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PREFACE

Pulmonary diseases are major contributors to morbidity
and mortality in the general population. Although advances
in the diagnosis and treatment of many common pul-
monary disorders have improved the lives of patients,
these complex illnesses continue to aftect a large segment
of the global population. The impact of cigarette smoking
cannot be underestimated in this regard, especially given
the growing prevalence of tobacco use in the developing
world. Pulmonary medicine is, therefore, of critical global
importance to the field of internal medicine.

Pulmonary medicine is a growing subspecialty and in-
cludes a number of areas of disease focus, including reactive
airways diseases, chronic obstructive lung disease, environ-
mental lung diseases, and interstitial lung diseases. Further-
more, pulmonary medicine is linked to the field of critical
care medicine, both cognitively and as a standard arm of
the pulmonary fellowship training programs at most insti-
tutions. The breadth of knowledge in critical care medicine
extends well beyond the respiratory system, of course, and
includes selected areas of cardiology, infectious diseases,
nephrology, and hematology. Given the complexity of these
disciplines and the crucial role of the internist in guiding
the management of patients with chronic lung diseases and
in helping to guide the management of patients in the in-
tensive care setting, knowledge of the discipline is essential
for competency in the field of internal medicine.

Xi

The scientific basis of many pulmonary disorders and
intensive care medicine is rapidly expanding. Novel diag-
nostic and therapeutic approaches, as well as prognostic
assessment strategies, populate the published literature
with great frequency. Maintaining updated knowledge of
these evolving areas is, therefore, essential for the optimal
care of patients with lung diseases and critical illness.

In view of the importance of pulmonary and critical
care medicine to the field of internal medicine and the
speed with which the scientific basis of the discipline is
evolving, this Sectional was developed. The purpose of
this book is to provide the readers with an overview of
the field of pulmonary and critical care medicine. To
achieve this end, this Sectional comprises the key pul-
monary and critical care medicine chapters in Harrison’s
Principles of Internal Medicine, 17th edition, contributed
by leading experts in the fields. This Sectional is designed
not only for physicians-in-training, but also for medical
students, practicing clinicians, and other health care pro-
fessionals who seek to maintain adequately updated
knowledge of this rapidly advancing field. The editors
believe that this book will improve the reader’s knowl-
edge of the discipline, as well as highlight its importance
to the field of internal medicine.

Joseph Loscalzo, MD, PhD
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SECTION I

DIAGNOSIS OF
RESPIRATORY
DISORDERS




CHAPTER 1

APPROACH TO THE PATIENT WITH DISEASE
OF THE RESPIRATORY SYSTEM

David A. Lipson = Steven E. Weinberger

Clinical Presentation . . .. ... ... i 2

Integration of the Presenting Clinical Patternand .. ......... 5
Diagnostic Studies

B Further Readings ......... ... . i 6

Patients with disease of the respiratory system generally
present because of symptoms, an abnormality on a chest
radiograph, or both. These findings often lead to a set of
diagnostic possibilities; the differential diagnosis is then
refined on the basis of additional information gleaned
from the history and physical examination, pulmonary
function testing, additional imaging studies, and bron-
choscopic examination. This chapter considers the
approach to the patient based on the major patterns of
presentation, focusing on the history, physical examina-
tion, and chest radiography. For further discussion of
pulmonary function testing, see Chap. 5, and of other
diagnostic studies, see Chap. 6.

CLINICAL PRESENTATION
History

Dyspnea (shortness of breath) and cough are nonspecific
but common presenting symptoms for patients with res-
piratory system disease. Less common symptoms include
hemoptysis (the coughing up of blood) and chest pain
that often is pleuritic in nature.

I Dyspnea

(See also Chap. 2.) When evaluating a patient with
shortness of breath, one should first determine the time
course over which the symptom has become manifest.
Patients who were well previously and developed acute
shortness of breath (over a period of minutes to days)
may have acute disease affecting either the upper or the

intrathoracic airways (e.g., laryngeal edema or acute
asthma, respectively), the pulmonary parenchyma (acute
cardiogenic or noncardiogenic pulmonary edema or an
acute infectious process such as bacterial pneumonia),
the pleural space (a pneumothorax), or the pulmonary
vasculature (a pulmonary embolus).

A subacute presentation (over days to weeks) may sug-
gest an exacerbation of preexisting airways disease
(asthma or chronic bronchitis), an indolent parenchymal
infection (Pneumocystis jiroveci pneumonia in a patient
with AIDS, mycobacterial or fungal pneumonia), a non-
infectious inflammatory process that proceeds at a rela-
tively slow pace (Wegener’s granulomatosis, eosinophilic
pneumonia, cryptogenic organizing pneumonia, and
many others), neuromuscular disease (Guillain-Barré syn-
drome, myasthenia gravis), pleural disease (pleural effu-
sion from a variety of possible causes), or chronic cardiac
disease (congestive heart failure).

A chronic presentation (over months to years) often
indicates chronic obstructive lung disease, chronic inter-
stitial lung disease, or chronic cardiac disease. Chronic
diseases of airways (not only chronic obstructive lung
disease but also asthma) are characterized by exacerba-
tions and remissions. Patients often have periods when
they are severely limited by shortness of breath, but
these may be interspersed with periods in which their
symptoms are minimal or absent. In contrast, many of
the diseases of the pulmonary parenchyma are character-
ized by slow but inexorable progression. Chronic respi-
ratory symptoms may also be multifactorial in nature



because patients with chronic obstructive pulmonary
disease may also have concomitant heart disease.

I Other Respiratory Symptoms

Cough (Chap. 3) may indicate the presence of lung disease,
but cough per se is not useful for the difterential diagnosis.
The presence of sputum accompanying the cough often
suggests airway disease and may be seen in patients with
asthma, chronic bronchitis, or bronchiectasis.

Hemoptysis (Chap. 3) can originate from disease of the
airways, the pulmonary parenchyma, or the vasculature.
Diseases of the airways can be inflammatory (acute or
chronic bronchitis, bronchiectasis, or cystic fibrosis) or
neoplastic (bronchogenic carcinoma or bronchial carci-
noid tumors). Parenchymal diseases causing hemoptysis
may be either localized (pneumonia, lung abscess, tuber-
culosis, or infection with Aspergillus spp.) or diffuse
(Goodpasture’s syndrome, idiopathic pulmonary hemo-
siderosis). Vascular diseases potentially associated with
hemoptysis include pulmonary thromboembolic disease
and pulmonary arteriovenous malformations.

Chest pain caused by diseases of the respiratory system
usually originates from involvement of the parietal pleura.
As a result, the pain is accentuated by respiratory motion
and is often referred to as pleuriticc. Common examples
include primary pleural disorders, such as neoplasm or
inflammatory disorders involving the pleura, or pul-
monary parenchymal disorders that extend to the pleural
surface, such as pneumonia or pulmonary infarction.

I Additional Historic Information
Information about risk factors for lung disease should be
explicitly explored to ensure a complete basis of historic
data. A history of current and past smoking, especially of
cigarettes, should be sought from all patients. The smok-
ing history should include the number of years of smok-
ing; the intensity (i.e., number of packs per day); and if’
the patient no longer smokes, the interval since smoking
cessation. The risk of lung cancer decreases progressively
in the decade after discontinuation of smoking, and loss
of lung function above the expected age-related decline
ceases with the discontinuation of smoking. Even
though chronic obstructive lung disease and neoplasia
are the two most important respiratory complications of
smoking, other respiratory disorders (e.g., spontaneous
pneumothorax, respiratory bronchiolitis-interstitial lung
disease, pulmonary Langerhans cell histiocytosis, and
pulmonary hemorrhage with Goodpasture’s syndrome)
are also associated with smoking. A history of significant
secondhand (passive) exposure to smoke, whether in the
home or at the workplace, should also be sought
because it may be a risk factor for neoplasia or an exac-
erbating factor for airways disease.

A patient may have been exposed to other inhaled
agents associated with lung disease, which act either via
direct toxicity or through immune mechanisms (Chaps. 9

and 10). Such exposures can be either occupational or 3

avocational, indicating the importance of detailed occu-
pational and personal histories, the latter stressing expo-
sures related to hobbies or the home environment.
Important agents include the inorganic dusts associated
with pneumoconiosis (especially asbestos and silica
dusts) and organic antigens associated with hypersensi-
tivity pneumonitis (especially antigens from molds and
animal proteins). Asthma, which is more common in
women than men, is often exacerbated by exposure to
environmental allergens (dust mites, pet dander, or cock-
roach allergens in the home or allergens in the outdoor
environment such as pollen and ragweed) or may be
caused by occupational exposures (diisocyanates). Expo-
sure to particular infectious agents can be suggested by
contacts with individuals with known respiratory infec-
tions (especially tuberculosis) or by residence in an area
with endemic pathogens (histoplasmosis, coccidioidomy-
cosis, blastomycosis).

A history of coexisting nonrespiratory disease or of
risk factors for or previous treatment of such diseases
should be sought because they may predispose a patient
to both infectious and noninfectious respiratory system
complications. Common examples include systemic
rheumatic diseases that are associated with pleural or
parenchymal lung disease, metastatic neoplastic disease
in the lung, or impaired host defense mechanisms and
secondary infection, which occur in the case of
immunoglobulin deficiency or with hematologic and
lymph node malignancies. Risk factors for AIDS should
be sought because the lungs are not only the most com-
mon site of AIDS-defining infection but may also be
involved by noninfectious complications of AIDS. Treat-
ment of patients with nonrespiratory disease may be
associated with respiratory complications, either because
of effects on host defense mechanisms (immunosuppres-
sive agents, cancer chemotherapy) with resulting infec-
tion or because of direct effects on the pulmonary
parenchyma (cancer chemotherapy; radiation therapy; or
treatment with other agents, such as amiodarone) or on
the airways (beta-blocking agents causing airflow
obstruction, angiotensin-converting enzyme inhibitors
causing cough) (Chap. 9).

Family history is important for evaluating diseases
that have a genetic component. These include disorders
such as cystic fibrosis, oy-antitrypsin deficiency, pul-
monary hypertension, pulmonary fibrosis, and asthma.

Physical Examination

The general principles of inspection, palpation, percussion,
and auscultation apply to the examination of the respira-
tory system. However, the physical examination should be
directed not only toward ascertaining abnormalities of the
lungs and thorax but also toward recognizing other find-
ings that may reflect underlying lung disease.
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On inspection, the rate and pattern of breathing as well
as the depth and symmetry of lung expansion are
observed. Breathing that is unusually rapid, labored, or
associated with the use of accessory muscles of respira-
tion generally indicates either augmented respiratory
demands or an increased work of breathing. Asymmetric
expansion of the chest is usually caused by an asymmet-
ric process affecting the lungs, such as endobronchial
obstruction of a large airway, unilateral parenchymal or
pleural disease, or unilateral phrenic nerve paralysis. Visi-
ble abnormalities of the thoracic cage include kyphosco-
liosis and ankylosing spondylitis, either of which may
alter compliance of the thorax, increase the work of
breathing, and cause dyspnea.

On palpation, the symmetry of lung expansion can be
assessed, generally confirming the findings observed by
inspection. Vibration produced by spoken sounds is
transmitted to the chest wall and is assessed by the presence
or absence and symmetry of tactile fremitus. Transmis-
sion of vibration is decreased or absent if pleural liquid
is interposed between the lung and the chest wall or if
an endobronchial obstruction alters sound transmission.
In contrast, transmitted vibration may increase over an
area of underlying pulmonary consolidation. Palpation
may also reveal focal tenderness, as seen with costochon-
dritis or rib fracture.

The relative resonance or dullness of the tissue
underlying the chest wall is assessed by percussion. The
normal sound of the underlying air-containing lung is
resonant. In contrast, consolidated lung or a pleural eftu-
sion sounds dull, and emphysema or air in the pleural
space results in a hyperresonant percussion note.

On auscultation of the lungs, the examiner listens for
both the quality and intensity of the breath sounds and
for the presence of extra, or adventitious, sounds. Nor-
mal breath sounds heard through the stethoscope at the
periphery of the lung are described as vesicular breath
sounds, in which inspiration is louder and longer than
expiration. If sound transmission is impaired by endo-
bronchial obstruction or by air or liquid in the pleural
space, breath sounds are diminished in intensity or
absent. When sound transmission is improved through
consolidated lung, the resulting bronchial breath sounds
have a more tubular quality and a more pronounced
expiratory phase. Sound transmission can also be
assessed by listening to spoken or whispered sounds;
when these are transmitted through consolidated lung,
bronchophony and whispered pectoriloquy, respectively, are
present. The sound of a spoken E becomes more like an
A, although with a nasal or bleating quality, a finding
that is termed egophony.

The primary adventitious (abnormal) sounds that can
be heard include crackles (rales), wheezes, and rhonchi.
Crackles are the discontinuous, typically inspiratory
sound created when alveoli and small airways open and
close with respiration. They are often associated with

interstitial lung disease, microatelectasis, or filling of
alveoli by liquid. Wheezes, which are generally more
prominent during expiration than inspiration, reflect the
oscillation of airway walls that occurs when there is air-
flow limitation, as may be produced by bronchospasm,
airway edema or collapse, or intraluminal obstruction by
neoplasm or secretions. Rhonchi is the term applied to
the sounds created when free liquid or mucus is present
in the airway lumen; the viscous interaction between the
free liquid and the moving air creates a low-pitched
vibratory sound. Other adventitious sounds include
pleural friction rubs and stridor. The gritty sound of a
pleural friction rub indicates inflamed pleural surfaces rub-
bing against each other, often during both inspiratory
and expiratory phases of the respiratory cycle. Stridor,
which occurs primarily during inspiration, represents
flow through a narrowed upper airway, as occurs in an
infant with croup.

A summary of the patterns of physical findings on
pulmonary examination in common types of respiratory
system disease 1s shown in Table 1-1.

A meticulous general physical examination is mandatory
in patients with disorders of the respiratory system.
Enlarged lymph nodes in the cervical and supraclavicu-
lar regions should be sought. Disturbances of mentation
or even coma may occur in patients with acute carbon
dioxide retention and hypoxemia. Telltale stains on the
fingers point to heavy cigarette smoking; infected teeth
and gums may occur in patients with aspiration pneu-
monitis and lung abscess.

Clubbing of the digits may be found in patients with
lung cancer; interstitial lung disease; and chronic infec-
tions in the thorax, such as bronchiectasis, lung abscess,
and empyema. Clubbing may also be seen with congen-
ital heart disease associated with right-to-left shunting
and with a variety of chronic inflammatory or infectious
diseases, such as inflammatory bowel disease and endo-
carditis. A number of systemic diseases, such as systemic
lupus erythematosus, scleroderma, and rheumatoid
arthritis, may be associated with pulmonary complica-
tions, even though their primary clinical manifestations
and physical findings are not primarily related to the
lungs. Conversely, patients with other diseases that most
commonly affect the respiratory system, such as sar-
coidosis, may have findings on physical examination not
related to the respiratory system, including ocular find-
ings (uveitis, conjunctival granulomas) and skin findings
(erythema nodosum, cutaneous granulomas).

Chest Radiography

Chest radiography is often the initial diagnostic study
performed to evaluate patients with respiratory symp-
toms, but it may also provide the initial evidence of dis-
ease in patients who are free of symptoms. Perhaps the
most common example of the latter situation is the



TABLE 1-1 5

TYPICAL CHEST EXAMINATION FINDINGS IN SELECTED CLINICAL CONDITIONS

CONDITION PERCUSSION FREMITUS BREATH SOUNDS VOICE TRANSMISSION ADVENTITIOUS SOUNDS E
Normal Resonant Normal Vesicular Normal Absent %
(at lung bases) =

Consolidation or Dull Increased Bronchial Bronchophony, Crackles -~

atelectasis (with whispered =

patent airway) pectoriloquy,

egophony

Consolidation or Dull Decreased Decreased Decreased Absent

atelectasis (with

blocked airway)
Asthma Resonant Normal Vesicular Normal Wheezing
Interstitial lung Resonant Normal Vesicular Normal Crackles

disease
Emphysema Hyperresonant  Decreased Decreased Decreased Absent or wheezing
Pneumothorax Hyperresonant  Decreased Decreased Decreased Absent
Pleural effusion Dull Decreased Decreased? Decreased? Absent or pleural

friction rub

2May be altered by collapse of underlying lung, which increases transmission of sound.

Source: Adapted from Weinberger, with permission.

finding of one or more nodules or masses when radiog-
raphy is performed for a reason other than evaluation of
respiratory symptoms.

A number of diagnostic possibilities are often suggested
by the radiographic pattern (Chap. 7). A localized region
of opacification involving the pulmonary parenchyma may
be described as a nodule (usually <3 cm in diameter), a
mass (usually 23 cm in diameter), or an infiltrate. Diftuse
disease with increased opacification is usually characterized
as having an alveolar, interstitial, or nodular pattern. In
contrast, increased radiolucency may be localized, as seen
with a cyst or bulla, or generalized, as occurs with emphy-
sema. Chest radiography is also particularly useful for the
detection of pleural disease, especially if manifested by the
presence of air or liquid in the pleural space. An abnormal
appearance of the hila or the mediastinum may suggest a
mass or enlargement of lymph nodes.

A summary of representative diagnoses suggested by
these common radiographic patterns is presented in
Table 1-2, and an atlas of chest radiography and other
chest images can be found in Chap. 7.

Additional Diagnostic Evaluation

Further information for clarification of radiographic
abnormalities is frequently obtained with CT scanning
of the chest (see Figs. 6-1, 6-2, 19-1, 19-2, 30-3). This
technique is more sensitive than plain radiography in
detecting subtle abnormalities and can suggest specific
diagnoses based on the pattern of abnormality.

For further discussion of the use of other imaging
studies, including MR, scintigraphic studies, ultrasonog-
raphy, and angiography, see Chap. 6.

Alteration in the function of the lungs as a result of
respiratory system disease is assessed objectively by pul-
monary function tests, and effects on gas exchange are
evaluated by measurement of arterial blood gases or by
oximetry (Chap. 5). As part of pulmonary function test-
ing, quantitation of forced expiratory flow assesses the
presence of obstructive physiology, which is consistent
with diseases affecting the structure or function of the air-
ways, such as asthma and chronic obstructive lung disease.
Measurement of lung volumes assesses the presence of
restrictive disorders seen with diseases of the pulmonary
parenchyma or respiratory pump and with space-occupying
processes within the pleura. Bronchoscopy is useful in
some settings for visualizing abnormalities of the airways
and for obtaining a variety of samples from either the air-
way or the pulmonary parenchyma (Chap. 6).

INTEGRATION OF THE PRESENTING
CLINICAL PATTERN AND
DIAGNOSTIC STUDIES

Patients with respiratory symptoms but a normal chest
radiograph often have diseases affecting the airways, such
as asthma or chronic obstructive pulmonary disease.
However, the latter diagnosis is also commonly associated
with radiographic abnormalities, such as diaphragmatic
flattening, an increase in the retrosternal air space, and
attenuation of vascular markings. Other disorders of the
respiratory system for which the chest radiograph is nor-
mal include disorders of the respiratory pump (either the
chest wall or the neuromuscular apparatus controlling the
chest wall) or pulmonary circulation and occasionally
interstitial lung disease. Chest examination and pulmonary
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¢ TABLE 1-2

MAJOR RESPIRATORY DIAGNOSES WITH COMMON
CHEST RADIOGRAPHIC PATTERNS

Solitary circumscribed density—nodule (<3 cm)
or mass (=3 cm)

Primary or metastatic neoplasm

Localized infection (bacterial abscess, mycobacterial
or fungal infection)

Wegener’s granulomatosis (one or several nodules)

Rheumatoid nodule (one or several nodules)

Vascular malformation

Bronchogenic cyst

Localized opacification (infiltrate)

Pneumonia (bacterial, atypical, mycobacterial,
or fungal infection)

Neoplasm

Radiation pneumonitis

Bronchiolitis obliterans with organizing pneumonia

Bronchocentric granulomatosis

Pulmonary infarction

Diffuse interstitial disease

Idiopathic pulmonary fibrosis

Pulmonary fibrosis with systemic rheumatic disease

Sarcoidosis

Drug-induced lung disease

Pneumoconiosis

Hypersensitivity pneumonitis

Infection (pneumocystis, viral pneumonia)

Langerhans cell histiocytosis

Diffuse alveolar disease

Cardiogenic pulmonary edema

Acute respiratory distress syndrome

Diffuse alveolar hemorrhage

Infection (pneumocystis, viral or bacterial
pneumonia)

Sarcoidosis

Diffuse nodular disease

Metastatic neoplasm

Hematogenous spread of infection (bacterial,
mycobacterial, fungal)

Pneumoconiosis

Langerhans cell histiocytosis

function tests are generally helpful in sorting out these
diagnostic possibilities. Obstructive diseases associated
with a normal or relatively normal chest radiograph are
often characterized by findings on physical examination
and pulmonary function testing that are typical for these
conditions. Similarly, diseases of the respiratory pump or
interstitial diseases may also be suggested by findings on
physical examination or by particular patterns of restric-
tive disease seen on pulmonary function testing.

When respiratory symptoms are accompanied by radi-
ographic abnormalities, diseases of the pulmonary
parenchyma or the pleura are usually present. Either dif-
fuse or localized parenchymal lung disease is generally
visualized well on the radiograph, and both air and liquid
in the pleural space (pneumothorax and pleural effusion,
respectively) are usually readily detected by radiography.

Radiographic findings in the absence of respiratory
symptoms often indicate localized disease aftecting the
airways or the pulmonary parenchyma. One or more
nodules or masses may suggest intrathoracic malignancy,
but they may also be the manifestation of a current or
previous infectious process. Multiple nodules affecting
only one lobe suggest an infectious cause rather than
malignancy because metastatic disease would not have a
predilection for only one discrete area of the lung.
Patients with diffuse parenchymal lung disease on radi-
ographic examination may be free of symptoms, as is
sometimes the case in those with pulmonary sarcoidosis.
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DYSPNEA

The American Thoracic Society defines dyspnea as a “sub-
jective experience of breathing discomfort that consists of
qualitatively distinct sensations that vary in intensity. The
experience derives from interactions among multiple
physiological, psychological, social, and environmental
factors, and may induce secondary physiological and
behavioral responses.” Dyspnea, a symptom, must be dis-
tinguished from the signs of increased work of breathing.

MECHANISMS OF DYSPNEA

Respiratory sensations are the consequence of interac-
tions between the efferent, or outgoing, motor output
from the brain to the ventilatory muscles (feed-forward)
and the afferent, or incoming, sensory input from recep-
tors throughout the body (feedback), as well as the inte-
grative processing of this information that we infer must
be occurring in the brain (Fig. 2-1). A given disease
state may lead to dyspnea by one or more mechanisms,
some of which may operate under some circumstances
but not others.

Motor Efferents

Disorders of the ventilatory pump are associated with
increased work of breathing or a sense of an increased
effort to breathe. When the muscles are weak or fatigued,
greater effort is required even though the mechanics of

the system are normal. The increased neural output from
the motor cortex is thought to be sensed because of a
corollary discharge that is sent to the sensory cortex at the
same time that signals are sent to the ventilatory muscles.

Sensory Afferents

Chemoreceptors in the carotid bodies and medulla are
activated by hypoxemia, acute hypercapnia, and acidemia.
Stimulation of these receptors, as well as others that lead
to an increase in ventilation, produce a sensation of air
hunger. Mechanoreceptors in the lungs, when stimu-
lated by bronchospasm, lead to a sensation of chest
tightness. J-receptors, which are sensitive to interstitial
edema, and pulmonary vascular receptors, which are
activated by acute changes in pulmonary artery pressure,
appear to contribute to air hunger. Hyperinflation is
associated with the sensation of an inability to get a
deep breath or of an unsatisfying breath. It is unclear if
this sensation arises from receptors in the lungs or chest
wall or if it is a variant of the sensation of air hunger.
Metaboreceptors, located in skeletal muscle, are believed
to be activated by changes in the local biochemical
milieu of the tissue active during exercise and, when
stimulated, contribute to the breathing discomfort.

Integration: Efferent-Reafferent Mismatch

A discrepancy or mismatch between the feed-forward
message to the ventilatory muscles and the feedback from
receptors that monitor the response of the ventilatory
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ALGORITHM FOR THE INPUTS IN DYSPNEA PRODUCTION

Respiratory centers

(Respiratory drive)
Chemoreceptors Sensory cortex | o ollary
Feedback discharge
Mechanoreceptors 9€ | Motor
Feedforward cortex
Metaboreceptors Error signal ‘
‘ Ventilatory
muscles

Dyspnea intensity
and quality

FIGURE 2-1

Hypothetical model for integration of sensory inputs in
the production of dyspnea. Afferent information from the
receptors throughout the respiratory system projects directly
to the sensory cortex to contribute to primary qualitative sen-
sory experiences and provide feedback on the action of the
ventilatory pump. Afferents also project to the areas of the
brain responsible for control of ventilation. The motor cortex,
responding to input from the control centers, sends neural
messages to the ventilatory muscles and a corollary dis-
charge to the sensory cortex (feed-forward with respect to
the instructions sent to the muscles). If the feed-forward and
feedback messages do not match, an error signal is gener-
ated, and the intensity of dyspnea increases. (Adapted from
Gillette and Schwartzstein.)

pump increases the intensity of dyspnea. This is particu-
larly important when there 1s a mechanical derangement
of the ventilatory pump, such as in asthma or chronic
obstructive pulmonary disease (COPD).

Anxiety

Acute anxiety may increase the severity of dyspnea either
by altering the interpretation of sensory data or by leading
to patterns of breathing that heighten physiologic abnor-
malities in the respiratory system. In patients with expira-
tory flow limitation, for example, the increased respiratory
rate that accompanies acute anxiety leads to hyperinfla-
tion, increased work of breathing, a sense of an increased
effort to breathe, and a sense of an unsatistying breath.

ASSESSING DYSPNEA
Quality of Sensation

As with pain, dyspnea assessment begins with a determi-
nation of the quality of the discomfort (Table 2-1).
Dyspnea questionnaires, or lists of phrases commonly
used by patients, assist those who have difticulty describ-
ing their breathing sensations.

Sensory Intensity

A modified Borg scale or visual analogue scale can be used
to measure dyspnea at rest, immediately after exercise, or

TABLE 2-1
ASSOCIATION OF QUALITATIVE DESCRIPTORS

AND PATHOPHYSIOLOGIC MECHANISMS
OF SHORTNESS OF BREATH

DESCRIPTOR PATHOPHYSIOLOGY

Bronchoconstriction, interstitial
edema (asthma, myocardial
ischemia)

Airway obstruction, neuromuscular
disease (COPD, moderate to
severe asthma, myopathy,
kyphoscoliosis)

Increased drive to breathe
(CHF, pulmonary embolism,
moderate to severe airflow
obstruction)

Hyperinflation (asthma, COPD)
and restricted tidal volume
(pulmonary fibrosis, chest wall
restriction)

Deconditioning

Chest tightness or
constriction

Increased work or
effort of breathing

Air hunger, need
to breathe,
urge to breathe

Cannot get a
deep breath,
unsatisfying
breath

Heavy breathing,
rapid breathing,
breathing more

Note: CHF, congestive heart failure; COPD, chronic obstructive pul-
monary disease.
Source: Adapted from Schwartzstein and Feller-Kopman.

on recall of a reproducible physical task (e.g., climbing
the stairs at home). An alternative approach is to inquire
about the activities a patient can do (i.e., to gain a sense
of the patient’s disability). The Baseline Dyspnea Index
and the Chronic Respiratory Disease Questionnaire are
commonly used tools for this purpose.

Affective Dimension

For a sensation to be reported as a symptom, it must be
perceived as unpleasant and interpreted as abnormal. We
are still in the early stages of learning the best ways to
assess the affective dimension of dyspnea. Some therapies
for dyspnea, such as pulmonary rehabilitation, may reduce
breathing discomfort, partly by altering this dimension.

DIFFERENTIAL DIAGNOSIS

Dyspnea is the consequence of deviations from normal
function in the cardiopulmonary systems. Alterations in
the respiratory system can be considered in the context
of the controller (stimulation of breathing), the ventila-
tory pump (the bones and muscles that form the chest
wall, the airways, and the pleura), and the gas exchanger
(the alveoli, pulmonary vasculature, and surrounding
lung parenchyma). Similarly, alterations in the cardiovas-
cular system can be grouped into three categories: con-
ditions associated with high, normal, and low cardiac
output (Fig. 2-2).
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l Dyspnea | 1
Respiratory Cardiovascular
| |

! ! ! ! ! !

Gas exchanger Pump Controller Low output Normal output High output
Pulmonary embolism COPD Pregnancy Congestive heart failure Deconditioning Anemia
Pneumonia Asthma Metabolic acidosis Myocardial ischemia Obesity Hyperthyroidism

Interstitial lung disease Kyphoscoliosis Constrictive pericarditis Diastolic dysfunction Arteriovenous shunt

FIGURE 2-2

Pathophysiology of dyspnea. When confronted with a
patient with shortness of breath of unclear cause, it is useful
to begin the analysis with a consideration of the broad

Respiratory System Dyspnea

N Controller

Acute hypoxemia and hypercapnia are associated with
increased activity in the controller. Stimulation of pul-
monary receptors, as occurs in those with acute bron-
chospasm, interstitial edema, and pulmonary embolism,
also leads to hyperventilation and air hunger, as well as a
sense of chest tightness in the case of asthma. High alti-
tude, high progesterone states such as pregnancy, and drugs
such as aspirin stimulate the controller and may cause dys-
pnea even when the respiratory system is normal.

I Ventilatory Pump

Disorders of the airways (e.g., asthma, emphysema,
chronic bronchitis, bronchiectasis) lead to increased air-
way resistance and work of breathing. Hyperinflation
further increases the work of breathing and can produce
a sense of an inability to get a deep breath. Conditions
that stiffen the chest wall, such as kyphoscoliosis, or that
weaken the ventilatory muscles, such as myasthenia
gravis or Guillain-Barré syndrome, are also associated
with an increased effort to breathe. Large pleural effu-
sions may contribute to dyspnea, both by increasing the
work of breathing and by stimulating pulmonary recep-
tors if associated atelectasis is present.

I Gas Exchanger

Pneumonia, pulmonary edema, and aspiration all inter-
fere with gas exchange. Pulmonary vascular and intersti-
tial lung disease and pulmonary vascular congestion may
produce dyspnea by direct stimulation of pulmonary
receptors. In these cases, relief of hypoxemia typically
has only a small impact on the intensity of dyspnea.

Cardiovascular System Dyspnea

I High Cardiac Output
Mild to moderate anemia is associated with breathing
discomfort during exercise. Left-to-right intracardiac

pathophysiologic categories that explain the vast majority of
cases. COPD, chronic obstructive pulmonary disease. (Adapted
from Schwartzstein and Feller-Kopman.)

shunts may lead to high cardiac output and dyspnea,
although in their later stages, these conditions may be
complicated by the development of pulmonary hyper-
tension, which contributes to dyspnea. The breathlessness
associated with obesity is probably caused by multiple
mechanisms, including high cardiac output and impaired
ventilatory pump function.

I Normal Cardiac Output

Cardiovascular deconditioning is characterized by early
development of anaerobic metabolism and stimulation
of chemoreceptors and metaboreceptors. Diastolic dys-
function—caused by hypertension, aortic stenosis, or
hypertrophic cardiomyopathy—is an increasingly frequent
recognized cause of exercise-induced breathlessness.
Pericardial disease (e.g., constrictive pericarditis) is a rel-
atively rare cause of chronic dyspnea.

I Low Cardiac Output

Diseases of the myocardium resulting from coronary
artery disease and nonischemic cardiomyopathies result
in a greater left ventricular end-diastolic volume and an
elevation of the left ventricular end-diastolic as well as
pulmonary capillary pressures. Pulmonary receptors are
stimulated by the elevated vascular pressures and resul-
tant interstitial edema, causing dyspnea.

Approach to the Patient:
DYSPNEA

In obtaining a history, the patient should be asked to
describe in his or her own words what the discomfort
feels like, as well as the effect of position, infections,
and environmental stimuli on the dyspnea (Fig. 2-3).
Orthopnea is a common indicator of congestive heart
failure, mechanical impairment of the diaphragm asso-
ciated with obesity, or asthma triggered by esophageal
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Quality of sensation, timing, positional disposition
Persistent vs. intermittent

Physical exam

General appearance: Speak in full sentences? Accessory muscles? Color?
Vital signs: Tachypnea? Pulsus paradoxus? Oximetry-evidence of desaturation?
Chest: Wheezes, rales, rhonchi, diminished breath sounds? Hyperinflated?
Cardiac exam: JVP elevated? Precordial impulse? Gallop? Murmur?
Extremities: Edema? Cyanosis?

At this point, diagnosis may be evident—if not, proceed to further evaluation I

Chest radiograph

Assess cardiac size, evidence of CHF

Assess for hyperinflation

Assess for pneumonia, interstitial lung disease, pleural effusions

! !

Suspect low cardiac output, Suspect respiratory pump or gas Suspect high
myocardial ischemia, or exchange abnormality cardiac output
pulmonary vascular disease

' ' y

ECG and echocardiogram to Pulmonary function testing—if diffusing Hematocrit,
assess left ventricular capacity reduced, consider CT thyroid function
function and pulmonary artery | | angiogram to assess for interstitial lung tests

disease and pulmonary embolism

1 1 1

| If diagnosis still uncertain, obtain cardiopulmonary exercise test I

pressure

FIGURE 2-3
An algorithm for the evaluation of the patient with dysp-
nea. CHF, congestive heart failure; CT, computed tomography;

ECG, electrocardiogram; JVP, jugular venous pulse. (Adapted
from Schwartzstein and Feller-Kopman.)

reflux. Nocturnal dyspnea suggests congestive heart
failure or asthma. Whereas acute, intermittent episodes
of dyspnea are more likely to reflect episodes of
myocardial ischemia, bronchospasm, or pulmonary
embolism, chronic persistent dyspnea is typical of
COPD and interstitial lung disease. Risk factors for
occupational lung disease and for coronary artery dis-
ease should be solicited. Left atrial myxoma or
hepatopulmonary syndrome should be considered
when the patient complains of platypnea, defined as
dyspnea in the upright position with relief in the
supine position.

The physical examination should begin during the
interview of the patient. A patient’s inability to speak
in full sentences before stopping to get a deep breath
suggests a condition that leads to stimulation of the
controller or an impairment of the ventilatory pump
with reduced vital capacity. Evidence for increased
work of breathing (supraclavicular retractions; use of

accessory muscles of ventilation; and the tripod posi-
tion, characterized by sitting with one’s hands braced
on the knees) is indicative of disorders of the venti-
latory pump, most commonly increased airway resis-
tance or stiff lungs and chest wall. When measuring
the vital signs, an accurate assessment of the respira-
tory rate should be obtained and examination for a
pulsus paradoxus carried out; if it is above 10 mmHg,
the presence of COPD should be considered.
During the general examination, signs of anemia
(pale conjunctivae), cyanosis, and cirrhosis (spider
angiomata, gynecomastia) should be sought. Exami-
nation of the chest should focus on symmetry of
movement, percussion (dullness indicative of pleural
effusion, hyperresonance a sign of emphysema), and
auscultation (wheezes, rales, rhonchi, prolonged
expiratory phase, diminished breath sounds, which
are clues to disorders of the airways, and interstitial
edema or fibrosis). The cardiac examination should



focus on signs of elevated right heart pressures (jugu-
lar venous distention, edema, accentuated pulmonic
component to the second heart sound), left ventricu-
lar dysfunction (S3 and S4 gallops), and valvular dis-
ease (murmurs). When examining the abdomen with
the patient in the supine position, it should be noted
whether there is paradoxical movement of the
abdomen (inward motion during inspiration), a sign
of diaphragmatic weakness. Clubbing of the digits
may indicate interstitial pulmonary fibrosis, and the
presence of joint swelling or deformation as well as
changes consistent with Raynaud’s disease may be
indicative of a collagen-vascular process that may be
associated with pulmonary disease.

Patients with exertional dyspnea should be asked to
walk under observation to reproduce the symptoms.
The patient should be examined for new findings that
were not present at rest and for oxygen saturation. A
“picture” of the patient while symptomatic may be
worth thousands of dollars in laboratory tests.

After the history and physical examination have
been performed, a chest radiograph should be obtained.
The lung volumes should be assessed (hyperinflation
indicates obstructive lung disease; low lung volumes
suggest interstitial edema or fibrosis, diaphragmatic
dysfunction, or impaired chest wall motion). The pul-
monary parenchyma should be examined for evidence
of interstitial disease and emphysema. Prominent pul-
monary vasculature in the upper zones indicates pul-
monary venous hypertension, and enlarged central
pulmonary arteries suggest pulmonary artery hyper-
tension. An enlarged cardiac silhouette suggests dilated
cardiomyopathy or valvular disease. Bilateral pleural
effusions are typical of congestive heart failure and
some forms of collagen vascular disease. Unilateral
effusions raise the specter of carcinoma and pulmonary
embolism but may also occur in patients with heart
failure. CT of the chest is generally reserved for further
evaluation of the lung parenchyma (interstitial lung
disease) and possible pulmonary embolism.

Laboratory studies should include an electrocardio-
gram (ECG) to look for evidence of ventricular
hypertrophy and prior myocardial infarction.
Echocardiography is indicated in patients in whom
systolic dysfunction, pulmonary hypertension, or
valvular heart disease is suspected.
DISTINGUISHING CARDIOVASCULAR FROM
RESPIRATORY SYSTEM DYSPNEA If a
patient has evidence of both pulmonary and cardiac
disease, a cardiopulmonary exercise test should be
carried out to determine which system is responsible
for the exercise limitation. If, at peak exercise, the
patient achieves predicted maximal ventilation,
demonstrates an increase in dead space or hypoxemia
(oxygen saturation <90%), or develops bronchospasm,

the respiratory system is probably the cause of the
problem. Alternatively, if the heart rate is above 85%
of the predicted maximum, anaerobic threshold
occurs early, the blood pressure becomes excessively
high or decreases during exercise, the O, pulse (O,
consumption/heart rate, an indicator of stroke volume)
decreases, or ischemic changes are seen on the ECG,
an abnormality of the cardiovascular system is likely
the explanation for the breathing discomfort.

Treatment:
DYSPNEA

The first goal is to correct the underlying problem
responsible for the symptom. If this is not possible, one
attempts to lessen the intensity of the symptom and its
effect on the patient’s quality of life. Supplemental O,
should be administered if the resting O, saturation is
90% or below or if the patient’s saturation decreases to
these levels with activity. For patients with COPD, pul-
monary rehabilitation programs have demonstrated
positive effects on dyspnea, exercise capacity, and rates
of hospitalization. Studies of anxiolytics and antidepres-
sants have not demonstrated consistent benefit. Experi-
mental interventions (e.g., cold air on the face, chest wall
vibration, and inhaled furosemide) to modulate the
afferent information from receptors throughout the res-
piratory system are being studied.

PULMONARY EDEMA
MECHANISMS OF FLUID ACCUMULATION

The extent to which fluid accumulates in the intersti-
tium of the lung depends on the balance of hydrostatic
and oncotic forces within the pulmonary capillaries and
in the surrounding tissue. Hydrostatic pressure favors
movement of fluid from the capillary into the intersti-
tium. The oncotic pressure, which is determined by the
protein concentration in the blood, favors movement of
fluid into the vessel. Albumin, the primary protein in the
plasma, may be low in patients with conditions such as
cirrhosis and nephrotic syndrome. Although hypoalbu-
minemia favors movement of fluid into the tissue for
any given hydrostatic pressure in the capillary, it is usu-
ally not sufficient by itself to cause interstitial edema. In
a healthy individual, the tight junctions of the capillary
endothelium are impermeable to proteins, and the lym-
phatics in the tissue carry away the small amounts of
protein that may leak out; together these factors result in
an oncotic force that maintains fluid in the capillary.
Disruption of the endothelial barrier, however, allows
protein to escape the capillary bed and enhances the
movement of fluid into the tissue of the lung.
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(See also Chap. 31) Cardiac abnormalities that lead to an
increase in pulmonary venous pressure shift the balance
of forces between the capillary and the interstitium.
Hydrostatic pressure is increased and fluid exits the cap-
illary at an increased rate, resulting in interstitial and, in
more severe cases, alveolar edema. The development of
pleural effusions may further compromise respiratory
system function and contribute to breathing discomfort.

Early signs of pulmonary edema include exertional
dyspnea and orthopnea. Chest radiographs show peri-
bronchial thickening, prominent vascular markings in
the upper lung zones, and Kerley B lines. As the pul-
monary edema worsens, alveoli fill with fluid, and the
chest radiograph shows patchy alveolar filling, typically
in a perihilar distribution, which then progresses to dif-
fuse alveolar infiltrates. Increasing airway edema is asso-
ciated with rhonchi and wheezes.

Noncardiogenic Pulmonary Edema

By definition, hydrostatic pressures are normal in patients
with noncardiogenic pulmonary edema. Lung water
increases because of damage of the pulmonary capillary
lining with leakage of proteins and other macromole-
cules into the tissue; fluid follows the protein as oncotic
forces are shifted from the vessel to the surrounding
lung tissue. This process is associated with dysfunction of
the surfactant lining the alveoli, increased surface forces,
and a propensity for the alveoli to collapse at low lung
volumes. Physiologically, noncardiogenic pulmonary
edema is characterized by intrapulmonary shunt with
hypoxemia and decreased pulmonary compliance.
Pathologically, hyaline membranes are evident in the
alveoli, and inflammation leading to pulmonary fibrosis
may be seen. Clinically, the picture ranges from mild
dyspnea to respiratory failure. Auscultation of the lungs
may be relatively normal despite chest radiographs that
show diffuse alveolar infiltrates. CT scans demonstrate
that the distribution of alveolar edema is more heteroge-
neous than was once thought.

It 1s useful to categorize the causes of noncardiogenic
pulmonary edema in terms of whether the injury to the
lung 1s likely to result from direct, indirect, or pulmonary
vascular causes (Table 2-2). Direct injuries are mediated
via the airways (e.g., aspiration) or as the consequence of
blunt chest trauma. Indirect injury is the consequence of
mediators that reach the lung via the blood stream. The
third category includes conditions that may be the con-
sequence of acute changes in pulmonary vascular pres-
sures, possibly the result of sudden autonomic discharge
in the case of neurogenic and high-altitude pulmonary
edema or sudden swings of pleural pressure, as well as
transient damage to the pulmonary capillaries in the case
of reexpansion pulmonary edema.

TABLE 2-2

COMMON CAUSES OF NONCARDIOGENIC
PULMONARY EDEMA

Direct Injury to Lung
Chest trauma, pulmonary contusion
Aspiration
Smoke inhalation
Pneumonia
Oxygen toxicity
Pulmonary embolism, reperfusion
Hematogenous Injury to Lung
Sepsis
Pancreatitis
Nonthoracic trauma
Leukoagglutination reactions
Multiple transfusions
Intravenous drug use (e.g., heroin)
Cardiopulmonary bypass
Possible Lung Injury Plus Elevated
Hydrostatic Pressures
High-altitude pulmonary edema
Neurogenic pulmonary edema
Reexpansion pulmonary edema

Distinguishing Cardiogenic from
Noncardiogenic Pulmonary Edema

The history is essential for assessing the likelihood of under-
lying cardiac disease as well as for identifying one of the
conditions associated with noncardiogenic pulmonary
edema. The physical examination in cardiogenic pulmonary
edema is notable for evidence of increased intracardiac pres-
sures (S3 gallop, elevated jugular venous pulse, peripheral
edema) and rales or wheezes on auscultation of the chest. In
contrast, the physical examination in noncardiogenic pul-
monary edema is dominated by the findings of the precipi-
tating condition; pulmonary findings may be relatively nor-
mal in the early stages. The chest radiograph in cardiogenic
pulmonary edema typically shows an enlarged cardiac sil-
houette, vascular redistribution, interstitial thickening, and
perihilar alveolar infiltrates; pleural effusions are common. In
noncardiogenic pulmonary edema, the heart size is normal,
alveolar infiltrates are distributed more uniformly through-
out the lungs, and pleural effusions are uncommon. Finally,
the hypoxemia of cardiogenic pulmonary edema is largely
attributable to ventilation-perfusion mismatch and responds
to the administration of supplemental oxygen. In contrast,
hypoxemia in noncardiogenic pulmonary edema is primar-
ily attributable to intrapulmonary shunting and typically
persists despite high concentrations of inhaled O,.
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COUGH

Cough is an explosive expiration that provides a normal
protective mechanism for clearing the tracheobronchial
tree of secretions and foreign material. When excessive
or bothersome, it is also one of the most common
symptoms for which patients seek medical attention.
Reasons for this include discomfort from the cough
itself; interference with normal lifestyle; and concern for
the cause of the cough, especially fear of cancer.

MECHANISM

Coughing may be initiated either voluntarily or reflex-
ively. As a defensive reflex, it has both afferent and effer-
ent pathways. The afferent limb includes receptors within
the sensory distribution of the trigeminal, glossopharyn-
geal, superior laryngeal, and vagus nerves. The efferent
limb includes the recurrent laryngeal nerve and the
spinal nerves. The cough starts with a deep inspiration
followed by glottic closure, relaxation of the diaphragm,
and muscle contraction against a closed glottis. The
resulting markedly positive intrathoracic pressure causes
narrowing of the trachea. After the glottis opens, the
large pressure differential between the airways and the
atmosphere coupled with tracheal narrowing produces
rapid flow rates through the trachea. The shearing forces
that develop aid in the elimination of mucus and foreign
materials.

14

ETIOLOGY

Cough can be initiated by a variety of irritant triggers
either from an exogenous source (smoke, dust, fumes, for-
eign bodies) or from an endogenous origin (upper airway
secretions, gastric contents). These stimuli may affect
receptors in the upper airway (especially the pharynx and
larynx) or in the lower respiratory tract following access
to the tracheobronchial tree by inhalation or aspiration.
When cough is triggered by upper airway secretions (as
with postnasal drip) or gastric contents (as with gastroe-
sophageal reflux), the initiating factor may go unrecog-
nized, and the cough may persist. Additionally, prolonged
exposure to such irritants may initiate airway inflamma-
tion, which can itself precipitate cough and sensitize the
airway to other irritants. Cough associated with gastroe-
sophageal reflux is caused only partly by irritation of
upper airway receptors or by aspiration of gastric con-
tents; a vagally mediated reflex mechanism secondary to
acid in the distal esophagus may also contribute.

Any disorder resulting in inflammation, constriction,
infiltration, or compression of the airways may be associ-
ated with cough. Inflammation commonly results from
airway infections, ranging from viral or bacterial bron-
chitis to bronchiectasis. In viral bronchitis, airway inflam-
mation sometimes persists long after resolution of the
typical acute symptoms, thereby producing a prolonged
cough that may last for weeks. Pertussis infection is also a
possible cause of persistent cough in adults; however,
diagnosis is generally made on clinical grounds. Asthma is



a common cause of cough. Although the clinical setting
commonly suggests that when a cough is secondary to
asthma, some patients present with cough in the absence
of wheezing or dyspnea, thus making the diagnosis more
subtle (“cough variant asthma”). A neoplasm infiltrating
the airway wall, such as bronchogenic carcinoma or a
carcinoid tumor, is commonly associated with cough.
Airway infiltration with granulomas may also trigger a
cough, as seen with endobronchial sarcoidosis or tuber-
culosis. Compression of airways results from extrinsic
masses such as lymph nodes or mediastinal tumors or
rarely from an aortic aneurysm.

Examples of parenchymal lung disease potentially
producing cough include interstitial lung disease, pneu-
monia, and lung abscess. Congestive heart failure may be
associated with cough, probably as a consequence of
interstitial as well as peribronchial edema. A nonproduc-
tive cough complicates the use of angiotensin-convert-
ing enzyme (ACE) inhibitors in 5% to 20% of patients
taking these agents. Onset is usually within 1 week of
starting the drug but can be delayed up to 6 months.
Although the mechanism is not known with certainty, it
may relate to accumulation of bradykinin or substance P,
both of which are degraded by ACE. In contrast,
angiotensin Il receptor antagonists do not seem to
increase cough, likely because these drugs do not signifi-
cantly increase bradykinin levels.

The most common causes of cough can be categorized
according to the duration of the cough. Acute cough (<3
weeks) is most often caused by upper respiratory infection
(especially the common cold, acute bacterial sinusitis, and
pertussis), but more serious disorders, such as pneumonia,
pulmonary embolus, and congestive heart failure, may also
present in this fashion. Subacute cough (between 3 and 8
weeks) is commonly postinfectious, resulting from persis-
tent airway inflammation or postnasal drip after viral
infection, pertussis, or infection with Mycoplasma or
Chlamydia spp. In a patient with subacute cough that is not
clearly postinfectious, the varied causes of chronic cough
should be considered. Chronic cough (>8 weeks) in a
smoker raises the possibilities of chronic obstructive lung
disease or bronchogenic carcinoma. In a nonsmoker who
has a normal chest radiograph and is not taking an ACE
inhibitor, the most common causes of chronic cough are
postnasal drip (sometimes termed the wupper ainway cough
syndrome), asthma, and gastroesophageal reflux. Eosinophilic
bronchitis in the absence of asthma has also been recog-
nized as a potential cause of chronic cough.

Approach to the Patient:
COUGH

A detailed history frequently provides the most valu-
able clues for the cause of the cough. Particularly
important questions include:

1. Is the cough acute, subacute, or chronic?

2. At its onset, were there associated symptoms sug-

gestive of a respiratory infection?

. Is it seasonal or associated with wheezing?

4. Ts it associated with symptoms suggestive of post-
nasal drip (nasal discharge, frequent throat clear-
ing, a “tickle in the throat”) or gastroesophageal
reflux (heartburn or sensation of regurgitation)?
(However, the absence of such suggestive symp-
toms does not exclude either of these diagnoses.)

5. Is it associated with fever or sputum? If sputum is
present, what is its character?

6. Does the patient have any associated diseases or
risk factors for disease (e.g., cigarette smoking, risk
factors for infection with HIV, environmental
exposures)?

7. Is the patient taking an ACE inhibitor?

SN

The general physical examination may point to a sys-
temic or nonpulmonary cause of cough, such as heart
failure or primary nonpulmonary neoplasm. Exami-
nation of the oropharynx may provide suggestive evi-
dence for postnasal drip, including oropharyngeal
mucus or erythema, or a “cobblestone” appearance to
the mucosa. Auscultation of the chest may demon-
strate inspiratory stridor (indicative of upper airway
disease), rthonchi or expiratory wheezing (indicative
of lower airway disease), or inspiratory crackles (sug-
gestive of a process involving the pulmonary
parenchyma, such as interstitial lung disease, pneumo-
nia, or pulmonary edema).

Chest radiography may be particularly helpful in
suggesting or confirming the cause of the cough.
Important potential findings include the presence of
an intrathoracic mass lesion, localized pulmonary
parenchymal opacification, or diftuse interstitial or
alveolar disease. An area of honeycombing or cyst
formation may suggest bronchiectasis, and symmet-
ric bilateral hilar adenopathy may suggest sarcoidosis.

Pulmonary function testing (Chap. 5) is useful for
assessing the functional abnormalities that accom-
pany certain disorders that produce cough. Measure-
ment of forced expiratory flow rates may demon-
strate reversible airflow obstruction characteristic of
asthma. When asthma is considered but flow rates are
normal, bronchoprovocation testing with metha-
choline or cold-air inhalation may demonstrate
hyperreactivity of the airways to a bronchoconstric-
tive stimulus. Measurement of lung volumes and dif-
fusing capacity is useful primarily for demonstration
of a restrictive pattern, often seen with any of the
diffuse interstitial lung diseases.

