analyzer CID is the preferred method for study-
ing fragmentation patterns and identifying
unknowns.

Mass Analyzer
Magnetic Sector

Magnetic sector instruments are generally not
used in the routine analytical, forensic, or clinical
laboratory. They are most commonly found in the
research arena. The recent requirement for high-
resolution MS in sports testing may make these
instruments more widely used in the future, but
the discussion in this chapter is limited to a gen-
eral description. Magnetic sector instruments
separate ions by means of a magnetic and electro-
static analyzer. The ions are produced in a source
and travel through the analyzers. Magnetic ana-
lyzers separate ions by the principle that when
ions of different mass enter a magnetic field (per-

Filament

\

pendicular to the ion path), the smaller ions turn
more quickly than the larger ones. Ions move
through a slit that limits the mass that can exit the
magnet. Sweeping the magnetic field from a high
to a low field strength causes ions to pass through
the slit from higher to lower mass. Electrostatic
analyzers are made of two plates, each with a dif-
ferent charge. As ions enter the analyzer, they
move along the curvature of the plates, depend-
ing on the energy of the ions. The ability to iden-
tify even very small differences in this manner
allows ions of the same nominal mass to be sepa-
rated. Magnetic and electrostatic analyzers can
be combined in several different combinations.
The most significant advantage of the sector
instruments is the increased mass resolution.
Resolution of upwards of 100,000 can be
achieved with these instruments.

Quadrupole

Quadrupole mass spectrometers are the most com-
mon mass analyzers in use today (Fig. 14.8).
Classically, the quadrupole is a set of four pre-
cisely machined rods. Use of a combination of
radio frequency and direct current voltages on the
two sets of diagonally opposed rods allows only
ions of a single m/z value to pass through the ana-

lon

source -

—

Ground

Fig. 14.8 Example of a quadrupole mass spectrometer.
Note that various systems actually use more rods (octa-
pole) or a single-shaped device that simulates four rods

(e.g., Agilent Technologies 5973 mass spectrometers).
Regardless of the configuration, the basic principles are
the same
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lyzer. Tons that enter the analyzer move toward the
detector. All but those of the specific mass selected
are deflected into the rods. The rods can be
scanned, usually from lower to higher mass, allow-
ing ions of successively higher mass to pass
through the filter. In actual practice, the term quad-
rupole is often used to describe analyzers that have
four, six, or eight rods, not just those with four.

The mass spectrum produced is referred to as
a full-scan spectrum and is used when perform-
ing automated searches of mass spectral librar-
ies. Specific masses can also be selected so that
only the specified m/z values are detected. This
process, commonly called selected ion monitor-
ing (SIM), is used for qualitative and quantita-
tive analysis of targeted analytes. Selecting a
limited number of specific masses permits lon-
ger dwell times (time spent monitoring a single
ion) for detecting these ions, thus increasing the
sensitivity. SIM analysis provides less spectral
data than a full-scan analysis but is far more sen-
sitive. SIM analysis has better sensitivity because
more time is spent monitoring fewer ions. Full-
scan analysis monitors an entire range of ions
over the same period of time. In SIM analysis,
the loss of other m/z data is less important than
determining the presence of a specific com-
pound, often referred to as target compound
analysis. With the increase in sensitivity, much
lower amounts of analyte can often be identified
and quantified. Typically, full-scan MS methods
are used in screening analysis, and SIM methods
are used in quantitative analysis.

L Endcap electrodes J

Fig. 14.9 Example of ion trap mass spectrometer. HED, high-energy dynode

lon Trap

The ion trap is best considered as a unique form
of a quadrupole mass analyzer. Rather than
being arranged parallel to each other, the four
rods form a three-dimensional sphere in which
ions are “trapped” (Fig. 14.9). The trap consists
of a central ring electrode and two endcap elec-
trodes. Applying radio-frequency voltage to
these electrodes causes ions to be trapped in the
three-dimensional space of the trap. Ions are
then ejected from the system by changing the
applied radio frequency, which causes the
trapped ions to destabilize and exit the trap. This
process is often referred to as “scan-out” of the
trap. Ions ejected from the trap enter the detector
portion of the instrument. Increasing the radio-
frequency voltage destabilizes ions of increas-
ing m/z values until all masses within the desired
range are ejected. The steps in mass analysis
using an ion trap can be summarized as:

Ion storage

ITon isolation

Collision-activated dissociation (for MS/MS)
Ion scan-out

Ealb

For multiple mass spectrometer (MS™) experi-
ments, steps 2 and 3 are repeated.

The distances in the ion trap are short, which
allows the use of a lower vacuum in the system.
This is because the mean free path required is
much shorter than in conventional quadrupole or

Ring electrode

HED

Detector
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sector instruments. Because the molecules are
within a confined space, ion-molecule reactions
are more likely than in a conventional quadrupole
instrument. These ion-molecule reactions have
the potential to generate atypical mass spectra.
This potential problem can be minimized by
sensing the number of ions in the trap and adjust-
ing ionization times so that fewer molecules and
ions are involved in a single scan, thus reducing
the incidence of ion-molecule reactions. Ion traps
of older design ionized the molecules inside the
trap itself. In this design, all effluent from the col-
umn entered the trap, leading to a high density of
molecules and ultimately to a high probability of
ion-molecule reactions. Newer designs generate
the ions outside the trap, and only ions enter the
trap. This approach eliminates a large number of
neutral molecules observed inside the trap when
the ionization is accomplished within the trap.

MS/MS and MS"

In recent years, the power of MS analysis has
been greatly augmented by multistage MS analy-
sis. The method of multistage MS depends on the
instrument design. MS/MS analysis can be
thought of as occurring in space or in time. The
process traditionally used in many instruments is
based on linking several quadrupole mass analyz-
ers together in sequence. These types of setups
are typically referred to as triple quads, owing to
the presence of three quadrupole analyzers in
series (Fig. 14.10); however, today’s instruments
are referred to as tandem mass spectrometers
because quadrupoles are not the only mass ana-
lyzers used in sequence. Typically, modern
designs have a quadrupole as the first mass ana-
lyzer (QI). The second mass analyzer region
(Q2), commonly referred to as the collision cell,

Q1

Q2

may contain a quadrupole, a hexapole, an octa-
pole, or some other design. The third mass ana-
lyzer region (Q3) can contain a quadrupole or an
ion trap. The instruments generate ions in the
same manner as described earlier, but they usu-
ally use an ionization technique that only pro-
duces molecular ions. The most common form of
MS/MS analysis that uses these instruments
involves setting the Q1 region to allow only ions
corresponding to the m/z of the ion of interest to
pass. Once the ion has passed through the Q1
region, it enters the Q2 region where CID takes
place. This is typically accomplished by putting a
collision gas into this area, which generates fre-
quent collisions between these gas molecules and
the ion that has been selectively allowed to pass
through Q1. The single ion passed through QI is
referred to as the precursor ion (or, less com-
monly, the parent ion). The ions formed from the
fragmentation of precursor ions are called prod-
uct ions (or, less commonly, daughter ions). The
Q3 analyzers can then be set to scan all ions pro-
duced or selectively allow only one or more of
these product ions through to the detector. This
method of MS/MS is referred to as MS/MS in
space, whereas the other process uses time.
MS/MS in time is accomplished with ion trap
mass spectrometers. To perform MS/MS or MS®
experiments in the ion trap, all ions are ejected
from the trap except for the selected precursor
ion. A voltage is then applied to the endcap elec-
trode 180 degrees from the field generated by the
radio frequency on the ring electrode. When the
voltage applied to the endcap is resonant with the
energy of a particular m/z value, ions with that
value become destabilized and fragmented. The
amount of energy used can be varied to yield
varying degrees of fragmentation. Following this
step, the product ions are scanned out of the trap
to the detector. All of these separations are

Q3

In —

0)

Fig. 14.10 Example of a tandem (MS/MS) mass spec-
trometer. Quadrupoles one (Q1) and three (Q3) are used in
the traditional sense as mass filters. Quadrupole two (Q2)

is actually a collision cell within which ions collide with
collision gas molecules, causing collisionally induced dis-
sociation (fragmentation)
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accomplished within the confines of the trap;
thus, it represents MS/MS in time.

The ability to trap ions can be a significant
advantage in these experiments. When a single ion
is trapped and then fragmented, the experiment can
proceed to a third level by isolating a single prod-
uct ion in the trap by scanning out all of the others
and then fragmenting the remaining trapped ion.
Such an analysis represents MS/MS/MS (MS?).
Theoretically, this operation can be performed
repeatedly, yielding fragments that are generated
as MS/MS/MS/MS (MS*), MS/MS/MS/MS/MS
(MS®), and so on. Commercially available instru-
ments permit MS to the 10th level; however, going
beyond level three or four is unlikely—and unnec-
essary—in most applications.