If sputum 1is produced, gross and microscopic
examination may provide useful information. Purulent
sputum suggests chronic bronchitis, bronchiectasis,
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A diagnostic algorithm for evaluation of subacute
and chronic cough is presented in Fig. 3-1.

Consider
gastroesophageal
reflux disease

Cough
persists

FIGURE 3-1

Algorithm for management of cough lasting more than 3
weeks. Cough lasting between 3 and 8 weeks is considered
subacute; cough lasting longer than 8 weeks is considered
chronic. ACEI, angiotensin-converting enzyme inhibitor; CXR,
chest x-ray; Hx, history; PE, physical examination; Rx, treat.

COMPLICATIONS

Common complications of coughing include chest and
abdominal wall soreness, urinary incontinence, and
exhaustion. On occasion, paroxysms of coughing may
precipitate syncope (cough syncope) consequent to
markedly positive intrathoracic and alveolar pressures,
diminished venous return, and decreased cardiac output.
Although cough fractures of the ribs may occur in other-
wise normal patients, their occurrence should at least
raise the possibility of pathologic fractures, which are
seen with multiple myeloma, osteoporosis, and osteolytic
metastases.

Other important management considerations are
treatment of specific respiratory tract infections, bron-
chodilators for potentially reversible airflow obstruc-
tion, inhaled glucocorticoids for eosinophilic bronchitis,
chest physiotherapy and other methods to enhance
clearance of secretions in patients with bronchiectasis,
and treatment of endobronchial tumors or interstitial
lung disease when such therapy is available and appro-
priate. In patients with chronic, unexplained cough, an
empirical approach to treatment is often used for both
diagnostic and therapeutic purposes, starting with an

B( Treatment: antihistamine—decongestant combination, nasal glu-

COUGH

Definitive treatment of cough depends on determining
the underlying cause and then initiating specific ther-
apy. Elimination of an exogenous inciting agent (ciga-
rette smoke, ACE inhibitors) or an endogenous trigger
(postnasal drip, gastroesophageal reflux) is usually
effective when such a precipitant can be identified.

cocorticoids, or nasal ipratropium spray to treat unrec-
ognized postnasal drip. If ineffective, this may be fol-
lowed sequentially by empirical treatment for asthma,
nonasthmatic eosinophilic bronchitis, and gastroe-
sophageal reflux.

Symptomatic or nonspecific therapy of cough should
be considered when (1) the cause of the cough is not



known or specific treatment is not possible and (2) the
cough performs no useful function or causes marked
discomfort or sleep disturbance. An irritative, nonpro-
ductive cough may be suppressed by an antitussive
agent, which increases the latency or threshold of the
cough center. Such agents include codeine (15 mg qid)
or nonnarcotics such as dextromethorphan (15 mg qid).
These drugs provide symptomatic relief by interrupting
prolonged, self-perpetuating paroxysms. However, a
cough productive of significant quantities of sputum
should usually not be suppressed because retention of
sputum in the tracheobronchial tree may interfere with
the distribution of alveolar ventilation and the ability of
the lung to resist infection.

HEMOPTYSIS

Hemoptysis is defined as the expectoration of blood from
the respiratory tract, a spectrum that varies from blood
streaking of sputum to coughing up large amounts of
pure blood. Massive hemoptysis is variably defined as the
expectoration of more than 100 to 600 mL over a 24-h.
period, although the patient’s estimation of the amount
of blood is notoriously unreliable. Expectoration of even
relatively small amounts of blood is a frightening symp-
tom and may be a marker for potentially serious disease,
such as bronchogenic carcinoma. Massive hemoptysis, on
the other hand, may represent an acutely life-threatening
problem. Blood can fill the airways and the alveolar
spaces, not only seriously disturbing gas exchange but
also potentially causing asphyxiation.

ETIOLOGY

Because blood originating from the nasopharynx or the
gastrointestinal tract can mimic blood coming from the
lower respiratory tract, it is important to determine ini-
tially that the blood is not coming from one of these
alternative sites. Clues that the blood is originating from
the gastrointestinal tract include a dark red appearance
and an acidic pH in contrast to the typical bright red
appearance and alkaline pH of true hemoptysis.

An etiologic classification of hemoptysis can be based
on the site of origin within the lungs (Table 3-1). The
most common site of bleeding is the tracheobronchial
tree, which may be affected by inflammation (acute or
chronic bronchitis, bronchiectasis) or by neoplasm
(bronchogenic carcinoma, endobronchial metastatic car-
cinoma, or bronchial carcinoid tumor). The bronchial
arteries, which originate either from the aorta or from
intercostal arteries and are therefore part of the high-
pressure systemic circulation, are the source of bleeding
in bronchitis or bronchiectasis or with endobronchial

TABLE 3-1

DIFFERENTIAL DIAGNOSIS OF HEMOPTYSIS

Source other than the lower respiratory tract
Upper airway (nasopharyngeal) bleeding
Gastrointestinal bleeding
Tracheobronchial source
Neoplasm (bronchogenic carcinoma, endobronchial
metastatic tumor, Kaposi’s sarcoma, bronchial
carcinoid)
Bronchitis (acute or chronic)
Bronchiectasis
Broncholithiasis
Airway trauma
Foreign body
Pulmonary parenchymal source
Lung abscess
Pneumonia
Tuberculosis
Mycetoma (“fungus ball”)
Goodpasture’s syndrome
Idiopathic pulmonary hemosiderosis
Wegener’s granulomatosis
Lupus pneumonitis
Lung contusion
Primary vascular source
Arteriovenous malformation
Pulmonary embolism
Elevated pulmonary venous pressure (especially
mitral stenosis)
Pulmonary artery rupture secondary to balloon-tip
pulmonary artery catheter manipulation
Miscellaneous and rare causes
Pulmonary endometriosis (catamenial hemoptysis)
Systemic coagulopathy or use of anticoagulants or
thrombolytic agents

Source: Adapted from Weinberger SE: Principles of Pulmonary
Medicine, 4th ed. Philadelphia, Saunders, 2004, with permission.

tumors. Blood originating from the pulmonary
parenchyma can be either from a localized source, such
as an infection (pneumonia, lung abscess, tuberculosis)
or from a process diffusely affecting the parenchyma (as
with a coagulopathy or with an autoimmune process
such as Goodpasture’s syndrome). Disorders primarily
affecting the pulmonary vasculature include pulmonary
embolic disease and conditions associated with elevated
pulmonary venous and capillary pressures, such as mitral
stenosis and left ventricular failure.

Although the relative frequency of the different
causes of hemoptysis varies from series to series, most
recent studies indicate that bronchitis and bronchogenic
carcinoma are the two most common causes in the
United States. Despite the lower frequency of tubercu-
losis and bronchiectasis seen in recent compared with
older series, these two disorders still represent the most
common causes of massive hemoptysis in several series,
especially worldwide. Even after extensive evaluation,
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have no identifiable cause for their hemoptysis. These
patients are classified as having idiopathic or cryptogenic
hemoptysis, and subtle airway or parenchymal disease is
presumably responsible for the bleeding.

Approach to the Patient:
HEMOPTYSIS

The history 1s extremely valuable. Hemoptysis that is
described as blood streaking of mucopurulent or
purulent sputum often suggests bronchitis. Chronic
production of sputum with a recent change in quan-
tity or appearance favors an acute exacerbation of
chronic bronchitis. Fever or chills accompanying
blood-streaked purulent sputum suggests pneumonia,
and a putrid smell to the sputum raises the possibility
of lung abscess. When sputum production has been
chronic and copious, the diagnosis of bronchiectasis
should be considered. Hemoptysis after the acute
onset of pleuritic chest pain and dyspnea is suggestive
of pulmonary embolism.

A history of previous or coexisting disorders
should be sought, such as renal disease (seen with
Goodpasture’s syndrome or Wegener’s granulomato-
sis), lupus erythematosus (with associated pulmonary
hemorrhage from lupus pneumonitis), or a previous
malignancy (either recurrent lung cancer or endo-
bronchial metastasis from a nonpulmonary primary
tumor) or treatment for malignancy (with recent
chemotherapy or a bone marrow transplant). In a
patient with AIDS, endobronchial or pulmonary
parenchymal Kaposi’s sarcoma should be considered.
Risk factors for bronchogenic carcinoma, particularly
smoking and asbestos exposure, should be sought.
Patients should be questioned about previous bleed-
ing disorders, treatment with anticoagulants, or use of
drugs that may be associated with thrombocytopenia.

The physical examination may also provide helpful
clues to the diagnosis. For example, examination of
the lungs may demonstrate a pleural friction rub
(pulmonary embolism), localized or diftuse crackles
(parenchymal bleeding or an underlying parenchymal
process associated with bleeding), evidence of airflow
obstruction (chronic bronchitis), or prominent
rhonchi with or without wheezing or crackles
(bronchiectasis). Cardiac examination may demon-
strate findings of pulmonary arterial hypertension,
mitral stenosis, or heart failure. Skin and mucosal
examination may reveal Kaposi’s sarcoma, arteriove-
nous malformations of Osler-Rendu-Weber disease,
or lesions suggestive of systemic lupus erythematosus.

Diagnostic evaluation of hemoptysis starts with a chest
radiograph (often followed by a CT scan) to look

for a mass lesion, findings suggestive of bronchiectasis
(Chap. 16), or focal or diffuse parenchymal disease
(representing either focal or diffuse bleeding or a focal
area of pneumonitis). Additional initial screening eval-
uation often includes a complete blood count, a coag-
ulation profile, and assessment for renal disease with a
urinalysis and measurement of blood urea nitrogen
and creatinine levels. When sputum is present, exami-
nation by Gram and acid-fast stains (along with the
corresponding cultures) 1s indicated.

Fiberoptic bronchoscopy is particularly useful for
localizing the site of bleeding and for visualization of
endobronchial lesions. When bleeding is massive,
rigid bronchoscopy is often preferable to fiberoptic
bronchoscopy because of better airway control and
greater suction capability. In patients with suspected
bronchiectasis, HRCT is the diagnostic procedure of
choice.

A diagnostic algorithm for evaluation of nonmas-
sive hemoptysis is presented in Fig. 3-2.

Treatment:
HEMOPTYSIS

The rapidity of bleeding and its effect on gas exchange
determine the urgency of management. When the
bleeding is confined to either blood streaking of spu-
tum or production of small amounts of pure blood, gas
exchange is usually preserved; establishing a diagnosis
is the first priority. When hemoptysis is massive, main-
taining adequate gas exchange, preventing blood from
spilling into unaffected areas of lung, and avoiding
asphyxiation are the highest priorities. Keeping the
patient at rest and partially suppressing the cough may
help the bleeding to subside. If the origin of the blood is
known and is limited to one lung, the bleeding lung
should be placed in the dependent position so that
blood is not aspirated into the unaffected lung.

With massive bleeding, the need to control the air-
way and maintain adequate gas exchange may necessi-
tate endotracheal intubation and mechanical ventila-
tion. In patients in danger of flooding the lung
contralateral to the side of hemorrhage despite proper
positioning, isolation of the right and left mainstem
bronchi from each other can be achieved by selectively
intubating the nonbleeding lung (often with broncho-
scopic guidance) or by using specially designed double-
lumen endotracheal tubes. Another option involves
inserting a balloon catheter through a bronchoscope by
direct visualization and inflating the balloon to occlude
the bronchus leading to the bleeding site. This tech-
nique not only prevents aspiration of blood into unaf-
fected areas but also may promote tamponade of the
bleeding site and cessation of bleeding.
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Other available techniques for control of significant
bleeding include laser phototherapy, electrocautery,
bronchial artery embolization, and surgical resection of
the involved area of lung. With bleeding from an endo-
bronchial tumor, argon plasma coagulation or the
neodymium:yttrium-aluminum-garnet (Nd:YAG) laser can
often achieve at least temporary hemostasis by coagu-
lating the bleeding site. Electrocautery, which uses an
electric current for thermal destruction of tissue, may be
used similarly for management of bleeding from an
endobronchial tumor. Bronchial artery embolization
involves an arteriographic procedure in which a vessel
proximal to the bleeding site is cannulated and a mater-
ial such as Gelfoam is injected to occlude the bleeding
vessel. Surgical resection is a therapeutic option either
for the emergent therapy of life-threatening hemoptysis
that fails to respond to other measures or for the elec-
tive but definitive management of localized disease
subject to recurrent bleeding.

Bronchoscopy

FIGURE 3-2

An algorithm for the evaluation of nonmas-
sive hemoptysis. CT, computed tomography;
ENT, ear, nose, and throat; Gl, gastrointestinal.
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CHAPTER 4
HYPOXIA AND CYANOSIS

Eugene Braunwald
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HYPOXIA

The fundamental task of the cardiorespiratory system is
to deliver O, (and substrates) to the cells and to remove
CO, (and other metabolic products) from them. Proper
maintenance of this function depends on intact cardio-
vascular and respiratory systems, an adequate number of
red blood cells and hemoglobin, and a supply of inspired
gas containing adequate O,.

EFFECTS

Decreased O, availability to cells results in an inhibition
of the respiratory chain and increased anaerobic glycoly-
sis. This switch from aerobic to anaerobic metabolism,
Pasteur’s effect, maintains some, albeit markedly reduced,
adenosine triphosphate (ATP) production. In severe
hypoxia, when ATP production is inadequate to meet
the energy requirements of ionic and osmotic equilib-
rium, cell membrane depolarization leads to uncon-
trolled Ca®" influx and activation of Ca*'-dependent
phospholipases and proteases. These events, in turn,
cause cell swelling and ultimately cell necrosis.

The adaptations to hypoxia are mediated, in part, by
the upregulation of genes encoding a variety of pro-
teins, including glycolytic enzymes such as phospho-
glycerate kinase and phosphofructokinase, as well as
the glucose transporters Glut-1 and Glut-2; and by
growth factors, such as vascular endothelial growth factor

20

(VEGF) and erythropoietin, which enhance erythrocyte
production.

During hypoxia, systemic arterioles dilate, at least in
part, by opening of Kupp channels in vascular smooth
muscle cells because of the hypoxia-induced reduction
in ATP concentration. By contrast, in pulmonary vascu-
lar smooth muscle cells, inhibition of K* channels causes
depolarization, which, in turn, activates voltage-gated
Ca*" channels, raising the cytosolic [Ca**] and causing
smooth muscle cell contraction. Hypoxia-induced pul-
monary arterial constriction shunts blood away from
poorly ventilated toward better ventilated portions of
the lung; however, it also increases pulmonary vascular
resistance and right ventricular afterload.

Effects on the Central Nervous System

Changes in the central nervous system (CNS), particu-
larly the higher centers, are especially important conse-
quences of hypoxia. Acute hypoxia causes impaired
judgment, motor incoordination, and a clinical picture
resembling acute alcoholism. High-altitude illness is
characterized by headache secondary to cerebral vasodi-
latation and by gastrointestinal symptoms, dizziness,
insomnia, and fatigue or somnolence. Pulmonary arterial
and sometimes venous constriction cause capillary leak-
age and high-altitude pulmonary edema (HAPE) (Chap. 2),
which intensifies hypoxia and can initiate a vicious circle.
Rarely, high-altitude cerebral edema (HACE) develops.



This is manifest by severe headache and papilledema and
can cause coma. As hypoxia becomes more severe, the
centers of the brainstem are aftected, and death usually
results from respiratory failure.

CAUSES OF HYPOXIA
Respiratory Hypoxia

When hypoxia occurs consequent to respiratory failure,
Pag, declines, and when respiratory failure is persistent,
the hemoglobin-oxygen (Hb-O,) dissociation curve is
displaced to the right, with greater quantities of O,
released at any level of tissue Pg,. Arterial hypoxemia,
that is, a reduction of O, saturation of arterial blood
(Sapy), and consequent cyanosis are likely to be more
marked when such depression of Pag, results from pul-
monary disease than when the depression occurs as the
result of a decline in the fraction of oxygen in inspired
air (Fig,). In this latter situation, Paco, decreases sec-
ondary to anoxia-induced hyperventilation and the
Hb-0, dissociation curve is displaced to the left, limit-
ing the decline in Sag, at any level of Paq,.

The most common cause of respiratory hypoxia is
ventilation-petfusion mismatch resulting from perfusion of
poorly ventilated alveoli. Respiratory hypoxemia may
also be caused by hypoventilation, and it is then associated
with an elevation of Pacg, (Chap. 5). These two forms
of respiratory hypoxia are usually correctable by inspir-
ing 100% O, for several minutes. A third cause is shunt-
ing of blood across the lung from the pulmonary arterial
to the venous bed (intrapulmonary right-to-left shunting) by
perfusion of nonventilated portions of the lung, as in
pulmonary atelectasis or through pulmonary arteriove-
nous connections. The low Pag, in this situation is cor-
rectable only in part by an Fig, of 100%.

Hypoxia Secondary to High Altitude

As one ascends rapidly to 3000 m (~10,000 ft), the
reduction of the O, content of inspired air (Fio,) leads to
a decrease in alveolar Py, to about 60 mmHg and a con-
dition termed high-altitude illness develops (see earlier). At
higher altitudes, arterial saturation declines rapidly and
symptoms become more serious, and at 5000 m, unaccli-
matized individuals usually cease to be able to function
normally.

Hypoxia Secondary to Right-to-Left
Extrapulmonary Shunting

From a physiologic viewpoint, this cause of hypoxia
resembles intrapulmonary right-to-left shunting but is
caused by congenital cardiac malformations such as
tetralogy of Fallot, transposition of the great arteries, and
Eisenmenger’s syndrome. As in pulmonary right-to-left

shunting, the Pagy, cannot be restored to normal with 21

inspiration of 100% O,.

Anemic Hypoxia

A reduction in hemoglobin concentration of the blood
is attended by a corresponding decline in the O,-carrying
capacity of the blood. Although the Pagy, is normal in
anemic hypoxia, the absolute quantity of O, transported
per unit volume of blood is diminished. As the anemic
blood passes through the capillaries and the usual
quantity of O, is removed from it, the Py, and satura-
tion in the venous blood decline to a greater degree
than normal.

Carbon Monoxide Intoxication

Hemoglobin that is combined with CO (carboxyhemo-
globin, COHDb) is unavailable for O, transport. In
addition, the presence of COHD shifts the Hb-O, disso-
ciation curve to the left so that O, is unloaded only at
lower tensions, contributing further to tissue hypoxia.

Circulatory Hypoxia

As in anemic hypoxia, the Pag, is usually normal, but
venous and tissue Pg, values are reduced as a conse-
quence of reduced tissue perfusion and greater tissue O,
extraction. This pathophysiology leads to an increased
arterial-mixed venous O, difference or (a - ¥) gradient.
Generalized circulatory hypoxia occurs in patients with
heart failure and in most forms of shock (Chap. 28).

Specific Organ Hypoxia

Localized circulatory hypoxia may occur consequent to
decreased perfusion secondary to organic arterial
obstruction, as in localized atherosclerosis in any vascular
bed, or as a consequence of vasoconstriction, as observed
in Raynaud’s phenomenon. Localized hypoxia may also
result from venous obstruction and the resultant expan-
sion of interstitial fluid causing arterial compression and,
thereby, reduction of arterial inflow. Edema, which
increases the distance through which O, must diffuse
before it reaches cells, can also cause localized hypoxia.
In an attempt to maintain adequate perfusion to more
vital organs in patients with reduced cardiac output sec-
ondary to heart failure or hypovolemic shock, vasocon-
striction may reduce perfusion in the limbs and skin,
causing hypoxia of these regions.

Increased O, Requirements

If the O, consumption of tissues is elevated without a
corresponding increase in perfusion, tissue hypoxia
ensues, and the P, in venous blood declines. Ordinarily,
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an elevated metabolic rate, as in fever or thyrotoxicosis,
is quite different from that in other types of hypoxia; the
skin is warm and flushed owing to increased cutaneous
blood flow that dissipates the excessive heat produced,
and cyanosis is usually absent.

Exercise 1s a classic example of increased tissue O,
requirements. These increased demands are normally
met by several mechanisms operating simultaneously:
(1) increasing the cardiac output and ventilation and
thus O, delivery to the tissues; (2) preferentially direct-
ing the blood to the exercising muscles by changing
vascular resistances in the circulatory beds of exercising
tissues directly, reflexly, or both; (3) increasing O, extrac-
tion from the delivered blood and widening the arteri-
ovenous O, difference; and (4) reducing the pH of the
tissues and capillary blood, shifting the Hb-O, curve to
the right and unloading more O, from hemoglobin. If
the capacity of these mechanisms is exceeded, then
hypoxia, especially of the exercising muscles, will result.

Improper Oxygen Utilization

Cyanide and several other similarly acting poisons cause
cellular hypoxia. The tissues are unable to use O,, and as a
consequence, the venous blood tends to have a high O,
tension. This condition has been termed histotoxic hypoxia.

ADAPTATION TO HYPOXIA

An important component of the respiratory response to
hypoxia originates in special chemosensitive cells in the
carotid and aortic bodies and in the respiratory center in
the brainstem. The stimulation of these cells by hypoxia
increases ventilation, with a loss of CO,, and can lead to
respiratory alkalosis. When combined with metabolic
acidosis resulting from the production of lactic acid, the
serum bicarbonate level declines (Chap. 40).

With the reduction of Pag,, cerebrovascular resistance
decreases, and cerebral blood flow increases in an
attempt to maintain O, delivery to the brain. However,
when the reduction of Pag, is accompanied by hyper-
ventilation and a reduction of Pacg,, cerebrovascular
resistance increases, cerebral blood flow decreases, and
hypoxia is intensified.

The diffuse, systemic vasodilation that occurs in gen-
eralized hypoxia increases the cardiac output. In patients
with underlying heart disease, the requirements of
peripheral tissues for an increase of cardiac output with
hypoxia may precipitate congestive heart failure. In
patients with ischemic heart disease, a reduced Pag, may
intensify myocardial ischemia and further impair left
ventricular function.

One of the important mechanisms of compensation
for chronic hypoxia is an increase in the hemoglobin
concentration and in the number of red blood cells in

the circulating blood (i.e., the development of poly-
cythemia secondary to erythropoietin production). In
persons with chronic hypoxemia secondary to prolonged
residence at a high altitude (>13,000 ft or 4200 m), a con-
dition termed chronic mountain sickness develops. It is
characterized by a blunted respiratory drive, reduced
ventilation, erythrocytosis, cyanosis, weakness, right
ventricular enlargement secondary to pulmonary hyper-
tension, and even stupor.

CYANOSIS

Cyanosis refers to a bluish color of the skin and mucous
membranes resulting from an increased quantity of
reduced hemoglobin or of hemoglobin derivatives in the
small blood vessels of those areas. It is usually most marked
in the lips, nail beds, ears, and malar eminences. Cyanosis,
especially if developed recently, is more commonly
detected by a family member than the patient. The florid
skin characteristic of polycythemia vera must be distin-
guished from the true cyanosis discussed here. A cherry-
colored flush, rather than cyanosis, is caused by COHb.

The degree of cyanosis is modified by the color of
the cutaneous pigment and the thickness of the skin, as
well as by the state of the cutaneous capillaries. The
accurate clinical detection of the presence and degree of
cyanosis 1s difficult, as proved by oximetric studies. In
some instances, central cyanosis can be detected reliably
when the Say, has decreased to 85%; in others, particu-
larly in dark-skinned persons, it may not be detected
until it has declined to 75%. In the latter case, examina-
tion of the mucous membranes in the oral cavity and
the conjunctivae rather than examination of the skin is
more helpful in the detection of cyanosis.

The increase in the quantity of reduced hemoglobin
in the mucocutaneous vessels that produces cyanosis
may be brought about either by an increase in the quan-
tity of venous blood as a result of dilation of the venules
and venous ends of the capillaries or by a reduction in
the Sag, in the capillary blood. In general, cyanosis
becomes apparent when the concentration of reduced
hemoglobin in capillary blood exceeds 40 g/L (4 g/dL).

It is the absolute, rather than the relative, quantity of
reduced hemoglobin that is important in producing
cyanosis. Thus, in a patient with severe anemia, the rela-
tive quantity of reduced hemoglobin in the venous
blood may be very large when considered in relation to
the total quantity of hemoglobin in the blood. However,
because the concentration of the latter is markedly
reduced, the absolute quantity of reduced hemoglobin
may still be small; therefore, patients with severe anemia
and even marked arterial desaturation may not display
cyanosis. Conversely, the higher the total hemoglobin
content, the greater the tendency toward cyanosis; thus,
patients with marked polycythemia tend to be cyanotic



at higher levels of Sag, than patients with normal hema-
tocrit values. Likewise, local passive congestion, which
causes an increase in the total quantity of reduced
hemoglobin in the vessels in a given area, may cause
cyanosis. Cyanosis is also observed when nonfunctional
hemoglobin, such as methemoglobin or sulthemoglobin,
is present in the blood.

Cyanosis may be subdivided into central and periph-
eral types. In the central type, the San, is reduced or an
abnormal hemoglobin derivative is present, and the
mucous membranes and skin are both affected. Peripheral
cyanosis 1s caused by a slowing of blood flow and abnor-
mally great extraction of O, from normally saturated
arterial blood. It results from vasoconstriction and
diminished peripheral blood flow, such as occurs in cold
exposure, shock, congestive failure, and peripheral vascu-
lar disease. Often in these conditions, the mucous mem-
branes of the oral cavity or those beneath the tongue
may be spared. Clinical differentiation between central
and peripheral cyanosis may not always be simple, and in
conditions such as cardiogenic shock with pulmonary
edema, there may be a mixture of both types.

DIFFERENTIAL DIAGNOSIS
Central Cyanosis

(Table 4-1) Decreased Sag, results from a marked
reduction in the Pag,. This reduction may be brought
about by a decline in the Fiy, without sufficient com-
pensatory alveolar hyperventilation to maintain alveolar
Pgs. Cyanosis usually becomes manifest in an ascent to
an altitude of 4000 m (13,000 ft).

Seriously impaired pulmonary function, through perfu-
sion of unventilated or poorly ventilated areas of the
lung or alveolar hypoventilation, is a common cause of
central cyanosis (Chap. 5). This condition may occur
acutely, as in extensive pneumonia or pulmonary edema,
or chronically with chronic pulmonary diseases (e.g.,
emphysema). In the latter situation, secondary poly-
cythemia is generally present, and clubbing of the fin-
gers (see later) may occur. Another cause of reduced
Sag, 1s shunting of systemic venous blood into the arterial cir-
cuit. Certain forms of congenital heart disease are associ-
ated with cyanosis on this basis (see earlier).

Pulmonary arteriovenous fistulae may be congenital or
acquired, solitary or multiple, and microscopic or mas-
sive. The severity of cyanosis produced by these fistulae
depends on their size and number. They occur with
some frequency in patients with hereditary hemorrhagic
telangiectasia. San, reduction and cyanosis may also
occur in some patients with cirrhosis, presumably as a
consequence of pulmonary arteriovenous fistulae or
portal vein-pulmonary vein anastomoses.

In patients with cardiac or pulmonary right-to-left
shunts, the presence and severity of cyanosis depend on

TABLE 4-1

CAUSES OF CYANOSIS

Central Cyanosis

Decreased arterial oxygen saturation
Decreased atmospheric pressure—high altitude
Impaired pulmonary function
Alveolar hypoventilation
Uneven relationships between pulmonary ventilation
and perfusion (perfusion of hypoventilated alveoli)
Impaired oxygen diffusion
Anatomic shunts
Certain types of congenital heart disease
Pulmonary arteriovenous fistulas
Multiple small intrapulmonary shunts
Hemoglobin with low affinity for oxygen
Hemoglobin abnormalities
Methemoglobinemia—hereditary, acquired
Sulfhemoglobinema—acquired
Carboxyhemoglobinemia (not true cyanosis)

Peripheral Cyanosis

Reduced cardiac output

Cold exposure

Redistribution of blood flow from extremities
Arterial obstruction

Venous obstruction

the size of the shunt relative to the systemic flow as well
as on the Hb-O, saturation of the venous blood. With
increased extraction of O, from the blood by the exer-
cising muscles, the venous blood returning to the right
side of the heart is more unsaturated than at rest, and
shunting of this blood intensifies the cyanosis. Sec-
ondary polycythemia occurs frequently in patients with
arterial O, unsaturation and contributes to the cyanosis.

Cyanosis can be caused by small quantities of circu-
lating methemoglobin and by even smaller quantities of
sulthemoglobin. Although they are uncommon causes of
cyanosis, these abnormal oxyhemoglobin derivatives
should be sought by spectroscopy when cyanosis is not
readily explained by malfunction of the circulatory or
respiratory systems. Generally, digital clubbing does not
occur with them.

Peripheral Cyanosis

Probably the most common cause of peripheral cyanosis
is the normal vasoconstriction resulting from exposure
to cold air or water. When cardiac output is reduced,
cutaneous vasoconstriction occurs as a compensatory
mechanism so that blood is diverted from the skin to
more vital areas such as the CNS and heart, and cyanosis
of the extremities may result even though the arterial
blood is normally saturated.
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Arterial obstruction to an extremity, as with an
embolus, or arteriolar constriction, as in cold-induced
vasospasm (Raynaud’s phenomenon), generally results in
pallor and coldness, and there may be associated
cyanosis. Venous obstruction, as in thrombophlebitis,
dilates the subpapillary venous plexuses and thereby
intensifies cyanosis.

Approach to the Patient:
CYANOSIS

Certain features are important in arriving at the cause
of cyanosis:

1. It is important to ascertain the time of onset of
cyanosis. Cyanosis present since birth or infancy is
usually caused by congenital heart disease.

2. Central and peripheral cyanosis must be differenti-
ated. Evidence of disorders of the respiratory or
cardiovascular systems is helpful. Massage or gentle
warming of a cyanotic extremity will increase
peripheral blood flow and abolish peripheral, but
not central, cyanosis.

3. The presence or absence of clubbing of the digits
(see below) should be ascertained. The combina-
tion of cyanosis and clubbing is frequent in
patients with congenital heart disease and right-
to-left shunting and is seen occasionally in patients
with pulmonary disease such as lung abscess or
pulmonary arteriovenous fistulae. In contrast,
peripheral cyanosis or acutely developing central
cyanosis is not associated with clubbed digits.

4. Pag, and Sap, should be determined, and in
patients with cyanosis in whom the mechanism is
obscure, spectroscopic examination of the blood
should be performed to look for abnormal types
of hemoglobin (critical in the difterential diagnosis
of cyanosis).

CLUBBING

The selective bullous enlargement of the distal segments
of the fingers and toes caused by proliferation of con-
nective tissue, particularly on the dorsal surface, is
termed clubbing; there is also increased sponginess of the

soft tissue at the base of the nail. Clubbing may be
hereditary, idiopathic, or acquired and associated with a
variety of disorders, including cyanotic congenital heart
disease (see earlier), infective endocarditis, and a variety
of pulmonary conditions (among them primary and
metastatic lung cancer, bronchiectasis, lung abscess, cystic
fibrosis, and mesothelioma), as well as with some gas-
trointestinal diseases (including inflammatory bowel
disease and hepatic cirrhosis). In some instances, it is
occupational (e.g., in jackhammer operators).

Clubbing in patients with primary and metastatic
lung cancer, mesothelioma, bronchiectasis, and hepatic
cirrhosis may be associated with hypertrophic osteoarthropa-
thy. In this condition, the subperiosteal formation of
new bone in the distal diaphyses of the long bones of
the extremities causes pain and symmetric arthritis-like
changes in the shoulders, knees, ankles, wrists, and
elbows. The diagnosis of hypertrophic osteoarthropathy
may be confirmed with bone radiography. Although the
mechanism of clubbing is unclear, it appears to be sec-
ondary to a humoral substance that causes dilation of
the vessels of the fingertip.
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The respiratory system includes the lungs, the central
nervous system (CNS), the chest wall (with the
diaphragm and intercostal muscles), and the pulmonary
circulation. The CNS controls the activity of the mus-
cles of the chest wall, which constitute the pump of the
respiratory system. Because these components of the res-
piratory system act in concert to achieve gas exchange,
malfunction of an individual component or alteration of
the relationships among components can lead to distur-
bances in function. In this chapter, we consider three
major aspects of disturbed respiratory function: (1) dis-
turbances in ventilatory function, (2) disturbances in the
pulmonary circulation, and (3) disturbances in gas
exchange. For further discussion of disorders relating to
CNS control of ventilation, see Chap. 22.

DISTURBANCES IN
VENTILATORY FUNCTION

Ventilation is the process whereby the lungs replenish the
gas in the alveoli. Measurements of ventilatory function in
common diagnostic use consist of quantification of the
gas volume contained in the lungs under certain circum-
stances and the rate at which gas can be expelled from the
lungs. The two measurements of lung volume commonly
used for respiratory diagnosis are (1) total lung capacity
(TLC), which 1s the volume of gas contained in the lungs
after a maximal inspiration, and (2) residual volume (RV),
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which is the volume of gas remaining in the lungs at the
end of a maximal expiration. The volume of gas that is
exhaled from the lungs in going from TLC to RV is the
vital capacity (VC) (Fig. 5-1).

Common clinical measurements of airflow are
obtained from maneuvers in which the subject inspires to
TLC and then forcibly exhales to RV. Three measure-
ments are commonly made from a recording of forced
exhaled volume versus time—i.e., a spirogram: (1) the vol-
ume of gas exhaled during the first second of expiration
[forced expiratory volume (FEV) in 1 s, or FEV|], (2) the
total volume exhaled [forced vital capacity (FVC)], and
(3) the average expiratory flow rate during the middle
50% of the VC [forced expiratory flow (FEF) between
25 and 75% of the VC, or FEF,;5 54, also called the maxi-
mal midexpiratory flow rate (MMFR)] (Fig. 5-2).

PHYSIOLOGIC FEATURES

The lungs are elastic structures containing collagen and
elastic fibers that resist expansion. For normal lungs to
contain air, they must be distended either by a positive
internal pressure—i.e., by a pressure in the airways and
alveolar spaces—or by a negative external pressure—i.e.,
by a pressure outside the lung. The relationship between
the volume of gas contained in the lungs and the dis-
tending pressure (the transpulmonary pressure, or Pp,
defined as alveolar pressure minus pleural pressure) is
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FIGURE 5-1

Lung volumes, shown by block diagrams (A) and by a
spirographic tracing (B). ERV, expiratory reserve volume;
FRC, functional residual capacity; IC, inspiratory capacity; RV,
residual volume; TLC, total lung capacity; VC, vital capacity;
Vi, tidal volume. (From Weinberger, with permission.)

described by the pressure-volume curve of the lungs
(Fig. 5-3A4).

The chest wall is also an elastic structure, with prop-
erties similar to those of an expandable and compressible
spring. The relationship between the volume enclosed
by the chest wall and the distending pressure for the
chest wall is described by the pressure-volume curve of’
the chest wall (Fig. 5-3B). For the chest wall to assume
a volume difterent from its resting volume, the internal
or external pressures acting on it must be altered.

75%\VC
Obstructive

FVC
— FEVy —

Slope = FEF25-759

25% VC

Normal

Restrictive (parenchymal)

Time

FIGURE 5-2

Spirographic tracings of forced expiration comparing a
normal tracing (A) and tracings in obstructive (B) and
parenchymal restrictive (C) disease. Calculations of FVC,
FEV,, and FEF,5_s54, are shown only for the normal tracing.
Because there is no measure of absolute starting volume
with spirometry, the curves are artificially positioned to show
the relative starting lung volumes in the different conditions.
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FIGURE 5-3

Pressure-volume curves. A. Pressure-volume curve of the
lungs. B. Pressure-volume curve of the chest wall. C. Pressure-
volume curve of the respiratory system showing the superim-
posed component curves of the lungs and the chest wall.
FRC, functional residual capacity; RV, residual volume; TLC,
total lung capacity. (From Weinberger, with permission.)

At functional residual capacity (FRC), defined as the
volume of gas in the lungs at the end of a normal exha-
lation, the tendency of the lungs to contract is opposed
by the equal and opposite tendency of the chest wall to
expand (Fig. 5-3C). For the lungs and the chest wall to
achieve a volume other than this resting volume (FRC),
either the pressures acting on them must be changed
passively—e.g., by a mechanical ventilator that delivers
positive pressure to the airways and alveoli—or the res-
piratory muscles must actively oppose the tendency of
the lungs and the chest wall to return to FRC. During
inhalation to volumes above FRC, the inspiratory mus-
cles actively overcome the tendency of the respiratory
system to decrease volume back to FRC. During active
exhalation to volumes below FRC, expiratory muscle
activity must overcome the tendency of the respiratory
system to increase volume back to FRC.

At TLC, the maximal force applied by the inspiratory
muscles to expand the lungs is opposed mainly by the
inward recoil of the lungs. As a consequence, the major
determinants of TLC are the stiffness of the lungs and
inspiratory muscle strength. If the lungs become stiffer—i.e.,
less compliant and with increased inward recoil—TLC



is decreased. If the lungs become less stiff (more compli-
ant and with decreased inward recoil), TLC is increased.
If the inspiratory muscles are significantly weakened,
they are less able to overcome the inward elastic recoil
of the lungs, and TLC is lowered.

At RV, the force exerted by the expiratory muscles to
further decrease lung volume is balanced by the outward
recoil of the chest wall, which becomes extremely stift at
low lung volumes. Two factors influence the volume of
gas contained in the lungs at RV. The first is the ability
of the subject to exert a prolonged expiratory effort,
which is related to muscle strength and the ability to
overcome sensory stimuli from the chest wall. The sec-
ond is the ability of the lungs to empty to a small vol-
ume. In normal lungs, as Prp is lowered, lung volume
decreases. In lungs with diseased airways, as Prp is low-
ered, flow limitation or airway closure may limit the
amount of gas that can be expired. Consequently, either
weak expiratory muscles or intrinsic airways disease can
result in an elevation in measured RV.

Dynamic measurements of ventilatory function are
made by having the subject inhale to TLC and then per-
form a forced expiration to RV. If a subject performs a
series of such expiratory maneuvers using increasing
muscular intensity, expiratory flow rates will increase
until a certain level of effort is reached. Beyond this
level, additional eftort at any given lung volume will not
increase the forced expiratory flow rate; this phenome-
non is known as the effort independence of FEE The phys-
iologic mechanisms determining the flow rates during
this effort-independent phase of FEF are the elastic
recoil of the lung, the airflow resistance of the airways
between the alveolar zone and the physical site of flow
limitation, and the airway wall compliance up to the site
of flow limitation. Physical processes that decrease elastic
recoil, increase airflow resistance, or increase airway wall
compliance decrease the flow rate that can be achieved
at any given lung volume. Conversely, processes that
increase elastic recoil, decrease resistance, or stiffen air-
way walls increase the flow rate that can be achieved at
any given lung volume.

MEASUREMENT OF
VENTILATORY FUNCTION

Ventilatory function is measured under static conditions
for determination of lung volumes and under dynamic
conditions for determination of FEE VC, expiratory
reserve volume (ERV), and inspiratory capacity (IC)
(Fig. 5-1) are measured by having the patient breathe
into and out of a spirometer, a device capable of measur-
ing expired or inspired gas volume while plotting
volume as a function of time. Other volumes—specifically,
RV, FRC, and TLC—cannot be measured in this way
because they include the volume of gas present in the
lungs even after a maximal expiration. Two techniques are

commonly used to measure these volumes: helium dilu- 27

tion and body plethysmography. In the helium dilution
method, the subject repeatedly breathes in and out from
a reservoir with a known volume of gas containing a
trace amount of helium. The helium is diluted by the
gas previously present in the lungs, and very little is
absorbed into the pulmonary circulation. From knowl-
edge of the reservoir volume and the initial and final
helium concentrations, the volume of gas present in the
lungs can be calculated. The helium dilution method
may underestimate the volume of gas in the lungs if
there are slowly communicating airspaces, such as bullae.
In this situation, lung volumes can be measured more
accurately with a body plethysmograph, a sealed box in
which the patient sits while panting against a closed
mouthpiece. Because there is no airflow into or out of
the plethysmograph, the pressure changes in the thorax
during panting cause compression and rarefaction of gas
in the lungs and simultaneous rarefaction and compres-
sion of gas in the plethysmograph. By measuring the
pressure changes in the plethysmograph and at the
mouthpiece, the volume of gas in the thorax can be cal-
culated using Boyle’s law.

Lung volumes and measurements made during forced
expiration are interpreted by comparing the values mea-
sured with the values expected given the age, height,
gender, and race of the patient (Appendix, Table 14).
Because there is some variability among normal individ-
uals, values between 80 and 120% of the predicted value
have traditionally been considered normal. Increasingly,
calculated percentiles are used in determining normality.
Specifically, values of individual measurements falling
below the fifth percentile are considered to be below
normal.

Obstructive lung disease is determined by a decreased
FEV,/VC ratio, where VC is defined as the largest of the
FVC, SVC (slow vital capacity), or IVC (inspiratory vital
capacity). Although a ratio <0.7 is typically considered
abnormal, the normal value does vary with age. Histori-
cally, the FVC was the standard denominator for this
ratio, and for most individuals, the FVC, SVC, and IVC
are very similar. However, in individuals with airways
obstruction, the SVC or IVC may be larger than the
EVC.The FEF,5 55, is often considered a more sensitive
measurement of early airflow obstruction, particularly in
small airways. However, this measurement is less specific
and must be interpreted cautiously in patients with
abnormally small lungs (low TLC and VC). These
patients exhale less air during forced expiration, and the
FEF,5 5., may appear abnormal relative to the usual pre-
dicted value even though it is normal relative to the size
of the patient’s lungs.

It 1s also a common practice to plot expiratory flow
rates against lung volume (rather than against time); the
close linkage of flow rates to lung volumes produces a
typical flow-volume curve (Fig. 5-4). In addition, the
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FIGURE 5-4

Flow-volume curves in different conditions: Forced expi-
ration is plotted in all conditions; forced inspiration is shown
only for the normal curve. By convention, lung volume
increases to the left on the abscissa. The arrow alongside the
normal curve indicates the direction of expiration from TLC
to RV. TLC, total lung capacity; O, obstructive disease; R(E),
extraparenchymal restrictive disease with limitation in inspi-
ration and expiration; R(P), parenchymal restrictive disease;
RV, residual volume.

spirometric values mentioned above can be calculated
from the flow-volume curve. Commonly, flow rates dur-
ing a maximal inspiratory effort performed as rapidly as
possible are plotted as well, making the flow-volume
curve into a flow-volume loop. At TLC, before expiratory
flow starts, the flow rate is zero; after forced expiration
has begun, a high peak flow rate is rapidly achieved. As
expiration continues and lung volume approaches RV,
the flow rate falls progressively in a nearly linear fashion
as a function of lung volume for a person with normal
lung function. During maximal inspiration from RV to
TLC, inspiratory flow is most rapid at the midpoint of
inspiration, so the inspiratory portion of the loop is U
shaped or saddle shaped. The flow rates achieved during
maximal expiration can be analyzed quantitatively by
comparing the flow rates at specified lung volumes with
the predicted wvalues or qualitatively by analyzing the
shape of the descending limb of the expiratory curve.
Assessing the strength of respiratory muscles is an
additional part of the overall evaluation of some patients
with respiratory dysfunction. When a patient exhales
completely to RV and then tries to inspire maximally
against an occluded airway, the pressure that can be gen-
erated is called the maximal inspiratory pressure (MIP). On
the other hand, when a patient inhales to TLC and then

tries to expire maximally against an occluded airway, the
pressure generated is called the maximal expiratory pressure
(MEP). In the proper clinical setting, these studies may
provide useful information regarding the cause of
abnormal lung volumes and the possibility that respira-
tory muscle weakness may be causally related to the
lung volume abnormalities.

PATTERNS OF ABNORMAL FUNCTION

The two major patterns of abnormal ventilatory func-
tion, as measured by static lung volumes and spirometry,
are restrictive and obstructive patterns. In the obstructive
pattern, the hallmark is a decrease in expiratory flow
rates. With fully established disease, the ratio FEV,;/VC
is decreased, as i1s the FEF,5 55, (Fig. 5-2, line B). The
expiratory portion of the flow-volume loop demon-
strates decreased flow rates for any given lung volume.
Nonuniform emptying of airways is reflected by a coved
(scooped) configuration of the descending part of the
expiratory curve (Fig. 5-4). With early obstructive dis-
ease, which originates in the small airways, FEV,/VC
may be normal; the only abnormalities noted on routine
testing of pulmonary function may be a depression in
FEF,5 75, and an abnormal (i.e., coved) configuration in
the terminal portion of the forced expiratory flow-
volume curve.

In obstructive disease, the TLC is normal or increased.
When helium equilibration tests are used to measure
lung volumes, the measured volume may be less than
the actual volume if helium was not well distributed to
all regions of the lung. RV is elevated as a result of air-
way closure during expiration, and the ratio RV/TLC is
increased. VC is frequently decreased in obstructive dis-
case because of the striking elevations in RV with only
minor changes in TLC.

The hallmark of a restrictive pattern is a decrease in lung
volumes, primarily TLC and VC. Disorders resulting in a
restrictive pattern can be broadly divided into two sub-
groups, depending on the location of the pathology:
pulmonary parenchymal and extraparenchymal. In pul-
monary parenchymal disease, RV is also generally
decreased, and FEF rates are preserved. In fact, when
FEV, is considered as a percentage of the FVC, the flow
rates are often supranormal, i.e., disproportionately high
relative to the size of the lungs (Fig. 5-2, line C). The
flow-volume curve may graphically demonstrate this dis-
proportionate relationship between flow rates and lung
volumes because the expiratory portion of the curve
appears relatively tall (preserved flow rates) but narrow
(decreased lung volumes), as shown in Fig. 5-4.

With extraparenchymal disease, dysfunction can be
caused by neuromuscular disease with associated respira-
tory muscle weakness or by disorders of the chest wall
or pleura (Table 5-1). In the extraparenchymal diseases,
TLC is decreased caused by inspiratory muscle weakness,



TABLE 5-1
ALTERATIONS IN VENTILATORY FUNCTION

TLC RV vC FEV,/VC MIP
Obstructive Nto T ) lorN 4 N
Restrictive
Pulmonary parenchymal L 4 d Nto T N
Extraparenchymal
Neuromuscular weakness 1’ Variable? L Variable? 4
Chest wall deformity 4 Variable? 4 N N

2Depends on expiratory muscle strength.
PDepends on specific chest wall disorder.

a stiff’ chest wall, or a space-occupying process within
the pleura. If inspiratory muscle weakness is the cause of
this pattern, then RV is often not significantly affected,
expiratory flow rates are preserved, and MIP is
decreased. Alternatively, if the restrictive pattern is
caused by a deformed chest wall that is abnormally rigid
at volumes below FRC, the ability to expire to a normal
RV is also limited. Consequently, RV is often elevated,
unlike the pattern observed in the other restrictive sub-
categories.

CLINICAL CORRELATIONS

Table 5-1 summarizes the typical patterns of altered
ventilatory function as indicated by pulmonary function
testing. This information can then be useful in diagnosis,
as outlined in Table 5-2.

DISTURBANCES IN THE
PULMONARY CIRCULATION

PHYSIOLOGIC FEATURES

The pulmonary vasculature must handle the entire out-
put of the right ventricle (i.e., ~5 L/min in a normal
adult at rest). The comparatively thin-walled vessels of
the pulmonary arterial system provide relatively little
resistance to flow and are capable of handling this large
volume of blood at perfusion pressures that are low
compared with those of the systemic circulation. The
normal mean pulmonary artery pressure is 15 mmHg
compared with ~95 mmHg for the normal mean aortic
pressure. Regional blood flow in the lung is dependent
on vascular geometry and on hydrostatic forces. In an
upright person, perfusion is least at the apex of the lung
and greatest at the base. When cardiac output increases,
as occurs during exercise, the pulmonary vasculature is
capable of recruiting previously unperfused vessels and
distending underperfused vessels, thus responding to the
increase in flow with a decrease in pulmonary vascular

resistance. In consequence, the increase in mean pul-
monary arterial pressure (PAP), even with a three- to
fourfold increase in cardiac output, is small.

METHODS OF MEASUREMENT

Assessment of circulatory function in the pulmonary
vasculature depends on measuring pulmonary vascular
pressures and cardiac output. Clinically, these measure-
ments are commonly made in intensive care units capa-
ble of invasive monitoring and in cardiac catheterization
laboratories. With a flow-directed pulmonary arterial

TABLE 5-2

COMMON RESPIRATORY DISEASES BY DIAGNOSTIC
CATEGORIES

Obstructive
Asthma
Chronic obstructive lung disease (chronic
bronchitis, emphysema)
Bronchiectasis
Cystic fibrosis
Bronchiolitis
Restrictive—Parenchymal
Sarcoidosis
Idiopathic pulmonary fibrosis
Pneumoconiosis
Drug- or radiation-induced interstitial lung disease
Restrictive—Extraparenchymal
Neuromuscular
Diaphragmatic weakness or paralysis
Myasthenia gravis
Guillain-Barré syndrome
Muscular dystrophies
Cervical spine injury
Chest wall
Kyphoscoliosis
Obesity
Ankylosing spondylitis
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wedge pressure can be measured directly, and cardiac
output can be obtained by the thermodilution method.
Pulmonary vascular resistance (PVR) can then be calcu-
lated according to the equation

PVR = 80(PAP — PCW)/CO

where PVR = pulmonary vascular resistance (dyn « s/cm®);
PAP = mean pulmonary arterial pressure (mmHg); PCW =
pulmonary capillary wedge pressure (mmHg); and CO =
cardiac output (L/min).

The normal value for pulmonary vascular resistance is
approximately 50 to 150 dyn « s/cm”.

MECHANISMS OF ABNORMAL FUNCTION

PVR may increase by a variety of mechanisms. Pulmonary
arterial and arteriolar vasoconstriction is a prominent
response to alveolar hypoxia. PVR also increases if intra-
luminal thrombi or proliferation of smooth muscle in
vessel walls diminishes the luminal cross-sectional area. If
small pulmonary vessels are destroyed, either by scarring
or by loss of alveolar walls (as in chronic obstructive
lung disease), the total cross-sectional area of the pul-
monary vascular bed diminishes, and PVR increases.
When PVR is elevated, either PAP increases to maintain
normal cardiac output or cardiac output decreases if
PAP does not increase.

CLINICAL CORRELATIONS

Disturbances in the function of the pulmonary vasculature
as a result of primary cardiac disease, either congenital
heart disease or conditions that elevate left atrial pres-
sure, such as mitral stenosis, are beyond the scope of this
chapter. Instead, the focus will be on the pulmonary vas-
culature as its function is aftfected by diseases primarily
involving the respiratory system, including the pul-
monary vessels themselves.

All diseases of the respiratory system causing hypox-
emia are potentially capable of increasing PVR because
alveolar hypoxia is a very potent stimulus for pulmonary
vasoconstriction. The more prolonged and intense the
hypoxic stimulus, the more likely it is that a significant
increase in PVR producing pulmonary hypertension
will result. In practice, patients with hypoxemia caused
by chronic obstructive lung disease, interstitial lung disease,
chest wall disease, and the obesity hypoventilation—sleep
apnea syndrome are particularly prone to developing
pulmonary hypertension. If there are additional struc-
tural changes in the pulmonary vasculature secondary to
the underlying process, these will increase the likelihood
of developing pulmonary hypertension.

With diseases directly affecting the pulmonary vessels, a
decrease in the cross-sectional area of the pulmonary

vascular bed is primarily responsible for increased PVR,
and hypoxemia generally plays a lesser role. In the case of
recurrent pulmonary emboli, parts of the pulmonary arter-
ial system are occluded by intraluminal thrombi originating
in the systemic venous system. With primary pulmonary
hypertension or pulmonary vascular disease secondary to
scleroderma, the small pulmonary arteries and arterioles are
affected by a generalized obliterative process that narrows
and occludes these vessels. PVR increases and significant
pulmonary hypertension often results.

DISTURBANCES IN GAS EXCHANGE
PHYSIOLOGIC FEATURES

The primary functions of the respiratory system are to
remove the appropriate amount of CO, from blood
entering the pulmonary circulation and to provide ade-
quate O, to blood leaving the pulmonary circulation.
For these functions to be carried out properly, there
must be adequate provision of fresh air to the alveoli for
delivery of O, and removal of CO, (ventilation), ade-
quate circulation of blood through the pulmonary vas-
culature (perfusion), adequate movement of gas between
alveoli and pulmonary capillaries (diffusion), and appro-
priate contact between alveolar gas and pulmonary cap-
illary blood (ventilation-perfusion matching).

A normal individual at rest inspires ~12 to 16 times per
minute, each breath having a tidal volume of ~500 mL.
A portion (~30%) of the fresh air inspired with each
breath does not reach the alveoli but remains in the con-
ducting airways of the lung. This component of each
breath, which is not generally available for gas exchange,
is called the anatomic dead space component. The remain-
ing 70% reaches the alveolar zone, mixes rapidly with the
gas already there, and can participate in gas exchange. In
this example, the total ventilation each minute is ~7 L,
composed of 2 L/min of dead space ventilation and
5 L/min of alveolar ventilation. In certain diseases, some
alveoli are ventilated but not perfused, so some ventila-
tion in addition to the anatomic dead space component
is wasted. If total dead space ventilation is increased but
total minute ventilation is unchanged, then alveolar ven-
tilation must decrease correspondingly.

Gas exchange is dependent on alveolar ventilation
rather than total minute ventilation, as outlined below.
The partial pressure of CO, in arterial blood (Pacgy) is
directly proportional to the amount of CO, produced
per minute (Vo) and inversely proportional to alveolar
ventilation (VA), according to the relationship

Pacos = 0.863 X Vegy/ VA

where Vi, 1s expressed in mL/min and VA in L/min,
and Pacg, in mmHg. At fixed Vo), when alveolar
ventilation increases, Paco, decreases, and when alveolar



ventilation decreases, Paco, increases. Maintaining a
normal level of O, in the alveoli (and consequently in
arterial blood) also depends on provision of adequate
alveolar ventilation to replenish alveolar O,. This principle
will become more apparent from consideration of the
alveolar gas equation below.

Diffusion of O, and CO,

Both O, and CO, diftfuse readily down their respective
concentration gradients through the alveolar wall and
pulmonary capillary endothelium. Under normal cir-
cumstances, this process is rapid, and equilibration of
both gases is complete within one-third of the transit
time of erythrocytes through the pulmonary capillary
bed. Even in disease states in which diffusion of gases is
impaired, the impairment is unlikely to be severe enough
to prevent equilibration of CO, and O,. Consequently, a
diffusion abnormality rarely results in arterial hypoxemia
at rest. If erythrocyte transit time in the pulmonary cir-
culation is shortened, as occurs with exercise, and diffu-
sion is impaired, then diftusion limitation may contribute
to hypoxemia. Exercise testing can often demonstrate
such physiologically significant abnormalities due to
impaired diffusion. Even though diffusion limitation
rarely makes a clinically significant contribution to rest-
ing hypoxemia, clinical measurements of what is known
as diffusing capacity (see later) can be a useful measure of
the integrity of the alveolar-capillary membrane.

Ventilation-Perfusion Matching

In addition to the absolute levels of alveolar ventilation
and perfusion, gas exchange depends critically on the
proper matching of ventilation and perfusion. The spec-
trum of possible ventilation-perfusion (V/Q) ratios in an
alveolar-capillary unit ranges from zero, in which venti-
lation is totally absent and the unit behaves as a shunt, to
infinity, in which perfusion is totally absent and the unit
behaves as dead space. The P, and P, of blood leav-
ing each alveolar-capillary unit depend on the gas ten-
sion (of blood and air) entering that unit and on the
particular V/Q ratio of the unit. At one extreme, when
an alveolar-capillary unit has a V/Q ratio of 0 and
behaves as a shunt, blood leaving the unit has the com-
position of mixed venous blood entering the pulmonary
capillaries, i.e., PV, = 40 mmHg and PV, = 46 mmHg.
At the other extreme, when an alveolar-capillary unit
has a high V/Q ratio, it behaves almost like dead space,
and the small amount of blood leaving the unit has
partial pressures of O, and CO, (Pp, = 150 mmHg,
Pcos = 0 mmHg while breathing room air) approaching
the composition of inspired gas.

In the ideal situation, all alveolar-capillary units have
equal matching of ventilation and perfusion (i.e., a ratio
of ~1 when each is expressed in L/min). However, even

in the normal individual, some V/Q mismatching is 31

present because there is normally an increasing gradient
of blood flow from the apices to the bases of the lungs.
There is a similar gradient of ventilation from the apices
to the bases, but it is less marked than the perfusion gra-
dient. As a result, ventilation-perfusion ratios are higher
at the lung apices than at the lung bases. Therefore,
blood coming from the apices has a higher Py, and
lower Pcq, than blood coming from the bases. The net
Py, and Pe, of the blood mixture coming from all
areas of the lung is a low-weighted average of the indi-
vidual components, which reflects both the relative
amount of blood from each unit and the O, and CO,
content of the blood coming from each unit. Because of
the sigmoid shape of the oxyhemoglobin dissociation
curve, it is important to distinguish between the partial
pressure and the content of O, in blood. Hemoglobin is
almost fully (~90%) saturated at a P, of 60 mmHg, and
little additional O, is carried by hemoglobin even with a
substantial elevation of Py, >60 mmHg. On the other
hand, significant O, desaturation of hemoglobin occurs
after P, to <60 mmHg and onto the steep descending
limb of the curve. As a result, blood coming from
regions of the lung with a high V/Q ratio and a high
Py, has only a small elevation in O, content and can-
not compensate for blood coming from regions with a
low V/Q ratio and a low P, which has a significantly
decreased O, content. Although V/Q mismatching can
influence Pcg,, this effect is less marked and is often
overcome by an increase in overall minute ventilation.

MEASUREMENT OF GAS EXCHANGE
Arterial Blood Gases

The most commonly used measures of gas exchange are
the partial pressures of O, and CO, in arterial blood
(i.e., Pag, and Pacgy,, respectively). These partial pressures
do not measure directly the quantity of O, and CO, in
blood but rather the driving pressure for the gas in
blood. The actual quantity or content of a gas in blood
also depends on the solubility of the gas in plasma and
the ability of any component of blood to react with or
bind the gas of interest. Because hemoglobin is capable
of binding large amounts of O,, oxygenated hemoglobin
is the primary form in which O, is transported in blood.
The actual content of O, in blood therefore depends
both on the hemoglobin concentration and on the Pag,.
The Pag, determines what percentage of hemoglobin is
saturated with O,, based on the position on the oxyhe-
moglobin dissociation curve. Oxygen content in normal
blood (at 37°C, pH 7.4) can be determined by adding
the amount of O, dissolved in plasma to the amount
bound to hemoglobin, according to the equation

O, content = 1.34 x [hemoglobin]
x saturation + 0.0031 x Py,
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1.34 mL O, when fully saturated and the amount of O,
that can be dissolved in plasma is proportional to the
Py, with 0.0031 mL O, dissolved per deciliter of blood
per mmHg Pg,. In arterial blood, the amount of O,
transported dissolved in plasma (~0.3 mL O, per deciliter
of blood) is trivial compared with the amount bound to
hemoglobin (~20 mL O, per deciliter of blood).

Most commonly, Py, is the measurement used to assess
the effect of respiratory disease on the oxygenation of
arterial blood. Direct measurement of O, saturation in
arterial blood by oximetry is also important in selected
clinical conditions. For example, in patients with carbon
monoxide intoxication, carbon monoxide preferentially
displaces O, from hemoglobin, essentially making a por-
tion of hemoglobin unavailable for binding to O,. In this
circumstance, carbon monoxide saturation is high and O,
saturation is low, even though the driving pressure for O,
to bind to hemoglobin, reflected by P, is normal. Mea-
surement of O, saturation is also important for the deter-
mination of O, content when mixed venous blood is
sampled from a pulmonary arterial catheter to calculate
cardiac output by the Fick technique. In mixed venous
blood, the P, is normally ~40 mmHg, but small changes
in Py, may reflect relatively large changes in O, saturation.

A useful calculation in the assessment of oxygenation is
the alveolar-arterial O, difference (PAn, — Pagy,), commonly
called the alveolar-arterial O, gradient (or A — a gradient).
This calculation takes into account the fact that alveolar
and, hence, arterial Pn, can be expected to change
depending on the level of alveolar ventilation, reflected by
the arterial Pop,. When a patient hyperventilates and has a
low Pcos in arterial blood and alveolar gas, alveolar and
arterial P, will increase; conversely, hypoventilation and a
high Pcq, are accompanied by a decrease in alveolar and
arterial Pg,. These changes in arterial Py, are independent
of abnormalities in O, transter at the alveolar-capillary
level and reflect only the dependence of alveolar Py, on
the level of alveolar ventilation.

To determine the alveolar-arterial O, difference, the
alveolar Py, (PAg,) must first be calculated. The equa-
tion most commonly used for this purpose, a simplified
form of the alveolar gas equation, is

PAq, = Figy X (P — Ppyao) — Pacon/R

where Fly, = fractional concentration of inspired O,
(0.21 when breathing room air); Py = barometric pressure
(=760 mmHg at sea level); Py = water vapor pressure
(47 mmHg when air is fully saturated at 37°C); and R =
respiratory quotient (the ratio of CO, production to O,
consumption, usually assumed to be 0.8). If the preceding
values are substituted into the equation for the patient
breathing air at sea level, the equation becomes

PA02 = 150 - 125 X Pacoz

The alveolar-arterial O, difference can then be calcu-
lated by subtracting measured Pag, from calculated
PAgs. In a healthy young person breathing room air, the
PAo, — Pag, is normally <15 mmHg; this value increases
with age and may be as high as 30 mmHg in elderly
patients.

The adequacy of CO, elimination is measured by the
partial pressure of CO, in arterial blood (i.e., Pacpy). A
more complete understanding of the mechanisms and
chronicity of abnormal levels of Peq, also requires mea-
surement of pH or bicarbonate (HCOj;") because Pcg»
and the patient’s acid-base status are so closely inter-
twined (Chap. 40).

Pulse Oximetry

Because measurement of Pag, requires arterial puncture,
it is not ideal either for office use or for routine or fre-
quent measurement in the inpatient setting. Additionally,
because it provides intermittent rather than continuous
data about the patient’s oxygenation, it is not ideal for
close monitoring of unstable patients. Pulse oximetry, an
alternative method for assessing oxygenation, is readily
available in many clinical settings. Using a probe usually
clipped over a patient’s finger, the pulse oximeter calcu-
lates oxygen saturation (rather than Pag,) based on mea-
surements of absorption of two wavelengths of light by
hemoglobin in pulsatile, cutaneous arterial blood.
Because of differential absorption of the two wave-
lengths of light by oxygenated and nonoxygenated
hemoglobin, the percentage of hemoglobin that is satu-
rated with oxygen (i.e., the Sag,) can be calculated and
displayed instantaneously.

Although the pulse oximeter is widely used in the
noninvasive assessment and monitoring of oxygenation,
there are several issues and potential problems concern-
ing its use. First, the clinician must be aware of the rela-
tionship between oxygen saturation and tension as shown
by the oxyhemoglobin dissociation curve. Because the
curve becomes relatively flat above an arterial Py, of
60 mmHg (corresponding to Sag, = 90%), the oximeter
is relatively insensitive to changes in Pag, above this
level. In addition, the position of the curve and there-
fore the specific relationship between Pag, and Sag,
may change depending on factors such as tempera-
ture, pH, and the erythrocyte concentration of 2,3-
diphosphoglycerate. Second, when cutaneous perfusion is
decreased (e.g., owing to low cardiac output or the use
of vasoconstrictors), the signal from the oximeter may be
less reliable or even unobtainable. Third, other forms of
hemoglobin, such as carboxyhemoglobin and methemo-
globin, are indistinguishable from oxyhemoglobin when
only two wavelengths of light are used. The Sag, values
reported by the pulse oximeter are not reliable in the
presence of significant amounts of either of these forms
of hemoglobin. In contrast, the device used to measure



oxygen saturation in samples of arterial blood, called the
CO-oximeter, uses at least four wavelengths of light and
is capable of distinguishing oxyhemoglobin, deoxy-
genated hemoglobin, carboxyhemoglobin, and methe-
moglobin. Finally, the clinician must remember that the
often-used goal of Sap, of 90% or above does not indi-
cate anything about CO, elimination and therefore does
not ensure a clinically acceptable Pegp.

Diffusing Capacity

The ability of gas to diffuse across the alveolar-capillary
membrane is ordinarily assessed by the diftusing capacity
of the lung for carbon monoxide (DLcg). In this test, a
small concentration of carbon monoxide (0.3%) is
inhaled, usually in a single breath that is held for ~10 s.
During the breath hold, the carbon monoxide is diluted
by the gas already present in the alveoli and is also taken
up by hemoglobin as the erythrocytes course through
the pulmonary capillary system. The concentration of
carbon monoxide is then measured in the gas exhaled
after the breath hold, and DLy is calculated as the
quantity of carbon monoxide absorbed per minute per
mmHg pressure gradient from the alveoli to the pul-
monary capillaries. The wvalue obtained for Dicgo
depends on the alveolar-capillary surface area available
for gas exchange and on the pulmonary capillary blood
volume. In addition, the thickness of the alveolar-
capillary membrane, the degree of V/Q mismatching,
and the patient’s hemoglobin level will aftect the mea-
surement. Because of this effect of hemoglobin levels on
DLco, the measured DLqg is frequently corrected to
take the patient’s hemoglobin level into account. The
value for DL¢g, ideally corrected for hemoglobin, can
then be compared with a predicted value based either
on age, height, and gender or on the alveolar volume
(VA) at which the value was obtained. Alternatively, the
DL¢o can be divided by VA and the resulting value for
DLo/VA compared with a predicted value.

Approach to the Patient:
DISTURBANCE OF RESPIRATORY FUNCTION

Arterial Blood Gases Hypoxemia is a common manifes-
tation of a variety of diseases affecting the lungs or
other parts of the respiratory system. The broad clinical
problem of hypoxemia 1s often best characterized
according to the underlying mechanism. The four basic,
and not mutually exclusive, mechanisms of hypoxemia
are (1) a decrease in inspired P, (2) hypoventilation,
(3) shunting, and (4) V/Q mismatching. A fifth poten-
tial mechanism of hypoxemia, due to decreased diftu-
sion, occurs only under selected clinical circumstances
and 1s not usually included among the general categories

of hypoxemia. Determining the underlying mechanism
for hypoxemia depends on measurement of the Pacq,,
calculation of PAp, — Pag,, and knowledge of the
response to supplemental O,. A flowchart summariz-
ing the approach to the hypoxemic patient is given in
Fig. 5-5. (See also Chap. 4.)

A decrease in the inspired P, and hypoventilation
both cause hypoxemia by lowering PAo, and there-
fore Pag,. In each case, gas exchange at the alveolar-
capillary level occurs normally, and PAg, — Pag, is not
elevated. Hypoxemia due to decreased inspired P,
can be diagnosed from knowledge of the clinical situ-
ation. Inspired Pg, is lowered either because the
patient is at a high altitude, where barometric pres-
sure is low, or much less commonly, because the
patient is breathing a gas mixture containing <21%
O,. The hallmark of hypoventilation as a cause of
hypoxemia is an elevation in Pacq,. This is associated
with an increase in PAcg, and a decrease in PAg,.
When hypoxemia is due purely to a low inspired Py,
or to alveolar hypoventilation, PAg, — Pag, is normal.
If PAg, — Pag, and Pacq, are both elevated, then an
additional mechanism, such as V/Q mismatching or
shunting, is contributing to hypoxemia.

Shunting is a cause of hypoxemia when desaturated
blood eftectively bypasses oxygenation at the alveolar-
capillary level. This situation occurs either because a
structural problem allows desaturated blood to bypass
the normal site of gas exchange or because perfused
alveoli are not ventilated. Shunting is associated with
an elevation in the PAg, — Pag, value. When shunting
is an important contributing factor to hypoxemia, the
lowered Pag, is relatively refractory to improvement
by supplemental O,.

Finally, the largest clinical category of hypoxemia
is V/Q mismatching. With V/Q mismatching, regions
with low V/Q ratios contribute blood with a low P,
and a low O, content. Corresponding regions with
high V/Q ratios contribute blood with a high Pg,.
However, because blood is already almost fully satu-
rated at a normal P, elevation of the Py, to a high
value does not significantly increase O, saturation or
content and therefore cannot compensate for the
reduction of O, saturation and content in blood
coming from regions with a low V/Q ratio. When V/Q
mismatch is the primary cause of hypoxemia, PAg, —
Pag, is elevated, and P, generally is normal. Sup-
plemental O, corrects the hypoxemia by increasing
the P, in blood coming from regions with a low V/Q
ratio; this response distinguishes hypoxemia due to V/Q
mismatching from that due to true shunt.

The essential mechanism underlying all cases of
hypercapnia is alveolar ventilation that is inadequate
for the amount of CO, produced. It is conceptually
useful to further characterize CO, retention based on
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FIGURE 5-5

Flow diagram outlining the diagnostic approach to the
patient with hypoxemia (Pa,, <80 mmHg). Pa5, — Pay, is
usually <15 mmHg for subjects <30 years old and younger and

a more detailed examination of the potential con-
tributing factors. These include (1) increased CO,
production; (2) decreased ventilatory drive (“won’t
breathe”); (3) malfunction of the respiratory pump or
increased airways resistance, which makes it more dif-
ficult to sustain adequate ventilation (“can’t
breathe”); and (4) inefficiency of gas exchange
(increased dead space or V/Q mismatch) necessitating
a compensatory increase in overall minute ventila-
tion. In practice, more than one of these mechanisms
is commonly responsible for hypercapnia because
increased minute ventilation is capable of compensat-
ing for increased CO, production and for inefficien-
cies of gas exchange.

Diffusing Capacity Although abnormalities in diffu-
sion are rarely responsible for hypoxemia, clinical
measurement of diffusing capacity is frequently used
to assess the functional integrity of the alveolar-
capillary membrane, which includes the pulmonary
capillary bed. Whereas diseases that affect solely the
airways generally do not lower DL, diseases that
affect the alveolar walls or the pulmonary capillary
bed do have an effect on DLcq. Even though Dicq is
a useful marker for assessing whether disease affecting
the alveolar-capillary bed is present, an abnormal DL
does not necessarily imply that diffusion limitation is
responsible for hypoxemia in a particular patient.

increases by ~3 mmHg per decade after age 30 years. COPD,
chronic obstructive pulmonary disease.

CLINICAL CORRELATIONS

Usetul clinical correlations can be made with the mech-
anisms underlying hypoxemia (Fig. 5-5). A lowered
inspired P, contributes to hypoxemia if either the
patient is at high altitude or the concentration of
inspired O, is <21%. The latter problem occurs if a
patient receiving anesthesia or ventilatory support is
inadvertently given a gas mixture to breathe containing
<21% O, or if O, is consumed from the ambient gas, as
can occur during smoke inhalation from a fire. The pri-
mary feature of hypoventilation as a cause of hypoxemia
is an elevation in arterial Peq».

For further discussion of the clinical correlations with
hypoventilation, see Chap. 22.

Shunting as a cause of hypoxemia can reflect transfer
of blood from the right to the left side of the heart
without passage through the pulmonary circulation, as
occurs with an intracardiac shunt. This problem is most
common in the setting of cyanotic congenital heart dis-
ease, when an interatrial or interventricular septal defect
is associated with pulmonary hypertension so that
shunting is in the right-to-left rather than the left-to-
right direction. Shunting of blood through the pul-
monary parenchyma is most frequently due to disease
causing absence of ventilation to perfused alveoli. This
can occur if the alveoli are atelectatic or if they are filled
with fluid, as in pulmonary edema (both cardiogenic



and noncardiogenic), or with extensive intraalveolar
exudation of fluid due to pneumonia. Less commonly,
vascular anomalies with arteriovenous shunting in the lung
can cause hypoxemia. These anomalies can be hereditary, as
found with hereditary hemorrhagic telangiectasia (Osler-
Rendu-Weber syndrome), or acquired, as in pulmonary
vascular malformations secondary to hepatic cirrhosis,
which are similar to the commonly recognized cutaneous
vascular malformations (“spider hemangiomas”).

Ventilation-perfusion mismatch is the most common
cause of hypoxemia clinically. Most of the processes
affecting either the airways or the pulmonary
parenchyma are distributed unevenly throughout the
lungs and do not necessarily aftect ventilation and per-
fusion equally. Whereas some areas of lung may have
good perfusion and poor ventilation, others may have
poor perfusion and relatively good ventilation. Impor-
tant examples of airways diseases in which V/Q mis-
match causes hypoxemia are asthma and chronic
obstructive lung disease. Parenchymal lung diseases caus-
ing V/Q mismatch and hypoxemia include interstitial
lung disease and pneumonia.

Clinically important alterations in CO, elimination
range from excessive ventilation and hypocapnia to
inadequate CO, elimination and hypercapnia.

For further discussion of these clinical problems, see
Chap. 22.

Diffusing Capacity

Measurement of DL may be useful for assessing disease
affecting the alveolar-capillary bed or the pulmonary vas-
culature. In practice, three main categories of disease are
associated with lowered DLq: interstitial lung disease,
emphysema, and pulmonary vascular disease. With inter-
stitial lung disease, scarring of alveolar-capillary units
diminishes the area of the alveolar-capillary bed as well as
pulmonary blood volume. With emphysema, alveolar
walls are destroyed, so the surface area of the alveolar-
capillary bed is again diminished. In patients with disease
causing a decrease in the cross-sectional area and volume
of the pulmonary vascular bed, such as recurrent pulmonary

emboli or primary pulmonary hypertension, DL-o is 35

commonly diminished.

Diffusing capacity may be elevated if pulmonary
blood volume is increased, as may be seen in congestive
heart failure. However, after interstitial and alveolar
edema ensues, the net Di-o depends on the opposing
influences of increased pulmonary capillary blood vol-
ume elevating DLco and pulmonary edema decreasing
it. Finding an elevated DLo may be useful in the diag-
nosis of alveolar hemorrhage, as in Goodpasture’s syn-
drome. Hemoglobin contained in erythrocytes in the
alveolar lumen is capable of binding carbon monoxide,
so the exhaled carbon monoxide concentration is
diminished, and the measured D1 is increased.
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CHAPTER 6

DIAGNOSTIC PROCEDURES
IN RESPIRATORY DISEASE

Scott Manaker m Steven E. Weinberger

Imaging Studies

Technigues for Obtaining Biologic Specimens

B Further Readings

The diagnostic modalities available for assessing a
patient with suspected or known respiratory system
disease include imaging studies and techniques for
acquiring biologic specimens, some of which involve
direct visualization of part of the respiratory system.
Methods to characterize the functional changes devel-
oping as a result of disease, including pulmonary func-
tion tests and measurements of gas exchange, are discussed
in Chap. 5.

IMAGING STUDIES
Routine Radiography

Routine chest radiography, generally including both
posteroanterior and lateral views, is an integral part of
the diagnostic evaluation of diseases involving the pul-
monary parenchyma; the pleura; and, to a lesser extent,
the airways and the mediastinum (Chap. 7). Whereas
lateral decubitus views are often useful for determining
whether pleural abnormalities represent freely flowing
fluid, apical lordotic views can often visualize disease at
the lung apices better than the standard posteroanterior
view. Portable equipment, which is often used for
acutely ill patients who either cannot be transported to
a radiology suite or cannot stand for posteroanterior
and lateral views, generally yields a single radiograph
taken in the anteroposterior direction. Common radi-
ographic patterns and their clinical correlates are
reviewed in Chap. 7.

36

Computed Tomography

CT offers several advantages over routine chest radiog-
raphy (Figs. 6-1 and 6-2; see also Figs. 19-3, 19-4, and
30-4). First, the use of cross-sectional images allows dis-
tinction between densities that would be superimposed
on plain radiographs. Second, CT is far better than rou-
tine radiographic studies at characterizing tissue density,
distinguishing subtle density difterences between adja-
cent structures, and providing accurate size assessment of
lesions. As a result, CT is particularly valuable in assess-
ing hilar and mediastinal disease (which is often poorly
characterized by plain radiography), identifying and
characterizing disease adjacent to the chest wall or spine
(including pleural disease), and identifying areas of fat
density or calcification in pulmonary nodules (see Fig. 6-1).
Its utility in the assessment of mediastinal disease has
made CT an important tool in the staging of lung can-
cer because an assessment of tumor involvement of
mediastinal lymph nodes is critical to proper staging.
With the additional use of contrast material, CT also
makes it possible to distinguish vascular from nonvascu-
lar structures, which is particularly important in distin-
guishing lymph nodes and masses from vascular structures
primarily in the mediastinum.

Helical CT scanning allows the collection of contin-
uous data over a larger volume of lung during a single
breath-holding maneuver than is possible with conven-
tional CT. With CT angiography, in which IV contrast is
administered and images are acquired rapidly by helical



FIGURE 6-1

CT scan demonstrating a mediastinal mass of heteroge-
neous density (arrow). CT is superior to plain radiography
for the detection of abnormal mediastinal densities and the
distinction of masses from adjacent vascular structures.

scanning, pulmonary emboli can be detected in segmen-
tal and larger pulmonary arteries. With high-resolution
CT (HRCT), the thickness of individual cross-sectional
images is ~1 to 2 mm rather than the usual 7 to 10 mm,
and the images are reconstructed using high-spatial-
resolution algorithms. The visible detail on HRCT scans
allows better recognition of subtle parenchymal and
airway disease, such as bronchiectasis, emphysema, and

FIGURE 6-2

High-resolution CT scan from a patient with idiopathic
pulmonary fibrosis. There are scattered reticular densities
(arrows point to examples) that are especially prominent at
the periphery of the lungs. This particular cross-section is
from the base of the lungs, where the findings in idiopathic
pulmonary fibrosis tend to be most marked.

diffuse parenchymal disease (Fig. 6-2). Certain charac- 37

teristic patterns have now been recognized for many of
the interstitial lung diseases, such as lymphangitic carci-
noma, idiopathic pulmonary fibrosis, sarcoidosis, and
eosinophilic granuloma; however, it is not yet clear in
what settings these patterns obviate the need for obtain-
ing lung tissue.

Recent advances in computer processing of helical
scanning data have provided the opportunity to display
images in views and planes other than the traditional
including sophisticated three-
dimensional reconstructions, to produce images (called
virtual bronchoscopy) mimicking direct visualization through
a bronchoscope.

cross-sectional view,

Magnetic Resonance Imaging

The role of MRI in the evaluation of respiratory system
disease is less well defined than that of CT. Because MRI
generally provides a less detailed view of the pulmonary
parenchyma as well as poorer spatial resolution, its useful-
ness in the evaluation of parenchymal lung disease is lim-
ited at present. However, MRIs can be reconstructed in
sagittal and coronal as well as transverse planes, so the
technique is well suited for imaging abnormalities near
the lung apex, spine, and thoracoabdominal junction.
MRIs depend on tissue characteristics other than density,
unlike CT scanning. Therefore, in selected circumstances,
MRIs can better suggest the nature of abnormal tissue
than can density-determined CT images. Finally, MR is
particularly well suited to evaluating intrathoracic cardio-
vascular pathology and to distinguishing vascular from
nonvascular structures without the need for contrast.
Flowing blood does not produce a signal on MRI, so
vessels appear as hollow tubular structures. This feature
can be useful in determining whether abnormal hilar or
mediastinal densities are vascular in origin and in defin-
ing aortic lesions, such as aneurysms or dissection. In
addition, gadolinium can be used as an intravascular con-
trast agent for MR angiography.

Scintigraphic Imaging

Radioactive isotopes, administered by either IV or
inhaled routes, allow the lungs to be imaged with a
gamma camera. In the past, scintigraphic imaging in the
torm of ventilation-perfusion lung scanning was com-
monly performed for evaluation of pulmonary embolism.
However, with advances in CT scanning, scintigraphic
imaging has largely been replaced by CT angiography
in patients with suspected pulmonary embolism. When
injected intravenously, albumin macroaggregates labeled
with technetium 99m become lodged in pulmonary
capillaries; therefore, the distribution of the trapped
radioisotope follows the distribution of blood flow.
When inhaled, radiolabeled xenon gas can be used to
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pulmonary thromboembolism usually produces one or
more regions of ventilation-perfusion mismatch( i.e.,
regions in which there is a defect in perfusion that fol-
lows the distribution of a vessel and that is not accompa-
nied by a corresponding defect in ventilation) (Chap. 20).
Another common use of such radioisotope scans is in a
patient with impaired lung function who is being con-
sidered for lung resection. The distribution of the iso-
tope(s) can be used to assess the regional distribution of
blood flow and ventilation, allowing the physician to
estimate the level of postoperative lung function.

Positron Emission Tomographic Scanning

Positron emission tomographic (PET) scanning is
increasingly being used to identify malignant lesions in
the lung based on their increased uptake and metabo-
lism of glucose. The technique involves injection of a
radiolabeled glucose analogue, ["*F]-fluoro-2-deoxyglucose
(FDG), which is taken up by metabolically active malig-
nant cells. However, FDG is trapped within the cell after
phosphorylation, and the unstable fluorine 18 decays by
emission of positrons, which can be detected by a spe-
cialized PET camera or by a gamma camera that has
been adapted for imaging of positron-emitting nuclides.
This technique has been used in the evaluation of soli-
tary pulmonary nodules and as an aid to staging lung
cancer through identification of mediastinal lymph node
involvement by malignancy.

Pulmonary Angiography

The pulmonary arterial system can be visualized by pul-
monary angiography, in which radiopaque contrast
medium is injected through a catheter previously placed
in the pulmonary artery. When performed in cases of
pulmonary embolism, pulmonary angiography demon-
strates the consequences of an intravascular thrombus
either a defect in the lumen of a vessel (a “filling defect”)
or an abrupt termination (“cutoft”) of the vessel. Other
less common indications for pulmonary angiography
include visualization of a suspected pulmonary arteriove-
nous malformation and assessment of pulmonary arterial
invasion by a neoplasm. However, with advances in CT
scanning, traditional pulmonary angiography has largely
been replaced by CT angiography. The latter allows rapid
acquisition of images with a less invasive procedure
because the radiocontrast material is injected intra-
venously rather than into a pulmonary artery.

Ultrasonography

Because ultrasound energy is rapidly dissipated in air,
ultrasound imaging is not useful for evaluation of the

pulmonary parenchyma. However, ultrasonography is
helpful in the detection and localization of pleural
abnormalities and is often used as a guide to placement
of a needle for sampling of pleural liquid (i.e., for thora-
centesis). Endobronchial ultrasonography, in which the
ultrasound probe is passed through a bronchoscope, is
emerging as a valuable adjunct to bronchoscopy, allow-
ing identification and localization of pathology adjacent
to airway walls or within the mediastinum.

TECHNIQUES FOR OBTAINING
BIOLOGIC SPECIMENS

Collection of Sputum

Sputum can be collected either by spontaneous expec-
toration or after inhalation of an irritating aerosol, such
as hypertonic saline. The latter method, called sputum
induction, 1s commonly used to obtain sputum for diag-
nostic studies, either because sputum is not sponta-
neously being produced or because of an expected
higher yield of certain types of findings. Knowledge of
the appearance and quality of the sputum specimen
obtained is especially important when one is interested
in Gram’s staining and culture. Because sputum consists
mainly of secretions from the tracheobronchial tree
rather than the upper airway, the finding of alveolar
macrophages and other inflammatory cells is consistent
with a lower respiratory tract origin of the sample,
whereas the presence of squamous epithelial cells in a
“sputum” sample indicates contamination by secretions
from the upper airways.

In addition to processing for routine bacterial
pathogens by Gram’s staining and culture, sputum can be
processed for a variety of other pathogens, including
staining and culture for mycobacteria or fungi, culture
for viruses, and staining for Pneumocystis jiroveci. In the
specific case of sputum obtained for evaluation of P jiroveci
pneumonia in a patient infected with HIV, for example,
sputum should be collected by induction rather than
spontaneous expectoration, and an immunofluorescent
stain should be used to detect the organisms. Cytologic
staining of sputum for malignant cells using the tradi-
tional Papanicolaou method allows noninvasive evalua-
tion for suspected lung cancer. Traditional stains and
cultures are now also being supplemented in some cases
by immunologic techniques and by molecular biologic
methods, including the use of polymerase chain reaction
amplification and DNA probes.

Percutaneous Needle Aspiration

A needle can be inserted through the chest wall into a
pulmonary lesion to aspirate material for analysis by
cytologic or microbiologic techniques. The procedure is
usually carried out under CT guidance to assist positioning



of the needle and assure localization in the lesion. The
low potential risk of this procedure (intrapulmonary
bleeding or creation of a pneumothorax with collapse of
the underlying lung) in experienced hands is usually
acceptable owing to the information obtained. However,
a limitation of the technique is sampling error due to the
small size of the tissue sample. Thus, findings other than a
specific cytologic or microbiologic diagnosis are of lim-
ited clinical value.

Thoracentesis

Sampling of pleural liquid by thoracentesis is commonly
performed for diagnostic purposes or, in the case of a
large eftusion, for palliation of dyspnea. Diagnostic sam-
pling, either by blind needle aspiration or after localiza-
tion by ultrasonography, allows the collection of liquid
for microbiologic and cytologic studies. Analysis of the
fluid obtained for its cellular composition and chemical
constituents, including glucose, protein, and lactate
dehydrogenase, allows the effusion to be classified as
either exudative or transudative (Chap. 21).

Bronchoscopy

Bronchoscopy is the process of direct visualization of
the tracheobronchial tree. Although bronchoscopy is
now performed almost exclusively with flexible fiberop-
tic instruments, rigid bronchoscopy, generally performed
in an operating room on a patient under general anes-
thesia, still has a role in selected circumstances, primarily
because of a larger suction channel and the fact that the
patient can be ventilated through the bronchoscope
channel. These situations include the retrieval of a for-
eign body and the suctioning of a massive hemorrhage,
for which the small suction channel of the broncho-
scope may be insufficient.

I Flexible Fiberoptic Bronchoscopy

This outpatient procedure is usually performed in an
awake but sedated patient. The bronchoscope is passed
through either the mouth or the nose, between the
vocal cords, and into the trachea. The ability to flex the
scope makes it possible to visualize virtually all airways
to the level of subsegmental bronchi. The broncho-
scopist 1s able to identify endobronchial pathology,
including tumors, granulomas, bronchitis, foreign bodies,
and sites of bleeding. Samples from airway lesions can be
taken by several methods, including washing, brushing,
and biopsy. Washing involves instillation of sterile saline
through a channel of the bronchoscope and onto the
surface of a lesion. A portion of the liquid is collected by
suctioning through the bronchoscope, and the recovered
material can be analyzed for cells (cytology) or organ-
isms (by standard stains and cultures). Brushing or biopsy
of the surface of the lesion, using a small brush or biopsy

forceps at the end of a long cable inserted through a 39

channel of the bronchoscope, allows recovery of cellular
material or tissue for analysis by standard cytologic and
histopathologic methods.

The bronchoscope can be used to sample material not
only from the regions that can be directly visualized (i.e.,
the airways) but also from the more distal pulmonary
parenchyma. With the bronchoscope wedged into a sub-
segmental airway, aliquots of sterile saline can be instilled
through the scope, allowing sampling of cells and organ-
isms even from alveolar spaces. This procedure, called
bronchoalveolar lavage, has been particularly useful for the
recovery of organisms such as P jiroveci in patients with
HIV infection.

Brushing and biopsy of the distal lung parenchyma
can also be performed with the same instruments that
are used for endobronchial sampling. These instruments
can be passed through the scope into small airways,
where they penetrate the airway wall, allowing biopsy of
peribronchial alveolar tissue. This procedure, called frans-
bronchial biopsy, is used when there is either relatively dif-
fuse disease or a localized lesion of adequate size. With
the aid of fluoroscopic imaging, the bronchoscopist is
able to determine not only whether and when the
instrument is in the area of abnormality but also the prox-
imity of the instrument to the pleural surface. If the for-
ceps are too close to the pleural surface, there is a risk of
violating the visceral pleura and creating a pneumotho-
rax; the other potential complication of transbronchial
biopsy is pulmonary hemorrhage. The incidence of these
complications is less than several percent.

Another procedure involves use of a hollow-bore
needle passed through the bronchoscope for sampling of
tissue adjacent to the trachea or a large bronchus. The
needle is passed through the airway wall, and cellular
material can be aspirated from mass lesions or enlarged
lymph nodes, generally in a search for malignant cells.
This procedure can facilitate the staging of lung cancer
by identifying mediastinal lymph node involvement and
in some cases obviates the need for a more invasive pro-
cedure. Other promising new techniques that are not yet
widely available include fluorescence bronchoscopy (to
detect early endobronchial malignancy) and endo-
bronchial ultrasonography (to better identify and local-
ize peribronchial and mediastinal pathology).

The bronchoscope may provide the opportunity for
treatment as well as diagnosis. For example, an aspirated
foreign body may be retrieved with an instrument
passed through the scope, and bleeding may be con-
trolled with a similarly introduced balloon catheter.
Newer interventional techniques performed through a
bronchoscope include methods for achieving and main-
taining patency of airways that are partially or com-
pletely occluded, especially by tumors. These techniques
include laser therapy, cryotherapy, argon plasma coagula-
tion, electrocautery, and stent placement.
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Advances in video technology have allowed the devel-
opment of thoracoscopy, or video-assisted thoracic
surgery (VATS), for the diagnosis and management of
pleural as well as parenchymal lung disease. This proce-
dure involves the passage of a rigid scope with a distal
lens through a trocar inserted into the pleura. A high-
quality image is shown on a monitor screen, allowing
the operator to manipulate instruments passed into the
pleural space through separate small intercostal incisions.
With these instruments, the operator can biopsy lesions
of the pleura under direct vision. In addition, this proce-
dure is now used commonly to biopsy peripheral lung
tissue or to remove peripheral nodules for both diagnos-
tic and therapeutic purposes. This much less invasive
procedure has largely supplanted the traditional “open
lung biopsy” performed by thoracotomy.

Thoracotomy

Although frequently replaced by VATS, thoracotomy
remains an option for the diagnostic sampling of lung
tissue. It provides the largest amount of material, and it
can be used to biopsy or excise lesions that are too deep
or too close to vital structures for removal by VATS. The
choice between VATS and thoracotomy needs to be
made on a case-by-case basis.

Mediastinoscopy and Mediastinotomy

Tissue biopsy is often critical for the diagnosis of medi-
astinal masses or enlarged mediastinal lymph nodes.
Although CT and PET scanning are useful for determin-
ing the size and nature of mediastinal lymph nodes as part
of the staging of lung cancer, confirmation that enlarged
lymph nodes are actually involved with a tumor generally

requires biopsy and histopathologic examination. The two
major procedures used to obtain specimens from masses
or nodes in the mediastinum are mediastinoscopy (via a
suprasternal approach) and mediastinotomy (via a
parasternal approach). Both procedures are performed
under general anesthesia by a qualified surgeon. In the
case of suprasternal mediastinoscopy, a rigid medi-
astinoscope 1is inserted at the suprasternal notch and
passed into the mediastinum along a pathway just anterior
to the trachea. Tissue can be obtained with biopsy forceps
passed through the scope, sampling masses or nodes that
are in a paratracheal or pretracheal position. Left paratra-
cheal and aortopulmonary lymph nodes are not accessible
by this route and thus are commonly sampled by paraster-
nal mediastinotomy (the Chamberlain procedure). This
approach involves either a right or a left parasternal inci-
sion and dissection directly down to a mass or node that
requires biopsy.
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CHAPTER 7
ATLAS OF CHEST IMAGING

Patricia A. Kritek = John J. Reilly, Jr.

This atlas of chest imaging is a collection of interesting tive of specific, major findings. The associated text is not
chest radiographs and computed tomograms of the intended as a comprehensive assessment of the images.
chest. The readings of the films are meant to be illustra-
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FIGURE 7-1

Normal chest radiograph—review of anatomy. 1. Trachea. (with stomach bubble). 9. Retrosternal clear space. 10. Right
2. Carina. 3. Right atrium. 4. Right hemi-diaphragm. 5. Aortic ventricle. 11. Left hemi-diaphragm (with stomach bubble).
knob. 6. Left hilum. 7. Left ventricle. 8. Left hemi-diaphragm 12. Left upper lobe bronchus.
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FIGURE 7-2
Normal chest tomogram—note anatomy. 1. Superior vena bronchus. 8. Main pulmonary artery. 9. Heart. 10. Esopha-
cava. 2. Trachea. 3. Aortic arch. 4. Ascending aorta. 5. Right gus. 11. Pericardium. 12. Descending aorta.

mainstem bronchus. 6. Descending aorta. 7. Left mainstem

Left lower lobg

FIGURE 7-3

CT scan demonstrating left upper lobe collapse. The FIGURE 7-4

patient was found to have an endobronchial lesion (not visi- CT scan revealing chronic left lower lobe collapse. Note
ble on the CT scan) resulting in this finding. The superior dramatic volume loss with minimal aeration. There is subtle

vena cava (black arrow) is partially opacified by IV contrast. mediastinal shift to the left.
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FIGURE 7-5 \ &

Left upper lobe scarring with hilar retraction with less FIGURE 7-7

prominent scarring in right upper lobe as well. These findings Chest x-ray (CXR) demonstrating right upper lobe col-

are consistent with previous tuberculosis infection. The lapse (yellow arrow). Note the volume loss as demonstrated

patient was an immigrant from Ecuador. by the elevated right hemi-diaphragm as well as mediastinal

shift to the right. Also apparent on the film are an endotra-
cheal tube (red arrow) and a central venous catheter (black
arrow).

FIGURE 7-6

Apical scarring, traction bronchiectasis (red arrow),
and decreased lung volume consistent with previous
tuberculosis infection. The findings are more significant
in the left lung.
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FIGURE 7-8
Emphysema with increased lucency, flattened diaphragms (black arrows), increased

anteroposterior (AP) diameter, and increased retrosternal clear space (red arrow).

(S
FIGURE 7-9 FIGURE 7-10

CT scan of diffuse, bilateral emphysema. CT scan of bullous emphysema.



FIGURE 7-11
Multiple, thin-walled cysts consistent with lymphangioleiomyomatosis.

ight lower lobe '
FIGURE 7-12
Two cavities on posteroanterior (PA) and lateral CXR. cavity is located in the right middle lobe, which is located
Cavities and air-fluid levels are identified by red arrows. The between the minor (red arrow) and major fissures. An area of
smaller cavity is in the right lower lobe (located below the consolidation associated with the cavity is seen in the right

major fissure, identified with the yellow arrow) and the larger lower lobe.
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FIGURE 7-13
CT scan of parenchymal cavity.

FIGURE 7-14

Mild congestive heart failure. Note the Kerley B lines (black
arrow) and perivascular cuffing (yellow arrow) as well as the
pulmonary vascular congestion (red arrow).

FIGURE 7-15

Pulmonary edema. Note indistinct vasculature, perihilar
opacities, and peripheral interstitial reticular opacities.
Although, this is an AP film, making cardiac size more diffi-
cult to assess, the cardiac silhouette still appears enlarged.

|

FIGURE 7-16

CXR demonstrating reticular nodular opacities bilaterally
with small lung volumes consistent with usual interstitial
pneumonitis (UIP) on pathology. Clinically, UIP is used inter-
changeably with idiopathic pulmonary fibrosis (IPF).



FIGURE 7-17
CT scan of usual interstitial pneumonitis (UIP), also known (red arrows). Note the subpleural, basilar predominance of the
as idiopathic pulmonary fibrosis (IPF). Classic findings honeycombing.

include traction bronchiectasis (black arrow) and honeycombing

FIGURE 7-18

Sarcoid—CXR of stage | (hilar lym-
phadenopathy without parenchymal
infiltrates).

FIGURE 7-19

Sarcoid—CT scan of stage | demonstrating bulky
hilar and mediastinal lymphadenopathy (red arrows)
without parenchymal infiltrates.
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FIGURE 7-22
Sarcoid—CT scan of stage Il (nodular opacities tracking
along bronchovascular bundles).

FIGURE 7-20

Sarcoid—CXR of stage Il ((ymphadenopathy with parenchy-
mal changes). Note the apical predominance of the disease.
The diaphragms are also flattened, suggesting hyperinflation.

- FIGURE 7-23
FIGURE 7-21 Sarcoid—stage Il with nodular parenchymal infiltrates
Sarcoid—CT scan of stage Il (calcified lymphadenopathy, (vellow arrows) and no lymphadenopathy. Also note the large

parenchymal infiltrates). pulmonary artery (red arrow).



FIGURE 7-24
Sarcoid—stage IV (fibrotic lung disease).

FIGURE 7-25
Right middle lobe opacity illustrating major (black arrow) and minor fissures (red arrows) as well as the

“silhouette sign” on the right heart border.
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FIGURE 7-26

Right lower lobe pneumonia. There is subtle opacity on the PA film (red arrow), and the
lateral film illustrates the “spine sign” (black arrow) where the lower spine does not
become more lucent.

—

FIGURE 7-28
FIGURE 7-27 CXR revealing diffuse, bilateral alveolar infiltrates without

CT scan of diffuse, bilateral “ground-glass” infiltrates. pleural effusions consistent with acute respiratory distress
This finding is consistent with fluid density in the alveolar syndrome (ARDS). Note that the patient has an endotracheal

space. tube (red arrow) and a central venous catheter (black arrow).



FIGURE 7-29

CT scan of acute respiratory distress syndrome
(ARDS) demonstrates ground-glass infiltrates with
more consolidated areas in the dependent lung zones.

FIGURE 7-30
(A) to (C) Three examples of air bronchograms (red arrows) on chest CT.
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FIGURE 7-31

Cystic fibrosis with bronchiectasis, apical disease.

FIGURE 7-32
CT scan of diffuse, cystic bronchiectasis (red arrows) in a
patient with cystic fibrosis.

FIGURE 7-33

CT scan of focal right middle lobe and lingular
bronchiectasis (yellow arrows). Note that there is near total
collapse of the right middle lobe (red arrow).



FIGURE 7-34

“Tree in bud” opacities (red arrows) and bronchiectasis
(vellow arrow) consistent with atypical mycobacterial infec-
tion. “Tree in bud” refers to small nodules clustered around
the centrilobular arteries as well as increased prominence of
the centrilobular branching. These findings are consistent
with bronchiolitis.

FIGURE 7-35
Large right pneumothorax with near complete collapse
of the right lung. Pleural reflection highlighted with red
arrows.

(]

IF]
FIGURE 7-36

Basilar pneumothorax with visible pleural reflection (red
arrows). Also note that the patient has subcutaneous
emphysema (yellow arrow).

; il

CT scan of large right-sided pneumothorax. Note the sig-
nificant collapse of the right lung with adhesion to the ante-
rior chest wall. Pleural reflection is highlighted with red
arrows. The patient has severe underlying emphysema.
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FIGURE 7-38
Small right pleural effusion (red arrows highlight blunted Note fluid in the major fissure (black arrow) visible on the lat-

right costophrenic angles) with associated pleural thickening. eral film as well as the meniscus of the right pleural effusion.
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FIGURE 7-39

Left pleural effusion with clear
meniscus seen on both PA and lat-
eral chest radiographs.

FIGURE 7-40

Asbestosis. Note calcified pleural plaques (red
arrows), pleural thickening (black arrow), and sub-
pleural atelectasis (green arrows).
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FIGURE 7-41
Left upper lobe mass, which biopsy revealed to be squamous cell carcinoma.

FIGURE 7-42 FIGURE 7-43
] Metastatic sarcoma. Note the multiple, well-circumscribed

Solitary pulmonary nodule on the right (red arrow) with a
spiculated pattern concerning for lung cancer. Note also that
the patient has had a left upper lobectomy with resultant vol-
ume loss and associated effusion (black arrow).

nodules of different sizes.
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FIGURE 7-44
Left lower lobe lung mass (red arrow) abutting the pleura.
Biopsy demonstrated small cell lung cancer.

FIGURE 7-45
CT scan of soft tissue mass encircling the trachea (red
arrow) and invading the tracheal lumen. Biopsy demon-
strated adenoid cystic carcinoma (cylindroma).

FIGURE 7-46

Mycetoma. Fungal ball (red arrow) growing in a preexisting
cavity on the left. The right upper lobe has a large bulla
(black arrow).

FIGURE 7-47
Pulmonary arteriovenous malformation (AVM) demon-
strated on a reformatted CT angiogram (red arrow).
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FIGURE 7-48

Large bilateral pulmonary emboli

(intravascular filling defects in the =

contrast scan are identified by red S~
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FIGURE 7-49

CXR of a patient with severe pul-
monary hypertension. Note the
enlarged pulmonary arteries (red
arrows) visible on both the PA and
lateral films.

FIGURE 7-50
CT scan of the same patient as in Fig. 7-49. Note the
markedly enlarged pulmonary arteries (red arrow).
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Asthma is a syndrome characterized by airflow obstruction
that varies markedly, both spontaneously and with
treatment. Asthmatics harbor a special type of inflam-
mation in the airways that makes them more respon-
sive than nonasthmatics to a wide range of triggers,
leading to excessive narrowing with consequent
reduced airflow and symptomatic wheezing and dysp-
nea. Narrowing of the airways is usually reversible, but
in some patients with chronic asthma, there may be an
element of irreversible airflow obstruction. The
increasing global prevalence of asthma, the large bur-
den it now imposes on patients, and the high health
care costs have led to extensive research into its mech-
anisms and treatment.
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PREVALENCE

Asthma is one of the most common chronic diseases
globally and currently affects ~300 million people. The
prevalence of asthma has risen in affluent countries over
the past 30 years but now appears to have stabilized,
with ~10-12% of adults and 15% of children affected by
the disease. In developing countries where the preva-
lence of asthma had been much lower, there is a rising
incidence that appears to be associated with increased
urbanization. The prevalence of atopy and other allergic
diseases has also increased over the same time, suggesting
that the reasons for the increase are likely to be systemic
rather than confined to the lungs. This epidemiologic



observation suggests that there is a maximum number of
individuals in the community who are liable to be
affected by asthma, likely by genetic predisposition.
Most patients with asthma in affluent countries are
atopic, with allergic sensitization to the house dust mite
Dermatophagoides pteronyssinus and other environmental
allergens.