MS/MS has tremendous advantages in the
analysis of compounds. Because the first ion
isolated can be the molecular ion, the likeli-
hood of interference from other compounds
that may also be in the source at the same time
(i.e., chromatographically co-eluting peaks) is
all but eliminated. This design raises the confi-
dence of identification and depends less on the
ability of the chromatographic method to pro-
vide a single pure compound to the mass spec-
trometer. In addition, these methods enhance
the ability to elucidate the structure of a mole-
cule. Rather than seeing the total spectrum
formed from the fragmentation of a molecule,
individual ions can be isolated and their frag-
mentation evaluated. This ability to determine
which ions come from which other fragments
can be a powerful tool in the determination of
chemical structure. In the case of MSn analysis,
multiple levels of fragmentation can enhance
the ability to elucidate chemical structure or, in
the case of identification of a compound, can
provide very strong analytical evidence for the
presence of a compound. The elimination of
other interfering ions makes the use of these
techniques more sensitive and allows more
rapid analysis of samples.

Other advantages of MS/MS analysis include
monitoring of neutral loss for all compounds
entering the mass spectrometer. This feature can
be a very powerful tool in the search for metabo-
lites of a compound or in the identification of

structurally related compounds. Because this and
other applications for MS/MS analysis are not
commonly used in forensic toxicology, they are
not discussed further.

Time-of-Flight (TOF) Mass
Spectrometers

The time-of-flight (TOF) mass analyzer is a type
of high resolution mass spectrometer (HRMS)
capable of determining the exact mass of charged
ions with an accuracy of between 1 and 3 parts
per million (ppm). Like all mass spectrometers,
the TOF analyzes ions based on their mass-to-
charge ratio (m/z). The principles of TOF mass
analyzers can be explained by two physics equa-
tions: kinetic energy and velocity. Kinetic energy
(E) is the energy of motion and is equal to one
half the mass (m) multiplied by the velocity (v)
squared.

E= 12mv2

Velocity is a vector measurement of the direction
and rate of an object’s motion. Velocity (v) or
speed of a given object in a vacuum is equal to
the distance (d) traveled divided by the time (t).

v=d/t

Combining the two equations and solving for
mass (m) explains the basic principles of the TOF
and how it can be used as a mass analyzer. The
mass (m) of an object in a vacuum is equal to two
times the kinetic energy (E) divided by the dis-
tance (d) the object travels squared, divided by
the time (t) the object traveled squared.

m=(2E/d2)t2

TOF instruments are designed to apply a specific
kinetic energy (E) and have a flight tube of a spe-
cific length (d). Therefore, by keeping the kinetic
energy (E) and distance (d) constant (C), the
mass (m) is proportional to the square root of the
flight time of the ion.

m = Ct?
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Smaller molecular weight ions will travel with
more velocity, thereby reaching the detector
before heavier ions. Even the smallest variation
in the flight time can have significant effects on
the mass accuracies; therefore most instrumenta-
tion has a mechanism for infusing a reference
calibrator compound into the analyzer at specific
intervals throughout the analyses. This will
ensure the mass corrections are performed
throughout the analysis to account for the infini-
tesimal variations in the system.

In practice, ions are created in the source,
focused through the ion optics, and accelerated
into the time-of-flight tube by an electric poten-
tial. The ions travel through the flight tube in a
vacuum with no electric fields. Most flight tubes
have a reflectron at one end which helps focus
ions of the same weight and direct them back to
the detector. By reflecting the ions, the distance
(d) of the flight tube is extended allowing for a
longer flight time and thereby increasing the res-
olution. The newest flight tube designs have mul-
tiple reflectrons which double or quadruple the
instrument’s flight path. Advancements in elec-
tronic circuitry, computer processors, and vac-
uum technologies have allowed for the
development of benchtop time-of-flight (TOF)
instruments capable of routinely measuring an
ion mass below 3 ppm. These advancements have
allowed for the benchtop instruments to be
smaller, efficient, and more affordable without
sacrificing resolution or mass accuracy.

Quadrupole time-of-flight (QTOF) mass spec-
trometers have a quadrupole and collision cell
prior to the flight tube (Fig. 14.11). This configu-
ration allows for the accurate mass measurements
of the parent compound and all of its fragment
ions generated in the collision cell. The QTOF
design allows for the simultaneous quantitative
and qualitative analysis of any compound where
a reference standard is available.