Asthma is both common and frequently complicated
by the eftects of smoking on the lungs; hence, it is diffi-
cult to be certain about the natural history of the disease
in adults. Asthma can present at any age with a peak age
of 3 years. In childhood, twice as many boys as girls are
asthmatic, but by adulthood, the gender ratio has equal-
ized. The commonly held belief that children “grow out
of their asthma” is justified to some extent. Long-term
studies that have followed children until they reach the
age of 40 years suggest that many with asthma become
asymptomatic during adolescence but that asthma
returns in some during adult life, particularly in children
with persistent symptoms and severe asthma. Adults with
asthma, including those with onset during adulthood,
rarely become permanently asymptomatic. The severity
of asthma does not vary significantly within a given
patient; those with mild asthma rarely progress to more
severe disease, whereas those with severe asthma usually
have severe disease at the onset.

Deaths from asthma are uncommon and have been
steadily declining in many affluent countries over the
past decade. An increase in asthma mortality seen in sev-
eral countries during the 1960s was associated with
increased use of short-acting B,-adrenergic agonists (as
rescue therapy), but there is now compelling evidence
that the more widespread use of inhaled corticosteroids
(ICSs) in patients with persistent asthma is responsible
for the decrease in mortality in recent years. Major risk
factors for asthma deaths are poorly controlled disease
with frequent use of bronchodilator inhalers, lack of
corticosteroid therapy, and previous admissions to the
hospital with near-fatal asthma.

It has proven difficult to agree on a definition of
asthma, but there is good agreement on the description of
the clinical syndrome and disease pathology. Until the eti-
ologic mechanisms of the disease are better understood, it
will be difficult to provide an accurate definition.

ETIOLOGY

Asthma is a heterogeneous disease with interplay between
genetic and environmental factors. Several risk factors
have been implicated (Table 8-1).

ATOPY

Atopy is the major risk factor for asthma, and nonatopic
individuals have a very low risk of developing asthma.

TABLE 8-1
RISK FACTORS AND TRIGGERS INVOLVED IN ASTHMA

RISK FACTORS

Endogenous Factors

Environmental Factors

Genetic predisposition Indoor allergens

Atopy Outdoor allergens
Airway hyperresponsiveness  Occupational sensitizers
Gender Passive smoking
Ethnicity? Respiratory infections
Obesity?
Early viral infections?
TRIGGERS
Allergens

Upper respiratory tract viral infections
Exercise and hyperventilation

Cold air

Sulfur dioxide

Drugs (B-blockers, aspirin)

Stress

Irritants (household sprays, paint fumes)

Patients with asthma commonly have other atopic dis-
eases, particularly allergic rhinitis, which may be found
in more than 80% of asthmatic patients, and atopic der-
matitis (eczema). Atopy may be found in 40-50% of the
population in affluent countries, with only a proportion
of atopic individuals becoming asthmatic. This observa-
tion suggests that some other environmental or genetic
factor(s) predispose to the development of asthma in
atopic individuals. The allergens that lead to sensitization
are usually proteins that have protease activity, and the
commonest allergens are derived from house dust mites,
cat and dog fur, cockroaches, grass and tree pollens, and
rodents (in laboratory workers). Atopy is caused by the
genetically determined production of a specific IgE
antibody, with many patients showing a family history of
allergic diseases.

INTRINSIC ASTHMA

A minority of asthmatic patients (approximately 10%)
have negative skin test results to common inhalant aller-
gens and normal serum concentrations of IgE. These
patients with nonatopic or intrinsic asthma usually show
a later onset of disease (adult-onset asthma), commonly
have concomitant nasal polyps, and may be aspirin sensi-
tive. They usually have more severe, persistent asthma.
Little is understood about the mechanism, but the
immunopathology in bronchial biopsies and sputum
appears to be identical to that found in atopic asthma.
There is recent evidence for increased local production
of IgE in the airways, suggesting that there may be com-
mon IgE-mediated mechanisms.
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Although viral infections are common as triggers of
asthma exacerbations, it is uncertain whether they play a
role in the cause. There is some association between res-
piratory syncytial virus infection in infancy and the
development of asthma, but the specific pathogenesis is
difficult to elucidate because this infection is very com-
mon in children. More recently, atypical bacteria such as
Mycoplasma and Chlamydia spp. have been implicated in
the mechanism of severe asthma, but thus far, evidence
of a true association is not very convincing.

GENETIC CONSIDERATIONS

The familial association of asthma and a high
degree of concordance for asthma in identical
twins indicate a genetic predisposition to the dis-
ease; however, whether or not the genes predisposing to
asthma are similar or in addition to those predisposing
of atopy is not yet clear. It now seems likely that differ-
ent genes may also contribute to asthma specifically, and
increasing evidence suggests that the severity of asthma
is also genetically determined. Genetic screens with clas-
sical linkage analysis and single nucleotide polymor-
phisms of various candidate genes indicate that asthma is
polygenic, with each gene identified having a small
effect that is often not replicated in different popula-
tions. This observation suggests that the interaction of
many genes is important, and these may differ in difter-
ent populations. The most consistent findings have been
associations with polymorphisms of genes on chromo-
some 5q, including the T helper 2 (Ty2) cells inter-
leukin (IL) 4, IL-5, IL-9, and IL-13, which are associated
with atopy. There is increasing evidence for a complex
interaction between genetic polymorphisms and envi-
ronmental factors that will require very large population
studies to unravel. Novel genes that have been associated
with asthma, including ADAM-33, DPP-10, and GPRA,
have also been identified by positional cloning, but their
function in disease pathogenesis is thus far obscure.
Genetic polymorphisms may also be important in deter-
mining the response to asthma therapy. For example, the
Arg-Gly-16 variant in the B,-receptor is associated with
reduced response to B,-agonists, and repeats of an
Sp1 recognition sequence in the promoter region of
5-lipoxygenase may affect the response to antileukotrienes.

ENVIRONMENTAL FACTORS

It is likely that environmental factors in early life deter-
mine which atopic individuals become asthmatic. The
increasing prevalence of asthma, particularly in develop-
ing countries, over the past few decades also indicates
the importance of environmental mechanisms interact-
ing with a genetic predisposition.

Hygiene Hypothesis

The observation that allergic sensitization and asthma
were less common in children with older siblings first
suggested that lower levels of infection may be a factor
in affluent societies that increase the risks of asthma. This
“hygiene hypothesis” proposes that lack of infections in
early childhood preserves the T2 cell bias at birth, but
exposure to infections and endotoxin results in a shift
toward a predominant protective Ti;1 response. Children
brought up on farms who are exposed to a high level of
endotoxin are less likely to develop allergic sensitization
than children raised on dairy farms. Intestinal parasite
infection may also be associated with a reduced risk of
asthma. Although there is considerable epidemiologic
support for the hygiene hypothesis, it cannot account
for the parallel increase in Tyl-driven diseases, such as
diabetes mellitus, over the same period.

Diet

The role of dietary factors is controversial. Observa-
tional studies have shown that diets low in antioxidants,
such as vitamin C and vitamin A, magnesium, selenium,
and omega-3 polyunsaturated fats (fish oil), or high in
sodium and omega-6 polyunsaturates are associated with
an increased risk of asthma. However, interventional
studies have not supported an important role for these
dietary factors. Obesity is also an independent risk factor
for asthma, particularly in women, but the mechanisms
thus far are unknown.

Air Pollution

There is no doubt that air pollutants, such as sulfur diox-
ide, ozone, and diesel particulates, may trigger asthma
symptoms, but the role of different air pollutants in the
cause of the disease is much less certain. Most evidence
argues against an important role for air pollution
because asthma is no more prevalent in cities with a
high ambient level of traffic pollution than in rural areas
with low levels of pollution. Asthma had a much lower
prevalence in East Germany than West Germany despite
a much higher level of air pollution, but since reunifica-
tion, these differences have decreased as eastern Germany
has become more affluent. Indoor air pollution may be
more important with exposure to nitrogen oxides from
cooking stoves and exposure to passive cigarette smoke.
There is some evidence that maternal smoking is a risk
factor for asthma, but it is difficult to dissociate this from
an increased risk of respiratory infections.

Allergens

Inhaled allergens are common triggers of asthma
symptoms and have also been implicated in allergic



sensitization. Exposure to house dust mites in early
childhood is a risk factor for allergic sensitization and
asthma, but rigorous allergen avoidance has not shown
any evidence for a reduced risk of developing asthma.
The increase in house dust mites in centrally heated,
poorly ventilated homes with fitted carpets has been
implicated in the increasing prevalence of asthma in
affluent countries. Domestic pets, particularly cats, have
also been associated with allergic sensitization, but
early exposure to cats in the home may be protective
through the induction of tolerance.

Occupational Exposure

Occupational asthma is relatively common and may
affect up to 10% of young adults. More than 200 sensi-
tizing agents have been identified. Chemicals, such as
toluene diisocyanate and trimellitic anhydride, may lead
to sensitization independent of atopy. Individuals may
also be exposed to allergens in the workplace, such as
small animal allergens in laboratory workers and fungal
amylase in wheat flour in bakers.

OTHER FACTORS

Several other factors have been implicated in the cause
of asthma, including lower maternal age, duration of
breastfeeding, prematurity and low birth weight, and
inactivity, but are unlikely to contribute to the recent
global increase in asthma prevalence. There is also an
association with acetaminophen (paracetamol)
sumption, which remains unexplained.

con-

PATHOGENESIS

Asthma is associated with a specific chronic inflamma-
tion of the mucosa of the lower airways. One of the
main aims of treatment is to reduce this inflammation.

PATHOLOGY

The pathology of asthma has been revealed through
examining the lungs at autopsy in patients who have
died of asthma and from bronchial biopsies in patients
with usually mild asthma. The airway mucosa is infil-
trated with activated eosinophils and T lymphocytes, and
there is activation of mucosal mast cells. The degree of
inflammation is poorly related to disease severity and
may be found in atopic patients without asthma symp-
toms. The inflammation is reduced by treatment with
ICSs. A characteristic finding is thickening of the base-
ment membrane caused by subepithelial collagen deposi-
tion. This feature is also found in patients with
eosinophilic bronchitis presenting as cough who do
not have asthma; it is therefore likely to be a marker of
eosinophilic inflammation in the airway because
eosinophils release fibrogenic factors. The epithelium is
often shed or friable, with reduced attachments to the
airway wall and increased numbers of epithelial cells in
the lumen. The airway wall itself may be thickened and
edematous, particularly in fatal asthma. Another common
finding in fatal asthma is occlusion of the airway lumen
by a mucus plug, which is composed of mucus glycopro-
teins secreted from goblet cells and plasma proteins from
leaky bronchial vessels (Fig. 8-1). There is also vasodi-
latation and increased numbers of blood vessels (angio-
genesis). Direct observation by bronchoscopy indicates
that the airways may be narrowed, reddened, and ede-
matous. The pathology of asthma is remarkably uniform
in different types of asthma, including atopic, nonatopic,
occupational, aspirin-sensitive, and pediatric asthma.
These pathologic changes are found in all airways but
do not extend to the lung parenchyma; small airway
inflammation is found particularly in patients with
severe asthma. The involvement of airways may be
patchy, and this is consistent with bronchographic find-
ings of uneven narrowing of the airways.
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FIGURE 8-1

Histopathology of a small airway in fatal
asthma. The lumen is occluded with a
mucus plug, goblet cell metaplasia is pre-
sent, and the airway wall is thickened, with
an increase in basement membrane thick-
ness and airway smooth muscle. (Courtesy
of Dr. J. Hogg, University of British Colom-
bia, with permission.)
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There is inflammation in the respiratory mucosa from
trachea to terminal bronchioles but with a predomi-
nance in the bronchi (cartilaginous airways). Consider-
able research has identified the major cellular components
of inflammation, but it is still uncertain how inflamma-
tory cells interact and how inflammation translates into
the symptoms of asthma (Fig. 8-2). There is good evi-
dence that the specific pattern of airway inflammation
in asthma is associated with airway hyperresponsiveness
(AHR), the physiologic abnormality of asthma that is
correlated with variable airflow obstruction. The pattern
of inflammation in asthma is characteristic of allergic
diseases, with similar inflammatory cells seen in the nasal
mucosa in rhinitis. However, an indistinguishable pattern
of inflammation is found in intrinsic asthma, although
this may reflect local rather than systemic IgE produc-
tion. Although most attention has focused on the acute
inflammatory changes seen in asthma, this is a chronic
condition, with inflammation persisting over many years
in most patients. The mechanisms involved in persis-
tence of inflammation in asthma are still poorly under-
stood. Superimposed on this chronic inflammatory state
are acute inflammatory episodes, which correspond to
exacerbations of asthma. Many inflammatory cells are
known to be involved in asthma, with no predominant
key cell (Fig. 8-3).

Mast Cells

Mast cells are important in initiating the acute bron-
choconstrictor responses to allergens and several other
indirectly acting stimuli, such as exercise and hyperventila-
tion (via osmolality or thermal changes), as well as fog. In
biopsies from asthmatic patients, mast cells are localized to

Allergens
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Chronic eosinophilic
bronchitis

Airway
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Symptoms Triggers
Cough Allergens
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Chest tightness Cold air
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FIGURE 8-2
Inflammation in the airways of asthmatic patients leads to
airway hyperresponsiveness and symptoms.

the airway smooth muscle layer; they are not found in
normal subjects or in patients with eosinophilic cough.
Mast cells are activated by allergens through an IgE-
dependent mechanism, and binding of specific IgE to mast
cells renders them more sensitive to activation. The impor-
tance of IgE in the pathophysiology of asthma has been
highlighted by clinical studies with humanized anti-IgE
antibodies, which inhibit IgE-mediated effects, reduce
asthma symptoms, and prevent exacerbations. There are,
however, uncertainties about the role of mast cells in more
chronic allergic inflammatory events. Mast cells release
several bronchoconstrictor mediators, including histamine
and cysteinyl-leukotrienes, but also several cytokines,
chemokines, growth factors, and neurotrophins.

Macrophages and Dendritic Cells

Macrophages, which are derived from blood monocytes,
may traffic into the airways in asthma and may be acti-
vated by allergens via low-affinity IgE receptors
(FceRII). Macrophages have the capacity to initiate a
type of inflammatory response via the release of a cer-
tain pattern of cytokines, but these cells also release anti-
inflammatory mediators, such as IL-10, and thus their
role in asthma is uncertain. Dendritic cells are special-
ized macrophage-like cells in the airway epithelium,
which are the major antigen-presenting cells. Dendritic
cells take up allergens, process them to peptides, and
migrate to local lymph nodes, where they present the
allergenic peptides to uncommitted T-lymphocytes to
program the production of allergen-specific T cells.
Immature dendritic cells in the respiratory tract pro-
mote T2 cell differentiation and require cytokines, such
as IL-12 and tumor necrosis factor oo (TNF a), to pro-
mote the normally preponderant Ty;1 response.

Eosinophils

Eosinophil infiltration is a characteristic feature of asth-
matic airways. Allergen inhalation results in a marked
increase in activated eosinophils in the airways at the time
of the late reaction. Eosinophils are linked to the develop-
ment of AHR through the release of basic proteins and
oxygen-derived free radicals. Eosinophil recruitment
involves adhesion of eosinophils to vascular endothelial
cells in the airway circulation due to interaction between
adhesion molecules, migration into the submucosa under
the direction of chemokines, and their subsequent activa-
tion and prolonged survival. Blocking antibodies to IL-5
cause a profound and prolonged reduction in circulating
and sputum eosinophils, but they are not associated with
reduced AHR or asthma symptoms, thus questioning the
pivotal role of eosinophils in asthma. Furthermore,
eosinophilic inflammation is also found in patients with
chronic cough who do not have any clinical features of
asthma or AHR. Increasing evidence suggests that
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eosinophils may be more important in release of growth
factors involved in airway remodeling than in AHR.

Neutrophils

Increased numbers of activated neutrophils are found in
the sputum and airways of some patients with severe
asthma and during exacerbations, although there is a
proportion of patients even with mild or moderate
asthma that have a predominance of neutrophils. The
role of neutrophils in asthma, which are resistant to the
anti-inflammatory eftects of corticosteroids, is currently
unknown.

T Lymphocytes

T lymphocytes play a very important role in coordinat-
ing the inflammatory response in asthma through the
release of specific patterns of cytokines, resulting in the
recruitment and survival of eosinophils and in the main-
tenance of a mast cell population in the airways.
Whereas the naive immune system and the immune sys-
tem of asthmatics are skewed to express the T2 pheno-
type, in normal airways, Ti;1 cells predominate. Through
the release of IL-5, T2 cells are associated with
eosinophilic inflammation and, through the release of
IL-4 and IL-13, are associated with increased IgE for-
mation. Recently, bronchial biopsies have demonstrated
a preponderance of natural killer CD4+ T lymphocytes,
which express high levels of IL-4. Regulatory T cells

activation

FIGURE 8-3

The pathophysiology of asthma
is complex, with participation of
several interacting inflammatory
cells, resulting in acute and chronic
inflammatory effects on the airway.

Cholinergic
reflex

Bronchoconstriction
Hypertrophy/hyperplasia

play an important role in determining the expression of
other T cells, and there is evidence for a reduction in a
certain subset of regulatory T cells (CD4+CD25+) in
asthma, which is associated with increased T2 cells.

Structural Cells

Structural cells of the airways, including epithelial cells,
fibroblasts, and airway smooth muscle cells, are also an
important source of inflammatory mediators, such as
cytokines and lipid mediators, in asthma. Indeed, because
structural cells far outnumber inflammatory cells, they
may become the major source of mediators driving
chronic inflammation in asthmatic airways. In addition,
epithelial cells may have a key role in translating inhaled
environmental signals into an airway inflammatory
response and are probably a major target cell for ICSs.

INFLAMMATORY MEDIATORS

Many difterent mediators have been implicated in asthma,
and they may have a variety of effects on the airways
that could account for the pathologic features of asthma
(Fig. 8-4). Mediators such as histamine, prostaglandins,
and cysteinyl-leukotrienes contract airway smooth mus-
cle, increase microvascular leakage, increase airway
mucus secretion, and attract other inflammatory cells.
Because each mediator has many effects, the role of
individual mediators in the pathophysiology of asthma is
not yet clear. Although the multiplicity of mediators
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FIGURE 8-4

Many cells and mediators are involved in asthma and lead
to several effects on the airways. AHR, hyperresponsiveness;
PAF, platelet-activating factor.

makes it unlikely that preventing the synthesis or action
of a single mediator will have a major impact in clinical
asthma, recent clinical studies with antileukotrienes sug-
gest that cysteinyl-leukotrienes have a clinically impor-
tant eftect.

Cytokines

Multiple cytokines regulate the chronic inflammation of
asthma. The T2 cytokines IL-4, IL-5, and IL-13 medi-
ate allergic inflammation, whereas proinflammatory
cytokines, such as TNF o) and IL-1B, amplify the
inflammatory response and play a role in more severe
disease. Thymic stromal lymphopoietin is an upstream
cytokine released from epithelial cells of asthmatics that
orchestrates the release of chemokines, which selectively
attract T2 cells. Some cytokines, such as IL-10 and
IL-12, are anti-inflammatory and may be deficient in
individuals with asthma.

Chemokines

Chemokines are involved in attracting inflammatory cells
from the bronchial circulation into the airways. Whereas
eotaxin (CCL11) is selectively attractant to eosinophils
via CCR3 and is expressed by epithelial cells of asthmat-
ics, CCL17 (TARC) and CCL22 (MDC) from epithelial
cells attract T2 cells via CCR4 (Fig. 8-5).

Oxidative Stress

There is increased oxidative stress in asthma as activated
inflammatory cells, such as macrophages and eosinophils,
produce reactive oxygen species. Evidence for increased
oxidative stress in asthma is provided by the increased con-
centrations of 8-isoprostane (a product of oxidized
arachidonic acid) in exhaled breath condensates and
increased ethane (a product of lipid peroxidation) in the

TARC, MDC \
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IL-4, IL-13 \
CCR4 / .'.'t CCR3
IL-5 -
Ty2 cell Eosinophil
FIGURE 8-5

Chemokines in asthma. Tumor necrosis factor o (TNF )
and other triggers of airway epithelial cells release thymus
and activation-regulated chemokine (TARC, CCL17) and
macrophage-derived chemokine (MDC, CCL22) from epithe-
lial cells, which attract T2 cells via activation of their CCR4
receptors. These promote eosinophilic inflammation directly
through the release of interleukin 5 (IL-5) and indirectly via
the release of IL-4 and IL-13, which induce eotaxin (CCL11)
formation in airway epithelial cells.

expired air of asthmatic patients. Increased oxidative stress
is related to disease severity, may amplify the inflammatory
response, and may reduce responsiveness to corticosteroids.

Nitric Oxide

Nitric oxide (NO) is produced by several cells in the
airway by NO synthases, particularly airway epithelial
cells and macrophages. The level of NO in the expired
air of patients with asthma is higher than normal and is
related to the eosinophilic inflammation. Increased NO
may contribute to the bronchial vasodilation observed
in asthma. Exhaled NO is increasingly used in the diag-
nosis and monitoring of asthmatic inflammation, although
it is not used routinely in clinical practice.

Transcription Factors

Proinflammatory transcription factors, such as nuclear
factor kB (NFxB) and activator protein 1 (AP-1), are
activated in asthmatic airways and orchestrate the expres-
sion of multiple inflammatory genes. More-specific
transcription factors that are involved include nuclear
factor of activated T cells and GATA-3, which regulate
the expression of Tyy2 cytokines in T cells.

EFFECTS OF INFLAMMATION

The chronic inflammatory response has several effects on
the target cells of the airways, resulting in the characteristic



pathophysiologic changes associated with asthma. Asthma
may be regarded as a disease with continuous inflammation
and repair proceeding simultaneously. Important advances
continue to be made in our understanding of these
changes, but despite these new insights, the relationship
between chronic inflammatory processes and asthma symp-
toms is often not clear.

Airway Epithelium

Airway epithelial shedding may be important in con-
tributing to AHR and may explain how several mecha-
nisms, such as ozone exposure, virus infections, chemical
sensitizers, and allergen exposure, can lead to its devel-
opment because all of these stimuli may lead to epithe-
lial disruption. Epithelial damage may contribute to
AHR in a number of ways, including loss of its barrier
function to allow penetration of allergens; loss of
enzymes (e.g., neutral endopeptidase) that normally
degrade inflammatory mediators; loss of a relaxant factor
(so called epithelial-derived relaxant factor); and expo-
sure of sensory nerves, which may lead to reflex neural
effects on the airway.

Fibrosis

In all asthmatic patients, the basement membrane is
apparently thickened due to subepithelial fibrosis with
deposition of types III and V collagen below the true
basement membrane, and it is associated with eosinophil
infiltration, presumably through the release of profi-
brotic mediators, such as transforming growth factor B.
Mechanical manipulations can alter the phenotype of
airway epithelial cells in a profibrotic fashion. In patients
with more severe asthma, there is also fibrosis within the
airway wall, which may contribute to irreversible nar-
rowing of the airways.

Airway Smooth Muscle

There is still debate about the role of abnormalities in air-
way smooth muscle is asthmatic airways. In vitro airway
smooth muscle from asthmatic patients usually shows no
increased responsiveness to constrictors. Reduced respon-
siveness to P-agonists has also been reported in post-
mortem or surgically removed bronchi from asthmatics,
although the number of B-receptors is not reduced, sug-
gesting that B-receptors have been uncoupled. These
abnormalities of airway smooth muscle may be secondary
to the chronic inflammatory process. Inflammatory medi-
ators may modulate the ion channels that serve to regu-
late the resting membrane potential of airway smooth
muscle cells, thus altering the level of excitability of these
cells. In asthmatic airways, there is also a characteristic
hypertrophy and hyperplasia of airway smooth muscle,
which is presumably the result of stimulation of airway

smooth muscle cells by various growth factors, such as 7

platelet-derived growth factor or endothelin 1, released
from inflammatory or epithelial cells.

Vascular Responses

There is increased airway mucosal blood flow in asthma.
The bronchial circulation may play an important role in
regulating airway caliber because an increase in the vas-
cular volume may contribute to airway narrowing.
Increased airway blood flow may be important in
removing inflammatory mediators from the airway and
may play a role in the development of exercise-induced
asthma (EIA). There is an increase in the number of
blood vessels in asthmatic airways as a result of angio-
genesis in response to growth factors, particularly vascular-
endothelial growth factor. Microvascular leakage from
postcapillary venules in response to inflammatory medi-
ators is observed in asthma, resulting in airway edema
and plasma exudation into the airway lumen.

Mucus Hypersecretion

Increased mucus secretion contributes to the wviscid
mucus plugs that occlude asthmatic airways, particularly
in fatal asthma. There is evidence for hyperplasia of sub-
mucosal glands that are confined to large airways and of
increased numbers of epithelial goblet cells. IL-4 and
IL-13 induce mucus hypersecretion in experimental
models of asthma.

Neural Effects

Various defects in autonomic neural control may con-
tribute to AHR in asthma, but these are likely to be sec-
ondary to the disease rather than primary defects.
Cholinergic pathways, through the release of acetyl-
choline acting on muscarinic receptors, cause bron-
choconstriction and may be activated reflexly in asthma.
Inflammatory mediators may activate sensory nerves,
resulting in reflex cholinergic bronchoconstriction or
release of inflammatory neuropeptides. Inflammatory
products may also sensitize sensory nerve endings in the
airway epithelium, such that the nerves become hyperal-
gesic. Neurotrophins, which may be released from vari-
ous cell types in peripheral tissues, may cause proliferation
and sensitization of airway sensory nerves. Airway nerves
may also release neurotransmitters, such as substance P,
which have inflammatory effects.

AIRWAY REMODELING

Several changes in the structure of the airway are char-
acteristically found in asthma, and these may lead to
irreversible narrowing of the airways. Population studies
have shown a greater decline in lung function over time
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asthma preserve normal or near-normal lung function
throughout life if appropriately treated. This observation
suggests that the accelerated decline in lung function
occurs in a smaller proportion of people with asthma,
and these are usually patients with more severe disease.
There is debate about whether the early use of ICSs
may reduce the decline in lung function. The character-
istic structural changes are increased airway smooth
muscle, fibrosis, angiogenesis, and mucus hyperplasia.

ASTHMA TRIGGERS

Several stimuli trigger airway narrowing, wheezing, and
dyspnea in asthmatic patients. Although the previous
view held that these should be avoided, it is now seen as
evidence for poor control and an indicator of the need
to increase controller therapy.

ALLERGENS

Inhaled allergens are able to activate mast cells with
bound IgE directly leading to the immediate release of
bronchoconstrictor mediators, resulting in the early
response reversed by bronchodilators. Often, experimen-
tal allergen challenge is followed by a late response
when there is airway edema and an acute inflammatory
response with increased eosinophils and neutrophils that
is not very reversible with bronchodilators. The most
common allergen to trigger asthma is Dermatophagoides
spp., and environmental exposure leads to low-grade
chronic symptoms that are perennial. Perennial allergens
are derived from cats and other domestic pets, as well as
cockroaches. Other allergens, including grass pollen, rag-
weed, tree pollen, and fungal spores, are seasonal. Pollens
usually cause allergic rhinitis rather than asthma, but in
thunderstorms, the pollen grains are disrupted, and the
particles that may be released can trigger severe asthma
exacerbations (thunderstorm asthma).

VIRUS INFECTIONS

Upper respiratory tract virus infections, such as rhi-
novirus, respiratory syncytial virus, and coronavirus, are
the commonest triggers of acute severe exacerbations.
The mechanism whereby these viruses cause exacerba-
tions is poorly understood, but there is an increase in air-
way inflammation with increased numbers of eosinophils
and neutrophils. There is evidence for reduced production
of type I interferons by epithelial cells from asthmatic
patients, resulting in increased susceptibility to these viral
infections and a greater inflammatory response.

PHARMACOLOGIC AGENTS

Several drugs may trigger asthma. 3-Adrenergic blockers
commonly worsen asthma, and their use may be fatal.

The mechanisms are not clear but are mediated through
increased cholinergic bronchoconstriction. All B-blockers
need to be avoided in patients with asthma, and even
selective B, blocker or topical application (e.g., timolol
eye drops) may be dangerous. Angiotensin-converting
enzyme inhibitors are theoretically detrimental because
they inhibit breakdown of kinins, which are bron-
choconstrictors; however, they rarely worsen asthma, and
the characteristic cough is no more frequent in asthmat-
ics than nonasthmatics. Aspirin may worsen asthma in
some patients (aspirin-sensitive asthma is discussed
below under “Special Considerations”).

EXERCISE

Exercise is a common trigger of asthma, particularly in
children. The mechanism 1s linked to hyperventilation,
which results in increased osmolality in airway lining flu-
ids and triggers mast cell mediator release, resulting in
bronchoconstriction. EIA typically begins after exercise
has ended and recovers spontaneously within about 30 min.
EIA is worse in cold, dry climates than in hot, humid
conditions. It is therefore more common in sports such as
cross-country running in cold weather, overland skiing,
and ice hockey than in swimming. It may be prevented
by prior administration of B,-agonists and antileukotrienes
but is best prevented by regular treatment with inhaled
glucocorticoids, which reduce the population of surface
mast cells required for this response.

PHYSICAL FACTORS

Cold air and hyperventilation may trigger asthma through
the same mechanisms as exercise. Laughter may also be a
trigger. Many patients report worsening of asthma in hot
weather and when the weather changes. Some asthmatics
become worse when exposed to strong smells or per-
fumes, but the mechanism of this response is uncertain.

FOOD

There is little evidence that allergic reactions to food
lead to increased asthma symptoms despite the belief of
many patients that their symptoms are triggered by par-
ticular food constituents. Exclusion diets are usually
unsuccessful at reducing the frequency of episodes.
Some foods, such as shellfish and nuts, may induce ana-
phylactic reactions that may include wheezing. Patients
with aspirin-induced asthma may benefit from a salicy-
late-free diet, but these diets are difficult to maintain.
Certain food additives may trigger asthma. Metabisulfite,
which is used as a food preservative, may trigger asthma
through the release of sulfur dioxide gas in the stomach.
Tartrazine, a food yellow-coloring agent, was believed to
be a trigger for asthma, but there is little convincing evi-
dence for this.



AIR POLLUTION

Increased ambient levels of sulfur dioxide, ozone, and
nitrogen oxides are associated with increased asthma
symptoms.

OCCUPATIONAL FACTORS

Several substances found in the workplace may act as
sensitizing agents, as discussed above, but may also act as
triggers of asthma symptoms. Occupational asthma is
characteristically associated with symptoms at work with
relief on weekends and holidays. If removed from expo-
sure within the first 6 months of symptoms, there is usu-
ally complete recovery. More persistent symptoms lead
to irreversible airway changes, so early detection and
avoidance are important.

HORMONAL FACTORS

Some women show premenstrual worsening of asthma,
which can occasionally be very severe. The mechanisms
are not completely understood but are related to a
decrease in progesterone and in severe cases may be
improved by treatment with high doses of progesterone
or gonadotropin-releasing factors. Thyrotoxicosis and
hypothyroidism can both worsen asthma, although the
mechanisms are uncertain.

GASTROESOPHAGEAL REFLUX

Gastroesophageal reflux is common in asthmatic patients
because it is increased by bronchodilators. Although acid
reflux might trigger reflex bronchoconstriction, it rarely
causes asthma symptoms, and anti-reflux therapy fails to
reduce asthma symptoms in most patients.

STRESS

Many people with asthma report worsening of symp-
toms with stress. There is no doubt that psychological
factors can induce bronchoconstriction through cholin-
ergic reflex pathways. Paradoxically, very severe stress,
such as bereavement, usually does not worsen, and may
even improve, asthma symptoms.

PATHOPHYSIOLOGY

Limitation of airflow is mainly caused by bronchocon-
striction, but airway edema, vascular congestion, and
luminal occlusion with exudate may also contribute. This
results in a reduction in forced expiratory volume in 1 s
(FEV,), FEV,/forced vital capacity (FVC) ratio, and peak
expiratory flow (PEF), as well as an increase in airway
resistance. Early closure of peripheral airway results in

lung hyperinflation (air trapping) and increased residual 9

volume, particularly during acute exacerbations. In more
severe asthma, reduced ventilation and increased pul-
monary blood flow result in mismatching of ventilation
and perfusion and in bronchial hyperemia. Ventilatory fail-
ure is very uncommon, even in patients with severe
asthma, and arterial Paco, tends to be low because of
increased ventilation.

AIRWAY HYPERRESPONSIVENESS

AHR is the characteristic physiologic abnormality of
asthma and describes the excessive bronchoconstrictor
response to multiple inhaled triggers that would have
no effect on normal airways. The increase in AHR is
linked to the frequency of asthma symptoms; thus, an
important aim of therapy is to reduce AHR. Increased
bronchoconstrictor responsiveness is seen with direct
bronchoconstrictors, such as histamine and metha-
choline, which contract airway smooth muscle, but it is
characteristically also seen with many indirect stimuli,
which release bronchoconstrictors from mast cells or
activate sensory neural reflexes. Most of the triggers
for asthma symptoms appear to act indirectly, including
allergens, exercise, hyperventilation, fog (via mast cell
activation), irritant dusts, and sulfur dioxide (via cholin-
ergic reflex).

CLINICAL FEATURES AND DIAGNOSIS

The characteristic symptoms of asthma are wheezing,
dyspnea, and coughing, which are variable, both sponta-
neously and with therapy. Symptoms may be worse at
night, and patients typically awake in the early morning
hours. Patients may report difficulty in filling their lungs
with air. There is increased mucus production in some
patients, with typically tenacious mucus that is difficult
to expectorate. There may be increased ventilation and
use of accessory muscles of ventilation. Prodromal
symptoms may precede an attack, with itching under
the chin, discomfort between the scapulae, or inexplica-
ble fear (impending doom).

Typical physical signs are inspiratory, and to a great
extent expiratory, rhonchi throughout the chest, and
there may be hyperinflation. Some patients, particu-
larly children, may present with a predominant non-
productive cough (cough-variant asthma). There may
be no abnormal physical findings when asthma is
under control.

DIAGNOSIS

The diagnosis of asthma is usually apparent from the
symptoms of variable and intermittent airways obstruc-
tion but is usually confirmed by objective measurements
of lung function.
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Simple spirometry confirms airflow limitation with a
reduced FEV,, FEV,/FVC ratio, and PEE Reversibility
is demonstrated by a >12% and 200-mL increase in
FEV, 15 min after an inhaled short-acting B,-agonist or,
in some patients, by a 2- to 4-week trial of oral gluco-
corticoids (prednisone or prednisolone 30—40 mg daily).
Measurements of PEF twice daily may confirm the
diurnal variations in airflow obstruction. Flow-volume
loops show reduced peak flow and reduced maximum
expiratory flow. Further lung function tests are rarely
necessary, but whole-body plethysmography shows
increased airway resistance and may show increased total
lung capacity and residual volume. Gas diftusion is usu-
ally normal, but there may be a small increase in gas
transfer in some patients.

Airway Responsiveness

The increased AHR is normally measured by metha-
choline or histamine challenge with calculation of the
provocative concentration that reduces FEV, by 20%
(PC,p). This is rarely useful in clinical practice but can be
used in the differential diagnosis of chronic cough and
when the diagnosis is in doubt in the setting of normal
pulmonary function tests. Occasionally, exercise testing
is done to demonstrate the post-exercise bronchocon-
striction if there is a predominant history of EIA. Aller-
gen challenge is rarely necessary and should only be
undertaken by a specialist if specific occupational agents
are to be identified.

Hematologic Tests

Blood tests are not usually helpful. Total serum IgE and
specific IgE to inhaled allergens (RAST) may be mea-
sured in some patients.

Imaging

Chest roentgenography is usually normal but may show
hyperinflated lungs in more severe patients. In exacerba-
tions, there may be evidence of a pneumothorax. Lung
shadowing usually indicates pneumonia or eosinophilic
infiltrates in patients with bronchopulmonary aspergillosis
(BPA). High-resolution CT may show areas of bronchiec-
tasis in patients with severe asthma, and there may be
thickening of the bronchial walls, but these changes are
not diagnostic of asthma.

Skin Tests

Skin prick tests to common inhalant allergens are posi-
tive in allergic asthma and negative in intrinsic asthma
but are not helpful in diagnosis. Positive skin responses
may be useful in persuading patients to undertake aller-
gen avoidance measures.

DIFFERENTIAL DIAGNOSIS

It is usually not difficult to differentiate asthma from
other conditions that cause wheezing and dyspnea.
Upper airway obstruction by a tumor or laryngeal
edema can mimic severe asthma, but patients typically
present with stridor localized to large airways. The diag-
nosis is confirmed by a flow-volume loop, which shows
a reduction in inspiratory as well as expiratory flow, and
bronchoscopy to demonstrate the site of upper airway
narrowing. Persistent wheezing in a specific area of the
chest may indicate endobronchial obstruction with a
foreign body. Left ventricular failure may mimic the
wheezing of asthma, but basilar crackles are present in
contrast to asthma.

Eosinophilic pneumonias and systemic vasculitis,
including Churg-Strauss syndrome and polyarteritis
nodosa, may be associated with wheezing. Chronic
obstructive pulmonary disease (COPD) is usually easy
to differentiate from asthma because symptoms show less
variability, never completely remit, and show much less
(or no) reversibility to bronchodilators. Approximately
10% of COPD patients have features of asthma, with
increased sputum eosinophils and a response to oral cor-
ticosteroids; these patients probably have both diseases
concomitantly.

Treatment:
ASTHMA

The treatment of asthma is straightforward, and the
majority of patients are now managed by internists
with effective and safe therapies. There are several aims
of therapy (Table 8-2). Most emphasis has been placed
on drug therapy, but several nonpharmacologic
approaches have also been used. The main drugs for
asthma can be divided into bronchodilators, which give
rapid relief of symptoms mainly through relaxation of
airway smooth muscle, and controllers, which inhibit the
underlying inflammatory process.

TABLE 8-2
AIMS OF ASTHMA THERAPY

Minimal (ideally no) chronic symptoms, including nocturnal
Minimal (infrequent) exacerbations

No emergency visits

Minimal (ideally no) use of as-required B,-agonist

No limitations on activities, including exercise

PEF circadian variation <20%

(Near) normal PEF

Minimal (or no) adverse effects from medicine

Note: PEF, peak expiratory flow.



Bronchodilator Therapies Bronchodilators act
primarily on airway smooth muscle to reverse the bron-
choconstriction of asthma. This gives rapid relief of
symptoms but has little or no effect on the underlying
inflammatory process. Thus, bronchodilators are not suf-
ficient to control asthma in patients with persistent
symptoms. There are three classes of bronchodilator in
current use: B,-adrenergic agonists, anticholinergics, and
theophylline; of these, B,-agonists are by far the most
effective.

Bo-Agonists B,-Agonists activate B,-adrenergic
receptors, which are widely expressed in the airways.
,-Receptors are coupled through a stimulatory G protein
to adenylyl cyclase, resulting in increased intracellular
cyclic AMP, which relaxes smooth muscle cells and
inhibits certain inflammatory cells.

Mode of action The primary action of B,-agonists
is to relax airway smooth muscle cells of all airways,
where they act as functional antagonists, reversing and
preventing contraction of airway smooth muscle cells
by all known bronchoconstrictors. This generalized
action is likely to account for their great efficacy as bron-
chodilators in asthma. There are also additional non-
bronchodilator effects that may be clinically useful,
including inhibition of mast cell mediator release, reduc-
tion in plasma exudation, and inhibition of sensory
nerve activation (Table 8-3). Inflammatory cells express
small numbers of B,-receptors, but these are rapidly
downregulated with B,-agonist activation so that, in
contrast to corticosteroids, there are no effects on
inflammatory cells in the airways, and there is no reduc-
tion in AHR.

Clinical use B,-Agonists are usually given by
inhalation to reduce side effects. Short-acting B,-agonists
(SABAs), such as albuterol and terbutaline, have a dura-
tion of action of 3 to 6 hours.They have a rapid onset of
bronchodilation and are therefore used as needed for
symptom relief. Increased use of SABAs indicates that
asthma is not controlled. They are also useful in prevent-
ing EIA if taken before exercise. SABAs are used in high

TABLE 8-3
EFFECTS OF B-ADRENERGIC AGONISTS ON AIRWAYS

Relaxation of airway smooth muscle (proximal and
distal airways)

Inhibition of mast cell mediator release

Inhibition of plasma exudation and airway edema

Increased mucociliary clearance

Increased mucus secretion

Decreased cough

No effect on chronic inflammation

doses by nebulizer or via a metered dose inhaler with a
spacer. Long-acting B,-agonists (LABAs) include salme-
terol and formoterol, both of which have a duration of
action over 12 hours and are given twice daily. LABAs
have replaced the regular use of SABAs, but LABAs
should not be given in the absence of ICS therapy
because they do not control the underlying inflamma-
tion. They do, however, improve asthma control and
reduce exacerbations when added to ICS, which allows
asthma to be controlled at lower doses of corticos-
teroids. This observation has led to the widespread use
of fixed combination inhalers that contain a corticos-
teroid and a LABA, which have proven to be highly
effective in the control of asthma.

Side effects Adverse effects are not usually a prob-
lem with B,-agonists when given by inhalation. The
most common side effects are muscle tremor and palpi-
tations, which are seen more commonly in elderly
patients. There is a small decrease in plasma potassium
because of increased uptake by skeletal muscle cells,
but this effect does not usually cause a clinical problem.

Tolerance Tolerance is a potential problem with any
agonist given chronically, but although there is down-
regulation of B,-receptors, this does not reduce the bron-
chodilator response because there is a large receptor
reserve in airway smooth muscle cells. By contrast, mast
cells become rapidly tolerant, but their tolerance may be
prevented by concomitant administration of ICS.

Safety The safety of B,-agonists has been an impor-
tant issue. There is an association between asthma mor-
tality and the amount of SABA used, but careful analysis
demonstrates that the increased use of rescue SABAs
reflects poor asthma control, which is a risk factor for
asthma death. The slight excess in mortality that has
been associated with the use of LABAs is related to the
lack of use of concomitant ICS because LABA therapy
does not deal with the underlying inflammation. This
highlights the importance of always using an ICS when
LABAs are given, which is most conveniently achieved
by using a combination inhaler.

Anticholinergics Muscarinic receptor antagonists,
such as ipratropium bromide, prevent cholinergic
nerve—induced bronchoconstriction and mucus secre-
tion. They are much less effective than B,-agonists in
asthma therapy because they inhibit only the choliner-
gic reflex component of bronchoconstriction, B,-agonists
prevent all bronchoconstrictor mechanisms. Anticholin-
ergics are therefore only used as an additional bron-
chodilator in patients with asthma that is not controlled
on other inhaled medications. High doses may be given
by nebulizer in treating acute severe asthma but should
only be given after B,-agonists because they have a
slower onset of bronchodilation.
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Side effects are not usually a problem because there
is little or no systemic absorption. The most common
side effect is dry mouth; in elderly patients, urinary
retention and glaucoma may also be observed.

Theophylline Theophylline was widely prescribed
as an oral bronchodilator several years ago, especially
because it was inexpensive. It has now fallen out of favor
because side effects are common and inhaled B,-
agonists are much more effective as bronchodilators.
The bronchodilator effect is caused by inhibition of
phosphodiesterases in airway smooth muscle cells,
which increases cyclic AMP, but doses required for bron-
chodilation commonly cause side effects that are medi-
ated mainly by phosphodiesterase inhibition. Increasing
evidence suggests that theophylline at lower doses has
anti-inflammatory effects, and these are likely to be
mediated through different molecular mechanisms.
There is evidence that theophylline activates the key
nuclear enzyme histone deacetylase-2, which is a critical
mechanism for switching off activated inflammatory
genes.

Clinical use Oral theophylline is usually given as a
slow-release preparation once or twice daily because
this gives more stable plasma concentrations than nor-
mal theophylline tablets. It may be used as an additional
bronchodilator in patients with severe asthma when
plasma concentrations of 10-20 mg/L are required,
although these concentrations are often associated with
side effects. Low doses of theophylline, giving plasma
concentrations of 5-10 mg/L, have additive effects to
ICSs and are particularly useful in patients with severe
asthma. Indeed, withdrawal of theophylline from these
patients may result in marked deterioration in asthma
control. The drug is well tolerated at low doses. IV
aminophylline (a soluble salt of theophylline) was used
for the treatment of patients with severe asthma but has
now been largely supplemented by inhaled SABAs,
which are more effective and have fewer side effects.
Aminophylline is occasionally used (via slow IV infusion)
in patients with severe exacerbations that are refractory
to high-dose SABAs.

Side effects Oral theophylline is well absorbed and
is largely inactivated in the liver. Side effects are related
to plasma concentrations; measurement of plasma
theophylline may be useful in determining the correct
dose.The most common side effects—nausea, vomiting,
and headaches—are caused by phosphodiesterase inhi-
bition. Diuresis and palpitations may also occur, and at
high concentrations, cardiac arrhythmias, epileptic
seizures, and death may occur because of adenosine
receptor antagonism. Theophylline’s side effects are
related to plasma concentration and are rarely observed
at plasma concentrations below 10 mg/L. Theophylline
is metabolized by CYP450 in the liver, and thus plasma

concentrations may be elevated by drugs that block
CYP450, such as erythromycin and allopurinol. Other
drugs may also reduce clearance by other mecha-
nisms leading to increased plasma concentrations
(Table 8-4).

Controller Therapies

Inhaled Corticosteroids |CSs are by far the most
effective controllers for asthma, and their early use has
revolutionized asthma therapy.

Mode of action ICSs are the most effective anti-
inflammatory agents used in asthma therapy, reducing
the number of inflammatory cells and their activation in
the airways. ICSs reduce eosinophils in the airways and
sputum and numbers of activated T lymphocytes and
surface mast cells in the airway mucosa. These effects
may account for the reduction in AHR that is seen with
chronic ICS therapy.

The molecular mechanism of action of corticos-
teroids involves several effects on the inflammatory
process. The major effect of corticosteroids is to switch
off the transcription of multiple activated genes that
encode inflammatory proteins, such as cytokines,
chemokines, adhesion molecules, and inflammatory
enzymes. This effect involves several mechanisms,
including inhibition of the transcription factors NFxB
and AP-1, but an important mechanism is recruitment
of histone deacetylase-2 to the inflammatory gene
complex, which reverses the histone acetylation associ-
ated with increased gene transcription. Corticosteroids
also activate anti-inflammatory genes, such as mitogen-
activated protein (MAP) kinase phosphatase-1, and
increase the expression of B,-receptors. Most of the
metabolic and endocrine side effects of corticosteroids
are also mediated through transcriptional activation.

TABLE 8-4

FACTORS AFFECTING CLEARANCE OF THEOPHYLLINE

Increased Clearance
Enzyme induction (rifampicin, phenobarbitone, ethanol)
Smoking (tobacco, marijuana)
High-protein, low-carbohydrate diet
Barbecued meat
Childhood
Decreased Clearance
Enzyme inhibition (cimetidine, erythromycin, ciprofloxacin,
allopurinol, zileuton, zafirlukast)
Congestive heart failure
Liver disease
Pneumonia
Viral infection and vaccination
High-carbohydrate diet
Old age




Clinical use |CSs are by far the most effective con-
trollers in the management of asthma and are beneficial
in treating asthma of any severity and age. ICSs are usu-
ally given twice daily, but some may be effective once
daily in mildly symptomatic patients. ICSs rapidly
improve the symptoms of asthma, and lung function
improves over several days. ICSs are effective in prevent-
ing asthma symptoms, such as EIA and nocturnal exac-
erbations, but they also prevent severe exacerbations.
ICSs reduce AHR, but maximal improvement may take
several months of therapy. Early treatment with ICSs
appears to prevent irreversible changes in airway func-
tion that occur with chronic asthma. Withdrawal of 1CSs
results in slow deterioration of asthma control, indicat-
ing that they suppress inflammation and symptoms but
do not cure the underlying condition. ICSs are now
given as first-line therapy for patients with persistent
asthma, but if they do not control symptoms at low
doses, it is usual to add a LABA as the next step.

Side effects Local side effects include hoarseness
(dysphonia) and oral candidiasis, which may be reduced
with the use of a large-volume spacer device. There has
been concern about systemic side effects from lung
absorption, but many studies have demonstrated that
ICSs have minimal systemic effects (Fig. 8-6). At the high-
est recommended doses, there may be some suppres-
sion of plasma and urinary cortisol concentrations, but
there is no convincing evidence that long-term treat-
ment leads to impaired growth in children or to osteo-
porosis in adults. Indeed, effective control of asthma
with ICSs reduces the number of courses of oral corti-
costeroids that are needed and thus reduces systemic
exposure to ICSs.

Systemic Corticosteroids Corticosteroids (hydro-
cortisone or methylprednisolone) are used intra-
venously for the treatment of acute severe asthma,

MDI

~10-20% inhaled

Mouth and Lungs

pharynx

Absorption
from Gl tract

Gl tract I

~80-90% swallowed
( wy spacer/mouth-wash)

Inactivation
in liver
“first pass”

although several studies now show that oral corticos-
teroids are as effective and easier to administer. A course
of oral corticosteroids (usually prednisone or pred-
nisolone 30-45 mg od for 5-10 days) is used to treat
acute exacerbations of asthma; no tapering of the dose is
needed. Approximately 1% of asthma patients may
require maintenance treatment with oral corticosteroids;
the lowest dose necessary to maintaining control needs
to be determined. Systemic side effects, including truncal
obesity, bruising, osteoporosis, diabetes, hypertension,
gastric ulceration, proximal myopathy, depression, and
cataracts may be a major problem, and steroid-sparing
therapies may be considered if side effects are a signifi-
cant problem. If patients require maintenance treatment
with oral corticosteroids, it is important to monitor bone
density so that preventive treatment with bisphospho-
nates (or estrogen in postmenopausal women) may be
initiated if bone density is low. IM triamcinolone ace-
tonide is a depot preparation that is occasionally used in
noncompliant patients, but proximal myopathy is a
major problem with this therapy.

Antileukotrienes Cysteinyl-leukotrienes are potent
bronchoconstrictors, cause microvascular leakage, and
increase eosinophilic inflammation through the activa-
tion of cys-LT,-receptors. These inflammatory mediators
are produced predominantly by mast cells and, to a
lesser extent, eosinophils in asthma. Antileukotrienes,
such as montelukast and zafirlukast, block cys-LT;-
receptors and provide a modest clinical benefit in
asthma. They are less effective than ICSs in controlling
asthma and have less effect on airway inflammation but
are useful as an add-on therapy in some patients not
controlled with low doses of ICSs (although they are less
effective than LABAs). They are given orally once or
twice daily and are well tolerated. Some patients show a
better response than others to antileukotrienes, but this

Systemic

circulation

FIGURE 8-6

Pharmacokinetics of inhaled corti-
costeroids. Gl, gastrointestinal; MDI,
metered dose inhaler.

Systemic
side effects
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has not been convincingly linked to any genomic differ-
ences in the leukotriene pathway.

Cromones Cromolyn sodium and nedocromil
sodium are asthma controller drugs that appear to
inhibit mast cell and sensory nerve activation and are
therefore effective in blocking trigger-induced
asthma, such as EIA, and allergen- and sulfur dioxide—
induced symptoms. Cromones have relatively little ben-
efit in the long-term control of asthma because of their
short duration of action (they are needed at least four
times daily by inhalation). They are very safe, and
although they were popular in the treatment of child-
hood asthma, low doses of ICSs are now preferred
because they are more effective and have a proven
safety profile.

Steroid-Sparing Therapies Various immuno-
modulatory treatments have been used to reduce the
requirement for oral corticosteroids in patients with
severe asthma who have serious side effects with this
therapy. Methotrexate, cyclosporine, azathioprine, gold,
and IV gamma globulin have all been used as steroid-
sparing therapies, but none of these treatments has any
long-term benefit, and each is associated with a rela-
tively high risk of side effects.

Anti-IgE Omalizumab is a blocking antibody that
neutralizes circulating IgE without binding to cell-
bound IgE; it thus inhibits IgE-mediated reactions. This
treatment has been shown to reduce the number of
exacerbations in patients with severe asthma and may
improve asthma control. However, the treatment is very
expensive and only suitable for highly selected patients
who are not controlled on maximal doses of inhaler
therapy and have a circulating IgE within a specified
range. Patients should be given a 3- to 4-month trial of
therapy to show objective benefit. Omalizumab is usu-
ally given as a subcutaneous injection every 2 to 4 weeks
and appears not to have significant side effects.

Immunotherapy Specific immunotherapy using
injected extracts of pollens or house dust mite has not
been very effective in controlling asthma and may cause
anaphylaxis. Side effects may be reduced by sublingual
dosing. It is not recommended in most asthma treat-
ment guidelines because of lack of evidence of clinical
efficacy.

Alternative Therapies Nonpharmacologic treat-
ments, including hypnosis, acupuncture, chiropraxy,
breathing control, yoga, and speleotherapy, may be pop-
ular with some patients. However, placebo-controlled
studies have shown that each of these treatments lacks
efficacy and cannot be recommended. However, they
are not detrimental and may be used as long as conven-
tional pharmacologic therapy is continued.

Future Therapies It has proven very difficult to
discover novel pharmaceutical therapies, particularly
because current therapy with corticosteroids and B,-
agonists is so effective in the majority of patients. How-
ever, there is a need for the development of new thera-
pies for patients with refractory asthma who have side
effects with systemic corticosteroids. Antagonists of
specific mediators have little or no benefit in asthma,
apart from antileukotrienes, which have a rather weak
effect, presumably reflecting the fact that multiple
mediators are involved. Antagonists of chemokine
receptors, particularly CCR3, are in development and
may be more effective. Novel anti-inflammatory treat-
ments that are in clinical development include
inhibitors of phosphodiesterase-4, NFxB, p38 MAP
kinase, and phosphoinositide-3 kinase. However, these
drugs, which act on signal transduction pathways com-
mon to many cells, are likely to have troublesome side
effects, necessitating their delivery by inhalation. Safer
and more effective immunotherapy using T cell peptide
fragments of allergens or DNA vaccination are also
being investigated. Bacterial products, such as CpG
oligonucleotides that stimulate Ty;1 immunity or regula-
tory T cells, are also currently under evaluation.

MANAGEMENT OF CHRONIC ASTHMA
There are several aims of chronic therapy in asthma (see
Table 8-2). It is important to establish the diagnosis
objectively using spirometry or PEF measurements at
home. Triggers that worsen asthma control, such as
allergens or occupational agents, should be avoided, but
triggers such as exercise and fog, which result in tran-
sient symptoms, provide an indication that more con-
troller therapy is needed.

Stepwise Therapy For patients with mild, inter-
mittent asthma, a short-acting B,-agonist is all that is
required (Fig. 8-7). However, use of a reliever medication
more than three times a week indicates the need for

OCs
LABA LABA
LABA ICS ICS
ICS IcS High dose | High dose
Low dose | Low dose
Short-acting Bo-agonist as required for symptom relief

Mild Mild Moderate  Severe Very severe
intermittent persistent persistent persistent persistent
FIGURE 8-7

Step-wise approach to asthma therapy according to the
severity of asthma and ability to control symptoms. ICS,
inhaled corticosteroid; LABA, long-acting B,-agonist; OCS,
oral corticosteroid.



regular controller therapy.The treatment of choice for all
patients is an ICS given twice daily. It is usual to start
with an intermediate dose (e.g., 200 pg bid of
beclomethasone dipropionate or equivalent) and to
decrease the dose if symptoms are controlled after 3
months. If symptoms are not controlled, an LABA should
be added, most conveniently by switching to a combi-
nation inhaler.The dose of controller should be adjusted
accordingly, as judged by the need for a rescue inhaler.
Low doses of theophylline or an antileukotriene may
also be considered as an add-on therapy, but these are
less effective than LABAs. In patients with severe
asthma, low-dose oral theophylline is also helpful, and
when there is irreversible airway narrowing, the long-
acting anticholinergic tiotropium bromide may be tried.
If asthma is not controlled despite the maximal recom-
mended dose of inhaled therapy, it is important to
check compliance and inhaler technique. In these
patients, maintenance treatment with an oral corticos-
teroid may be needed, and the lowest dose that main-
tains control should be used. Occasionally, omalizumab
may be tried in steroid-dependent asthmatics who are
not well controlled. After asthma is controlled, it is
important to slowly decrease therapy to find the opti-
mal dose to control symptoms.

Education Patients with asthma need to under-
stand how to use their medications and the difference
between reliever and controller therapies. Education
may improve compliance, particularly with I1CSs. All
patients should be taught how to use their inhalers cor-
rectly. In particular, they need to understand how to
recognize worsening of asthma and how to step up
therapy. Written action plans have been shown to
reduce hospital admissions and morbidity in adults and
children and are recommended particularly in patients
with unstable disease who have frequent exacerbations.

ACUTE SEVERE ASTHMA

Exacerbations of asthma are feared by patients and may
be life threatening. One of the main aims of controller
therapy is to prevent exacerbations; in this respect, ICS
and combination inhalers are very effective.

CLINICAL FEATURES

Patients are aware of increasing chest tightness, wheez-
ing, and dyspnea that are often not or poorly relieved by
their usual reliever inhaler. In severe exacerbations,
patients may be so breathless that they are unable to
complete sentences and may become cyanotic. Exami-
nation usually shows increased ventilation, hyperinfla-
tion, and tachycardia. Pulsus paradoxus may be present,

but this is rarely a useful clinical sign. There is a marked 75

decrease in spirometric values and PEE Arterial blood
gases on air show hypoxia and Pacg, is usually low
because of hyperventilation. A normal or increasing
Pacos, is an indication of impending respiratory failure
and requires immediate monitoring and therapy. Chest
radiography is not usually informative but may show
pneumonia or pneumothorax.

B( Treatment:
ACUTE SEVERE ASTHMA

A high concentration of oxygen should be given by face
mask to achieve oxygen saturation of above 90%. The
mainstay of treatment is high doses of short-acting
inhaled B,-agonists that are given either by nebulizer or
via a metered dose inhaler with a spacer. In severely ill
patients with impending respiratory failure, IV j,-
agonists may be given. An inhaled anticholinergic agent
may be added if there is not a satisfactory response to
B,-agonists alone because there are additive effects. In
patients who are refractory to inhaled therapies, a slow
infusion of aminophylline may be effective, but it is
important to monitor blood levels especially if patients
have already been treated with oral theophylline. Mag-
nesium sulfate given IV or by nebulizer has also been
shown to be effective when added to inhaled B,-
agonists, and is relatively well tolerated but is not rou-
tinely recommended. Prophylactic intubation may be
indicated for impending respiratory failure when the
Pacg, is normal or increases. For patients with respiratory
failure, it is necessary to intubate and institute ventila-
tion. These patients may benefit from an anesthetic,
such as halothane, if they have not responded to con-
ventional bronchodilators. Sedatives should never be
given because they may depress ventilation. Antibiotics
should not be used routinely unless there are signs of
pneumonia.

REFRACTORY ASTHMA

Although asthma is easily controlled in most patients with
appropriate medication, the disease is difficult to control
in a small proportion of patients (~5% of asthmatics)
despite maximal inhaled therapy. Some of these patients
require maintenance treatment with oral corticosteroids.
In managing these patients, it is important to investigate
and correct any mechanisms that may be aggravating
asthma. There are two major patterns of difficult asthma:
some patients have persistent symptoms and poor lung
function despite appropriate therapy, and others may have
normal or near-normal lung function but intermittent,
severe (sometimes life-threatening) exacerbations.
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The most common reason for poor control of asthma is
noncompliance with medication, particularly ICS.
Compliance with ICS may be low because patients do
not feel any immediate clinical benefit or may be con-
cerned about side effects. Compliance with ICS is
difficult to monitor because there are no useful plasma
measurements that can be made. Compliance may be
improved by giving the ICS as a combination with a
LABA that gives symptom relief. Compliance with oral
corticosteroids may be measured by suppression of
plasma cortisol and the expected concentration of pred-
nisone or prednisolone in the plasma. There are several
factors that may make asthma more difficult to control,
including exposure to high ambient levels of allergens or
unidentified occupational agents. Severe rhinosinusitis
may make asthma more difficult to control; upper air-
way disease should be vigorously treated. Gastroe-
sophageal reflux is common among asthmatics because
of bronchodilator therapy, but there is little evidence
that it is a significant factor in worsening asthma, and
treatment of the reflux is not usually effective at improv-
ing asthma symptoms. Some patients may have chronic
infection with Mycoplasma pneumoniae or Chlamydophila
pneumoniae and benefit from treatment with a macrolide
antibiotic. Drugs such as B-adrenergic blockers, aspirin,
and other cyclooxygenase (COX) inhibitors may worsen
asthma. Some women develop severe premenstrual
worsening of asthma, which is unresponsive to corticos-
teroids and requires treatment with progesterone or
gonadotropin-releasing factors. Few systemic diseases
make asthma more difficult to control, but hyper- and
hypothyroidism may increase asthma symptoms and
should be investigated if suspected.

Relatively little is known about the pathology of
refractory asthma because biopsy studies are more diffi-
cult in these patients. Some patients show the typical
eosinophilic pattern of inflammation, but others have a
predominantly neutrophilic pattern. There may be an
increase in Tyl cells and CD8 lymphocytes compared
with mild asthma and increased expression of TNF o.
Structural changes in the airway, including fibrosis,
angiogenesis, and airway smooth muscle thickening, are
more commonly seen in these patients.

DIFFERENTIAL DIAGNOSIS

Some patients who apparently have difficult-to-control
asthma also have vocal cord dysfunction, resulting in
wheezing or stridor. This symptom is thought to be an
attention-seeking hysterical conversion syndrome and
may lead to escalating doses of asthma therapy, with
some patients taking high doses of oral corticosteroids. It
may be recognized by the characteristic discrepancy
between tests of forced expiration, such as FEV; and

PEE and relatively normal airway resistance. Direct
inspection by laryngoscopy may confirm adduction of
the vocal cords at the time of symptoms. This condition
is usually difficult to manage, but it is important that
patients be weaned oft oral and ICSs. Speech therapy is
sometimes beneficial. Some patients with COPD may
be diagnosed as asthmatic and may show the characteris-
tic poor response to corticosteroids and bronchodilators,
but this situation is complicated by the fact that some
patients with COPD also have concomitant asthma.

CORTICOSTEROID-RESISTANT ASTHMA

A few patients with asthma show a poor response to
corticosteroid therapy and may have various molecular
abnormalities that impair the anti-inflammatory action of
corticosteroids. Complete resistance to corticosteroids is
extremely uncommon and affects fewer than one in
1000 patients. It is defined by a failure to respond to a
high dose of oral prednisone or prednisolone (40 mg od
over 2 weeks), ideally with a 2-week run-in with
matched placebo. More common is reduced responsive-
ness to corticosteroids in which control of asthma
requires oral corticosteroids (corticosteroid-dependent
asthma). In all patients with poor responsiveness to cor-
ticosteroids, there is a reduction in the response of circu-
lating monocytes and lymphocytes to the anti-inflammatory
effects of corticosteroids in vitro and reduced skin
blanching in response to topical corticosteroids. Several
mechanisms have been described, including an excess of
the transcription factor AP-1, an increase in the alterna-
tively spliced form of the glucocorticoid receptor GR-B,
an abnormal pattern of histone acetylation in response
to corticosteroids, a defect in IL-10 production, and a
reduction in histone deacetylase activity (as in COPD).
These observations suggest that there are likely to be
heterogeneous mechanisms for corticosteroid resistance;
whether these mechanisms are genetically determined
has yet to be determined.

BRITTLE ASTHMA

Some patients show chaotic variations in lung function
despite taking appropriate therapy. Some show a persis-
tent pattern of variability and may require oral corticos-
teroids or, at times, continuous infusion of B,-agonists
(type I brittle asthma), and others have generally normal
or near-normal lung function but precipitous, unpre-
dictable decreases in lung function that may result in
death (type 2 brittle asthma). These latter patients are
difficult to manage because they do not respond well to
corticosteroids, and the worsening of asthma does not
reverse well with inhaled bronchodilators. The most
effective therapy is subcutaneous epinephrine, which
suggests that the worsening is likely to be a localized air-
way anaphylactic reaction with edema. Some of these



patients may be allergic to specific foods. These patients
should be taught to selt-administer epinephrine and
should carry a medical warning accordingly.

Treatment:
REFRACTORY ASTHMA

Refractory asthma is difficult to control, by definition. It
is important to check compliance and the correct use of
inhalers and to identify and eliminate any underlying
triggers. Low doses of theophylline may be helpful in
some patients, and theophylline withdrawal has been
found to worsen many patients’ symptoms. Most of
these patients require maintenance treatment with oral
corticosteroids, and the minimal dose that achieves sat-
isfactory control should be determined by careful dose
titration. Steroid-sparing therapies are rarely effective. In
some patients with allergic asthma, omalizumab is effec-
tive, particularly when there are frequent exacerbations.
There is some evidence that anti-TNF therapy may be
effective, but this is controversial and very expensive. A
few patients may benefit from infusions of B,-agonists.
New therapies are needed for these patients, who cur-
rently consume a disproportionate amount of health
care spending.

SPECIAL CONSIDERATIONS

Although asthma is usually straightforward to manage,
there are some situations that may require additional
investigation and different therapy.

ASPIRIN-SENSITIVE ASTHMA

A small proportion (~1%) of patients with asthma have
worse disease with aspirin and other COX inhibitors,
although this is much more commonly seen in severe
patients and in those with frequent hospital admission.
Aspirin-sensitive asthma is a well-defined subtype of
asthma that is usually preceded by perennial rhinitis and
nasal polyps in nonatopic patients with a late onset of the
disease. Aspirin, even in small doses, characteristically
provokes rhinorrhea, conjunctival irritation, facial flush-
ing, and wheezing. There is a genetic predisposition to
increased production of cysteinyl-leukotrienes with
functional polymorphism of cys-leukotriene synthase.
Asthma is triggered by COX inhibitors but is persistent
even in their absence. All nonselective COX inhibitors
should be avoided, but selective COX-2 inhibitors are
apparently safe to use when an anti-inflammatory anal-
gesic is needed. Patients with aspirin-sensitive asthma
respond to usual therapy with an ICS. Although

antileukotrienes should be effective in these patients, 77

they are no more effective than in those with allergic
asthma. Occasionally, aspirin desensitization is necessary,
but this should only be undertaken in specialized centers.

ASTHMA IN THE ELDERLY

Asthma may start at any age, including in elderly
patients. The principles of management are the same as
in other asthmatics, but side effects of therapy may be a
problem, including muscle tremor with B,-agonists and
more systemic side effects with ICSs. Comorbidities are
more frequent in this age group, and interactions with
drugs such as B, blockers, COX inhibitors, and agents
that may affect theophylline metabolism need to be
considered. COPD is more likely in elderly patients and
may coexist with asthma. A trial of oral corticosteroids
may be very useful in documenting the steroid respon-
siveness of asthma.

PREGNANCY

Approximately one-third of asthmatic patients who are
pregnant improve during the course of a pregnancy,
one-third deteriorate, and one-third are unchanged. It is
important to maintain good control of asthma because
poor control may have adverse eftects on fetal develop-
ment. Compliance may be a problem because there is
often concern about the effects of anti-asthma medica-
tions on fetal development. The drugs that have been
used for many years in asthma therapy have now been
shown to be safe and without teratogenic potential.
These drugs include short-acting B,-agonists, ICSs, and
theophylline; there is less safety information about
newer classes of drugs such as LABAs, antileukotrienes,
and anti-IgE. If an oral corticosteroid is needed, it is bet-
ter to use prednisone rather than prednisolone because it
cannot be converted to the active prednisolone by the
fetal liver, thus protecting the fetus from systemic effects
of the corticosteroid. There is no contraindication to
breast-feeding when patients are using these drugs.

CIGARETTE SMOKING

Approximately 20% of asthmatics smoke, which may
adversely affect asthma in several ways. Smoking asth-
matics have more severe disease, more frequent hospital
admissions, a faster decline in lung function, and a
higher risk of death from asthma than nonsmoking asth-
matics. There is evidence that smoking interferes with
the anti-inflammatory actions of corticosteroids, necessi-
tating higher doses for asthma control. Smoking cessa-
tion improves lung function and reverses the steroid
resistance; thus, vigorous smoking cessation strategies
should be used. Some patients report a temporary wors-
ening of asthma when they first stop smoking, which

~
=
>
)
—
m
)
©0

RWILSY



78 may be caused by the loss of the bronchodilating effect

w
m
)
=
(=)
=

wa)sAs Alojelidsay ayy Jo saseasig

of NO in cigarette smoke.

SURGERY

If asthma is well controlled, there is no contraindication
to general anesthesia and intubation. Patients who are
treated with oral corticosteroids will have adrenal sup-
pression and should be treated with an increased dose of
oral corticosteroid immediately before surgery. Patients
with FEV, below 80% of their normal levels should also
be given a boost of oral corticosteroids before surgery.
High maintenance doses of corticosteroids may be a
contraindication to surgery because of increased risks of
infection and delayed wound healing.

BRONCHOPULMONARY ASPERGILLOSIS

BPA is uncommon and results from an allergic pul-
monary reaction to inhaled spores of Aspergillus fumigatus
and, occasionally, other Aspergillus spp. A skin prick test
to A. fumigatus is always positive, but serum Aspergillus
precipitins are low or undetectable. Characteristically,
there are fleeting eosinophilic infiltrates in the lungs,
particularly in the upper lobes. As airways become
blocked with mucoid plugs rich in eosinophils, patients
may cough up brown plugs and have hemoptysis. BPA
may result in bronchiectasis, particularly affecting central
airways, if not suppressed by corticosteroids. Asthma is
controlled in the usual way by ICSs, but it is necessary
to give a course of oral corticosteroids if there is any
sign of worsening or pulmonary shadowing is found.
Treatment with the oral antifungal itraconazole is bene-
ficial in preventing exacerbations.
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HYPERSENSITIVITY PNEUMONITIS

First described in 1874, hypersensitivity pneumonitis
(HP), or extrinsic allergic alveolitis, is an inflammatory
disorder of the lung involving alveolar walls and terminal
airways that 1s induced in a susceptible host by repeated
inhalation of a variety of organic agents. Factors respon-
sible for the expression of HP include both those related
to the host (susceptibility) and the inciting agent. Causes
of HP are typically designated with colorful names
denoting the occupational or avocational risk associated
with the disease; for example, “farmer’s lung” is the term
most commonly used for HP caused by inhalation of
antigens present in moldy hay, such as thermophilic
actinomyces, Micropolyspora faeni, and Aspergillus spp. The
frequency of HP varies with the environmental exposure
and the specific antigen involved.

ETIOLOGY

Agents implicated as causes of HP are diverse and include
those listed in Table 9-1. In the United States, the most
common types of HP are farmers lung, bird fancier’s
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lung, and chemical workers lung. In farmer’s lung, inhala-
tion of proteins such as thermophilic bacteria and fungal
spores that are present in moldy bedding and feed are
most commonly responsible for the development of HP.
These antigens are probably also responsible for the etiol-
ogy of mushroom worker’s disease (moldy composted
growth medium is the source of the proteins) and bagas-
sosis (moldy sugar cane is the source). Bird fancier’s lung
(and the related disorders of duck fever, turkey handler’s
lung, and dove pillow’s lung) is a response to inhalation of
proteins from feathers and droppings. Chemical worker’s
lung is an example of how simple chemicals, such as iso-
cyanates, may also cause immune-mediated diseases.

PATHOGENESIS

The finding that precipitating antibodies against extracts
of moldy hay were demonstrable in most patients with
farmer’s lung led to the early conclusion that HP was an
immune complex—mediated reaction. Subsequent inves-
tigations of HP in human beings and animal models
provided evidence for the importance of cell-mediated
hypersensitivity. The very early (acute) reaction is
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TABLE 9-1

SELECTED EXAMPLES OF HYPERSENSITIVITY PNEUMONITIS (HP)

DISEASE

ANTIGEN

SOURCE OF ANTIGEN

Bagassosis

Bird fancier’s, breeder’s, or
handler’s lung®

Cephalosporium HP

Cheese washer’s lung

Chemical worker’s lung®

Coffee worker’s lung

Compost lung

Detergent worker’s disease

Familial HP

Farmer’s lung®

Fish food lung

Fish meal worker’s lung
Furrier’s lung

Hot tub lung

Humidifier or air-conditioner
lung (ventilation
pneumonitis)

Japanese summer-type HP

Laboratory worker’s HP
Lycoperdonosis

Malt worker’s lung

Maple bark disease
Metalworking fluid lung
Miller’s lung

Miscellaneous medications

Mushroom worker’s lung

Pituitary snuff taker’s lung
Potato riddler’s lung

Sauna taker’s lung
Sausage worker’s lung
Sequoiosis
Streptomyces albus HP
Suberosis

Tap water lung

Thatched roof disease
Tobacco worker’s disease
Winegrower’s lung

Wood trimmer’s disease
Woodman’s disease
Woodworker’s lung

Thermophilic actinomycetes?
Parakeet, pigeon, chicken, turkey proteins

Contaminated basement (sewage)

Penicillium casei

Isocyanates

Coffee bean dust

Aspergillus spp.

Bacillus subtilis
enzymes (subtilisins)

Bacillus subtilis

Thermophilic actinomycetes?

Unknown

Fish meal dust

Animal fur dust

Cladosporium spp., Mycobacterium
avium complex

Aureobasidium pullulans, Candida albicans,
Thermophilic actinomycetes,?
mycobacterium spp., other
microorganisms

Trichosporon cutaneum, T. asabhii,
and T. mucoides

Male rat urine

Lycoperdon puffballs

Aspergillus fumigatus or A. clavatus

Cryptostroma corticale

Mycobacterium spp., Pseudomonas spp.

Sitophilus granarius (wheat weevil)

Amiodarone, bleomycin, efavirenz,
gemcitabine, hydralazine,
hydroxyurea, isoniazid, methotrexate,
paclitaxel, penicillin, procarbazine,
propranolol, riluzole, sirolimus,
sulfasalazine

Thermophilic actinomycetes,? Hypsizigus
marmoreus, Bunashimeji spp., and other
exotic mushrooms

Animal proteins

Thermophilic actinomycetes,
aAspergillus spp.

Aureobasidium spp., other

Penicillium nalgiovense

Aureobasidium spp., Graphium spp.

Streptomyces albus

Penicillium glabrum and
Chrysonilia sitophila

Mycobacteria spp.

Sacchoromonospora viridis

Aspergillus spp.

Botrytis cinerea

Rhizopus spp., Mucor spp.

Penicillium spp.

Wood dust, Alternaria

“Moldy” bagasse (sugar cane)
Avian droppings or feathers

Cephalosporium spp.

Moldy cheese

Polyurethane foam, varnishes, lacquer
Coffee beans

Compost

Detergent

Contaminated wood dust in walls
“Moldy” hay, grain, silage

Fish food

Fish meal

Animal pelts

Mold on ceiling; contaminated water

Contaminated water in humidification
or forced-air air-conditioning systems

House dust? Bird droppings

Laboratory rat

Puffball spores

Moldy barley

Maple bark

Contaminated metalworking fluid
Infested wheat flour

Medication

Mushroom compost; mushrooms

Heterologous pituitary snuff
“Moldy” hay around potatoes

Contaminated sauna water
Dry sausage mold
Redwood sawdust
Contaminated fertilizer
Cork dust

Contaminated tap water

Dried grasses and leaves

Mold on tobacco

Mold on grapes

Contaminated wood trimmings

Oak and maple trees

Oak, cedar, pine, and mahogany dusts

aThermophilic actinomycetes species include Micropolyspora faeni, Thermoactinomyces vulgaris, T. saccharrii, T. viridis, and T. candidus.
bMost common causes of hypersensitivity pneumonitis in the United States.



characterized by an increase in polymorphonuclear
leukocytes in the alveoli and small airways. This early
lesion 1s followed by an influx of mononuclear cells into
the lung and the formation of granulomas that appear to
be the result of a classic delayed (T cell-mediated) hyper-
sensitivity reaction to repeated inhalation of antigen and
adjuvant-active materials. Studies in animal models sug-
gest that the disease is a Tyyl-mediated immune response
to antigen, with interferon 7, interleukin (IL) 12, and
possibly IL-18 contributing to disease expression. Most
likely, multiple cytokines [including also IL-1P, trans-
forming growth factor (TGF) P, tumor necrosis factor
(TNF) o and others| interact to promote HP; their
source includes both alveolar macrophages and T lym-
phocytes in the lung. Recent data support a genetic
predisposition to the development of HP; certain poly-
morphisms of the TNF-o promoter region reportedly
confer an enhanced susceptibility to pigeon breeder’s
disease.

The attraction and accumulation of inflammatory cells
in the lung may be caused by one or more of the follow-
ing mechanisms: induction of the adhesion molecules
L-selectin and E-selectin, elaboration by dendritic cells of
CC chemokine 1 (DC-CK-1/CCL18), and increased
expression of CXCR3/CXCL10 by CD4" and CD8"
lymphocytes. Increased levels of Fas protein and FasL in
the lung (which would be expected to suppress inflam-
mation by induction of T cell apoptosis) is counterbalanced
by increased expression of the inducible antiapoptotic
gene Bcl-xL, resulting in a lower overall level of pulmonary
lymphocyte apoptosis in HP patients.

Bronchoalveolar lavage (BAL) in patients with HP
consistently demonstrates an increase in T lymphocytes
in lavage fluid (a finding that is also observed in patients
with other granulomatous lung disorders). Patients with
recent or continual exposure to antigen may have an
increase in polymorphonuclear leukocytes in lavage
fluid; this has been associated with lung fibrosis. A role
for oxidant injury has been proposed in HP. Several
markers of oxidative stress are reported to be increased
during exacerbation of HP and are reduced by treat-
ment with glucocorticoids.

CLINICAL PRESENTATION

The clinical picture is that of an interstitial pneumonitis,
which varies from patient to patient and seems related to
the frequency and intensity of exposure to the causative
antigen and perhaps other host factors. The presentation
can be acute, subacute, or chronic. In the acute form,
symptoms such as cough, fever, chills, malaise, and dysp-
nea may occur 6—8 h after exposure to the antigen and
usually clear within a few days if there is no further expo-
sure to antigen. The subacute form often appears insidiously
over a period of weeks marked by cough and dyspnea
and may progress to cyanosis and severe dyspnea requiring

hospitalization. In some patients, a subacute form of the §1

disease may persist after an acute presentation of the dis-
order, especially if there is continued exposure to antigen.
In most patients with the acute or subacute form of HP,
the symptoms, signs, and other manifestations of HP dis-
appear within days, weeks, or months if the causative
agent is no longer inhaled. Transformation to a chronic
form of the disease may occur in patients with continued
antigen exposure, but the frequency of such progression is
uncertain.

The chronic form of HP may be clinically indistin-
guishable from pulmonary fibrosis due to a wide variety
of causes. Physical examination may reveal clubbing. This
stage may progressively worsen, resulting in dependence
on supplemental oxygen, pulmonary hypertension, and
respiratory failure. Pulmonary fibrosis is the clinical man-
ifestation of HP with the greatest predictive value for
mortality. An indolent, gradually progressive form of the
disease can be associated with cough and exertional dys-
pnea without a history consistent with acute or subacute
manifestations. Such a gradual onset frequently occurs
with low-dose exposure to the antigen.

DIAGNOSIS

All forms of the disease may be associated with elevations
in erythrocyte sedimentation rate, C-reactive protein,
rheumatoid factor, and serum immunoglobulins. After
acute exposure to antigen, neutrophilia and lymphopenia
are frequently present. Eosinophilia is not a feature.
Examination for serum precipitins against suspected anti-
gens, such as those listed in Table 9-1, is an important part
of the diagnostic workup and should be performed on
any patient with interstitial lung disease, especially if a
suggestive exposure history is elicited. If found, precipitins
indicate sufficient exposure to the causative agent for
generation of an immunologic response. The diagnosis of
HP is not established solely by the presence of precipitins,
however, because precipitins are found in sera of many
individuals exposed to appropriate antigens who demon-
strate no other evidence of HP. False-negative results may
occur because of poor-quality antigens or an inappropri-
ate choice of antigens. Extraction of antigens from the
suspected source may at times be helpful.

The chest x-ray shows no specific or distinctive
changes in HP. It can be normal even in symptomatic
patients. The acute or subacute phases may be associated
with poorly defined, patchy, or diffuse infiltrates or with
discrete, nodular infiltrates. In the chronic phase, the
chest x-ray usually shows a diffuse reticulonodular infil-
trate. Honeycombing may eventually develop as the con-
dition progresses. Apical sparing is common, suggesting
that disease severity correlates with inhaled antigen load,
but no particular distribution or pattern is classic for HP.
Abnormalities rarely seen in HP include pleural effusion
or thickening and hilar adenopathy. High-resolution
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imaging of HP, and a consensus is developing as to the
typical appearance of the disease. Although pathogno-
monic features have not been identified, acute HP may
appear with confluent alveolar opacification. In subacute
disease, centrilobular nodules and “ground-glass” changes
predominate in the lower lobes, and expiratory views
may demonstrate air trapping; this pattern is more com-
mon in individuals whose exposure to antigen continues
rather than those in whom removal from antigen expo-
sure has occurred. In chronic HP, patchy emphysema is
seen more often than interstitial fibrosis; subpleural
linear opacities and honeycombing are common, and
these changes may be found throughout the lung. Hilar
or mediastinal adenopathy is not associated with HP
(Fig. 9-1).

Pulmonary function studies in all forms of HP may
show a restrictive or an obstructive pattern with loss of
lung volumes, impaired diftusion capacity, decreased
compliance, and exercise-induced hypoxemia. Resting
hypoxemia may also be found. Bronchospasm and
bronchial hyperreactivity are sometimes found in acute
HP. With antigen avoidance, the pulmonary function
abnormalities are usually reversible, but they may gradu-
ally increase in severity or may occur rapidly after acute
or subacute exposure to antigen.

BAL is used in some centers to aid in diagnostic eval-
uation. A marked lymphocytic alveolitis on BAL is
almost universal, although not pathognomonic. Lym-
phocytes typically have a decreased helper/suppressor
ratio and are activated. Alveolar neutrophilia is also
prominent acutely but tends to fade in the absence of
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FIGURE 9-1
Chest CT scan of a patient with acute hypersensitivity pneu-
monitis in which scattered regions of ground-glass and
nodular infiltrates are seen bilaterally. (Courtesy of JS Wilson,
with permission.)

recurrent exposure. Bronchoalveolar mastocytosis may
correlate with disease activity.

Lung biopsy, obtained through flexible bronchoscopy;,
open-lung procedures, or thoracoscopy, may be diagnos-
tic. Although the histopathology is distinctive, it may not
be pathognomonic of HP (Fig. 9-2). When the biopsy
is taken during the active phase of disease, typical find-
ings include an interstitial alveolar infiltrate consisting of
plasma cells, lymphocytes, and occasional eosinophils
and neutrophils, usually accompanied by loose, non-
caseating peribronchial granulomas. Interstitial fibrosis
may be present but most often is mild in earlier stages of
the disease. Some degree of bronchiolitis is found in
about half of cases. Rarely, bronchiolitis obliterans with
organizing pneumonia (BOOP) (Chap. 19) may be pre-
sent. The triad of mononuclear bronchiolitis; interstitial
infiltrates of lymphocytes and plasma cells; and single,
nonnecrotizing, and randomly scattered parenchymal
granulomas without mural vascular involvement is con-
sistent with but not specitic for HP.

A prediction rule for the clinical diagnosis of HP has been
developed by the International Hypersensitivity Pneu-
monitis Study Group. Six significant predictors of HP
(exposure to a known antigen, positive predictive antibod-
ies to the antigen, recurrent episodes of symptoms, inspira-
tory crackles, symptoms developing 4-8 hours after
exposure, and weight loss) were retrospectively developed
and then validated in a separate cohort. This diagnostic
paradigm has a high predictive value in the diagnosis of
HP without the need for invasive testing. In cases where
only a subset of the criteria are fulfilled, the diagnosis is
less clearly established. It is clear, however, that the diagnosis
of HP is established by (1) consistent symptoms, physical

FIG

Open-lung biopsy from a patient with acute hypersensitivity
pneumonitis demonstrating loose, nonnecrotizing granulomas
and thickened interstitium with an associated interstitial inflam-
matory response. (Courtesy of B DeYoung, with permission.)



findings, pulmonary function tests, and radiographic tests;
(2) a history of exposure to a recognized antigen; and (3)
ideally, identification of an antibody to that antigen. In
some circumstances, BAL, lung biopsy, or both may be
needed. The most important tool in diagnosing HP con-
tinues to be a high index of suspicion!

DIFFERENTIAL DIAGNOSIS

Chronic HP may often be difficult to distinguish from a
number of other interstitial lung disorders (Chap. 19). A
negative history for use of relevant drugs and no evi-
dence of a systemic disorder usually exclude the pres-
ence of drug-induced lung disease or a collagen vascular
disorder. BAL often shows predominance of neutrophils
in idiopathic pulmonary fibrosis (IPF) and a predomi-
nance of CD4+ lymphocytes in sarcoidosis. Hilar or
paratracheal lymphadenopathy or evidence of multisys-
tem involvement also favors the diagnosis of sarcoidosis.
In some patients, a lung biopsy may be required to dif-
ferentiate chronic HP from other interstitial diseases.
The lung disease associated with acute or subacute HP
may clinically resemble other disorders that present with
systemic symptoms and recurrent pulmonary infiltrates,
including the allergic bronchopulmonary mycoses and
other eosinophilic pneumonias. Gene cluster analysis of
DNA from lung biopsies of patients with fibrotic lung
disease has shown a significantly different gene expres-
sion profile in HP and IPE Whereas HP biopsies
expressed T cell and other genes related to inflamma-
tion, the IPF patients had greater expression of genes
associated with pulmonary remodeling, especially
epithelial and myofibroblast genes. Although, this finding
may be related to the disease stage in which the disor-
ders were diagnosed, they suggest that such analyses may
be clinically useful in the future.

Eosinophilic pneumonia is often associated with
asthma and is typified by peripheral eosinophilia; neither
of these is a feature of HP. Allergic bronchopulmonary
aspergillosis (ABPA) is the most common example of
the allergic bronchopulmonary mycoses and is some-
times confused with HP because of the presence of pre-
cipitating antibodies to Aspergillus fumigatus. ABPA is
associated with allergic (atopic) asthma. Acute HP may
be confused with organic dust toxic syndrome (ODTS), a
condition that is more common than HP. ODTS occurs
after heavy exposure to organic dusts and is character-
ized by transient fever and muscle aches with or without
dyspnea and cough. Serum precipitins are absent, and
the chest x-ray is usually normal. This distinction is
important because ODTS is a self-limited disorder
without significant long-term sequelae, but continued
antigen exposure in patients with HP can result in per-
manent disability. Massive exposure to moldy silage may
result in a syndrome termed pulmonary mycotoxicosis, with
fever, chills, and cough and the presence of pulmonary

infiltrates within a few hours of exposure. No previous §3

sensitization is required, and precipitins are absent to
Aspergillus spp., the suspected causative agent.

Treatment:
HYPERSENSITIVITY PNEUMONITIS

Because effective treatment depends largely on avoid-
ing the antigen, identification of the causative agent
and its source is essential. This is usually possible if the
physician takes a careful environmental and occupa-
tional history or, if necessary, visits the patient’s envi-
ronment. The simplest way to avoid the incriminated
agent is to remove the patient from the environment
or the source of the agent from the patient’s environ-
ment. This recommendation cannot be taken lightly
when it completely changes the lifestyle or livelihood
of the patient. In many cases, however, the source of
exposure (birds, humidifiers) can easily be removed.
Pollen masks, personal dust respirators, airstream hel-
mets, and ventilated helmets with a supply of fresh air
are increasingly efficient means of purifying inhaled
air. If symptoms recur or physiologic abnormalities
progress despite these measures, then more effective
measures to avoid antigen exposure must be pursued.
The chronic form of HP typically results from low-
grade or recurrent exposure over many months to
years, and the lung disease may already be partially or
completely irreversible. These patients are usually
advised to avoid all possible contact with the offend-
ing agent.

Patients with the acute recurrent form of HP usually
recover without need for glucocorticoids. Subacute HP
may be associated with severe symptoms and marked
physiologic impairment and may continue to progress
for several days despite hospitalization. Urgent estab-
lishment of the diagnosis and prompt institution of
glucocorticoid treatment are indicated in such
patients. Prednisone at a dosage of 1 mg/kg per day or
its equivalent is continued for 7-14 days and then
tapered over the ensuing 2-6 weeks at a rate that
depends on the patient’s clinical status. Patients with
chronic HP may gradually recover without therapy
after environmental control. In many patients, how-
ever, a trial of prednisone may be useful to obtain
maximal reversibility of the lung disease. After initial
prednisone therapy (1 mg/kg per day for 2-4 weeks),
the drug is tapered to the lowest dosage that will
maintain the functional status of the patient. Many
patients will not require or benefit from long-term
therapy if there is no further exposure to the antigen.
Regrettably, available studies demonstrate no effect of
glucocorticoid therapy on long-term prognosis of
patients with farmer’s lung.
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WITH EOSINOPHILIA

Pulmonary infiltrates with eosinophilia (PIE, eosinophilic
pneumonias) include distinct individual syndromes charac-
terized by eosinophilic pulmonary infiltrates and, com-
monly, peripheral blood eosinophilia. Since Loefter’s
initial description of a transient, benign syndrome of
migratory pulmonary infiltrates and peripheral blood
eosinophilia of unknown cause, this group of disorders has
been enlarged to include several diseases of both known
and unknown etiology (Table 9-2). These diseases may
be considered as immunologically mediated lung diseases
but are not to be confused with HP, in which eosinophilia
is not a feature.

When an eosinophilic pneumonia is associated with
bronchial asthma, it is important to determine if the
patient has atopic asthma and has wheal-and-flare skin
reactivity to Aspergillus spp. or other relevant fungal anti-
gens. If so, other criteria should be sought for the diag-
nosis of ABPA (Table 9-3) or other, rarer examples of
allergic bronchopulmonary mycosis such as those caused
by Penicillium, Candida, Curvularia, or Helminthosporium
spp. A. fumigatus 1s the most common cause of ABPA.
The chest radiograph in ABPA may show transient,
recurrent infiltrates or may suggest the presence of prox-
imal bronchiectasis. High-resolution chest CT is a sensitive,
noninvasive technique for the recognition of proximal
bronchiectasis. The bronchial asthma of ABPA likely
involves an IgE-mediated hypersensitivity, whereas the
bronchiectasis associated with this disorder is thought to
result from a deposition of immune complexes in proxi-
mal airways. Adequate treatment usually requires the
long-term use of systemic glucocorticoids.

A travel history or evidence of recent immigration
should prompt the consideration of parasite-associated
disorders. Tropical eosinophilia is usually caused by filarial
infection; however, eosinophilic pneumonias also occur
with other parasites such as Ascaris spp., Ancylostoma spp.,
Toxocara spp., and Strongyloides stercoralis. Tropical

TABLE 9-2

PULMONARY INFILTRATES WITH EOSINOPHILIA

Etiology Known
Allergic bronchopulmonary mycoses
Parasitic infestations
Drug reactions
Eosinophilia-myalgia syndrome
Idiopathic
Loeffler's syndrome
Acute eosinophilic pneumonia
Chronic eosinophilic pneumonia
Allergic granulomatosis of Churg and Strauss
Hypereosinophilic syndrome

TABLE 9-3

DIAGNOSTIC FEATURES OF ALLERGIC
BRONCHOPULMONARY ASPERGILLOSIS (ABPA)

Main Diagnostic Criteria

Bronchial asthma

Pulmonary infiltrates

Peripheral eosinophilia (>1000/uL)
Immediate wheal-and-flare response to
Aspergillus fumigatus

Serum precipitins to A. fumigatus
Elevated serum IgE

Central bronchiectasis

Other Diagnostic Features
History of brownish plugs in sputum
Culture of A. fumigatus from sputum
Elevated IgE (and IgG) class antibodies specific
for A. fumigatus

eosinophilia caused by Wichereria bancrofti or Wichereria
malayi infection occurs most commonly in southern Asia,
Africa, and South America and is treated successtully with
diethylcarbamazine. Even in cases of known foreign travel,
identification of the causative agent is not always possible,
as exemplified by 18 cases (two fatal) of acute eosinophilic
pneumonia reported among U.S. military personnel
deployed in Iraq.

In the United States, drug-induced eosinophilic pneumo-
nias are the most common cause of eosinophilic pul-
monary infiltrates. These are exemplified by acute reactions
to nitrofurantoin, which may begin 2 h to 10 days after
nitrofurantoin is started, with symptoms of dry cough,
tever, chills, and dyspnea; an eosinophilic pleural eftusion
accompanying patchy or diffuse pulmonary infiltrates
may also occur. Other drugs associated with eosinophilic
pneumonias include sulfonamides, penicillin, chlor-
propamide, thiazides, tricyclic antidepressants, hydralazine,
gold salts, isoniazid, indomethacin, and others. One
report has identified anti-TNF o monoclonal antibody
therapy as a cause of eosinophilic pneumonitis. Treat-
ment consists of withdrawal of the incriminated drugs
and the use of glucocorticoids, if necessary.

The group of idiopathic eosinophilic pneumonias
consists of diseases of varying severity. Loeffler’s syndrome
was originally reported as a benign, acute eosinophilic
pneumonia of unknown cause characterized by migrat-
ing pulmonary infiltrates and minimal clinical manifes-
tations. In some patients, these clinical characteristics
may prove to be secondary to parasites or drugs. Acute
eosinophilic pneumonia is an idiopathic acute febrile illness
of less than 7 days’ duration with severe hypoxemia, pul-
monary infiltrates, and no history of asthma. Chronic
eosinophilic pneumonia presents with significant systemic
symptoms, including fever, chills, night sweats, cough,
anorexia, and weight loss of several weeks’ to months’



duration. The chest x-ray classically shows peripheral
infiltrates. Some patients also have bronchial asthma of
the intrinsic or nonallergic type. Dramatic clearing of symp-
toms and chest x-rays is often noted within 48 hours
after initiation of glucocorticoid therapy.

The hypereosinophilic syndrome is characterized by the
presence of >1500 eosinophils per microliter of periph-
eral blood for 6 months or longer; lack of evidence for
parasitic, allergic, or other known causes of eosinophilia;
and signs or symptoms of multisystem organ dysfunc-
tion. Consistent features are blood and bone marrow
eosinophilia with tissue infiltration by relatively mature
eosinophils. The heart may be involved with tricuspid
valve abnormalities or endomyocardial fibrosis and a
restrictive, biventricular cardiomyopathy. Other organs
affected typically include the lungs, liver, spleen, skin,
and nervous system. Therapy for patients with the disor-
der consists of glucocorticoids, hydroxyurea, or both
plus therapy as needed for cardiac dysfunction, which is
frequently responsible for much of the morbidity and
mortality associated with this syndrome. Pulmonary
eosinophilia has also been associated with T cell lym-
phoma and has been reported after lung and bone marrow
transplantation.

GLOBAL PICTURE OF HYPERSENSITIVITY
PNEUMONITIS AND PULMONARY
INFILTRATES WITH EOSINOPHILIA

-

, HP is more prevalent outside of the United
J States, and the range of antigen responses is

somewhat  different.  Internationally,  bird
breeder’s lung is the most common form of HP. Rather
than being associated with avocational exposures, bird-
raising practices, highlighted by the emerging threat of
avian influenza, led to substantial exposure to workers
involved in poultry husbandry and processing. This
increases antigen exposure enormously compared with
U.S. workers and enhances the risk of HP. Importantly, it
is the most common cause of pediatric HP and has been
reported in individuals as young as 4 years, when it has
presented as a chronic cough.

Farmer’s lung, one of the earliest reported causes of
HP, is now more prevalent outside the United States, but
it appears to be waning worldwide. This is likely in
response to changing agricultural practices; increased use
of impermeable barriers in hay storage has reduced the
proliferation of thermophilic bacteria and thus HP.

In certain cases, the international manifestations of
HP resemble those of the U.S. disease. Many industrial-
ized nations have increasingly reported HP caused by
mycobacteria and pseudomonads in contaminated

metalworking fluids; the prevalence of these environmen- 85

tal contaminants greatly depends on workplace hygiene
practices. Some forms of HP are almost exclusively geo-
graphically limited; an example of this is summer-type HP
in Japan. Likewise, cork worker’s pneumonitis (subero-
sis), caused by exposure to contaminated corks, is almost
exclusively seen in Spain and southern Europe because
of the regional cork industry. However, one of the
causative antigens (Chrysonilia sitophila) is also reported
to be an antigen in lung diseases associated with logging
in Canada. In Spain, esparto, a member of the grass fam-
ily, is used as a fiber for the weaving of mats, baskets, and
ropes; it 1s also incorporated into traditional plaster con-
struction. In both of its uses, it has been associated with
HP (most likely due to contamination with A. fumiga-
fus), again geographically limited because of the utility
of the product, though not of the underlying fungal
antigen. Exposure to exotic mushrooms is greater in Asia
than in the United States and has recently been linked
to cases of HP.

PIE is also a greater international than U.S. health
burden. In this case, parasitic infestation is far more
common than drug-induced lung disease, but the mani-
festations are similar.
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CHAPTER 10
ENVIRONMENTAL LUNG DISEASE
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This chapter provides perspectives on ways to assess pul-
monary diseases for which environmental or occupa-
tional causes are suspected. This assessment is important
because removal of the patient from harmful exposure is
often the only intervention that might prevent further
significant deterioration or lead to improvement in a
patient’s condition. Furthermore, the identification of an
environment-associated disease in a single patient may
lead to primary preventive strategies aftecting other simi-
larly exposed people who have not yet developed disease.

The exact magnitude of the problem is unknown, but
there is no question that large numbers of individuals are
at risk for developing serious respiratory disease as a result
of occupational or environmental exposures. For example,
for populations over age 15 years, 15-20% of the burden of
asthma and chronic obstructive pulmonary disease (COPD)
has been estimated to be caused by occupational factors.

HISTORY AND PHYSICAL EXAMINATION

The patient’s history is of paramount importance in assess-
ing any potential occupational or environmental exposure.
Inquiry into specific work practices should include ques-
tions about specific contaminants involved, the availability
and use of personal respiratory protection devices, the size
and ventilation of workspaces, and whether coworkers have
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similar complaints. The temporal association of exposure at
work and symptoms may provide clues to occupation-
related disease. In addition, the patient must be questioned
about alternative sources for exposure to potentially toxic
agents, including hobbies, home characteristics, exposure to
secondhand smoke, and proximity to traftic or industrial
facilities. Short- and long-term exposures to potential toxic
agents in the distant past must also be considered.

Many employees are aware of the potential hazards in
their workplaces, and many states require that employees
be informed about potentially hazardous exposures.
These requirements include the provision of specific
information about potential hazardous agents in prod-
ucts being used (Material Safety Data Sheets) and train-
ing in personal protective equipment and environmental
control procedures. Reminders posted in the workplace
may warn workers about hazardous substances. Protective
clothing, lockers, and shower facilities may be consid-
ered necessary parts of the job. However, the introduc-
tion of new processes or new chemical compounds may
change exposure significantly, and often only the
employee on the production line is aware of the change.
For the physician who regularly sees patients from a par-
ticular industry, a visit to the work site can be very
instructive. Alternatively, physicians can request inspec-
tions by appropriate federal and/or state authorities.



The physical examination of patients with environment-
related lung diseases may help to determine the
nature and severity of the pulmonary condition.
Unfortunately, these findings do not typically point
to the specific causative agent, and other types of
information must be used to arrive at an etiologic
diagnosis.

PULMONARY FUNCTION
TESTS AND CHEST IMAGING

Many mineral dusts produce characteristic alterations in
the mechanics of breathing and lung volumes that
clearly indicate a restrictive pattern (Chap. 5). Similarly,
exposures to a number of organic dusts or chemical
agents may result in occupational asthma or COPD.
Measurement of change in forced expiratory volume in
1 s (FEV,) before and after a work shift can be used to
detect an acute bronchoconstrictive or inflammatory
response. For example, an acute decrement of FEV, over
the first work shift of the week is a characteristic feature
of cotton textile workers with byssinosis (an obstructive
airway disorder with features of both asthma and
chronic bronchitis).

The chest radiograph is useful in detecting and moni-
toring the pulmonary response to mineral dusts, certain
metals, and organic dusts capable of inducing hypersen-
sitivity pneumonitis. The International Labour Organi-
sation (ILO) International Classification of Radiographs
of Pneumoconioses classifies chest radiographs accord-
ing to the nature and size of opacities seen and the
extent of involvement of the parenchyma. In general,
small, rounded opacities are seen in silicosis and coal
worker’s pneumoconiosis (CWP), and small, linear opac-
ities are seen in asbestosis. The profusion of such opaci-
ties is rated using a 12-point scheme. Although useful
for epidemiologic studies and screening large numbers
of workers, the ILO system can be problematic when
applied to an individual worker’s chest radiograph. With
dusts causing rounded opacities, the degree of involve-
ment on the chest radiograph may be extensive, but pul-
monary function may be only minimally impaired. In
contrast, in pneumoconiosis causing linear, irregular
opacities like those seen in asbestosis, the radiograph
may lead to underestimation of the severity of the
impairment until relatively late in the disease. For the
individual patient with a history of exposure, conven-
tional CT and high-resolution CT (HRCT) have
improved the sensitivity of identifying diffuse parenchy-
mal abnormalities of the lung as well as pleural thicken-
ing characteristic of asbestos exposure.

Other procedures that may be of use in identifying
the role of environment exposures in causing lung dis-
ease include evaluation of heavy metal concentrations
in urine (cadmium in battery plant workers), skin prick
testing or specific IgE antibody titers for evidence of

immediate hypersensitivity to agents capable of induc- 87

ing occupational asthma (flour antigens in bakery
workers), specific IgG precipitating antibody titers for
agents capable of causing hypersensitivity pneumonitis
(pigeon antigens in bird handlers), or assays for specific
cell-mediated immune responses (beryllium lympho-
cyte proliferation testing in nuclear workers or tuber-
culin skin testing in health care workers). Sometimes, a
bronchoscopy to obtain bronchoalveolar lavage (BAL)
fluid and transbronchial biopsy of lung tissue may be
required for histologic diagnosis [chronic beryllium
disease (CBD)]. Rarely, video-assisted thoracoscopic
surgery to obtain a larger sample of lung tissue may
be required to determine the specific diagnosis of
environment-induced lung disease (hypersensitivity
pneumonitis or giant cell interstitial pneumonitis caused
by cobalt exposure).

MEASUREMENT OF EXPOSURE

If reliable environmental sampling data are available, this
information should be used in assessing a patient’s expo-
sure. Because many of the chronic diseases result from
exposure over many years, current environmental mea-
surements should be combined with work histories to
arrive at estimates of past exposure.