Typically, tandem MS-MS instruments collect
specific targeted data in the form of a parent to
fragment ion transitions. The only mass spectral
data collected is what the user has specifically
instructed the instrument to monitor. A signifi-
cant benefit when using a TOF instrument is that
all of the mass spectral data is collected and

stored from the original analysis. Retrospective
data analysis can be performed with unknown
compounds not currently in the instrument
library. When new drugs, metabolites, or drug
analogs are discovered and reference material
becomes available, old casework data files can be
searched to determine if any of these compounds
were present during the orginal analysis. This can
save time and resources by simply reprocessing
the original data with the updated library, thereby
eliminating the need to re-extract and re-
analyze the sample. This is especially important
when there is limited sample amount or if the sta-
bility of the compound in a given matrices is
unknown. This scenario becomes more important
in postmortem investigations because the original
analysis is performed closely after the time of
death. If the specimen has to be reanalyzed
months or even years later, the stability of the
given compound and degradation of the sample
can have negative effects on the identification and
quantitation results.

TOF and QTOF are now being routinely used
in forensic toxicology laboratories for screening
and confirmation. TOF and QTOF MS allow data
to be acquired using a wide variety of approaches.
Collection of high-resolution MS and MS/MS
spectra, retrospective data analysis, and the
ability to perform library searching provide the
forensic toxicology laboratory with a number of
flexible approaches for screening, qualitative,
and quantitative analyses. Standards for identifi-
cation criteria and mass spectral data acceptance
in forensic toxicology are described in ANSI/
ASB 113 and ANSI/ASB 098, respectfully.

Others

Although not yet in wide use in the field of foren-
sic toxicology, certain ionization MS techniques,
such as direct analysis in real time (DART),
desorption electrospray ionization (DESI), laser
diode thermal desorption (LDTD), desorption
atmospheric pressure photoionization (DAPPI),
acoustic ejection mass spectrometry (AEMS),
acoustic droplet mass spectrometry
(ADMS), paper spray (PS), and touch spray-
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Fig. 14.11 Example of a quadrupole time-of-flight
(QTOF) mass spectrometer. This basic design illustrates a
simple configuration including a quadrupole mass filter, a

mass spectrometry (TS-MS), have gained popu-
larity. Applications are being explored and
developed by instrument manufacturers and in
academia for use in the various forensic disci-
plines including forensic toxicology.

Applications
Qualitative Analysis

One of the major applications of MS is in qualita-
tive analysis of samples to identify what com-
pounds are present. Identification of compounds
can be accomplished in several different ways,
depending on the analyte. The simplest form of
identification is detection of an analyte whose
characteristics are well known. Identification can
be as simple as monitoring several (usually three)
selected ions and comparing the ratios of the

collision cell, ion-focusing lenses, a pusher plate, a reflec-
tron, and the detector

detected ions with the ratios from a known refer-
ence standard, which is typically analyzed in the
same analytical batch. These ions and their ratios,
combined with retention time data from a chro-
matographic system, are generally accepted as
sufficient evidence to positively identify a com-
pound. Another common method of identification
is comparing full-scan mass spectra with a mass
spectral library. Several different search algo-
rithms can be used to help identify compounds by
comparison of the acquired spectrum with spectra
in the library. For determining the presence or
absence of a specific analyte, the monitoring of
selected ions has several advantages; however,
this method is less useful for identifying an
unknown compound because the approach is
based on a comparison with known characteris-
tics, as described above. When examining a sam-
ple for what compounds might be present, the use
of full-scan spectra produces more information.
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Coupling the spectrum with a library helps the
analyst select likely candidates for the compound.
Evaluation of data regarding the extraction and
derivatization of the molecule can also help iden-
tify the compound. When searching for metabo-
lites of a particular compound, the use of full-scan
spectra, together with expected metabolically
induced changes to the molecule (i.e., hydroxyl-
ation, demethylation), can lead to the identifica-
tion of analytes of interest.

More recently the use of high-resolution mass
spectrometer (HRMS), which includes QTOF
analyzers, has become more prevalent as a quali-
tative screening instrument in forensic toxicol-
ogy laboratories. QTOF instruments can collect
untargeted full-scan mass spectral data and match
these accurate mass fragmentation patterns to
custom accurate mass libraries. This data can
also be retrospectively searched when newer
drug standards are discovered and reference stan-
dards become available. In some cases, reference
standards may not need to be available; instead
identification can be determined based on the
accurate mass, the isotopic patterns, and the frag-
mentation patterns of 