In situations in which individual exposure to specific
agents—either in a work setting or via ambient air
pollutants—has been determined, the chemical and phys-
ical characteristics of these agents affect both inhaled dose
and site of deposition in the respiratory tract. Water-
soluble gases such as ammonia or sulfur dioxide are
absorbed in the lining fluid of the upper and proximal
airways and thus tend to produce irritative and bron-
choconstrictive responses. In contrast, nitrogen dioxide
and phosgene, which are less soluble, may penetrate to the
bronchioles and alveoli in sufficient quantities to produce
acute chemical pneumonitis that can be life threatening
(acute respiratory distress syndrome with noncardiogenic
pulmonary edema).

Particle size of air contaminants must also be con-
sidered. Particles larger than 10-15 pm in diameter,
because of their settling velocities in air, do not pene-
trate beyond the upper airways. Particles smaller than
10 wm in size are deposited below the larynx and are
primarily created by the burning of fossil fuels or high-
temperature industrial processes resulting in condensation
products from gases, fumes, or vapors. These particles
are divided into three size fractions on the basis of
their size characteristics and sources. Particles of
approximately 2.5-10 pm (coarse-mode fraction)
contain crustal elements, such as silica, aluminum, and
iron. These particles mostly deposit relatively high in
the tracheobronchial tree. Although the total mass of
an ambient sample is dominated by these larger res-
pirable particles, the number of particles, and therefore
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deposit and be carried to the lower airways, is domi-
nated by particles <2.5 um (fine-mode fraction). The
smallest particles, those <0.1 Wm in size, represent the
ultrafine fraction and make up the largest number of
particles, which tend to remain in the airstream and
deposit in the lung only on a random basis as they
come into contact with the alveolar walls. Besides the
size characteristics of particles and the solubility of gases,
the actual chemical composition, mechanical proper-
ties, and immunogenicity or infectivity of inhaled
material largely determine the nature of the diseases
found among exposed persons.

OCCUPATIONAL EXPOSURES
AND PULMONARY DISEASE

Table 10-1 provides broad categories of exposure in the
workplace and diseases associated with chronic exposure
in these industries.

ASBESTOS-RELATED DISEASES

Asbestos is a generic term for several different mineral
silicates, including chrysolite, amosite, anthophyllite, and
crocidolite. In addition to workers involved in the
production of asbestos products (mining, milling, and

TABLE 10-1

OCCUPATIONAL EXPOSURES

NATURE OF RESPIRATORY RESPONSES

CATEGORIES OF OCCUPATIONAL EXPOSURE AND ASSOCIATED RESPIRATORY CONDITIONS

COMMENT

Inorganic Dusts

Asbestos: mining, processing,
construction, ship repair

Silica: mining, stone cutting,
sandblasting, quarrying
Coal dust: mining

Beryllium: processing alloys
for high-tech industries

Other metals: aluminum,
chromium, cobalt, nickel,
titanium, tungsten carbide,
or “hard metal” (contains cobalt)

Organic Dusts

Fibrosis (asbestosis), pleural disease,
cancer, mesothelioma

Fibrosis (silicosis), PMF, cancer,
silicotuberculosis, COPD

Fibrosis (coal workers’
pneumoconiosis), PMF, COPD

Acute pneumonitis, chronic
granulomatous disease,
lung cancer (highly suspect)

Wide variety of conditions from
acute pneumonitis to lung cancer
and asthma

Virtually all new mining and construction
with asbestos done in developing
countries

Improved protection in United States,
persistent risk in developing countries

Risk decreasing in United States,
increasing where new mines open

Risk in high-tech industries persists

New diseases appear with new process
development

Cotton dust: milling, processing

Grain dust: elevator agents,
dock workers, milling, bakers

Other agricultural dusts: fungal
spores, vegetable products,
insect fragments, animal dander,
bird and rodent feces, endotoxins,
microorganisms, pollens

Toxic chemicals: wide variety
of industries; see Table 10-2

Other respiratory environmental
agents (proven or highly suspect):
uranium and radon daughters,
environmental tobacco smoke,
polycyclic hydrocarbons, biomass
fuels, diesel exhaust, welding
fumes, woods or wood-finishing
products

Byssinosis (an asthma-like syndrome),
chronic bronchitis, COPD

Asthma, chronic bronchitis, COPD

Hypersensitivity pneumonitis
(farmers’ lung), asthma,
chronic bronchitis

Chronic bronchitis, COPD,
hypersensitivity pneumonitis,
pneumoconiosis, and cancer

Estimates vary from ~3 to 10%
of all lung cancers; in addition
chronic bronchitis, COPD,
and fibrosis

Increasing risk in developing countries
with a decrease in United States as
jobs shift overseas

Risk shifting more to migrant labor pool

Important in migrant labor pool but
also resulting from in-home exposures

Reduced risk with recognized hazards;
increasing risk in developing countries
where controlled labor practices are
less stringent

In-home exposures important;
in developing countries, disease
rates as high or higher in females
than males




manufacturing), many workers in the ship-building and
construction trades, including pipe fitters and boiler-
makers, were occupationally exposed because asbestos
was widely used for its thermal and electrical insulation
properties. Asbestos also was used in the manufacture of
fire-smothering blankets and safety garments; as filler for
plastic materials; in cement and floor tiles; and in fric-
tion materials, such as brake and clutch linings.
Exposure to asbestos is not limited to persons who
directly handle the material. Cases of asbestos-related
diseases have been encountered in individuals with only
bystander exposure, such as the painter or electrician
who worked alongside the insulation worker in a ship-
yard. Community exposure resulted from the use of
asbestos-containing mine or mill tailings as landfill, road
surface, and playground material. Finally, exposure can
also occur from the disturbance of naturally occurring
asbestos (e.g., from increasing residential development in
the foothills of the Sierra Mountains in California).
Asbestos was first used extensively in the 1930s. Starting
in 1975, it was mostly replaced with synthetic mineral
fibers, such as fiberglass or slag wool, but it continues to be
used increasingly in the developing world. Despite current
regulations mandating adequate training for any worker
potentially exposed to asbestos, exposure continues among
inadequately trained and protected demolition workers.
The major health effects from exposure to asbestos are
pleural and pulmonary fibrosis and cancers of the respira-
tory tract, the pleura, and (in rare cases) the peritoneum.
Asbestosis 1s a diftuse interstitial fibrosing disease of the
lung that is directly related to the intensity and duration
of exposure. The disease resembles other forms of diffuse
interstitial fibrosis (Chap. 19). Usually, moderate to severe

A

FIGURE 10-1

Asbestosis. A. Frontal chest radiograph showing bilateral
calcified pleural plaques consistent with asbestos-related
pleural disease. Poorly defined linear and reticular abnormali-
ties are seen in the lower lobes bilaterally. B. Axial high-
resolution CT of the thorax obtained through the lung bases
showing bilateral, subpleural reticulation (black arrows),

exposure has taken place for at least 10 years before the 89

disease becomes manifest and may occur after exposure
to any of the asbestiform fiber types.

Physiologic studies reveal a restrictive pattern with a
decrease in both lung volumes and diftusing capacity.
There may also be evidence of mild airflow obstruction
(caused by peribronchiolar fibrosis).

The fibrotic lesions are the end result of oxidative
injury caused by the generation of reactive oxygen
species by the transition metals on the surface of the
fibers as well as from cells engaged in phagocytosis.

Diagnosis

The chest radiograph can be used to detect a number of
manifestations of asbestos exposure. Past exposure 1is
specifically indicated by pleural plaques, which are char-
acterized either by thickening or calcification along the
parietal pleura, particularly along the lower lung fields,
the diaphragm, and the cardiac border. Without addi-
tional manifestations, pleural plaques imply only exposure,
not pulmonary impairment. Benign pleural effusions
may also occur. The fluid is typically a serous or bloody
exudate. The effusion may be slowly progressive or may
resolve spontaneously. Irregular or linear opacities, usu-
ally first noted in the lower lung fields and spreading
into the middle and upper lung fields, occur as the dis-
ease progresses. An indistinct heart border or a “ground-
glass” appearance in the lung fields is seen in some cases.
In cases in which the x-ray changes are less obvious,
HRCT may show distinct changes of subpleural curvi-
linear lines 5-10 mm in length that appear to be parallel
to the pleural surface (Fig. 10-1).

representing fibrotic lung disease caused by asbestosis.
Subpleural lines are also present (arrowheads), characteristic
of, although not specific for, asbestosis. Calcified pleural
plagues representing asbestos-related pleural disease (white
arrows) are also evident.
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No specific therapy is available for the management
of patients with asbestosis. The supportive care is the
same as that given to any patient with diffuse interstitial
fibrosis from any cause. In general, newly diagnosed
cases will have resulted from exposure levels that were
present many years before and, despite the patients’ hav-
ing left the industry, are attributable to that former
exposure. Because the patient may be eligible for com-
pensation within a specific time frame after the diagno-
sis of an asbestos-related disease is made, the physician
making the diagnosis should be certain to inform the
patient promptly. On occasion, the physician may have
reason to suspect ongoing exposure from a patient’s cur-
rent job description. Such a patient needs to wear
appropriate respiratory protective gear according to fed-
eral regulation. Casual, nonoccupational exposure to
undisturbed sources of asbestos-containing materials—
e.g., in walls of schools or other buildings—represents
virtually no hazard of asbestosis.

Lung cancer is the most frequent cancer associated
with asbestos exposure. The excess frequency of lung
cancer (all histologic types) in asbestos workers is associ-
ated with a minimum latency of 15-19 years between
first exposure and development of the disease. Persons
with more exposure are at greater risk of disease. In
addition, there is a significant multiplicative effect of
smoking and asbestos exposure than would be expected
from the additive effect of each factor. The use of
HRCT in such at-risk individuals to detect lung cancer
at an earlier stage is currently under investigation.

Mesotheliomas (Chap. 21), both pleural and peritoneal,
are also associated with asbestos exposure. In contrast to
lung cancers, these tumors do not appear to be associ-
ated with smoking. Relatively short-term asbestos expo-
sures of 1-2 years or less, occurring up to 40 years in the
past, have been associated with the development of
mesotheliomas (an observation that emphasizes the
importance of obtaining a complete environmental
exposure history). Although the risk of mesothelioma is
much less than for lung cancer among asbestos-exposed
workers, more than 2000 cases were reported in the
United States per year at the start of the 21st century.

Although ~50% of mesotheliomas metastasize, the
tumor generally is locally invasive, and death usually
results from local extension. Most patients present with
effusions that may obscure the underlying pleural
tumor. In contrast to the findings in effusion due to
other causes, because of the restriction placed on the
chest wall, no shift of mediastinal structures toward the
opposite side of the chest will be seen. The major diag-
nostic problem is differentiation from peripherally
spreading pulmonary adenocarcinoma or from adeno-
carcinoma metastasized to pleura from an extrathoracic
primary site. Although cytologic examination of pleural
fluid may suggest the diagnosis, biopsy of pleural tissue,
generally with video-assisted thoracic surgery, and special

immunohistochemical staining is usually required. There
is no effective therapy.

Because epidemiologic studies have shown that more
than 80% of mesotheliomas may be associated with
asbestos exposure, documented mesothelioma in a
patient with occupational or environmental exposure to
asbestos may be compensable.

SILICOSIS

Despite the technical adequacy of existing protective
equipment, free silica (S510,), or crystalline quartz, is still a
major occupational hazard. The major occupational
exposures include mining; stonecutting; employment
in abrasive industries, such as stone, clay, glass, and
cement manufacturing; foundry work; packing of silica
flour; and quarrying, particularly of granite. Most often,
pulmonary fibrosis caused by silica exposure (silicosis)
occurs in a dose-response fashion after many years of
exposure.

Workers heavily exposed through sandblasting in
confined spaces, tunneling through rock with high
quartz content (15-25%), or the manufacture of abrasive
soaps may develop acute silicosis with as little as 10 months’
exposure. The clinical and pathological features of acute
silicosis are similar to those of pulmonary alveolar pro-
teinosis (Chap. 19). The chest radiograph may show pro-
fuse miliary infiltration or consolidation, and there is a
characteristic HRCT pattern known as “crazy paving”
(Fig. 10-2). The disease may be quite severe and pro-
gressive despite the discontinuation of exposure. Whole-
lung lavage may provide symptomatic relief and slow
progression.

With long-term, less intense exposure, small, rounded
opacities in the upper lobes may appear on the chest
radiograph after 15-20 years of exposure (simple silicosis).
Calcification of hilar nodes may occur in as many as
20% of cases and produces a characteristic “eggshell”
pattern. Silicotic nodules may be identified more readily
by HRCT (Fig. 10-3). The nodular fibrosis may be
progressive in the absence of further exposure, with coa-
lescence and formation of nonsegmental conglomerates
of irregular masses >1 cm in diameter (complicated
silicosis). These masses can become quite large, and when
this occurs, the term progressive massive fibrosis (PMF) is
applied. Significant functional impairment with both
restrictive and obstructive components may be associ-
ated with this form of silicosis.

Because silica is cytotoxic to alveolar macrophages,
patients with silicosis are at greater risk of acquiring
lung infections that involve these cells as a primary
defense (Mycobacterium tuberculosis, atypical mycobacteria
and fungi). Because of the increased risk of active
tuberculosis, the recommended treatment of latent
tuberculosis in these patients is longer. Another potential
clinical complication of silicosis is autoimmune connective



FIGURE 10-2

Acute silicosis. The high-resolution CT scan shows multiple
small nodules consistent with silicosis but also diffuse
ground-glass densities with thickened intralobular and inter-
lobular septa, producing polygonal shapes. This has been
referred to as “crazy paving.”

tissue disorders such as rheumatoid arthritis and sclero-
derma. In addition, there are sufficient epidemiologic
data that the International Agency for Research on
Cancer lists silica as a probable lung carcinogen.

Other less hazardous silicates include Fuller’s earth,
kaolin, mica, diatomaceous earths, silica gel, soapstone,
carbonate dusts, and cement dusts. The production of

A

FIGURE 10-3

Chronic silicosis. A. Frontal chest radiograph in a patient
with silicosis showing variably sized, poorly defined nodules
(arrows) predominating in the upper lobes. B. Axial thoracic

fibrosis in workers exposed to these agents is believed to 91

be related either to the free silica content of these dusts
or, for substances that contain no free silica, to the
potentially large dust loads to which these workers may
be exposed.

Other silicates, including talc dusts, may be contami-
nated with asbestos or free silica. Fibrosis and pleural or
lung cancer have been associated with chronic exposure
to commercial talc.

COAL WORKER’S PNEUMOCONIOSIS

Occupational exposure to coal dust can lead to CWP,
which has enormous social, economic, and medical sig-
nificance in every nation in which coal mining is an
important industry. Simple radiographically identified
CWP is seen in about 10% of all coal miners and in
as many as 50% of anthracite miners with more than
20 years’ work on the coal face. The prevalence of dis-
ease is lower in workers in bituminous coal mines.
Because much western U.S. coal is bituminous, CWP is
less prevalent in that region.

With prolonged exposure to coal dust (i.e., 1520 years),
small, rounded opacities similar to those of silicosis may
develop. As in silicosis, the presence of these nodules
(simple CWP) is not usually associated with pulmonary
impairment. Much of the symptomatology associated
with simple CWP appears to be due to the eftects of
coal dust on the development of chronic bronchitis and
COPD (Chap. 18). The effects of coal dust are additive
to those of cigarette smoking.

Complicated CWP is manifested by the appearance on
the chest radiograph of nodules ranging from 1 cm in
diameter to the size of an entire lobe, generally confined
to the upper half of the lungs. As in silicosis, this condi-
tion can progress to PME which is accompanied by

CT image through the lung apices showing numerous small
nodules that are more pronounced in the right upper lobe. A
number of the nodules are subpleural in location (arrows).
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ture mortality.

Caplan’s syndrome, first described in coal miners but
subsequently found in patients with silicosis, includes
seropositive rheumatoid arthritis with characteristic
pneumoconiotic nodules. Silica has immunoadjuvant
properties and is often present in anthracitic coal dust.

CHRONIC BERYLLIUM DISEASE

Beryllium 1s a lightweight metal with tensile strength, has
good electrical conductivity, and is valuable in the con-
trol of nuclear reactions through its ability to quench
neutrons. Although beryllium may produce an acute
pneumonitis, it is far more commonly associated with a
chronic granulomatous inflammatory disease that is sim-
ilar to sarcoidosis. Unless one inquires specifically about
occupational exposures to beryllium in the manufacture
of alloys, ceramics, or high-technology electronics in a
patient with sarcoidosis, one may miss entirely the etio-
logic relationship to the occupational exposure. What
distinguishes CBD from sarcoidosis is evidence of a spe-
cific cell-mediated immune response (i.e., delayed hyper-
sensitivity) to beryllium.

The test that usually provides this evidence is the beryl-
lium lymphocyte proliferation test (BeLPT). The BeLPT
uses the in vitro proliferation of lymphocytes from blood
or BAL in the presence of beryllium salts compared with
that of unstimulated cells. Proliferation is usually measured
by lymphocyte uptake of radiolabeled thymidine.

Chest imaging findings are similar to those of sarcoido-
sis (nodules along septal lines) except that hilar adenopathy
is somewhat less common. Similar to sarcoidosis, pul-
monary function test results may show restrictive or
obstructive ventilatory deficits and decreased diffusing
capacity. With early disease, both chest imaging studies and
pulmonary function test results may be normal. Fiberoptic
bronchoscopy with transbronchial lung biopsy is usually
required to make the diagnosis of CBD. In a beryllium-
sensitized individual, the presence of noncaseating granu-
lomas or monocytic infiltration in lung tissue establishes
the diagnosis. Accumulation of beryllium-specific CD4+
T cells occurs in the granulomatous inflammation seen on
lung biopsy.

Chronic beryllium disease is one of the best studied
examples of gene—environment interaction. Susceptibil-
ity to CBD 1s highly associated with HLA-DP alleles
possessing a glutamic acid in position 69 of the B chain.
In addition, there is also evidence that a polymorphism
in position 308 of the promoter region of tumor necro-
sis factor O is involved in mediating the severity of the
inflammatory response in patients with CBD.

Other metals, including aluminum and titanium
dioxide, have been rarely associated with a sarcoid-like
reaction in lung tissue. Exposure to dust containing
tungsten carbide, also known as “hard metal,” may produce

giant cell interstitial pneumonitis. Cobalt is a constituent
of tungsten carbide and is the likely etiologic agent of
both the interstitial pneumonitis and the occupational
asthma that may occur. The most common exposures to
tungsten carbide occur in tool and dye, saw blade, and
drill bit manufacture. Diamond polishing may also
involve exposure to cobalt dust. The same Glu69 poly-
morphism of the HLA-DP [ chain that confers
increased risk of CBD also appears to increase risk of
cobalt-induced giant cell interstitial pneumonitis.

In patients with interstitial lung disease, one should
always inquire about exposure to metal fumes or dusts.
Especially when sarcoidosis appears to be the diagnosis,
one should always consider possible CBD.

OTHER INORGANIC DUSTS

Most of the inorganic dusts discussed thus far are associ-
ated with the production of either dust macules or
interstitial fibrotic changes in the lung. Other inorganic
and organic dusts (see categories in Table 10-1), along
with some of the dusts previously discussed, are associ-
ated with chronic mucus hypersecretion (chronic bron-
chitis), with or without reduction of expiratory flow
rates. Cigarette smoking is the major cause of these con-
ditions, and any effort to attribute some component of
the disease to occupational and environmental exposures
must take cigarette smoking into account. Most studies
suggest an additive effect of dust exposure and smoking.
The pattern of the irritant dust effect is similar to that of
cigarette smoking, suggesting that small airway inflam-
mation may be the initial site of pathologic response in
those cases, and continued exposure may lead to chronic
bronchitis and COPD.

ORGANIC DUSTS

Some of the specific diseases associated with organic
dusts are discussed in detail in the chapters on asthma
(Chap. 8) and hypersensitivity pneumonitis (Chap. 9).
Many of these diseases are named for the specific setting
in which they are found (e.g., farmer’s lung, malt
worker’s disease, mushroom worker’s disease). Often the
temporal relation of symptoms to exposure furnishes the
best evidence for the diagnosis. Three occupational
groups are singled out for discussion because they repre-
sent the largest proportion of people aftected by the dis-
eases resulting from organic dusts.

Cotton Dust (Byssinosis)

Many persons are exposed occupationally to cotton,
flax, or hemp in the production of yarns for cotton,
linen, and rope making. Although this discussion focuses



on cotton, the same syndrome—albeit somewhat less
severe—has been reported in association with exposure
to flax, hemp, and jute.

Exposure occurs throughout the manufacturing
process but is most pronounced in those portions of the
factory involved with the treatment of the cotton before
spinning—i.e., blowing, mixing, and carding (straighten-
ing of fibers). Risk of byssinosis is associated with both
cotton dust and endotoxin levels in the workplace envi-
ronment. Attempts to control dust levels by use of
exhaust hoods, general increases in ventilation, and wet-
ting procedures in some settings have been highly suc-
cessful. However, respiratory protective equipment
appears to be required during certain operations to pre-
vent workers from being exposed to levels of cotton dust
that exceed the current U.S. permissible exposure level.

Byssinosis is characterized clinically as occasional
(early stage) and then regular (late stage) chest tightness
toward the end of the first day of the workweek (“Monday
chest tightness”). In epidemiologic studies, depending on
the level of exposure via the carding room air, up to 80%
of employees may show a significant decrease in their
FEV, over the course of a Monday shift.

Initially, the symptoms do not recur on subsequent
days of the week. However, in 10-25% of workers, the
disease may be progressive, with chest tightness recur-
ring or persisting throughout the workweek. After
>10 years of exposure, workers with recurrent symp-
toms are more likely to have an obstructive pattern on
pulmonary function testing. The highest grades of
impairment are generally seen in smokers.

Reduction of dust exposure is of primary importance
to the management of byssinosis. All workers with per-
sistent symptoms or significantly reduced levels of pul-
monary function should be moved to areas of lower risk
of exposure. Regular surveillance of pulmonary function
in cotton dust—exposed workers using spirometry before
and after the work shift is required by the Occupational
Safety and Health Administration (OSHA) of the U.S.
government.

Grain Dust

Although the exact number of workers at risk in the
United States is not known, at least 500,000 people
work in grain elevators, and >2 million farmers are
potentially exposed to grain dust. The presentation of
obstructive airway disease in grain dust—exposed work-
ers is virtually identical to the characteristic findings in
cigarette smokers (i.e., persistent cough, mucous hyper-
secretion, wheeze and dyspnea on exertion, and reduced
FEV, and FEV,/FVC ratio) (Chap.5).

Dust concentrations in grain elevators vary greatly
but appear to be >10,000 Hg/m?; approximately one-
third of the particles, by weight, are in the respirable
range. The effect of grain dust exposure is additive to

that of cigarette smoking, with about 50% of workers 93

who smoke having symptoms. Among nonsmoking
grain elevator operators, approximately 25% have mucus
hypersecretion, about five times the number that would
be expected in unexposed nonsmokers. Smoking grain
dust—exposed workers are more likely to have obstruc-
tive ventilatory deficits on pulmonary function testing.
As in byssinosis, endotoxin may play a role in grain
dust—induced chronic bronchitis and COPD.

Farmer’s Lung

This condition results from exposure to moldy hay con-
taining spores of thermophilic actinomycetes that pro-
duce a hypersensitivity pneumonitis (Chap. 9). There are
few good population-based estimates of the frequency
of occurrence of this condition in the United States.
However, among farmers in Great Britain, the rate of
disease ranges from approximately 10-50 per 1000. The
prevalence of disease varies in association with rainfall,
which determines the amount of fungal growth, and
with differences in agricultural practices related to turn-
ing and stacking hay.

The patient with acute farmer’s lung presents 4-8 h
after exposure with fever, chills, malaise, cough, and dysp-
nea without wheezing. The history of exposure is obvi-
ously essential to distinguish this disease from influenza or
pneumonia with similar symptoms. In the chronic form
of the disease, the history of repeated attacks after similar
exposure is important in differentiating this syndrome
from other causes of patchy fibrosis (e.g., sarcoidosis).

A wide variety of other organic dusts are associated
with the occurrence of hypersensitivity pneumonitis
(Chap. 9). For patients who present with hypersensitivity
pneumonitis, specific and careful inquiry about occupa-
tions, hobbies, or other home environmental exposures
is necessary to uncover the source of the etiologic agent.

TOXIC CHEMICALS

Exposure to toxic chemicals affecting the lung generally
involves gases and vapors. A common accident is one in
which the victim is trapped in a confined space where
the chemicals have accumulated to toxic levels. In addi-
tion to the specific toxic effects of the chemical, the vic-
tim will often sustain considerable anoxia, which can
play a dominant role in determining whether the indi-
vidual survives.

Table 10-2 lists a variety of toxic agents that can
produce acute and sometimes life-threatening reactions
in the lung. All of these agents in sufficient concentra-
tions have been demonstrated, at least in animal studies,
to affect the lower airways and disrupt alveolar architec-
ture, either acutely or as a result of chronic exposure.
Some of these agents may be generated acutely in the
environment (see later).
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SELECTED COMMON TOXIC CHEMICAL AGENTS AFFECTING THE LUNG
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ACUTE EFFECTS FROM HIGH

CHRONIC EFFECTS FROM

AGENT(S) SELECTED EXPOSURES OR ACCIDENTAL EXPOSURE RELATIVELY LOW EXPOSURE
Acid fumes: Manufacture of fertilizers, Mucous membrane Bronchitis and suggestion of mildly
H,SO,, HNO4 chlorinated organic irritation followed by reduced pulmonary function in
compounds, dyes, chemical pneumonitis children with lifelong residential
explosives, rubber products, 2-3 days later exposure to high levels;
metal etching, plastics clinical significance unknown
Acrolein and Byproduct of burning plastics, Mucous membrane irritant, Mutagen in animals,
other aldehydes woods, tobacco smoke decrease in lung function no human data
Ammonia Refrigeration; petroleum Same as for acid fumes Chronic bronchitis
refining; manufacture
of fertilizers, explosives,
plastics, and other chemicals
Anhydrides Manufacture of resin Nasal irritation, cough Asthma, chronic bronchitis,

Cadmium fumes

Formaldehyde

Halides and acid
salts (Cl, Br, F)

Hydrogen sulfide

Isocyanates
(TDI, HDI, MDI)

Nitrogen dioxide

Ozone

Phosgene

Sulfur dioxide

esters, polyester resins,
thermoactivated adhesives

Smelting, soldering,
battery production

Manufacture of resins,
leathers, rubber, metals,
and woods; laboratory
workers, embalmers;
emission from urethane
foam insulation

Bleaching in pulp, paper,
textile industry; manufacture
of chemical compounds;
synthetic rubber, plastics,
disinfectant, rocket
fuel, gasoline

Byproduct of many industrial
processes, oil, other
petroleum processes and
storage

Production of polyurethane
foams, plastics, adhesives,
surface coatings

Silage, metal etching,
explosives, rocket fuels,
welding, byproduct of
burning fossil fuels

Arc welding, flour bleaching,
deodorizing, emissions from
copying equipment,
photochemical air pollutant

Organic compound, metallurgy,
volatilization of chlorine-
containing compounds

Manufacture of sulfuric acid,
bleaches, coating of
nonferrous metals, food
processing, refrigerant,
burning of fossil fuels,
wood pulp industry

Mucous membrane
irritant, ARDS
Same as for acid fumes

Mucous membrane irritation,
pulmonary edema; possible
reduced FVC 1-2 yrs after
exposure

Increase in respiratory rate
followed by respiratory arrest,
lactic acidosis, pulmonary
edema, death

Mucous membrane irritation,
dyspnea, cough, wheeze,
pulmonary edema

Cough, dyspnea, pulmonary
edema may be delayed
4-12 h; possible result from
acute exposure: bronchiolitis
obliterans in 2-6 wks

Mucous membrane irritant,
pulmonary hemorrhage and
edema, reduced pulmonary
function transiently in children
and adults, and increased
hospitalization with exposure
to summer haze

Delayed onset of bronchiolitis
and pulmonary edema

Mucous membrane irritant,
epistaxis

hypersensitivity pneumonitis
COPD

Cancers in one species;
no data on humans

Dryness of mucous membranes,
epistaxis, dental fluorosis,
tracheobronchitis

Conjunctival irritation, chronic
bronchitis, recurrent pneumonitis

Upper respiratory tract irritation,
cough, asthma, allergic alveolitis

Emphysema in animals, ?
chronic bronchitis, associated
with reduced lung function
in children with lifelong
residential exposure,
clinical significance unknown
Chronic eye irritation and
slight excess in cardiopulmonary
mortality in susceptible
individuals

Chronic bronchitis

Chronic bronchitis




Firefighters and fire victims are at risk of smoke inhalation,
a numerically important cause of acute cardiorespiratory
failure. Smoke inhalation kills more fire victims than does
thermal injury. Carbon monoxide poisoning with result-
ing significant hypoxemia can be life threatening. The use
of synthetic materials (plastic, polyurethanes), which, when
burned, may release a variety of other toxic agents (e.g.,
cyanide, hydrochloric acid), must be considered when
evaluating smoke inhalation victims. Exposed victims may
have some degree of lower respiratory tract inflammation,
pulmonary edema, or both.

Exposure to certain highly reactive, low-molecular-
weight agents used in the manufacture of synthetic
polymers, paints, and coatings (e.g., diisocyanates in
polyurethanes; aromatic amines and acid anhydrides in epox-
ies) are associated with a high risk of occupational asthma.
Although this occupational asthma manifests clinically as
if sensitization has occurred, there is little evidence that
an IgE antibody—mediated mechanism is involved.
Hypersensitivity pneumonitis—like reactions also have
been described in diisocyanate and acid anhydride—
exposed workers.

Fluoropolymers, such as Teflon, which produce no
reaction at normal temperatures, become volatilized
upon heating. The inhaled agents cause a characteristic
syndrome of fever, chills, malaise, and occasionally mild
wheezing leading to the diagnosis of polymer fume fever. A
similar self-limited, influenza-like syndrome—metal fume
fever—results from acute exposure to fumes or smoke
containing zinc oxide. The syndrome may begin several
hours after work and resolves within 24 h, only to return
on repeated exposure. Welding of galvanized steel is the
most common exposure leading to metal fume fever.

Two other agents have been recently associated with
potentially severe interstitial lung disease. Occupational
exposure to nylon flock has been shown to induce lym-
phocytic bronchiolitis, and workers exposed to diacetyl
used to provide “butter” flavor in the manufacture of
microwave popcorn have developed bronchiolitis oblit-
erans (Chap. 19).

World Trade Center Disaster

A consequence of the attack on the World Trade Center
(WTC) on September 11, 2001, was relatively heavy
exposure of a large number of firefighters and other res-
cue workers to the dust generated by the collapse of the
buildings. Environmental monitoring and chemical
characterization of WTC dust has revealed a wide vari-
ety of potentially toxic constituents, although much of
the dust was pulverized cement. Possibly because of the
high alkalinity of WTC dust significant cough, wheeze,
and phlegm production occurred among firefighters and
clean-up crews. New cough and wheeze syndromes also
occurred among local residents. Initial longitudinal follow-
up of New York firefighters suggests that heavier

exposure to WTC dust is associated with an accelerated 95

decline of lung function.

ENVIRONMENTAL RESPIRATORY
CARCINOGENS

In addition to asbestos exposures, other occupational
exposures associated with either proven or suspected
respiratory carcinogens include those to acrylonitrile,
arsenic compounds, beryllium, bis(chloromethyl) ether,
chromium (hexavalent), formaldehyde (nasal), isopropyl
oil (nasal sinuses), mustard gas, the various ores used to
produce pure nickel, polyaromatic hydrocarbons (coke
oven emissions and diesel exhaust), secondhand tobacco
smoke, silica (both mining and processing), talc (possible
asbestos contamination in both mining and milling),
vinyl chloride (sarcomas), wood (nasal cancer only), and
uranium. The occurrence of excess cancers in uranium
miners raises the possibility that a large number of
workers are at risk by virtue of exposure to similar radi-
ation hazards. This number includes not only workers
involved in processing uranium but also workers
exposed in underground mining operations where
radon daughters may be emitted from rock formations.

ASSESSMENT OF DISABILITY

Patients who have lung disease may have difficulty con-
tinuing to work in their usual jobs because of respira-
tory symptoms. Such patients frequently seek assistance
from their physicians in obtaining compensation for loss
of income. Disability is the term used to describe the
decreased ability to work because of the effects of a
medical condition. Physicians are generally able to assess
physiologic dysfunction, or impairment, but the rating of
disability also involves non-medical factors such as the
education and employability of the individual. The dis-
ability rating scheme differs with the compensation-
granting agency. For example, the U.S. Social Security
Administration requires that an individual be unable to
do any work (i.e., fotal disability) before he or she will
receive income replacement payments. Many state
workers’ compensation systems allow for payments for
partial disability. In the Social Security scheme, no deter-
mination of cause is done, but work-relatedness must be
established in workers” compensation systems.

Most commonly the need for disability assessment
comes about because of the patient’s complaint of short-
ness of breath. It is important to remember that dyspnea
may result from cardiac, hematologic, or neuromuscular
diseases in addition to respiratory diseases. For respiratory
disability, resting pulmonary function tests (spirometry
and diffusing capacity) are used as the initial assessment
tool, with cardiopulmonary exercise testing (to assess
maximal oxygen consumption) used if the results of the
resting tests do not correlate with the patient’s symptoms.
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also be useful in patients with asthma who have normal
spirometry results when evaluated. Some compensation
agencies (e.g., Social Security) have proscribed disabil-
ity classification schemes based on pulmonary function
test results. When no specific scheme is proscribed,
the Guidelines of the American Medical Association should
be used.

Evaluating relation to work exposure requires a
detailed work history, as previously discussed in this
chapter. Occasionally, as with some cases of suspected
occupational asthma, challenge to the putative agent in
the work environment with repeated pulmonary func-
tion measures may be required.

GENERAL ENVIRONMENTAL
EXPOSURES

OUTDOOR AIR POLLUTION

In 1971, the U.S. government established national air
quality standards for several pollutants believed to be
responsible for excess cardiorespiratory diseases. Primary
standards regulated by the Environmental Protection
Agency (EPA) designed to protect the public health
with an adequate margin of safety exist for sulfur diox-
ide, particulates matter, nitrogen dioxide, ozone, lead,
and carbon monoxide. Standards for each of these pollu-
tants are updated regularly through an extensive review
process conducted by the EPA. (For details on current
standards, see http://www.epa.gov/air/criteria.html.)

Pollutants are generated from both stationary sources
(power plants and industrial complexes) and mobile
sources (automobiles), and none of the pollutants occurs
in isolation. Furthermore, pollutants may be changed by
chemical reactions after being emitted. For example,
reducing agents, such as sulfur dioxide and particulate
matter from a power plant stack, may react in air to pro-
duce acid sulfates and aerosols, which can be transported
long distances in the atmosphere. Oxidizing substances,
such as oxides of nitrogen and oxidants from automobile
exhaust, may react with sunlight to produce ozone.
Although originally a problem confined to the south-
western part of the United States, in recent years, at least
during the summertime, elevated ozone and acid aerosol
levels have been documented throughout the United
States. Both acute and chronic effects of these exposures
have been documented in large population studies.

The symptoms and diseases associated with air pollu-
tion are the same as conditions commonly associated
with cigarette smoking. In addition, respiratory illness in
early childhood has been associated with chronic expo-
sure to only modestly elevated levels of traftic-related
gases and respirable particles. Multiple population-based
time-series studies within cities have demonstrated
excess cardiopulmonary hospitalizations and mortality.

In addition, cohort studies comparing cities that have
relatively high levels of particulate exposures with less
polluted communities suggest excess morbidity and mor-
tality from cardiorespiratory conditions in long-term
residents of the former. These findings have led to
stricter U.S. ambient air quality standards for particulate
matter as well as greater emphasis on publicizing pollu-
tion alerts to encourage individuals with significant car-
diopulmonary impairment to stay indoors during high
pollution episodes.

INDOOR EXPOSURES

Environmental tobacco smoke, radon gas, wood smoke,
and other biologic agents generated indoors need to be
considered. Several studies have shown that the res-
pirable particulate load in any household is directly pro-
portional to the number of cigarette smokers living in
the home. Increases in prevalence of respiratory illnesses
and reduced levels of pulmonary function measured
with simple spirometry have been found in children of
smoking parents in a number of studies. Recent meta-
analyses for lung cancer and cardiopulmonary diseases,
combining data from the best of the environmental
tobacco smoke exposure studies, suggest an approximate
25% increase in relative risk for each condition, even
after adjustment for major potential confounders.

Radon gas is believed to be a risk factor for lung can-
cer. The main radon product (radon 222) is a gas that
results from the decay series of uranium 238, with the
immediate precursor being radium 226. The amount of
radium in earth materials determines how much radon
gas will be emitted. Outdoors, the concentrations are
trivial. Indoors, levels are dependent on the sources, the
ventilation rate of the space, and the size of the space
into which the gas is emitted. Levels associated with
excess lung cancer risk may be present in as many as
10% of the houses in the United States. When smokers
reside in the household, the problem is potentially
greater because the molecular size of radon particles
allows them to readily attach to smoke particles that are
inhaled. Fortunately, technology is available for assessing
and reducing the level of exposure.

Other indoor exposures associated with an increased
risk of atopy and asthma include those to such specific
recognized putative biologic agents as cockroach anti-
gen, dust mites, and pet dander. Other indoor chemical
agents include formaldehyde, perfumes, and latex particles.
Nonspecific responses associated with “tight-building
syndrome,” in which no particular agent has been impli-
cated, have included a wide variety of complaints, among
them respiratory symptoms that are relieved only by
avoiding exposure in the building in question. The
degree to which “smells” or other sensory stimuli are
involved in the triggering of potentially incapacitat-
ing psychological or physical responses has yet to be
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FIGURE 10-4

Histopathologic features of biomass smoke-induced
interstitial lung disease. A. Anthracitic pigment is seen
accumulating along alveolar septae (arrowheads) and within

determined, and the long-term consequences of such
environmental exposures are as yet unknown.

PORTAL OF ENTRY

The lung is a primary point of entry into the body for a
number of toxic agents that affect other organ systems.
For example, the lung is a route of entry for benzene
(bone marrow), carbon disulfide (cardiovascular and ner-
vous systems), cadmium (kidney), and metallic mercury
(kidney, central nervous system). Thus, in any disease
state of obscure origin, it is important to consider the
possibility of inhaled environmental agents. Such consider-
ation can sometimes furnish the clue needed to identity a
specific external cause for a disorder that might otherwise

be labeled “idiopathic.”

GLOBAL CONSIDERATIONS

s Indoor exposure to biomass smoke (wood, dung,
crop residues, charcoal) is estimated to be respon-
sible for 2.7% of worldwide disability adjusted

life-years (DALY's) lost caused by acute lower respiratory
infections in children and COPD and lung cancer in
women. This burden of disease places indoor exposure
to biomass smoke as the second leading environmental
hazard for poor health, just behind unsafe water, sanitation,
and hygiene, and is 3.5 times larger than the burden
attributed to outdoor air pollution.

More than 50% of the world’s population uses bio-
mass fuel for cooking, heating, or baking. This occurs
predominantly in the rural areas of developing coun-
tries. Because many families burn biomass fuels in open
stoves, which are highly inefficient, and inside homes

a pigmented dust macule (single arrow). B. A high-power
photomicrograph contains a mixture of fibroblasts and carbon-
laden macrophages.

with poor ventilation, women and young children are
exposed on a daily basis to high levels of smoke. In these
homes, 24-h mean levels of fine particulate matter, a
component of biomass smoke, have been reported to be
two to 30 times higher than the National Ambient Air
Quality Standards set by the U.S. EPA.

Epidemiologic studies have consistently shown asso-
ciations between exposure to biomass smoke and both
chronic bronchitis and COPD, with odds ratios ranging
between 3 and 10 and increasing with longer exposures.
In addition to the common occupational exposure to
biomass smoke of women in developing countries, men
from such countries may also be occupationally
exposed. Because of increased migration to the United
States from developing countries, clinicians need to be
aware of the chronic respiratory effects of exposure to
biomass smoke, which can also include interstitial lung
disease (Fig. 10-4).
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DEFINITION

Pneumonia is an infection of the pulmonary parenchyma.
Despite being the cause of significant morbidity and
mortality, pneumonia is often misdiagnosed, mistreated,
and underestimated. In the past, pneumonia was typically
classified as community-acquired (CAP), hospital-
acquired (HAP), or ventilator-associated (VAP) pneu-
monia. Over the past decade or two, however, patients
presenting to the hospital have often been found to be
infected with multidrug-resistant (MDR) pathogens
previously associated with hospital-acquired pneumonia.
Factors responsible for this phenomenon include the
development and widespread use of potent oral antibi-
otics, earlier transfer of patients out of acute-care hospi-
tals to their homes or various lower-acuity facilities,
increased use of outpatient IV antibiotic therapy,
general aging of the population, and more extensive
immunomodulatory therapies. The potential involve-
ment of these MDR pathogens has led to a revised
classification system in which infection is categorized as
either CAP or health care—associated pneumonia (HCAP),
with subcategories of HCAP including HAP and VAP.
The conditions associated with HCAP and the likely
pathogens are listed in Table 11-1.

Although the new classification system has been help-
ful in designing empirical antibiotic strategies, it has some
disadvantages. For instance, not all MDR pathogens are
associated with all risk factors (Table 11-1). Therefore, this
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system represents a distillation of multiple risk factors, and
each patient must be considered individually. For exam-
ple, the risk of infection with MDR pathogens for a nurs-
ing home resident with dementia who can independently
dress, ambulate, and eat is quite different from the risk for
a patient who is in a chronic vegetative state with a tra-
cheostomy and a percutaneous feeding tube in place. In
addition, risk factors for MDR infection do not preclude
the development of pneumonia caused by the usual CAP
pathogens.

This chapter deals with pneumonia in patients who
are not considered to be immunocompromised.

PATHOPHYSIOLOGY

Pneumonia results from the proliferation of microbial
pathogens at the alveolar level and the host’s response to
those pathogens. Microorganisms gain access to the lower
respiratory tract in several ways. The most common way is
by aspiration from the oropharynx. Small-volume aspira-
tion occurs frequently during sleep (especially in the
elderly) and in patients with decreased levels of con-
sciousness. Many pathogens are inhaled as contaminated
droplets. Rarely, pneumonia occurs via hematogenous
spread (e.g., from tricuspid endocarditis) or by contiguous
extension from an infected pleural or mediastinal space.
Mechanical factors are critically important in host
detfense. The hairs and turbinates of the nares catch larger
inhaled particles before they reach the lower respiratory
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TABLE 11-1

CLINICAL CONDITIONS ASSOCIATED WITH AND LIKELY PATHOGENS IN HEALTH CARE—
ASSOCIATED PNEUMONIA

PATHOGEN
PSEUDOMONAS ACINETOBACTER MDR
CONDITION MRSA AERUGINOSA SPP. ENTEROBACTERIACEAE
Hospitalization for >48 h X X X
Hospitalization for >2 days X X X
in prior 3 months
Nursing home or extended- X X X
care facility residence
Antibiotic therapy in X
preceding 3 months
Chronic dialysis X
Home infusion therapy X
Home wound care X
Family member with X X

MDR infection

Note: MDR, multidrug resistant; MRSA, methicillin-resistant Staphylococcus aureus.

tract, and the branching architecture of the tracheo-
bronchial tree traps particles on the airway lining, where
mucociliary clearance and local antibacterial factors
either clear or kill the potential pathogen. The gag reflex
and the cough mechanism offer critical protection from
aspiration. In addition, the normal flora adhering to
mucosal cells of the oropharynx, whose components are
remarkably constant, prevent pathogenic bacteria from
binding, thereby decreasing the risk of pneumonia
caused by these more virulent bacteria.

When these barriers are overcome or when the
microorganisms are small enough to be inhaled to the
alveolar level, resident alveolar macrophages are extremely
efficient at clearing and killing pathogens. Macrophages
are assisted by local proteins (e.g., surfactant proteins A
and D) that have intrinsic opsonizing properties or
antibacterial or antiviral activity. After they have been
engulfed, the pathogens—even if they are not killed by
macrophages—are eliminated via either the mucociliary
elevator or the lymphatics and no longer represent an
infectious challenge. Only when the capacity of the alve-
olar macrophages to ingest or kill the microorganisms is
exceeded does clinical pneumonia become manifest. In
that situation, the alveolar macrophages initiate the
inflammatory response to bolster lower respiratory tract
defenses. The host inflammatory response, rather than the
proliferation of microorganisms, triggers the clinical syn-
drome of pneumonia. The release of inflammatory medi-
ators, such as interleukin (IL) 1 and tumor necrosis factor
(TNF), results in fever. Chemokines, such as IL-8 and
granulocyte colony-stimulating factor, stimulate the
release of neutrophils and their attraction to the lung,
producing both peripheral leukocytosis and increased

purulent secretions. Inflammatory mediators released by
macrophages and the newly recruited neutrophils create
an alveolar capillary leak equivalent to that seen in acute
respiratory distress syndrome (ARDS), although in pneu-
monia, this leak is localized (at least initially). Even ery-
throcytes can cross the alveolar-capillary membrane, with
consequent hemoptysis. The capillary leak, results in a
radiographic infiltrate and rales detectable on ausculta-
tion, and hypoxemia results from alveolar filling. More-
over, some bacterial pathogens appear to interfere with
the hypoxic vasoconstriction that would normally occur
with fluid-filled alveoli, and this interference can result in
severe hypoxemia. Increased respiratory drive in systemic
inflammatory response syndrome (SIRS) leads to respira-
tory alkalosis. Decreased compliance caused by capillary
leak, hypoxemia, increased respiratory drive, increased
secretions, and occasionally infection-related bronchospasm
all lead to dyspnea. If severe enough, the changes in lung
mechanics secondary to reductions in lung volume and
compliance and the intrapulmonary shunting of blood
may cause the patient’s death.

PATHOLOGY

Classic pneumonia evolves through a series of pathologic
changes. The initial phase is one of edema, with the
presence of a proteinaceous exudate—and often of
bacteria—in the alveoli. This phase is rarely evident in
clinical or autopsy specimens because it is so rapidly fol-
lowed by a red hepatization phase. The presence of ery-
throcytes in the cellular intraalveolar exudate gives this
second stage its name, but neutrophils are also present
and are important from the standpoint of host defense.



Bacteria are occasionally seen in cultures of alveolar
specimens collected during this phase. In the third phase,
gray hepatization, no new erythrocytes are extravasating,
and those already present have been lysed and degraded.
The neutrophil is the predominant cell, fibrin deposition
is abundant, and bacteria have disappeared. This phase
corresponds with successtul containment of the infection
and improvement in gas exchange. In the final phase, res-
olution, the macrophage is the dominant cell type in the
alveolar space, and the debris of neutrophils, bacteria, and
fibrin has been cleared, as has the inflammatory response.
This pattern has been described best for pneumococcal
pneumonia and may not apply to pneumonias of all eti-
ologies, especially viral or Pneumocystis pneumonia. In
VAP, respiratory bronchiolitis may precede the develop-
ment of a radiologically apparent infiltrate. Because of the
microaspiration mechanism, a bronchopneumonia pattern
is most common in nosocomial pneumonias, but a lobar
pattern is more common in bacterial CAP. Despite the
radiographic appearance, viral and Preumocystis pneumo-
nias represent alveolar rather than interstitial processes.

COMMUNITY-ACQUIRED PNEUMONIA
ETIOLOGY

The extensive list of potential etiologic agents in CAP
includes bacteria, fungi, viruses, and protozoa. Newly
identified pathogens include hantaviruses, metapneu-
moviruses, the coronavirus responsible for severe acute
respiratory syndrome (SARS), and community-acquired
strains of methicillin-resistant Staphylococcus aureus (MR SA).
Most cases of CAP, however, are caused by relatively few
pathogens (Table 11-2). Although Streptococcus pneumoniae

TABLE 11-2

MICROBIAL CAUSES OF COMMUNITY-ACQUIRED
PNEUMONIA, BY SITE OF CARE

HOSPITALIZED PATIENTS

OUTPATIENTS NON-ICU ICU

Streptococcus S. pneumoniae S. pneumoniae
pneumoniae

Mycoplasma M. pneumoniae Staphylococcus
pneumoniae aureus

Haemophilus Chlamydophila Legionella spp.
influenzae pneumoniae

C. pneumoniae H. influenzae Gram-negative

bacilli

Respiratory Legionella spp. H. influenzae
viruses? Respiratory
viruses?®

4Influenza A and B viruses, adenoviruses, respiratory syncytial viruses,
parainfluenza viruses.

Note: Pathogens are listed in descending order of frequency.

ICU, intensive care unit.

is most common, other organisms must also be consid- 101

ered in light of the patient’s risk factors and severity of
illness. In most cases, it is most useful to think of the
potential causes as either “typical” bacterial pathogens or
“atypical” organisms. The former category includes S.
pneumoniae, Haemophilus influenzae, and (in selected patients)
S. aureus and gram-negative bacilli such as Klebsiella pneu-
moniae and Pseudomonas aeruginosa. The “atypical” organ-
isms include Mycoplasma pneumoniae, Chlamydophila pneu-
moniae, and Legionella spp. as well as respiratory viruses
such as influenza viruses, adenoviruses, and respiratory
syncytial viruses (RSVs). Data suggest that a virus may be
responsible in up to 18% of cases of CAP that require
admission to the hospital. The atypical organisms cannot
be cultured on standard media, nor can they be seen on
Gram’s stain. The frequency and importance of atypical
pathogens such as M. pneumoniae and C. pneumoniae in
outpatients and Legionella spp. in inpatients have signifi-
cant implications for therapy. These organisms are intrin-
sically resistant to all B-lactam agents and must be treated
with a macrolide, a fluoroquinolone, or a tetracycline. In
the ~10-15% of CAP cases that are polymicrobial, the
etiology often includes a combination of typical and
atypical pathogens.

Anaerobes play a significant role only when an
episode of aspiration has occurred days to weeks before
presentation for pneumonia. The combination of an
unprotected airway (e.g., in patients with alcohol or
drug overdose or a seizure disorder) and significant gin-
givitis constitutes the major risk factor. Anaerobic pneu-
monias are often complicated by abscess formation and
significant empyemas or parapneumonic effusions.

S. aureus pneumonia is well known to complicate
influenza infection. Recently, however, MRSA strains
have been reported as primary causes of CAP. Although
this entity is still relatively uncommon, clinicians must
be aware of its potentially serious consequences, such as
necrotizing pneumonia. Two important developments
have led to this problem: the spread of MRSA from the
hospital setting to the community and the emergence of
genetically distinct strains of MRSA in the community.
These novel community-acquired MRSA (CA-MRSA)
strains have infected healthy individuals who have had
no association with health care.

Unfortunately, despite a careful history and physical
examination as well as routine radiographic studies, it is
usually impossible to predict the pathogen in a case of
CAP with any degree of certainty; in more than half of
cases, a specific etiology is never determined. Nevertheless,
it is important to consider epidemiologic and risk factors
that might suggest certain pathogens (Table 11-3).

EPIDEMIOLOGY

In the United States, about 80% of the 4 million CAP
cases that occur annually are treated on an outpatient
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EPIDEMIOLOGIC FACTORS SUGGESTING POSSIBLE
CAUSES OF COMMUNITY-ACQUIRED PNEUMONIA

FACTOR POSSIBLE PATHOGEN(S)

Alcoholism Streptococcus pneumoniae,
oral anaerobes, Klebsiella
pneumoniae, Acinetobacter
spp., Mycobacterium
tuberculosis

Haemophilus influenzae,
Pseudomonas aeruginosa,
Legionella spp.,

S. pneumoniae, Moraxella
catarrhalis, Chlamydophila
pneumoniae

P. aeruginosa, Burkholderia
cepacia, Staphylococcus
aureus

Oral anaerobes, gram-
negative enteric bacteria

COPD or smoking

Structural lung
disease (e.g.,
bronchiectasis)

Dementia, stroke,
decreased level of
consciousness

Lung abscess CA-MRSA, oral anaerobes,
endemic fungi, M. tuberculosis,
atypical mycobacteria

Travel to Ohio or Histoplasma capsulatum

St. Lawrence

River valleys

Travel to Hantavirus, Coccidioides spp.
southwestern
United States

Travel to Burkholderia pseudomallei,

avian influenza virus
Legionella spp.

Southeast Asia
Stay in hotel or on

cruise ship in

previous 2 weeks

Local influenza Influenza virus,

activity S. pneumoniae, S. aureus
Exposure to bats H. capsulatum
or birds

Exposure to birds

Exposure to rabbits

Exposure to sheep,
goats, parturient cats

Chlamydophila psittaci
Francisella tularensis
Coxiella burnetii

Note: CA-MRSA, community-acquired methicillin-resistant Staphylo-
coccus aureus; COPD, chronic obstructive pulmonary disease.

basis, and about 20% are treated in the hospital. CAP
results in more than 600,000 hospitalizations, 64 million
days of restricted activity, and 45,000 deaths annually.
The overall yearly cost associated with CAP is estimated
at $9 to $10 billion (U.S.). The incidence rates are high-
est at the extremes of age. Although the overall annual
figure in the United States is 12 cases per 1000 persons,
the figure 1s 12 to 18 per 1000 among children younger
than 4 years of age and 20 per 1000 among persons
older than 60 years of age.

The risk factors for CAP in general and for pneumo-
coccal pneumonia in particular have implications for

treatment regimens. Risk factors for CAP include alco-
holism, asthma, immunosuppression, institutionalization,
and an age of 70 years or older versus 60 to 69 years.
Risk factors for pneumococcal pneumonia include
dementia, seizure disorders, heart failure, cerebrovascular
disease, alcoholism, tobacco smoking, chronic obstruc-
tive pulmonary disease, and HIV infection. CA-MRSA
infection is more likely in Native Americans, homeless
youths, men who have sex with men, prison inmates,
military recruits, children in daycare centers, and athletes
such as wrestlers. The Enterobacteriaceae tend to affect
patients who have recently been hospitalized or received
antibiotic therapy or who have comorbidities such as
alcoholism, heart failure, or renal failure. P aeruginosa
may also infect these patients as well as those with severe
structural lung disease. Risk factors for Legionella infec-
tion include diabetes, hematologic malignancy, cancer,
severe renal disease, HIV infection, smoking, male gen-
der, and a recent hotel stay or ship cruise. (Many of
these risk factors would now reclassify as HCAP some
cases that were previously designated CAP)

CLINICAL MANIFESTATIONS

CAP can vary from indolent to fulminant in presenta-
tion and from mild to fatal in severity. The various signs
and symptoms, which depend on the progression and
severity of the infection, include both constitutional
findings and manifestations limited to the lung and its
associated structures. In light of the pathobiology of the
disease, many of the findings are to be expected.

The patient is frequently febrile with a tachycardic
response and may have chills or sweats and cough that is
either nonproductive or productive of mucoid, purulent,
or blood-tinged sputum. In accordance with the severity
of infection, the patient may be able to speak in full sen-
tences or may be very short of breath. If the pleura is
involved, the patient may experience pleuritic chest pain.
Up to 20% of patients may have gastrointestinal symptoms
such as nausea, vomiting, or diarrhea. Other symptoms
may include fatigue, headache, myalgias, and arthralgias.

Findings on physical examination vary with the
degree of pulmonary consolidation and the presence or
absence of a significant pleural effusion. An increased
respiratory rate and use of accessory muscles of respira-
tion are common. Palpation may reveal increased or
decreased tactile fremitus, and the percussion note can
vary from dull to flat, reflecting underlying consolidated
lung and pleural fluid, respectively. Crackles, bronchial
breath sounds, and possibly a pleural friction rub may be
heard on auscultation. The clinical presentation may not
be so obvious in the elderly, who may initially display
new-onset or worsening confusion and few other mani-
festations. Severely ill patients who have septic shock
secondary to CAP are hypotensive and may have evi-
dence of organ failure.



DIAGNOSIS

When confronted with possible CAP, the physician must
ask two questions: Is this pneumonia, and, if so, what is
the etiology? Whereas the former question is typically
answered by clinical and radiographic methods, the latter
requires the aid of laboratory techniques.

Clinical Diagnosis

The differential diagnosis includes both infectious and
noninfectious entities such as acute bronchitis, acute exac-
erbations of chronic bronchitis, heart failure, pulmonary
embolism, and radiation pneumonitis. The importance of a
careful history cannot be overemphasized. For example,
known cardiac disease may suggest worsening pulmonary
edema, and underlying carcinoma may suggest lung injury
secondary to radiation. Epidemiologic clues, such as recent
travel to areas with known endemic pathogens, may alert
the physician to specific possibilities (Table 11-3).

Unfortunately, the sensitivity and specificity of the
findings on physical examination are less than ideal,
averaging 58% and 67%, respectively. Therefore, chest
radiography is often necessary to help differentiate CAP
from other conditions. Radiographic findings serve as a
baseline and may include risk factors for increased
severity (e.g., cavitation or multilobar involvement).
Occasionally, radiographic results suggest an etiologic
diagnosis. For example, pneumatoceles suggest infection
with S. aureus, and an upper-lobe cavitating lesion sug-
gests tuberculosis. CT is rarely necessary but may be of
value in a patient with suspected postobstructive pneu-
monia caused by a tumor or foreign body. For patients
managed on an outpatient basis, the clinical and radio-
logic assessment is usually all that is done before treat-
ment is started because most laboratory test results are
not available soon enough to influence initial manage-
ment. In certain cases, however (e.g., influenza virus
infection), the availability of rapid point-of-care diag-
nostic tests and access to specific drugs for treatment and
prevention can be very important.

Etiologic Diagnosis

The cause of pneumonia usually cannot be determined
on the basis of clinical presentation; instead, the physician
must rely on the laboratory for support. Except for the
2% of CAP patients who are admitted to the intensive
care unit (ICU), no data exist to show that treatment
directed at a specific pathogen is statistically superior to
empirical therapy. The benefits of establishing a microbial
etiology can therefore be questioned, particularly in light
of the cost of diagnostic testing. However, a number of
reasons can be advanced for attempting an etiologic diag-
nosis. Identification of an unexpected pathogen allows
narrowing of the initial empirical regimen, which
decreases antibiotic selection pressure and may lessen the

risk of resistance. Pathogens with important public safety 103

implications, such as Mycobacterium tuberculosis and influenza
virus, may be found in some cases. Finally, without culture
and susceptibility data, trends in resistance cannot be fol-
lowed accurately, and appropriate empirical therapeutic
regimens are harder to devise.

I Gram’s Stain and Culture of Sputum

The main purpose of the sputum Gram’ stain is to ensure
that a sample is suitable for culture. However, Gram’
staining may also help to identify certain pathogens (e.g.,
S. pneumoniae, S. aureus, and gram-negative bacteria) by
their characteristic appearance.To be adequate for culture,
a sputum sample must have >25 neutrophils and <10
squamous epithelial cells per low-power field. The sensi-
tivity and specificity of the sputum Gram?’s stain and culture
are highly variable; even in cases of proven bacteremic
pneumococcal pneumonia; the yield of positive cultures
from sputum samples is <50%.

Some patients, particularly elderly individuals, may
not be able to produce an appropriate expectorated spu-
tum sample. Others may already have started a course of
antibiotics, which can interfere with results, at the time a
sample is obtained. The inability to produce sputum can
be a consequence of dehydration, and the correction of
this condition may result in increased sputum produc-
tion and a more obvious infiltrate on chest radiography.
For patients admitted to the ICU and intubated, a deep-
suction aspirate or bronchoalveolar lavage sample should
be sent to the microbiology laboratory as soon as possi-
ble. Because the causes in severe CAP are somewhat dif-
ferent from those in milder disease (Table 11-2), the
greatest benefit of staining and culturing respiratory
secretions is to alert the physician of unsuspected or
resistant pathogens and to permit appropriate modifica-
tion of therapy. Other stains and cultures may be useful
as well. For suspected tuberculosis or fungal infection,
specific stains are available. Cultures of pleural fluid
obtained from effusions >1 c¢m in height on a lateral
decubitus chest radiograph may also be helpful.

I Blood Cultures

The yield from blood cultures, even those obtained
before antibiotic therapy, is disappointingly low. Only
~5-14% of cultures of blood from patients hospitalized
with CAP are positive, and the most frequently isolated
pathogen is S. pneumoniae. Because recommended empir-
ical regimens all provide pneumococcal coverage, a blood
culture positive for this pathogen has little, if any, eftect
on clinical outcome. However, susceptibility data may
allow a switch from a broader-spectrum regimen (e.g., a
fluoroquinolone or B-lactam plus a macrolide) to peni-
cillin in appropriate cases. Because of the low yield and
the lack of significant impact on outcome, blood cultures
are no longer considered de rigueur for all hospitalized
CAP patients. Certain high-risk patients—including
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nia, or complement deficiencies; chronic liver disease; or
severe CAP—should have their blood cultured.

I Antigen Tests

Two commercially available tests detect pneumococcal
and certain Legionella antigens in urine. The test for
Legionella pneumophila detects only serogroup 1, but this
serogroup accounts for most community-acquired cases
of Legionnaires’ disease. The sensitivity and specificity of
the Legionella urine antigen test are as high as 90% and
99%, respectively. The pneumococcal urine antigen
test is also quite sensitive and specific (80% and >90%,
respectively). Although false-positive results can be
obtained with samples from colonized children, the test
is generally reliable. Both tests can detect antigen even
after the initiation of appropriate antibiotic therapy and
after weeks of illness. Other antigen tests include a rapid
test for influenza virus and direct fluorescent antibody
tests for influenza virus and RSV, although the test for
RSV is only poorly sensitive.

I Polymerase Chain Reaction

Polymerase chain reaction (PCR) tests are available for a
number of pathogens, including L. pneumophila and
mycobacteria. In addition, a multiplex PCR can detect
the nucleic acid of Legionella spp., M. pneumoniae, and
C. pneumoniae. However, the use of these PCR assays is
generally limited to research studies.

I Serology

A fourfold increase in specific IgM antibody titer
between acute- and convalescent-phase serum samples is
generally considered diagnostic of infection with the
pathogen in question. In the past, serologic tests were
used to help identify atypical pathogens as well as some
typical but relatively unusual organisms, such as Coxiella
burnetii. Recently, however, they have fallen out of favor
because of the time required to obtain a final result for
the convalescent-phase sample.

Treatment:
COMMUNITY-ACQUIRED PNEUMONIA

SITE OF CARE The decision to hospitalize a patient
with CAP must take into consideration the diminishing
health care resources and the rising costs of treatment.
The cost of inpatient management exceeds that of out-
patient treatment by a factor of 20 and accounts for
most CAP-related expenditures. Certain patients clearly
can be managed at home, and others clearly require
treatment in the hospital, but the choice is sometimes
difficult. Tools that objectively assess the risk of adverse
outcomes, including severe illness and death, may

minimize unnecessary hospital admissions and help to
identify patients who will benefit from hospital care.
There are currently two sets of criteria: the Pneumonia
Severity Index (PS), a prognostic model used to identify
patients at low risk of dying, and the CURB-65 criteria, a
severity-of-illness score.

To determine the PSI, points are given for 20 vari-
ables, including age, coexisting illness, and abnormal
physical and laboratory findings. On the basis of the
resulting score, patients are assigned to one of five
classes with the following mortality rates: class 1, 0.1%;
class 2, 0.6%; class 3, 2.8%; class 4, 8.2%; and class 5,
29.2%. Clinical trials have demonstrated that routine use
of the PSI results in lower admission rates for class 1 and
class 2 patients. Patients in classes 4 and 5 should be
admitted to the hospital, and those in class 3 should
ideally be admitted to an observation unit until a fur-
ther decision can be made.

The CURB-65 criteria include five variables: confusion
(C); urea >7 mmol/L (U); respiratory rate >30/min (R);
blood pressure, systolic <90 mmHg or diastolic <60 mmHg
(B); and age =65 years (65). Patients with a score of 0,
among whom the 30-day mortality rate is 1.5%, can be
treated outside the hospital. With a score of 2, the
30-day mortality rate is 9.2%, and patients should be
admitted to the hospital. Among patients with scores of
>3, mortality rates are 22% overall; these patients may
require admission to an ICU.

At present, it is difficult to say which assessment tool is
superior. The PSI is less practical in a busy emergency
department setting because of the need to assess 20 vari-
ables. Although the CURB-65 criteria are easily remem-
bered, they have not been studied as extensively.
Whichever system is used, these objective criteria must
always be tempered by careful consideration of factors
relevant to individual patients, including the ability to
comply reliably with an oral antibiotic regimen and the
resources available to the patient outside the hospital.

RESISTANCE Antimicrobial resistance is a signifi-
cant problem that threatens to diminish our therapeutic
armamentarium. Misuse of antibiotics results in
increased antibiotic selection pressure that can affect
resistance locally or even globally by clonal dissemina-
tion. For CAP, the main resistance issues currently
involve S. pneumoniae and CA-MRSA.

S. pneumoniae In general, pneumococcal resis-
tance is acquired by (1) direct DNA incorporation and
remodeling resulting from contact with closely related
oral commensal bacteria, (2) the process of natural
transformation, or (3) mutation of certain genes.
Pneumococcal strains are classified as sensitive to
penicillin if the minimal inhibitory concentration (MIC)
is <0.06 lg/mL, as intermediate if the MICis 0.1-1.0 ug/mL,
and as resistant if the MIC is >2 pg/mL. Strains resistant



to drugs from three or more antimicrobial classes with
different mechanisms of action are considered MDR iso-
lates. Pneumococcal resistance to [B-lactam drugs is
solely caused by the presence of low-affinity penicillin-
binding proteins. The propensity for pneumococcal
resistance to penicillin to be associated with reduced
susceptibility to other drugs, such as macrolides,
tetracyclines, and trimethoprim-sulfamethoxazole (TMP-
SMX), is of concern. In the United States, 58.9% of
penicillin-resistant pneumococcal isolates from blood
cultures are also resistant to macrolides. Penicillin is an
appropriate agent for the treatment of pneumococcal
infection caused by strains with MICs of <1 ug/mL. For
infections caused by pneumococcal strains with peni-
cillin MICs of 2-4 pug/mL, the data are conflicting; some
studies suggest no increase in treatment failure with
penicillin, but others suggest increased rates of death or
complications. For strains of S. pneumoniae with inter-
mediate levels of resistance, higher doses of the drug
should be used. Risk factors for drug-resistant pneumo-
coccal infection include recent antimicrobial therapy, an
age of <2 years or >65 years, attendance at a daycare
center, recent hospitalization, and HIV infection. Fortu-
nately, resistance to penicillin appears to be reaching a
plateau.

In contrast, resistance to macrolides is increasing
through several mechanisms, including target-site mod-
ification and the presence of an efflux pump. Target-site
modification is caused by ribosomal methylation in
23S rRNA encoded by the ermB gene and results in
resistance to macrolides, lincosamides, and strep-
togramin B-type antibiotics. This MLS8 phenotype is
associated with high-level resistance, with typical MICs
of 264 ng/mL. The efflux mechanism encoded by the
mef gene (M phenotype) is usually associated with
low-level resistance (MICs, 1-32 ug/mL). These two
mechanisms account for ~45% and ~65%, respectively,
of resistant pneumococcal isolates in the United States.
Some pneumococcal isolates with both the erm and
mef genes have been identified, but the exact signifi-
cance of this finding is unknown. High-level resistance
to macrolides is more common in Europe, and lower-
level resistance seems to predominate in North Amer-
ica. Although clinical failures with macrolides have been
reported, many experts think that these drugs still have
a role to play in the management of pneumococcal
pneumonia in North America.

Pneumococcal resistance to fluoroquinolones (e.g.,
ciprofloxacin and levofloxacin) has been reported.
Changes can occur in one or both target sites (topoiso-
merases |l and IV); changes in these two sites usually
result from mutations in the gyrA and parC genes,
respectively. The increasing number of pneumococcal
isolates that, although susceptible to fluoroquinolones,
already have a mutation in one target site is of concern.

Such organisms may be more likely to undergo a second-
step mutation that will render them fully resistant to fluo-
roquinolones. In addition, an efflux pump may play a role
in pneumococcal resistance to fluoroquinolones.

CA-MRSA CAP due to MRSA may be caused by
infection with the classic hospital-acquired strains or with
the more recently identified genotypically and pheno-
typically distinct community-acquired strains. Most
infections with the former strains have been acquired
either directly or indirectly by contact with the health
care environment and, although classified as HAP in the
past, would now be classified as HCAP.In some hospitals,
CA-MRSA strains are displacing the classic hospital-
acquired strains—a trend suggesting that the newer
strains may be more robust.

Methicillin resistance in S. aureus is determined

by the mecA gene, which encodes for resistance to all
B-lactam drugs. At least five staphylococcal chromoso-
mal cassette mec (SCCmec) types have been described.
Whereas the typical hospital-acquired strain usually has
type Il or lll, CA-MRSA has a type IV SCCmec element.
CA-MRSA isolates tend to be less resistant than the
older hospital-acquired strains and are often suscepti-
ble to TMP-SMX, clindamycin, and tetracycline in addi-
tion to vancomycin and linezolid. However, CA-MRSA
strains may also carry genes for superantigens, such as
enterotoxins B and C and Panton-Valentine leukocidin, a
membrane-tropic toxin that can create cytolytic pores
in polymorphonuclear neutrophils, monocytes, and
macrophages.
Gram-Negative Bacilli A detailed discussion of
resistance among gram-negative bacilli is beyond the
scope of this chapter. Fluoroquinolone resistance
among isolates of Escherichia coli from the community
appears to be increasing. Enterobacter spp. are typically
resistant to cephalosporins; the drugs of choice for use
against these bacteria are usually fluoroquinolones or
carbapenems. Similarly, when infections caused by bac-
teria producing extended-spectrum B-lactamases (ESBLs)
are documented or suspected, a fluoroquinolone or a
carbapenem should be used; these MDR strains are
more likely to be involved in HCAP.

INITIAL ANTIBIOTIC MANAGEMENT Because
the physician rarely knows the etiology of CAP at the out-
set of treatment, initial therapy is usually empirical and is
designed to cover the most likely pathogens (Table 11-4).
In all cases, antibiotic treatment should be initiated as
expeditiously as possible.

The CAP treatment guidelines in the United States
(summarized in Table 11-4) represent joint statements
from the Infectious Diseases Society of America (IDSA)
and the American Thoracic Society (ATS); the Canadian
guidelines come from the Canadian Infectious Disease
Society and the Canadian Thoracic Society. In these
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TABLE 11-4

EMPIRICAL ANTIBIOTIC TREATMENT OF
COMMUNITY-ACQUIRED PNEUMONIA

Outpatients

Previously healthy and no antibiotics in the past 3 months:

e A macrolide [clarithromycin (500 mg PO bid) or

azithromycin (500 mg PO once then 250 mg od)] or

e Doxycycline (100 mg PO bid)

Comorbidities or antibiotics in the past 3 months:
select an alternative from a different class:

¢ A respiratory fluoroquinolone [moxifloxacin

(400 mg PO od), gemifloxacin (320 mg PO od),
levofloxacin (750 mg PO od)] or

¢ A B-lactam [preferred: high-dose amoxicillin (1 g tid) or

amoxicillin/clavulanate (2 g bid); alternatives: ceftriax-
one (1-2 g IV od), cefpodoxime (200 mg PO bid),
cefuroxime (500 mg PO bid)] plus a macrolide?

In regions with a high rate of “high-level” pneumococcal
macrolide resistance,? consider the alternatives listed
above for patients with comorbidities.

Inpatients, Non-ICU

e A respiratory fluoroquinolone [moxifloxacin
(400 mg PO or IV od), gemifloxacin (320 mg PO od),
levofloxacin (750 mg PO or IV od)]

e A B-lactam® [cefotaxime (1-2 g IV g8h), ceftriaxone (1-2
g IV od), ampicillin (1-2 g IV g4-6h), ertapenem (1 g IV
od in selected patients)] plus a macrolide® oral clar-
ithromycin or azithromycin [as listed above for previ-
ously healthy patients or IV azithromycin
(1 g once, then 500 mg od)]

Inpatients, ICU

e A B-lactam® [cefotaxime (1-2 g IV q8h), ceftriaxone
(2 g IV od), ampicillin-sulbactam (2 g IV g8h)] plus

e Azithromycin or a fluoroquinolone (as listed above
for inpatients, non-ICU)

Special Concerns

If Pseudomonas infection is a consideration:

¢ An antipneumococcal, antipseudomonal B-lactam
[piperacillin/tazobactam (4.5 g IV g6h), cefepime
(1-2 g IV g12h), imipenem (500 mg IV g6h), meropenem
(1 g IV g8h)] plus either ciprofloxacin (400 mg IV g12h)
or levofloxacin (750 mg IV od)

¢ The above B-lactams plus an aminoglycoside [amikacin
(15 mg/kg od) or tobramycin (1.7 mg/kg od) and
azithromycin]

e The above B-lactams’ plus an aminoglycoside plus an
antipneumococcal fluoroquinolone

If CA-MRSA is a consideration:

e Add linezolid (600 mg IV g12h) or vancomycin
(1glVqgi2h)

2Doxycycline (100 mg PO bid) is an alternative to the macrolide.
bMinimal inhibitory concentrations of >16 pg/mL in 25% of isolates.
°A respiratory fluoroquinolone should be used for penicillin-allergic
patients.

9Doxycycline (100 mg IV g12h) is an alternative to the macrolide.
¢For penicillin-allergic patients, use a respiratory fluoroquinolone and
aztreonam (2 g IV g8h).

For penicillin-allergic patients, substitute aztreonam.

Note: CA-MRSA, community-acquired methicillin-resistant Staphylo-
coccus aureus; ICU, intensive care unit.

guidelines, coverage is always provided for the pneu-
mococcus and the atypical pathogens. In contrast, guide-
lines from some European countries do not always
include atypical coverage based on local epidemiologic
data.The U.S.—Canadian approach is supported by retro-
spective data from almost 13,000 patients >65 years of
age. Atypical pathogen coverage provided by a
macrolide or a fluoroquinolone has been associated
with a significant reduction in mortality rates compared
with those for 3-lactam coverage alone.

Therapy with a macrolide or a fluoroquinolone
within the previous 3 months is associated with an
increased likelihood of infection with a macrolide- or
fluoroquinolone-resistant strain of S. pneumoniae. For
this reason, a fluoroquinolone-based regimen should be
used for patients recently given a macrolide and vice
versa (Table 11-4).Telithromycin, a ketolide derived from
the macrolide class, differs from the macrolides in that it
binds to bacteria more avidly and at two sites rather
than one.This drug is active against pneumococci resis-
tant to penicillins, macrolides, and fluoroquinolones. Its
future role in the outpatient management of CAP will
depend on the evaluation of its safety by the U.S. Food
and Drug Administration.

After the etiologic agent(s) and susceptibilities are
known, therapy may be altered to target the specific
pathogen(s). However, this decision is not always straight-
forward. If blood cultures yield S. pneumoniae sensitive
to penicillin after 2 days of treatment with a macrolide
plus a B-lactam or a fluoroquinolone, should therapy
be switched to penicillin? Penicillin alone would not be
effective in the potential 15% of cases with atypical
co-infection. No standard approach exists. Some experts
would argue that pneumococcal coverage by a switch
to penicillin is appropriate, but others would opt for
continued coverage of both the pneumococcus and
atypical pathogens. One compromise is to continue
atypical coverage with either a macrolide or a fluoro-
quinolone for a few more days and then to complete
the treatment course with penicillin alone. In all cases,
the individual patient and the various risk factors must
be considered.

Management of bacteremic pneumococcal pneumo-
nia is also controversial. Data from nonrandomized
studies suggest that combination therapy (e.g., with a
macrolide and a B-lactam) is associated with a lower
mortality rate than monotherapy, particularly in
severely ill patients. The exact reason is unknown, but
explanations include possible atypical co-infection or
the immunomodaulatory effects of the macrolides.

For patients with CAP who are admitted to the ICU,
the risk of infection with P aeruginosa or CA-MRSA is
increased, and coverage should be considered when a
patient has risk factors or a Gram’s stain suggestive of
these pathogens (see Table 11-4). The main risk factors



for P aeruginosa infection are structural lung disease
(e.g., bronchiectasis) and recent treatment with antibi-
otics or glucocorticoids. If CA-MRSA infection is sus-
pected, either linezolid or vancomycin should be added
to the initial empirical regimen.

Although hospitalized patients have traditionally
received initial therapy by the IV route, some drugs—
particularly the fluoroquinolones—are very well absorbed
and can be given orally from the outset to select
patients. For patients initially treated IV, a switch to oral
treatment is appropriate as long as the patient can
ingest and absorb the drugs, is hemodynamically stable,
and is showing clinical improvement.

The duration of treatment for CAP has recently gen-
erated considerable interest. Patients have usually been
treated for 10-14 days, but recent studies with fluoro-
quinolones and telithromycin suggest that a 5-day
course is sufficient for otherwise uncomplicated CAP.
A longer course is required for patients with bacteremia;
metastatic infection; or infection with a particularly viru-
lent pathogen, such as P aeruginosa or CA-MRSA.
Longer-term therapy should also be considered if initial
treatment was ineffective and in most cases of severe
CAP. Data from studies with azithromycin, which sug-
gest 3-5 days of treatment for outpatient-managed
CAP, cannot be extrapolated to other drugs because of
the extremely long half-life of azithromycin.

Patients may be discharged from the hospital after
they are clinically stable and have no active medical
problems requiring ongoing hospital care. The site of
residence after discharge (in a nursing home, at home
with family, at home alone) is an important considera-
tion, particularly for elderly patients.

GENERAL CONSIDERATIONS In addition to
appropriate antimicrobial therapy, certain general con-
siderations apply in dealing with either CAP or HAP. Ade-
quate hydration, oxygen therapy for hypoxemia, and
assisted ventilation (when necessary) are critical to the
success of therapy. Patients with severe CAP who remain
hypotensive despite fluid resuscitation may have
adrenal insufficiency and may respond to glucocorticoid
treatment. Immunomodulatory therapy in the form of
drotrecogin alfa (activated) should be considered for
CAP patients with persistent septic shock and APACHE Il
scores of 25 or above, particularly if the infection is
caused by S. pneumoniae.

Failure to Improve Patients who are slow to
respond to therapy should be reevaluated at about day 3
(sooner if their condition is worsening rather than simply
not improving), and a number of possible scenarios
should be considered. (1) Is it a noninfectious condition?
(2) If it is an infection, is the correct pathogen being tar-
geted? (3) Is it a superinfection with a new nosocomial
pathogen? A number of noninfectious conditions can

mimic pneumonia, including pulmonary edema, pul-
monary embolism, lung carcinoma, radiation and hyper-
sensitivity pneumonitis, and connective tissue disease
involving the lungs. If the patient has CAP and treatment
is aimed at the correct pathogen, the lack of response
may be explained in a number of ways. The pathogen
may be resistant to the drug selected, or a sequestered
focus (e.g., a lung abscess or empyema) may be blocking
access of the antibiotic(s) to the pathogen. Alternatively,
the patient may be getting either the wrong drug or the
correct drug at the wrong dose or frequency of adminis-
tration. It is also possible that CAP is the correct
diagnosis but that a different pathogen (e.g., M. tubercu-
losis or a fungus) is the cause. In addition, nosocomial
superinfections—both pulmonary and extrapulmonary—
are possible explanations for persistence. In all cases of
delayed response or deteriorating condition, the patient
must be carefully reassessed and appropriate studies ini-
tiated. These studies may include such diverse proce-
dures as CT and bronchoscopy.

Complications As in other severe infections, com-
mon complications of severe CAP include respiratory
failure, shock and multiorgan failure, bleeding diatheses,
and exacerbation of comorbid illnesses. Three particu-
larly noteworthy conditions are metastatic infection,
lung abscess, and complicated pleural effusion. Metasta-
tic infection (e.g., brain abscess or endocarditis), although
unusual, deserves immediate attention by the physician,
with a detailed workup and proper treatment. Lung
abscess may occur in association with aspiration or with
infection caused by a single CAP pathogen, such CA-MRSA,
P, aeruginosa, or (rarely) S. pneumoniae. Aspiration pneu-
monia is typically a mixed polymicrobial infection
involving both aerobes and anaerobes. In either sce-
nario, drainage should be established, and antibiotics
that cover the known or suspected pathogens should
be administered. A significant pleural effusion should be
tapped for both diagnostic and therapeutic purposes. If
the fluid has a pH of <7, a glucose level of <2.2 mmol/L,
and a lactate dehydrogenase concentration of >1000 U/L,
or if bacteria are seen or cultured, then the fluid should
be drained, and a chest tube is usually required.

Follow-Up Fever and leukocytosis usually resolve
within 2 and 4 days, respectively, in otherwise healthy
patients with CAP, but physical findings may persist
longer. Chest radiographic abnormalities are slowest to
resolve and may require 4-12 weeks to clear, with the
speed of clearance depending on the patient’s age and
underlying lung disease. For a patient whose condition
is improving and who (if hospitalized) has been dis-
charged, a follow-up radiograph can be done ~4-6 weeks
later. If relapse or recurrence is documented, particularly
in the same lung segment, the possibility of an underly-
ing neoplasm must be considered.
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The prognosis of CAP depends on the patients age,
comorbidities, and site of treatment (inpatient or outpa-
tient). Young patients without comorbidity do well and
usually recover fully after ~2 weeks. Older patients and
those with comorbid conditions can take several weeks
longer to recover fully. The overall mortality rate for the
outpatient group is <1%. For patients requiring hospital-
ization, the overall mortality rate is estimated at 10%, with
~50% of the deaths directly attributable to pneumonia.

PREVENTION

The main preventive measure is vaccination. The rec-
ommendations of the Advisory Committee on Immu-
nization Practices should be followed for influenza and
pneumococcal vaccines. In the event of an influenza
outbreak, unprotected patients at risk from complica-
tions should be wvaccinated immediately and given
chemoprophylaxis with either oseltamivir or zanamivir
for 2 weeks—i.e., until vaccine-induced antibody levels
are sufficiently high. Because of an increased risk of
pneumococcal infection, even among patients without
obstructive lung disease, smokers should be strongly
encouraged to stop smoking.

HEALTH CARE-ASSOCIATED
PNEUMONIA

VENTILATOR-ASSOCIATED PNEUMONIA

Most research on VAP has focused on illness in the hos-
pital setting. However, the information and principles
based on this research can be applied to HCAP not
associated with ventilator use as well. The main rationale
for the new designation HCAP is that the pathogens
and treatment strategies for VAP are more similar to
those for HAP than to those for pure CAP.The greatest
difference between VAP and HCAP or HAP—and the
greatest similarity of VAP to CAP—is the return to
dependence on expectorated sputum for a microbio-
logic diagnosis, which is further complicated by the fre-
quent colonization with pathogens among patients in
the hospital or other health care—associated settings.

Etiology

Potential etiologic agents of VAP include both MDR
and non-MDR bacterial pathogens (Table 11-5). The
non-MDR group is nearly identical to the pathogens
found in severe CAP (see Table 11-2); it is not surprising
that such pathogens predominate if VAP develops in the
first 5—7 days of the hospital stay. However, if patients
have other risk factors for HCAP, MDR pathogens are a
consideration, even early in the hospital course. The

TABLE 11-5

MICROBIOLOGIC CAUSES OF VENTILATOR-
ASSOCIATED PNEUMONIA

NON-MDR PATHOGENS MDR PATHOGENS

Streptococcus pneumoniae Pseudomonas aeruginosa

Other Streptococcus spp. MRSA

Haemophilus influenzae Acinetobacter spp.

MSSA Antibiotic-resistant
Enterobacteriaceae

Antibiotic-sensitive Enterobacter spp.

Enterobacteriaceae
Escherichia coli
Klebsiella pneumoniae
Proteus spp.
Enterobacter spp.
Serratia marcescens

ESBL-positive strains
Klebsiella spp.
Legionella pneumophila
Burkholderia cepacia
Aspergillus spp.

Note: ESBL, extended-spectrum f-lactamase; MDR, multidrug-
resistant; MRSA, methicillin-resistant Staphylococcus aureus; MSSA,
methicillin-sensitive S. aureus.

relative frequency of individual MDR pathogens can
vary significantly from hospital to hospital and even
between different critical care units within the same
institution. Many hospitals have problems with P aeruginosa
and MRSA, but other MDR pathogens are often insti-
tution specific.

Less commonly, fungal and viral pathogens cause VAP,
most frequently aftecting severely immunocompromised
patients. Rarely, community-associated viruses cause
mini epidemics, usually when introduced by ill health
care workers.

Epidemiology

Pneumonia is a common complication among patients
requiring mechanical ventilation. Prevalence estimates
vary between six and 52 cases per 100 patients, depend-
ing on the population studied. On any given day in the
ICU, an average of 10% of patients will have pneumonia—
VAP in the overwhelming majority of cases. The fre-
quency of diagnosis is not static but changes with the
duration of mechanical ventilation, with the highest
hazard ratio in the first 5 days and a plateau in additional
cases (1% per day) after ~2 weeks. However, the cumula-
tive rate among patients who remain ventilated for as
long as 30 days 1s as high as 70%. These rates often do
not reflect the recurrence of VAP in the same patient.
After a ventilated patient has been transferred to a
chronic care facility or to home, the incidence of pneu-
monia decreases significantly, especially in the absence of
other risk factors for pneumonia.

Three factors are critical in the pathogenesis of
VAP: colonization of the oropharynx with pathogenic
microorganisms, aspiration of these organisms from
the oropharynx into the lower respiratory tract, and



compromise of the normal host defense mechanisms. Most
risk factors and their corresponding prevention strategies
pertain to one of these three factors (Table 11-6).

The most obvious risk factor is the endotracheal tube
(ET), which bypasses the normal mechanical factors, pre-
venting aspiration. Although the presence of an ET may
prevent large-volume aspiration, microaspiration is actu-
ally enhanced by secretions pooling above the cuft. The
ET and the concomitant need for suctioning can damage
the tracheal mucosa, thereby facilitating tracheal colo-
nization. In addition, pathogenic bacteria can form a gly-
cocalyx biofilm on the ET surface that protects them
from both antibiotics and host defenses. The bacteria can
also be dislodged during suctioning and can reinoculate
the trachea, or tiny fragments of glycocalyx can embolize
to distal airways, carrying bacteria with them.

In a high percentage of critically ill patients, the nor-
mal oropharyngeal flora is replaced by pathogenic
microorganisms. The most important risk factors are
antibiotic selection pressure, cross-infection from other
infected or colonized patients or contaminated equip-
ment, and malnutrition.

TABLE 11-6

How the lower respiratory tract defenses become over- 109
whelmed remains poorly understood. Almost all intu-
bated patients experience microaspiration and are at least
transiently colonized with pathogenic bacteria. However,
only around one-third of colonized patients develop VAP.
Severely ill patients with sepsis and trauma appear to enter
a state of immunoparalysis several days after admission to
the ICU—a time that corresponds to the greatest risk of
developing VAP. The mechanism of this immunosuppres-
sion 1s not clear, although several factors have been sug-
gested. Hyperglycemia affects neutrophil function, and
recent trials suggest that keeping the blood sugar close to
normal with exogenous insulin may have beneficial
effects, including a decreased risk of infection. More fre-
quent transfusions, especially of leukocyte-depleted red
blood cells, also affect the immune response positively.
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The clinical manifestations of VAP are generally the same
as for all other forms of pneumonia: fever, leukocyto-
sis, increase in respiratory secretions, and pulmonary

PATHOGENIC MECHANISMS AND CORRESPONDING PREVENTION STRATEGIES
FOR VENTILATOR-ASSOCIATED PNEUMONIA

PATHOGENIC MECHANISM

PREVENTION STRATEGY

Oropharyngeal colonization
with pathogenic bacteria

Elimination of normal flora

Large-volume oropharyngeal
aspiration around time of
intubation

Gastroesophageal reflux

Bacterial overgrowth of stomach

Cross-infection from other
colonized patients

Large-volume aspiration

Microaspiration around the
endotracheal tube
Endotracheal intubation
Prolonged duration of ventilation
Abnormal swallowing function
Secretions pooled above
the ET

Altered lower respiratory
host defenses

Avoidance of prolonged antibiotic courses
Short course of prophylactic antibiotics for comatose patients?

Postpyloric enteral feeding®; avoidance of high gastric residuals,
prokinetic agents

Avoidance of Gl bleeding caused by prophylactic agents that
increase gastric pH?; selective decontamination of the digestive
tract with nonabsorbable antibiotics?

Hand washing, especially with an alcohol-based hand rub;
intensive infection control education?; isolation; proper cleaning
of reusable equipment

Endotracheal intubation; avoidance of sedation; decompression
of small-bowel obstruction

Noninvasive ventilation?

Daily awakening from sedation,? weaning protocols?

Early percutaneous tracheostomy?

Head of bed elevated?; continuous aspiration of subglottic
secretions with specialized ET?; avoidance of reintubation;
minimization of sedation and patient transport

Tight glycemic control?; lowering of hemoglobin transfusion
threshold; specialized enteral feeding formula

aStrategies demonstrated to be effective in at least one randomized controlled trial.
bStrategies with negative randomized trials or conflicting results.

Note: ET, endotracheal tube; Gl, gastrointestinal.
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or changing radiographic infiltrate. The frequency of
abnormal chest radiographs before the onset of pneumo-
nia in intubated patients and the limitations of portable
radiographic technique make interpretation of radi-
ographs more difficult than in patients who are not intu-
bated. Other clinical features may include tachypnea,
tachycardia, worsening oxygenation, and increased minute
ventilation.

Diagnosis

No single set of criteria is reliably diagnostic of pneu-
monia in a ventilated patient. The inability to identify
such patients compromises efforts to prevent and treat
VAP and even calls into question estimates of the impact
of VAP on mortality rates.

Application of clinical criteria consistently results in
overdiagnosis of VAP, largely because of three common
findings in at-risk patients: (1) tracheal colonization
with pathogenic bacteria in patients with ETs, (2) multi-
ple alternative causes of radiographic infiltrates in
mechanically ventilated patients, and (3) the high fre-
quency of other sources of fever in critically ill patients.
The differential diagnosis of VAP includes a number of
entities, such as atypical pulmonary edema, pulmonary
contusion or hemorrhage, hypersensitivity pneumonitis,
ARDS, and pulmonary embolism. Clinical findings in
ventilated patients with fever or leukocytosis may have
alternative causes, including antibiotic-associated diar-
rhea, sinusitis, urinary tract infection, pancreatitis, and
drug fever. Conditions mimicking pneumonia are often
documented in patients in whom VAP has been ruled
out by accurate diagnostic techniques. Most of these
alternative diagnoses do not require antibiotic treatment;
require antibiotics different from those used to treat
VAP; or require some additional intervention, such as
surgical drainage or catheter removal, for optimal man-
agement.

This diagnostic dilemma has led to debate and con-
troversy. The major question is whether a quantitative-
culture approach as a means of eliminating false-positive
clinical diagnoses is superior to the clinical approach
enhanced by principles learned from quantitative-culture
studies. The recent IDSA/ATS guidelines for HCAP
suggest that either approach is clinically valid.

I Quantitative-Culture Approach

The essence of the quantitative-culture approach is to
discriminate between colonization and true infection by
determining the bacterial burden. The more distal in the
respiratory tree the diagnostic sampling, the more spe-
cific the results and therefore the lower the threshold of
growth necessary to diagnose pneumonia and exclude
colonization. For example, a quantitative endotracheal
aspirate yields proximate samples, and the diagnostic

threshold is 10° cfu/mL. The protected specimen brush
method, in contrast, obtains distal samples and has a
threshold of 10° cfu/mL. Conversely, sensitivity declines
as more distal secretions are obtained, especially when
they are collected blindly (i.e., by a technique other than
bronchoscopy). Additional tests that may increase the
diagnostic yield include Gram’ stain, differential cell
counts, staining for intracellular organisms, and detection
of local protein levels elevated in response to infection.

Several studies have compared patient cohorts managed
by the various quantitative-culture methods. Although
these studies documented issues of relative sensitivity and
specificity, outcomes were not significantly different for
the various groups of patients. The IDSA/ATS guidelines
have suggested that all these methods are appropriate and
that the choice depends on availability and local
expertise.

The Achilles heel of the quantitative approach is the
effect of antibiotic therapy. With sensitive microorgan-
isms, a single antibiotic dose can reduce colony counts
below the diagnostic threshold. Recent changes in
antibiotic therapy are the most significant. After =23 days
of consistent antibiotic therapy for another infection
before suspicion of pneumonia, the accuracy of diagnos-
tic tests for pneumonia is unaffected. Conversely, colony
counts above the diagnostic threshold during antibiotic
therapy suggest that the current antibiotics are ineffec-
tive. Even the normal host response may be sufficient to
reduce quantitative-culture counts below the diagnostic
threshold by the time of sampling. In short, expertise in
quantitative-culture techniques is critical, with a speci-
men obtained as soon as pneumonia is suspected and
before antibiotic therapy is initiated or changed.

In a study comparing the quantitative with the clini-
cal approach, use of bronchoscopic quantitative cultures
resulted in significantly less antibiotic use at 14 days after
study entry and lower rates of mortality and severity-
adjusted mortality at 28 days. In addition, more alterna-
tive sites of infection were found in patients randomized
to the quantitative-culture strategy. A critical aspect of
this study was that antibiotic treatment was initiated
only in patients whose gram-stained respiratory sample
was positive or who displayed signs of hemodynamic
instability. Fewer than half as many patients were treated
for pneumonia in the bronchoscopy group, and only
one-third as many microorganisms were cultured.

I Clinical Approach

The lack of specificity of a clinical diagnosis of VAP has
led to efforts to improve the diagnostic criteria. The
Clinical Pulmonary Infection Score (CPIS) was devel-
oped by weighting of the various clinical criteria usually
used for the diagnosis of VAP (Table 11-7). Use of the
CPIS allows the selection of low-risk patients who may
need only short-course antibiotic therapy or no treat-
ment at all. Moreover, studies have demonstrated that



TABLE 11-7

CLINICAL PULMONARY INFECTION SCORE (CPIS)

CRITERION SCORE
Fever (°C)

>38.5 but <38.9 1

>39 or <36 2
Leukocytosis

<4000 or >11,000/pL 1

Bands >50% 1 (additional)
Oxygenation (mmHg)

Pao,/F10, <250 and no ARDS 2
Chest radiograph

Localized infiltrate

Patchy or diffuse infiltrate 1

Progression of infiltrate

(no ARDS or CHF) 2

Tracheal aspirate

Moderate or heavy growth 1

1 (additional)

Maximal score? 12

Same morphology on Gram'’s stain

@The progression of the infiltrate is unknown, and tracheal aspirate
culture results are often unavailable at the time of the original diag-
nosis; thus, the maximal score is initially 8 to 10.

Note: ARDS, acute respiratory distress syndrome; CHF, congestive
heart failure.

the absence of bacteria in gram-stained endotracheal
aspirates makes pneumonia an unlikely cause of fever or
pulmonary infiltrates. These findings, coupled with a
heightened awareness of the alternative diagnoses possi-
ble in patients with suspected VAP, can prevent inappro-
priate treatment for this disease. Furthermore, data show
that the absence of an MDR pathogen in tracheal aspi-
rate cultures eliminates the need for MDR coverage
when empirical antibiotic therapy is narrowed. Because
the most likely explanations for the mortality benefit of
bronchoscopic quantitative cultures are decreased antibi-
otic selection pressure (which reduces the risk of subse-
quent infection with MDR pathogens) and identification
of alternative sources of infection, a clinical diagnostic
approach that incorporates such principles may result in
similar outcomes.

Treatment:
VENTILATOR-ASSOCIATED PNEUMONIA

Many studies have demonstrated higher mortality rates
with inappropriate than with appropriate empirical
antibiotic therapy. The key to appropriate antibiotic man-
agement of VAP is an appreciation of the patterns of resis-
tance of the most likely pathogens in any given patient.

RESISTANCE If it were not for the risk of infection
with MDR pathogens (see Table 11-1), VAP could be
treated with the same antibiotics used for severe CAP.

However, antibiotic selection pressure leads to the fre-
quent involvement of MDR pathogens by selecting
either for drug-resistant isolates of common pathogens
(MRSA and ESBL-positive Enterobacteriaceae) or for
intrinsically resistant pathogens (P aeruginosa and
Acinetobacter spp.). Frequent use of B-lactam drugs,
especially cephalosporins, appears to be the major risk
factor for infection with MRSA and ESBL-positive strains.

P.aeruginosa has demonstrated the ability to develop
resistance to all routinely used antibiotics. Unfortunately,
even if initially sensitive, P. aeruginosa isolates have also
shown a propensity to develop resistance during treat-
ment. Occasionally, derepression of resistance genes
may be the cause of the selection of resistant clones
within the large bacterial inoculum associated with most
pneumonias. Acinetobacter spp., Stenotrophomonas mal-
tophilia, and Burkholderia cepacia are intrinsically resis-
tant to many of the empirical antibiotic regimens listed
in Table 11-8. VAP caused by these pathogens emerges
during treatment of other infections, and resistance is
always evident at initial diagnosis.

EMPIRICAL THERAPY Recommended options
for empirical therapy are listed in Table 11-8. Treatment
should be started after diagnostic specimens have been
obtained. The major factor in the selection of agents is
the presence of risk factors for MDR pathogens. Choices

TABLE 11-8

EMPIRICAL ANTIBIOTIC TREATMENT OF HEALTH
CARE—ASSOCIATED PNEUMONIA

Patients without Risk Factors for MDR Pathogens

Ceftriaxone (2 g IV g24h) or
Moxifloxacin (400 mg IV g24h), ciprofloxacin
(400 mg IV g8h), or levofloxacin (750 mg IV g24h) or
Ampicillin/sulbactam (3 g IV g6h) or
Ertapenem (1 g IV g24h)

Patients with Risk Factors for MDR Pathogens

1. A B-lactam:
Ceftazidime (2 g IV g8h) or cefepime (2 g IV q8-12h) or
Piperacillin/tazobactam (4.5 g IV g6h), imipenem
(500 mg IV g6h or 1 g IV g8h), or meropenem
(1 g IV g8h) plus
2. A second agent active against gram-negative
bacterial pathogens:
Gentamicin or tobramycin (7 mg/kg IV g24h)
or amikacin (20 mg/kg IV g24h) or
Ciprofloxacin (400 mg IV g8h) or levofloxacin
(750 mg IV g24h) plus
3. An agent active against gram-positive bacterial
pathogens:
Linezolid (600 mg IV g12h) or
Vancomycin (15 mg/kg, up to 1 g IV, gq12h)

Note: MDR, multidrug-resistant.
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among the various options listed depend on local patterns
of resistance and the patient’s prior antibiotic exposure.

The majority of patients without risk factors for MDR
infection can be treated with a single agent. The major
difference from CAP is the markedly lower incidence of
atypical pathogens in VAP; the exception is Legionella
spp., which can be a nosocomial pathogen, especially
when there are deficiencies in the treatment of a hospi-
tal’s potable water supply.

The standard recommendation for patients with risk
factors for MDR infection is for three antibiotics: two
directed at P.aeruginosa and one at MRSA. The choice of
a B-lactam agent provides the greatest variability in
coverage, yet the use of the broadest-spectrum agent—
a carbapenem—still represents inappropriate initial
therapy in 10-15% of cases.

SPECIFIC TREATMENT After an etiologic diag-
nosis has been made, broad-spectrum empirical therapy
can be modified to address the known pathogen specif-
ically. For patients with MDR risk factors, antibiotic regi-
mens can be reduced to a single agent in more than
50% of cases and to a two-drug combination in more
than 20%. Only a minority of cases require a complete
course with three drugs. A negative tracheal-aspirate
culture or growth below the threshold for quantitative cul-
tures, especially if the sample was obtained before any
antibiotic change, strongly suggests that antibiotics
should be discontinued. Identification of other con-
firmed or suspected sites of infection may require ongo-
ing antibiotic therapy, but the spectrum of pathogens
(and the corresponding antibiotic choices) may be dif-
ferent from those for VAP. If the CPIS decreases over the
first 3 days, antibiotics should be stopped after 8 days.
An 8-day course of therapy is just as effective as a 2-week
course and is associated with less frequent emergence
of antibiotic-resistant strains.

The major controversy regarding specific therapy for
VAP concerns the need for ongoing combination treat-
ment of Pseudomonas infection. No randomized, con-
trolled trials have demonstrated a benefit of combina-
tion therapy with a B-lactam and an aminoglycoside,
nor have subgroup analyses in other trials found a sur-
vival benefit with such a regimen. The unacceptably
high rates of clinical failure and death for VAP caused by
P, aeruginosa despite combination therapy (see “Failure
to Improve” below) indicate that better regimens are
needed—including, perhaps, aerosolized antibiotics.

VAP caused by MRSA is associated with a 40% clinical
failure rate when treated with standard-dose van-
comycin. One proposed solution is the use of high-dose
individualized treatment, but the risk-to-benefit ratio of
this approach is unknown. Linezolid appears to be more
efficacious than the standard dose of vancomycin, espe-
cially in patients with renal insufficiency.

FAILURE TO IMPROVE Treatment failure is not
uncommon in VAP, especially in that caused by MDR
pathogens. In addition to the 40% failure rate for MRSA
infection treated with vancomycin, VAP caused by
Pseudomonas infection has a 50% failure rate, no matter
what the regimen.The causes of clinical failure vary with
the pathogen(s) and the antibiotic(s). Inappropriate
therapy can usually be minimized by use of the recom-
mended triple-drug regimen (Table 11-8). However, the
emergence of B-lactam resistance during therapy is an
important problem, especially in infection with
Pseudomonas and Enterobacter spp. Recurrent VAP
caused by the same pathogen is possible because the
biofilm on ETs allows reintroduction of the microorgan-
ism. However, studies of VAP caused by Pseudomonas
spp. show that approximately 50% of recurrent cases are
caused by a new strain. Inadequate local levels of van-
comycin are the likely cause of treatment failure in VAP
caused by MRSA.

Treatment failure is very difficult to diagnose. Pneu-
monia caused by a new superinfection, the presence of
extrapulmonary infection, and drug toxicity must be
considered in the differential diagnosis of treatment
failure. Whereas serial CPIS appears to track the clinical
response accurately, repeat quantitative cultures may
clarify the microbiologic response. A persistently ele-
vated or increasing CPIS value by day 3 of therapy is
likely to indicate failure. The most sensitive component
of the CPIS is improvement in oxygenation.

COMPLICATIONS Apart from death, the major
complication of VAP is prolongation of mechanical ven-
tilation, with corresponding increases in length of stay
in the ICU and in the hospital. In most studies, an addi-
tional week of mechanical ventilation because of VAP is
common. The additional expense of this complication
warrants costly and aggressive efforts at prevention.

In rare cases, some types of necrotizing pneumonia
(e.g., that caused by P aeruginosa infection) result in sig-
nificant pulmonary hemorrhage. More commonly,
necrotizing infections result in the long-term complica-
tions of bronchiectasis and parenchymal scarring, lead-
ing to recurrent pneumonias. The long-term complica-
tions of pneumonia are underappreciated. Pneumonia
results in a catabolic state in a patient already nutrition-
ally at risk. The muscle loss and general debilitation
from an episode of VAP often require prolonged reha-
bilitation and, in the elderly, commonly result in an
inability to return to independent function and the
need for nursing home placement.

FOLLOW-UP Clinical improvement, if it occurs, is
usually evident within 48 to 72 hours of the initiation of
antimicrobial treatment. Because findings on chest radi-
ography often worsen initially during treatment, they
are less helpful than clinical criteria as an indicator of



clinical response in severe pneumonia. Although no
hard and fast rules govern the frequency of follow-up
chest radiography in seriously ill patients with pneumo-
nia, assessment every few days in a responding patient
seems appropriate. After the patient has improved sub-
stantially and has stabilized, follow-up radiographs may
not be necessary for a few weeks.

Prognosis

VAP is associated with significant mortality. Crude mor-
tality rates of 50-70% have been reported, but the real
issue is attributable mortality. Many patients with VAP
have underlying diseases that would result in death even
if VAP did not occur. Attributable mortality exceeded
25% in one matched-cohort study. Patients who develop
VAP are at least twice as likely to die as those who do
not. Some of the variability in reported figures is clearly
related to the type of patient and ICU studied. VAP in
trauma patients is not associated with attributable mor-
tality, possibly because many of the patients were other-
wise healthy before being injured. However, the causative
pathogen also plays a major role. Generally, MDR
pathogens are associated with significantly greater attrib-
utable mortality than non-MDR pathogens. Pneumonia
caused by some pathogens (e.g., S. maltophilia) is simply a
marker for a patient whose immune system is so com-
promised that death is almost inevitable.

Prevention

(Table 11-6) Because of the significance of the ET as a
risk factor for VAP, the most important preventive inter-
vention is to avoid endotracheal intubation or at least to
minimize its duration. Successful use of noninvasive
ventilation via a nasal or full-face mask avoids many of
the problems associated with ETs. Strategies that mini-
mize the duration of ventilation have also been highly
effective in preventing VAP.

Unfortunately, a tradeoft in risks is sometimes required.
Aggressive attempts to extubate early may result in reintu-
bation(s), which pose a risk of VAP, Heavy continuous
sedation increases the risk, but self~extubation, because of
too little sedation, is also a risk. The tradeoft is probably
best illustrated by antibiotic therapy. Short-course antibi-
otic prophylaxis can decrease the risk of VAP in comatose
patients requiring intubation, and data suggest that antibi-
otics decrease VAP rates in general. However, the major
benefit appears to be a decrease in the incidence of
early-onset VAP, which is usually caused by the less patho-
genic non-MDR  microorganisms. Conversely, prolonged
courses of antibiotics consistently increase the risk of
VAP caused by the more lethal MDR' pathogens. Despite
its virulence and associated mortality, VAP caused by

Pseudomonas spp. is rare among patients who have not 113

recently received antibiotics.

Minimizing the amount of microaspiration around
the ET cuff is also a strategy for avoidance of VAP. Sim-
ply elevating the head of the bed (at least 30° above
horizontal but preferably 45°) decreases VAP rates. Spe-
cially modified ETs that allow removal of the secretions
pooled above the cuff may also prevent VAP. The risk-
to-benefit ratio of transporting the patient outside the
ICU for diagnostic tests or procedures should be care-
tully considered because VAP rates are increased among
transported patients.

Emphasis on the avoidance of agents that increase
gastric pH and on oropharyngeal decontamination has
been diminished by the equivocal and conflicting results
of more recent clinical trials. The role in the pathogene-
sis of VAP that is played by the overgrowth of bacter-
ial components of the bowel flora in the stomach has
also been downplayed. MRSA and the nonfermenters
P, aeruginosa and Acinetobacter spp. are not normally part of
the bowel flora but reside primarily in the nose and on
the skin, respectively. Therefore, an emphasis on control-
ling overgrowth of the bowel flora may be relevant only
in certain populations, such as liver transplant recipients
and patients who have undergone other major intraab-
dominal procedures or who have bowel obstruction.

In outbreaks of VAP caused by specific pathogens,
the possibility of a breakdown in infection control mea-
sures (particularly contamination of reusable equipment)
should be investigated. Even high rates of pathogens that
are already common in a particular ICU may be a result
of cross-infection. Education and reminders of the need
for consistent infection control practices can minimize
this risk.

HOSPITAL-ACQUIRED PNEUMONIA

Although significantly less well studied than VAP, HAP in
nonintubated patients, both inside and outside the ICU,
is similar to VAP. The main differences are in the higher
frequency of non-MDR  pathogens and the better
underlying host immunity in nonintubated patients. The
lower frequency of MDR pathogens allows monother-
apy in a larger proportion of cases of HAP than of VAP,

The only pathogens that may be more common in
the non-VAP population are anaerobes. The greater risk
of macroaspiration by nonintubated patients and the
lower oxygen tensions in the lower respiratory tract of
these patients increase the likelihood of a role for anaer-
obes. As in the management of CAP, specific therapy
targeting anaerobes probably is not indicated unless
gross aspiration is a concern.

Diagnosis is even more difficult for HAP in nonintu-
bated patients than for VAP. Lower respiratory tract
samples appropriate for culture are considerably more
difficult to obtain from nonintubated patients. Many of
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are also associated with an inability to cough adequately.
Because blood cultures are infrequently positive (<15%
of cases), the majority of patients with HAP do not have
culture data on which antibiotic modifications can be
based. Theretore, de-escalation of therapy is less likely in
patients with risk factors for MDR pathogens. Despite
these difficulties, the better host defenses in non-ICU
patients result in lower mortality rates than are docu-
mented for VAP, In addition, the risk of antibiotic failure
is lower in those with HAP.
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Tuberculosis, one of the oldest diseases known to affect
humans, is a major cause of death worldwide. This dis-
ease, which is caused by bacteria of the Mycobacterium
tuberculosis complex, usually aftects the lungs, although
other organs are involved in up to one-third of cases. If
propetly treated, tuberculosis caused by drug-susceptible
strains is curable in virtually all cases. If untreated, the
disease may be fatal within 5 years in 50-65% of cases.
Transmission usually takes place through the airborne
spread of droplet nuclei produced by patients with
infectious pulmonary tuberculosis.

ETIOLOGIC AGENT

Mycobacteria belong to the family Mycobacteriaceae
and the order Actinomycetales. Of the pathogenic
species belonging to the M. tuberculosis complex, the
most common and important agent of human disease
is M. tuberculosis. The complex includes M. bovis (the
bovine tubercle bacillus—characteristically resistant to
pyrazinamide, once an important cause of tuberculosis
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transmitted by unpasteurized milk, and currently the
cause of a small percentage of cases worldwide), M. caprae
(related to M. bovis), M. africanum (isolated from cases in
West, Central, and East Africa), M. microti (the “vole”
bacillus, a less virulent and rarely encountered organ-
ism), M. pinnipedii (a bacillus infecting seals and sea lions
in the southern hemisphere and recently isolated from
humans), and M. canettii (a rare isolate from East African
cases that produces unusual smooth colonies on solid
media and is considered closely related to a supposed
progenitor type).

M. tuberculosis is a rod-shaped, non—spore-forming,
thin aerobic bacterium measuring 0.5 Um by 3 pum.
Mycobacteria, including M. tuberculosis, are often neutral
on Gram’s staining. However, after they have been
stained, the bacilli cannot be decolorized by acid alco-
hol; this characteristic justifies their classification as acid-
fast bacilli (AFB; Fig. 12-1). Acid fastness is mainly
attributable to the organisms’ high content of mycolic
acids, long-chain cross-linked fatty acids, and other cell-
wall lipids. Microorganisms other than mycobacteria
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FIGURE 12-1
Acid-fast bacillus smear showing M. tuberculosis bacilli.
(Courtesy of the CDC, Atlanta.)

that display some acid fastness include species of Nocardia
and Rhodococcus, Legionella micdadei, and the protozoa
Lsospora and Cryptosporidium. In the mycobacterial cell
wall, lipids (e.g., mycolic acids) are linked to underlying
arabinogalactan and peptidoglycan. This structure con-
fers very low permeability of the cell wall, thus reducing

the effectiveness of most antibiotics. Another molecule
in the mycobacterial cell wall, lipoarabinomannan, is
involved in the pathogen—host interaction and facili-
tates the survival of M. tuberculosis within macrophages.
The complete genome sequence of M. tuberculosis com-
prises 4043 genes encoding 3993 proteins and 50 genes
encoding RNAs; its high guanine-plus-cytosine content
(65.6%) 1s indicative of an aerobic lifestyle. A large pro-
portion of genes are devoted to the production of
enzymes involved in cell wall metabolism.

EPIDEMIOLOGY

y,

More than 5 million new cases of tuberculosis
(all forms, both pulmonary and extrapulmonary)
were reported to the World Health Organiza-
tion (WHO) in 2005; >90% of cases were reported
from developing countries. However, because of insuffi-
cient case detection and incomplete notification,
reported cases represent only ~60% of total estimated
cases. The WHO estimated that 8.8 million new cases
of tuberculosis occurred worldwide in 2005, with 95%
of them in developing countries of Asia (4.9 million),
Africa (2.6 million), the Middle East (0.6 million), and
Latin America (0.4 million). It is further estimated that
1.6 million deaths from tuberculosis occurred in 2005,
95% of them in developing countries. Estimates of
tuberculosis incidence rates (per 100,000 population)
and numbers of tuberculosis-related deaths in 2005 are
depicted in Figs. 12-2 and 12-3, respectively.

Incidence per 100,000

[ 0-24

[ 50-99

- 300 or more

[ ]25-40 M 100-299 [ No estimate

FIGURE 12-2

Estimated tuberculosis incidence rates (per 100,000
population) in 2005. The designations employed and the
presentation of material on this map do not imply the expres-
sion of any opinion whatsoever on the part of the WHO con-
cerning the legal status of any country, territory, city, or area

or of its authorities or concerning the delimitation of its fron-
tiers or boundaries. White lines on maps represent approxi-
mate border lines for which there may not yet be full agree-
ment. (Courtesy of the Stop TB Department, WHO, with
permission.)



Deaths from TB
[ 0-499 [ 5000-9999 I 100,000 or more
[ 1500-4999 [ 10,000-99,999 [ No estimate
FIGURE 12-3

Estimated numbers of tuberculosis-related deaths in 2005. (See also disclaimer in
Fig. 12-2. Courtesy of the Stop TB Department, WHO, with permission.)

During the late 1980s and early 1990s, numbers of
reported cases of tuberculosis increased in industrialized
countries. These increases were related largely to immi-
gration from countries with a high prevalence of tuber-
culosis; infection with HIV; social problems, such as
increased urban poverty, homelessness, and drug abuse;
and dismantling of tuberculosis services. During the past
few years, numbers of reported cases have begun to
decline again or stabilized in industrialized nations. In
the United States, with the implementation of stronger
control programs, the decrease resumed in 1993. In
2005, 14,097 cases of tuberculosis (4.8 cases per 100,000
population) were reported to the Centers for Disease
Control and Prevention (CDC).

In the United States, tuberculosis is uncommon
among young adults of European descent, who have
only rarely been exposed to M. tuberculosis infection dur-
ing recent decades. In contrast, because of a high risk in
the past, the prevalence of M. tuberculosis infection is rel-
atively high among elderly white people, who remain at
increased risk of developing active tuberculosis. Tuber-
culosis in the United States is also a disease of young
adult members of the HIV-infected, immigrant, and dis-
advantaged or marginalized populations. Similarly, in
Europe, tuberculosis has reemerged as an important
public health problem, mainly as a result of cases among
immigrants from high-prevalence countries.

Recent data on trends indicate that in 2005, the inci-
dence of tuberculosis was stable or decreasing in most
regions; the result is a small decline globally from figures
in previous years. This global reduction is largely attribut-
able to an apparent peaking in sub-Saharan Africa, where
incidence had risen steeply since the 1980s as a result of

the HIV epidemic and the paucity of health services. In
eastern Europe, the incidence increased during the 1990s
because of deterioration in socioeconomic conditions
and the health care infrastructure; however, after peaking
in 2001, the incidence has recently stabilized.

FROM EXPOSURE TO INFECTION

M. tuberculosis is most commonly transmitted from a
person with infectious pulmonary tuberculosis to others
by droplet nuclei, which are aerosolized by coughing,
sneezing, or speaking. The tiny droplets dry rapidly; the
smallest (<5-10 Wm in diameter) may remain suspended
in the air for several hours and may reach the terminal
air passages when inhaled. There may be as many as
3000 infectious nuclei per cough. Other routes of
transmission of tubercle bacilli (e.g., through the skin or
the placenta) are uncommon and of no epidemiologic
significance.

The probability of contact with a person who has an
infectious form of tuberculosis, the intimacy and duration
of that contact, the degree of infectiousness of the case,
and the shared environment in which the contact takes
place are all important determinants of the likelihood of
transmission. Several studies of close-contact situations
have clearly demonstrated that tuberculosis patients whose
sputum contains AFB visible by microscopy are the most
likely to transmit the infection. The most infectious
patients have cavitary pulmonary disease or, much less
commonly, laryngeal tuberculosis and produce sputum
containing as many as 10°-107 AFB/mL. Patients with
sputum smear—negative/culture-positive tuberculosis are
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disease and extrapulmonary tuberculosis are essentially
noninfectious. Because persons with both HIV infection
and tuberculosis are less likely to have cavitations, they
may be less infectious than persons without HIV co-
infection. Crowding in poorly ventilated rooms is one of
the most important factors in the transmission of tuber-
cle bacilli because it increases the intensity of contact
with a case.

In short, the risk of acquiring M. tuberculosis infection
is determined mainly by exogenous factors. Because of
delays in secking care and in making a diagnosis, it is
estimated that in high-prevalence settings, up to 20 con-
tacts may be infected by each AFB-positive case before
the index case is found to have tuberculosis.

FROM INFECTION TO DISEASE

Unlike the risk of acquiring infection with M. tuberculosis,
the risk of developing disease after being infected
depends largely on endogenous factors, such as the
individual’s innate immunologic and nonimmunologic
defenses and level of function of cell-mediated immu-
nity (CMI). Clinical illness directly after infection is
classified as primary tuberculosis and is common among
children up to 4 years of age and among immunocom-
promised persons. Although primary tuberculosis may
be severe and disseminated, it is not generally associated
with high-level transmissibility. When infection is
acquired later in life, the chance is greater that the
mature immune system will contain it at least tem-
porarily. The majority of infected individuals who ulti-
mately develop tuberculosis do so within the first year
or two after infection. Dormant bacilli, however, may
persist for years before reactivating to produce secondary
(or postprimary) tuberculosis, which, because of frequent
cavitation, is more often infectious than is primary dis-
ease. Overall, it is estimated that up to 10% of infected
persons will eventually develop active tuberculosis in
their lifetime. The risk is much higher among HIV-
infected persons. Reinfection of a previously infected
individual, which is common in areas with high rates of
tuberculosis transmission, may also favor the develop-
ment of disease. At the height of the tuberculosis resur-
gence in the United States in the early 1990s, molecular
typing and comparison of strains of M. tuberculosis
suggested that up to one-third of cases of active tuber-
culosis in some inner-city communities were caused by
recent transmission rather than to reactivation of latent
infection.

Age is an important determinant of the risk of disease
after infection. Among infected persons, the incidence of
tuberculosis is highest during late adolescence and early
adulthood; the reasons are unclear. The incidence among
women peaks at 25—34 years of age. In this age group,
rates among women may be higher than those among

TABLE 12-1
RISK FACTORS FOR ACTIVE TUBERCULOSIS AMONG

PERSONS WHO HAVE BEEN INFECTED WITH
TUBERCLE BACILLI

FACTOR RELATIVE RISK/ODDS?
Recent infection (<1 year) 12.9
Fibrotic lesions 2-20
(spontaneously healed)
Comorbidity
HIV infection 100
Silicosis 30
Chronic renal failure or 10-25
hemodialysis
Diabetes 2-4
IV drug use 10-30
Immunosuppressive treatment 10
Gastrectomy 2-5
Jejunoileal bypass 30-60
Posttransplantation period 20-70
(renal, cardiac)
Malnutrition and severe 2

underweight

a0ld infection = 1.

men; at older ages, the opposite is true. The risk may
increase in elderly individuals, possibly because of wan-
ing immunity and comorbidity.

A variety of diseases and conditions favor the devel-
opment of active tuberculosis (Table 12-1). The most
potent risk factor for tuberculosis among infected indi-
viduals is clearly HIV co-infection, which suppresses
cellular immunity. The risk that latent M. tuberculosis
infection will proceed to active disease is directly related
to the patient’s degree of immunosuppression. In a study
of HIV-infected, tuberculin skin test (TST)—positive
persons, this risk varied from 2.6 to 13.3 cases per 100
person-years and increased as the CD4+ T cell count
decreased.

NATURAL HISTORY OF DISEASE

Studies conducted in various countries before the advent
of chemotherapy showed that untreated tuberculosis is
often fatal. About one-third of patients died within 1 year
after diagnosis, and one-half died within 5 years. The 5-year
mortality rate among sputum smear—positive cases was
65%. Of the survivors at 5 years, ~60% had undergone
spontaneous remission; the remainders were still excret-
ing tubercle bacilli.

With effective, timely, and proper chemotherapy,
patients have a very high chance of being cured. How-
ever, improper use of antituberculosis drugs, while reduc-
ing mortality rates, may also result in large numbers of
chronic infectious cases, often with drug-resistant bacilli.



PATHOGENESIS AND IMMUNITY
INFECTION AND MACROPHAGE INVASION

The interaction of M. tuberculosis with the human host
begins when droplet nuclei containing microorganisms
from infectious patients are inhaled. Although the major-
ity of inhaled bacilli are trapped in the upper airways and
expelled by ciliated mucosal cells, a fraction (usually
<10%) reach the alveoli. There, alveolar macrophages that
have not yet been activated phagocytize the bacilli. Inva-
sion of macrophages by mycobacteria results largely from
binding of the bacterial cell wall with a variety of
macrophage cell-surface molecules, including comple-
ment receptors, mannose receptor, immunoglobulin
GFcy receptor, and type A scavenger receptors. Phagocy-
tosis is enhanced by complement activation, leading to
opsonization of bacilli with C3 activation products such
as C3b. After a phagosome forms, the survival of M. tuber-
culosis within it seems to depend on reduced acidification
because of lack of accumulation of vesicular proton-
adenosine triphosphatase. A complex series of events is
probably generated by the bacterial cell-wall glycolipid
lipoarabinomannan (LAM). LAM inhibits the intracellu-
lar increase of Ca®*. Thus, the Ca*"/calmodulin pathway
(leading to phagosome—-lysosome fusion) is impaired, and
the bacilli may survive within the phagosomes. If the
bacilli are successful in arresting phagosome maturation,
then replication begins, and the macrophage eventually
ruptures and releases its bacillary contents.

VIRULENCE OF TUBERCLE BACILLI

Several genes thought to confer virulence to M. tuberculo-
sis have been identified. The katG gene encodes for
catalase/peroxidase enzymes that protect against oxidative
stress; rpo/1s the main sigma factor initiating transcription
of several genes. Defects in these two genes result in loss
of virulence. The erp gene, encoding a protein required
for multiplication, also contributes to virulence. Strains of’
the Beijing/W genotype family have been identified in
outbreak conditions in a variety of settings worldwide
and have been associated with higher mortality rates and
occasionally with multidrug resistance.

INNATE RESISTANCE TO INFECTION

Several observations suggest that genetic factors play a key
role in innate nonimmune resistance to infection with
M. tuberculosis and the development of disease. The exis-
tence of this resistance, which is polygenic in nature, is
suggested by the differing degrees of susceptibility to
tuberculosis in different populations. In mice, a gene
called Nramp1 (natural resistance—associated macrophage
protein 1) plays a regulatory role in resistance/susceptibil-
ity to mycobacteria. The human homologue NRAMP1,

which maps to chromosome 2q, may play a role in deter- 119

mining susceptibility to tuberculosis, as suggested by a
study among West Africans. Polymorphisms in multiple
genes, such as those encoding for histocompatibility
leukocyte antigen (HLA), interferon y (IFN-y), T cell
growth factor B (TGF-B), interleukin (IL) 10, mannose-
binding protein, IFN-y receptor, Toll-like receptor (TLR)
2, vitamin D receptor, and IL-1, have been associated
with susceptibility to tuberculosis.

THE HOST RESPONSE

In the initial stage of host—bacterium interaction, either
fusion between phagosomes and lysosomes occurs, pre-
venting bacillary survival, or the bacilli begin to multiply,
ultimately killing the macrophage. A variety of chemoat-
tractants that are released after cell lysis (e.g., complement
components, bacterial molecules, and cytokines) recruit
additional immature monocyte-derived macrophages,
including dendritic cells, which migrate to the draining
lymph nodes and present mycobacterial antigens to T
lymphocytes. At this point, the development of CMI and
humoral immunity begins. These initial stages of infection
are usually asymptomatic.

About 2—4 weeks after infection, two host responses
to M. tuberculosis develop: a macrophage-activating CMI
response and a tissue-damaging response. The macrophage-
activating response 1s a T cell-mediated phenomenon result-
ing in the activation of macrophages that are capable of
killing and digesting tubercle bacilli. The tissue-damaging
response 1s the result of a delayed-type hypersensitivity
(DTH) reaction to various bacillary antigens; it destroys
unactivated macrophages that contain multiplying bacilli
but also causes caseous necrosis of the involved tissues
(see later). Although both of these responses can inhibit
mycobacterial growth, it is the balance between the two
that determines the form of tuberculosis that will develop
subsequently.

GRANULOMA FORMATION

With the development of specific immunity and the accu-
mulation of large numbers of activated macrophages at the
site of the primary lesion, granulomatous lesions (tuber-
cles) are formed. These lesions consist of accumulations of
lymphocytes and activated macrophages that evolve
toward epithelioid and giant cell morphologies. Initially,
the tissue-damaging response can limit mycobacterial
growth within macrophages. As stated above, this response,
mediated by various bacterial products, not only destroys
macrophages but also produces early solid necrosis in the
center of the tubercle. Although M. tuberculosis can survive,
its growth is inhibited within this necrotic environment by
low oxygen tension and low pH. At this point, some
lesions may heal by fibrosis with subsequent calcification,
but inflammation and necrosis occur in other lesions.
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CMI is critical at this early stage. In the majority of
infected individuals, local macrophages are activated when
bacillary antigens processed by macrophages stimulate T
lymphocytes to release a variety of lymphokines. These
activated macrophages aggregate around the lesion’s cen-
ter and effectively neutralize tubercle bacilli without caus-
ing further tissue destruction. In the central part of the
lesion, the necrotic material resembles soft cheese (caseous
necrosis—a phenomenon that may also be observed in
other conditions, such as neoplasms. Even when healing
takes place, viable bacilli may remain dormant within
macrophages or in the necrotic material for many years.
These “healed” lesions in the lung parenchyma and hilar
lymph nodes may later undergo calcification.

THE DELAYED-TYPE HYPERSENSITIVITY
REACTION

In a minority of cases, the macrophage-activating response
is weak, and mycobacterial growth can be inhibited only
by intensified DTH reactions, which lead to lung tissue
destruction. The lesion tends to enlarge further, and the
surrounding tissue is progressively damaged. At the center
of the lesion, the caseous material liquefies. Bronchial walls
as well as blood vessels are invaded and destroyed, and cav-
ities are formed. The liquefied caseous material, containing
large numbers of bacilli, is drained through bronchi.
Within the cavity, tubercle bacilli multiply, spill into the
airways, and are discharged into the environment through
expiratory maneuvers such as coughing and talking.

In the early stages of infection, bacilli are usually trans-
ported by macrophages to regional lymph nodes, from
which they gain access to the bloodstream and dissemi-
nate widely throughout the body. The resulting lesions
may undergo the same evolution as those in the lungs,
although most tend to heal. In young children with poor
natural immunity, hematogenous dissemination may result
in fatal miliary tuberculosis or tuberculous meningitis.

ROLE OF MACROPHAGES AND
MONOCYTES

Although CMI confers partial protection against M. tuber-
culosis, humoral immunity plays a less well-defined role
in protection (although evidence is accumulating on the
existence of LAM antibodies, which may prevent dis-
semination of infection in children). In the case of CMI,
two types of cells are essential: macrophages, which
directly phagocytize tubercle bacilli, and T cells (mainly
CD4+ T lymphocytes), which induce protection
through the production of cytokines, especially IFN-y.

After infection with M. tuberculosis, alveolar macrophages
secrete various cytokines responsible for a number of

events (e.g., the formation of granulomas) as well as sys-
temic effects (e.g., fever and weight loss). Monocytes and
macrophages attracted to the site are key components of
the immune response. Their primary mechanism is proba-
bly related to production of nitric oxide, which has antimy-
cobacterial activity and increases synthesis of cytokines
such as tumor necrosis factor o0 (TNF o) and IL-1, which
in turn regulate release of reactive nitrogen intermediates.
In addition, macrophages can undergo apoptosis—a defen-
sive mechanism to prevent release of cytokines and bacilli
via their sequestration in the apoptotic cell.

ROLE OF T LYMPHOCYTES

Alveolar macrophages, monocytes, and dendritic cells
are also critical in processing and presenting antigens to
T lymphocytes, primarily CD4+ and CD8+ T cells; the
result is the activation and proliferation of CD4+ T
lymphocytes, which are crucial to the host’s defense
against M. tuberculosis. Qualitative and quantitative
defects of CD4+ T cells explain the inability of HIV-
infected individuals to contain mycobacterial prolifera-
tion. Activated CD4+ T lymphocytes can differentiate
into cytokine-producing Tyl or T2 cells. Tyl cells
produce IFN-y—an activator of macrophages and
monocytes—and [L-2. T2 cells produce IL-4, IL-5,
[L-10, and IL-13 and may promote humoral immunity.
The interplay of these various cytokines and their cross-
regulation determine the hosts response. The role of
cytokines in promoting intracellular killing of mycobac-
teria, however, has not been entirely elucidated. IFN-y
may induce the generation of reactive nitrogen interme-
diates and regulate genes involved in bactericidal effects.
TNF o also seems to be important.

Observations made originally in transgenic knockout
mice and more recently in humans suggest that other
T cell subsets, especially CD8+ T cells, may play an
important role. CD8+ T cells have been associated with
protective activities via cytotoxic responses and lysis of
infected cells as well as with production of IFN-y and
TNF o Finally, natural killer cells act as co-regulators of
CD8+ T cell lytic activities, and Y0 T cells are increas-
ingly thought to be involved in protective responses in
humans.

MYCOBACTERIAL LIPIDS AND PROTEINS

Lipids have been involved in mycobacterial recognition
by the innate immune system, and lipoproteins (e.g.,
19-kDa lipoprotein) have been proven to trigger potent
signals through TLRs present in blood dendritic cells.
M. tuberculosis possesses various protein antigens. Some
are present in the cytoplasm and cell wall; others are
secreted. That the latter are more important in eliciting a



T lymphocyte response is suggested by experiments
documenting the appearance of protective immunity in
animals after immunization with live, protein-secreting
mycobacteria. Among the antigens that may play a pro-
tective role are the 30-kDa (or 85B) and ESAT-6 anti-
gens. Protective immunity is probably the result of reac-
tivity to many different mycobacterial antigens.

SKIN TEST REACTIVITY

Coincident with the appearance of immunity, DTH to
M. tuberculosis develops. This reactivity is the basis of the
TST, which is used primarily for the detection of
M. tuberculosis infection in persons without symptoms.
The cellular mechanisms responsible for TST reactivity
are related mainly to previously sensitized CD4+ T lym-
phocytes, which are attracted to the skin-test site. There,
they proliferate and produce cytokines.

Although DTH is associated with protective immu-
nity (with TST-positive persons being less susceptible to
a new M. tuberculosis infection than TST-negative per-
sons), it by no means guarantees protection against reac-
tivation. In fact, cases of active tuberculosis are often
accompanied by strongly positive skin-test reactions.
There 1s also evidence of reinfection with a new strain
of M. tuberculosis in patients previously treated for active
disease. This evidence underscores the fact that previous
latent or active tuberculosis may not confer fully protec-
tive immunity.

CLINICAL MANIFESTATIONS

Tuberculosis is classified as pulmonary, extrapulmonary,
or both. Before the advent of HIV infection, ~80% of all
new cases of tuberculosis were limited to the lungs.
However, up to two-thirds of HIV-infected patients with
tuberculosis may have both, pulmonary and extrapul-
monary disease or extrapulmonary disease alone.

PULMONARY TUBERCULOSIS

Pulmonary tuberculosis can be categorized as primary
or postprimary (secondary).

Primary Disease

Primary pulmonary tuberculosis occurs soon after the
initial infection with tubercle bacilli. In areas of high
tuberculosis transmission, this form of disease is often
seen in children. Because most inspired air is distributed
to the middle and lower lung zones, these areas of the
lungs are most commonly involved in primary tubercu-
losis. The lesion forming after infection is usually
peripheral and accompanied in more than half of cases
by hilar or paratracheal lymphadenopathy, which may
not be detectable on chest radiography. In the majority

of cases, the lesion heals spontaneously and may later be 121

evident as a small calcified nodule (Ghon lesion).

In children and in persons with impaired immunity
(e.g., those with malnutrition or HIV infection), pri-
mary pulmonary tuberculosis may progress rapidly to
clinical illness. The initial lesion increases in size and can
evolve in different ways. Pleural effusion, which is found
in up to two-thirds of cases, results from the penetration
of bacilli into the pleural space from an adjacent sub-
pleural focus. In severe cases, the primary site rapidly
enlarges, its central portion undergoes necrosis, and cavi-
tation develops (progressive primary tuberculosis). Tubercu-
losis in young children is almost invariably accompanied
by hilar or mediastinal lymphadenopathy caused by the
spread of bacilli from the lung parenchyma through
lymphatic vessels. Enlarged lymph nodes may compress
bronchi, causing obstruction and subsequent segmental
or lobar collapse. Partial obstruction may cause obstruc-
tive emphysema, and bronchiectasis may also develop.
Hematogenous dissemination, which is common and
often asymptomatic, may result in the most severe mani-
festations of primary M. tuberculosis infection. Bacilli
reach the bloodstream from the pulmonary lesion or the
lymph nodes and disseminate into various organs, where
they may produce granulomatous lesions. Although
healing frequently takes place, immunocompromised
persons (e.g., patients with HIV infection) may develop
miliary tuberculosis, tuberculous meningitis, or both.

Postprimary Disease

Also called adult-type, reactivation, or secondary tuberculosis,
postprimary disease results from endogenous reactivation
of latent infection and is usually localized to the apical
and posterior segments of the upper lobes, where the
substantially higher mean oxygen tension (compared
with that in the lower zones) favors mycobacterial
growth. In addition, the superior segments of the lower
lobes are frequently involved. The extent of lung
parenchymal involvement varies greatly, from small infil-
trates to extensive cavitary disease. With cavity forma-
tion, liquefied necrotic contents are ultimately discharged
into the airways, resulting in satellite lesions within the
lungs that may in turn undergo cavitation (Figs. 12-4
and 12-5). Massive involvement of pulmonary segments
or lobes, with coalescence of lesions, produces tubercu-
lous pneumonia. Although up to one-third of untreated
patients reportedly succumb to severe pulmonary tuber-
culosis within a few weeks or months after onset (the
classical “galloping consumption” of the past), others
undergo a process of spontaneous remission or proceed
along a chronic, progressively debilitating course
(“consumption”). Under these circumstances, some pul-
monary lesions become fibrotic and may later calcify, but
cavities persist in other parts of the lungs. Individuals
with such chronic disease continue to discharge tubercle
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FIGURE 12-4

Chest radiograph showing a right upper-lobe infiltrate
and a cavity with an air-fluid level in a patient with active
tuberculosis. (Courtesy of Dr. Andrea Gori, Department of
Infectious Diseases, S. Paolo University Hospital, Milan, Italy,
with permission.)

bacilli into the environment. Most patients respond to treat-
ment, with defervescence, decreasing cough, weight gain, and
a general improvement in well-being within several weeks.

Early in the course of disease, symptoms and signs are
often nonspecific and insidious, consisting mainly of

FIGURE 12-5

CT scan showing a large cavity in the right lung of a patient
with active tuberculosis. (Courtesy of Dr. Enrico Girardi,
National Institute for Infectious Diseases, Spallanzani Hospital,
Rome, Italy, with permission.)

fever and night sweats, weight loss, anorexia, general
malaise, and weakness. However, in the majority of cases,
cough eventually develops—often initially nonproductive
and subsequently accompanied by the production of
purulent sputum, sometimes with blood streaking. Mas-
sive hemoptysis may ensue as a consequence of the ero-
sion of a blood vessel in the wall of a cavity. Hemoptysis,
however, may also result from rupture of a dilated vessel
in a cavity (Rasmussen’s aneurysm) or from aspergilloma
formation in an old cavity. Pleuritic chest pain sometimes
develops in patients with subpleural parenchymal lesions.
Extensive disease may produce dyspnea and, in rare
instances, adult respiratory distress syndrome (ARDS).

Physical findings are of limited use in pulmonary tuber-
culosis. Many patients have no abnormalities detectable by
chest examination, but others have detectable rales in the
involved areas during inspiration, especially after coughing.
Occasionally, thonchi caused by partial bronchial obstruc-
tion and classic amphoric breath sounds in areas with large
cavities may be heard. Systemic features include fever
(often low-grade and intermittent) in up to 80% of cases
and wasting. Absence of fever, however, does not exclude
tuberculosis. In some cases, pallor and finger clubbing
develop. The most common hematologic findings are mild
anemia and leukocytosis. Hyponatremia caused by the
syndrome of inappropriate secretion of antidiuretic hor-
mone (STADH) has also been reported.

EXTRAPULMONARY TUBERCULOSIS

In order of frequency, the extrapulmonary sites most
commonly involved in tuberculosis are the lymph
nodes, pleura, genitourinary tract, bones and joints,
meninges, peritoneum, and pericardium. However, vir-
tually all organ systems may be affected. As a result of
hematogenous dissemination in HIV-infected individuals,
extrapulmonary tuberculosis is seen more commonly
today than in the past.

Lymph-Node Tuberculosis (Tuberculous
Lymphadenitis)

The most common presentation of extrapulmonary
tuberculosis (>40% of cases in the United States in recent
series), lymph-node disease 1is particularly frequent
among HIV-infected patients. In the United States, chil-
dren and women (particularly non-whites) also seem to be
especially susceptible. Once caused mainly by M. bovis,
tuberculous lymphadenitis is today largely caused by
M. tuberculosis infection. Lymph-node tuberculosis pre-
sents as painless swelling of the lymph nodes, most
commonly at posterior cervical and supraclavicular sites
(a condition historically referred to as scrofula). Lymph
nodes are usually discrete and nontender in early disease
but may be inflamed and have a fistulous tract draining
caseous material. Associated pulmonary disease is seen in



>40% of cases. Systemic symptoms are usually limited to
HIV-infected patients. The diagnosis is established only
by fine-needle aspiration or surgical biopsy. AFB are seen
in up to 50% of cases, cultures are positive in 70-80%,
and histologic examination shows granulomatous lesions.
Among HIV-infected patients, granulomas usually are
not seen. The differential diagnosis includes a variety of
infectious conditions; neoplastic diseases such as lym-
phomas or metastatic carcinomas; and rare disorders such
as Kikuchi disease (necrotizing histiocytic lymphadenitis),
Kimura’s disease, and Castleman’s disease.

Pleural Tuberculosis

Involvement of the pleura, which accounts for ~20% of
extrapulmonary cases in the United States, is common
in primary tuberculosis and may result from either con-
tiguous spread of parenchymal inflammation or, as in
many cases of pleurisy accompanying postprimary dis-
ease, actual penetration by tubercle bacilli into the
pleural space. Depending on the extent of reactivity,
the effusion may be small, remain unnoticed, and resolve
spontaneously or may be sufficiently large to cause
symptoms such as fever, pleuritic chest pain, and dysp-
nea. Physical findings are those of pleural eftusion: dull-
ness to percussion and absence of breath sounds. A chest
radiograph reveals the effusion and, in up to one-third
of cases, also shows a parenchymal lesion. Thoracentesis
is required to ascertain the nature of the effusion and to
differentiate it from manifestations of other etiologies.
The fluid is straw colored and at times hemorrhagic; it is
an exudate with a protein concentration >50% of that in
serum (usually ~4—6 g/dL), a normal to low glucose
concentration, a pH of ~7.3 (occasionally <7.2), and
detectable white blood cells (usually 500—-6000/uL).
Neutrophils may predominate in the early stage, and
mononuclear cells are the typical finding later. Mesothe-
lial cells are generally rare or absent. AFB are seen on
direct smear in only 10-25% of cases, but cultures may
be positive for M. tuberculosis in 25—75% of cases; positive
cultures are more common among postprimary cases.
Determination of the pleural concentration of adeno-
sine deaminase (ADA) is a useful screening test: tubercu-
losis 1s virtually excluded if the value is very low. Needle
biopsy of the pleura is often required for diagnosis and
reveals granulomas or yields a positive culture in up to
80% of cases. This form of pleural tuberculosis responds
well to chemotherapy and may resolve spontaneously.
The usefulness of glucocorticoid administration is
doubtful.

Tuberculous empyema is a less common complication
of pulmonary tuberculosis. It is usually the result of the
rupture of a cavity, with spillage of a large number of
organisms into the pleural space. This process may create
a bronchopleural fistula with evident air in the pleural
space. A chest radiograph shows hydropneumothorax

with an air-fluid level. The pleural fluid is purulent and 123

thick and contains large numbers of lymphocytes. Acid-
fast smears and mycobacterial cultures are often positive.
Surgical drainage is usually required as an adjunct to
chemotherapy. Tuberculous empyema may result in
severe pleural fibrosis and restrictive lung disease. Removal
of the thickened visceral pleura (decortication) is occa-
sionally necessary to improve lung function.

Tuberculosis of the Upper Airways

Nearly always a complication of advanced cavitary pul-
monary tuberculosis, tuberculosis of the upper airways
may involve the larynx, pharynx, and epiglottis. Symp-
toms include hoarseness, dysphonia, and dysphagia in
addition to chronic productive cough. Findings depend
on the site of involvement, and ulcerations may be seen
on laryngoscopy. Acid-fast smear of the sputum is often
positive, but biopsy may be necessary in some cases to
establish the diagnosis. Carcinoma of the larynx may
have similar features but is usually painless.

Genitourinary Tuberculosis

Genitourinary tuberculosis, which accounts for ~15% of
all extrapulmonary cases in the United States, may
involve any portion of the genitourinary tract. Local
symptoms predominate, and up to one-third of patients
may concomitantly have pulmonary disease. Urinary
frequency, dysuria, nocturia, hematuria, and flank or
abdominal pain are common presentations. However,
patients may be asymptomatic and the disease discovered
only after severe destructive lesions of the kidneys have
developed. Urinalysis gives abnormal results in 90% of
cases, revealing pyuria and hematuria. The documenta-
tion of culture-negative pyuria in acidic urine raises the
suspicion of tuberculosis. IV pyelography, abdominal CT,
or MRI (Fig. 12-6) may show deformities and obstruc-
tions, and calcifications and ureteral strictures are sugges-
tive findings. Culture of three morning urine specimens
yields a definitive diagnosis in nearly 90% of cases.
Severe ureteral strictures may lead to hydronephrosis and
renal damage.

Genital tuberculosis is diagnosed more commonly in
female than in male patients. In female patients, it affects
the fallopian tubes and the endometrium and may cause
infertility, pelvic pain, and menstrual abnormalities.
Diagnosis requires biopsy or culture of specimens
obtained by dilatation and curettage. In male patients,
tuberculosis preferentially affects the epididymis, pro-
ducing a slightly tender mass that may drain externally
through a fistulous tract; orchitis and prostatitis may also
develop. In almost half of cases of genitourinary tuber-
culosis, urinary tract disease is also present. Genitouri-
nary tuberculosis responds well to chemotherapy.
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FIGURE 12-6

MRI of culture-confirmed renal tuberculosis. T2-weighted
coronary plane: coronal sections showing several renal lesions
in both the cortical and the medullary tissues of the right
kidney. (Courtesy of Dr. Alberto Matteelli, Department of Infec-
tious Diseases, University of Brescia, Italy, with permission.)

Skeletal Tuberculosis

In the United States, tuberculosis of the bones and joints
is responsible for about 10% of extrapulmonary cases. In
bone and joint disease, pathogenesis is related to reactiva-
tion of hematogenous foci or to spread from adjacent
paravertebral lymph nodes. Weight-bearing joints (the
spine in 40% of cases, the hips in 13%, and the knees in
10%) are most commonly affected. Spinal tuberculosis
(Pott’s disease or tuberculous spondylitis; Fig. 12-7)
often involves two or more adjacent vertebral bodies.
Although the upper thoracic spine is the most common
site of spinal tuberculosis in children, the lower thoracic
and upper lumbar vertebrae are usually affected in adults.
From the anterior superior or inferior angle of the verte-
bral body, the lesion slowly reaches the adjacent body,
later affecting the intervertebral disk. With advanced dis-
ease, collapse of vertebral bodies results in kyphosis
(gibbus). A paravertebral “cold” abscess may also form. In
the upper spine, this abscess may track to and penetrate
the chest wall, presenting as a soft tissue mass; in the
lower spine, it may reach the inguinal ligaments or pre-
sent as a psoas abscess. CT or MRI reveals the character-
istic lesion and suggests its etiology. The difterential diag-
nosis includes tumors and other infections. Pyogenic
bacterial osteomyelitis, in particular, involves the disk
very early and produces rapid sclerosis. Aspiration of the
abscess or bone biopsy confirms the tuberculous etiology
because cultures are usually positive and histologic find-

FIGURE 12-7

CT scan demonstrating destruction of the right pedicle of
T10 due to Pott’s disease. The patient, a 70-year-old Asian
woman, presented with back pain and weight loss and had
biopsy-proven tuberculosis. (Courtesy of Charles L. Daley,
M.D., University of California, San Francisco, with permission.)

ings highly typical. A catastrophic complication of Pott’s
disease is paraplegia, which is usually caused by an abscess
or a lesion compressing the spinal cord. Paraparesis caused
by a large abscess is a medical emergency and requires
rapid drainage. Tuberculosis of the hip joints, usually
involving the head of the femur, causes pain; tuberculosis
of the knee produces pain and swelling. If the disease goes
unrecognized, the joints may be destroyed. Diagnosis
requires examination of the synovial fluid, which is thick
in appearance, with a high protein concentration and a
variable cell count. Although synovial fluid culture is pos-
itive in a high percentage of cases, synovial biopsy and tis-
sue culture may be necessary to establish the diagnosis.
Skeletal tuberculosis responds to chemotherapy, but severe
cases may require surgery.

Tuberculous Meningitis and Tuberculoma

Tuberculosis of the central nervous system (CNYS)
accounts for ~5% of extrapulmonary cases in the United
States. It is seen most often in young children but also
develops in adults, especially those infected with HIV.
Tuberculous meningitis results from the hematogenous
spread of primary or postprimary pulmonary disease or
from the rupture of a subependymal tubercle into the
subarachnoid space. In more than half of cases, evidence
of old pulmonary lesions or a miliary pattern is found
on chest radiography. The disease often presents subtly as
headache and slight mental changes after a prodrome of
weeks of low-grade fever, malaise, anorexia, and irri-
tability. If not recognized, tuberculous meningitis may
evolve acutely with severe headache, confusion, lethargy,



altered sensorium, and neck rigidity. Typically, the disease
evolves over 1-2 weeks, a course longer than that of
bacterial meningitis. Paresis of the cranial nerves (ocular
nerves in particular) is a frequent finding, and the
involvement of the cerebral arteries may produce focal
ischemia. The ultimate evolution is toward coma, with
hydrocephalus and intracranial hypertension.

Lumbar puncture is the cornerstone of diagnosis. In
general, examination of the cerebrospinal fluid (CSF)
reveals a high leukocyte count (up to 1000/uL), usually
with a predominance of lymphocytes but sometimes
with a predominance of neutrophils in the early stage; a
protein content of 1-8 g/L (100-800 mg/dL); and a low
glucose concentration. However, any of these three
parameters can be within the normal range. AFB are
seen on direct smear of CSF sediment in up to one-
third of cases, but repeated lumbar punctures increase
the yield. Culture of CSF is diagnostic in up to 80% of
cases and remains the gold standard. Polymerase chain
reaction (PCR) has a sensitivity of up to 80%, but rates
of false-positivity reach 10%. The ADA concentration
may be a sensitive test but has low specificity. Imaging
studies (CT and MRI) may show hydrocephalus and
abnormal enhancement of basal cisterns or ependyma.

If unrecognized, tuberculous meningitis is uniformly
fatal. This disease responds to chemotherapy; however,
neurologic sequelae are documented in 25% of treated
cases, in most of which the diagnosis has been delayed.
Clinical trials have demonstrated that patients given
adjunctive glucocorticoids may experience faster resolu-
tion of CSF abnormalities and elevated CSF pressure. In
a recent study, adjunctive dexamethasone (0.4 mg/kg
per day given IV and tapering by 0.1 mg/kg per week
until the fourth week, when 0.1 mg/kg per day was
administered; followed by 4 mg/d given by mouth and
tapering by 1 mg per week until the fourth week, when
1 mg/d was administered) significantly enhanced the
chances of survival among persons >14 years of age but
did not reduce the frequency of neurologic sequelae.

Tuberculoma, an uncommon manifestation of CNS
tuberculosis, presents as one or more space-occupying
lesions and usually causes seizures and focal signs. CT or
MRUI reveals contrast-enhanced ring lesions, but biopsy
is necessary to establish the diagnosis.

Gastrointestinal Tuberculosis

Gastrointestinal tuberculosis is uncommon, making up
3.5% of extrapulmonary cases in the United States. Various
pathogenetic mechanisms are involved: swallowing of spu-
tum with direct seeding, hematogenous spread, or (largely
in developing areas) ingestion of milk from cows affected
by bovine tuberculosis. Although any portion of the gas-
trointestinal tract may be affected, the terminal ileum and
the cecum are the most commonly involved sites.
Abdominal pain (at times similar to that associated with

appendicitis) and swelling, obstruction, hematochezia, and 125

a palpable mass in the abdomen are common findings at
presentation. Fever, weight loss, anorexia, and night sweats
are also common. With intestinal wall involvement, ulcera-
tions and fistulaec may simulate Crohn’s disease; the differ-
ential diagnosis with this entity is always difticult. Anal
fistulae should prompt an evaluation for rectal tuberculo-
sis. Because surgery is required in most cases, the diagnosis
can be established by histologic examination and culture
of specimens obtained intraoperatively.

Tuberculous peritonitis follows either the direct
spread of tubercle bacilli from ruptured lymph nodes
and intraabdominal organs (e.g., genital tuberculosis in
women) or hematogenous seeding. Nonspecific abdom-
inal pain, fever, and ascites should raise the suspicion of
tuberculous peritonitis. The coexistence of cirrhosis in
patients with tuberculous peritonitis complicates the
diagnosis. In tuberculous peritonitis, paracentesis reveals
an exudative fluid with a high protein content and
leukocytosis that is usually lymphocytic (although neu-
trophils occasionally predominate). The yield of direct
smear and culture is relatively low; culture of a large vol-
ume of ascitic fluid can increase the yield, but peritoneal
biopsy (with a specimen best obtained by laparoscopy) is
often needed to establish the diagnosis.

Pericardial Tuberculosis
(Tuberculous Pericarditis)

Because of direct progression of a primary focus within
the pericardium to reactivation of a latent focus or to rup-
ture of an adjacent subcarinal lymph node, pericardial
tuberculosis has often been a disease of the elderly in
countries with low tuberculosis prevalence but also devel-
ops frequently in HIV-infected patients. Case-fatality rates
are as high as 40% in some series. The onset may be suba-
cute, although an acute presentation, with dyspnea, fever,
dull retrosternal pain, and a pericardial friction rub, is pos-
sible. An effusion eventually develops in many cases; car-
diovascular symptoms and signs of cardiac tamponade may
ultimately appear. In the presence of eftusion, tuberculosis
must be suspected if the patient belongs to a high-risk
population (HIV infected, originating in a high-prevalence
country); if there is evidence of previous tuberculosis in
other organs; or if echocardiography, CT, or MRI shows
effusion and thickness across the pericardial space. A defin-
itive diagnosis can be obtained by pericardiocentesis under
echocardiographic guidance. The pericardial fluid must be
submitted for biochemical, cytologic, and microbiologic
study. The effusion is exudative in nature, with a high
count of leukocytes (predominantly mononuclear cells).
Hemorrhagic effusion is frequent. Direct smear examina-
tion is very rarely positive. Whereas culture of pericardial
fluid reveals M. fuberculosis in up to two-thirds of cases,
pericardial biopsy has a higher yield. High levels of ADA
and IFN-y may also suggest a tuberculous etiology.
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Without treatment, pericardial tuberculosis is usually
fatal. Even with treatment, complications may develop,
including chronic constrictive pericarditis with thicken-
ing of the pericardium, fibrosis, and sometimes calcifica-
tion, which may be visible on a chest radiograph. A
course of glucocorticoid treatment (e.g., prednisone,
20-60 mg/d for up to 6 weeks) is useful in the manage-
ment of acute disease, reducing effusion, facilitating
hemodynamic recovery, and thus decreasing mortality
rates. Progression to chronic constrictive pericarditis,
however, seems unaftected by such therapy.

Miliary or Disseminated Tuberculosis

Miliary tuberculosis is caused by hematogenous spread of
tubercle bacilli. Although it is often the consequence of
primary infection in children, it may be caused by either
recent infection or reactivation of old disseminated foci
in adults. The lesions are usually yellowish granulomas
1-2 mm in diameter that resemble millet seeds (thus the
term miliary, coined by nineteenth-century pathologists).

The clinical manifestations are nonspecific and pro-
tean, depending on the predominant site of involve-
ment. Fever, night sweats, anorexia, weakness, and
weight loss are presenting symptoms in the majority of
cases. At times, patients have a cough and other respira-
tory symptoms caused by pulmonary involvement as
well as abdominal symptoms. Physical findings include
hepatomegaly, splenomegaly, and lymphadenopathy. Eye
examination may reveal choroidal tubercles, which are
pathognomonic of miliary tuberculosis, in up to 30% of
cases. Meningismus occurs in <10% of cases.

A high index of suspicion is required for the diagnosis
of miliary tuberculosis. Frequently, chest radiography reveals
a miliary reticulonodular pattern (more easily seen on
underpenetrated film), although no radiographic abnor-
mality may be evident early in the course and among
HIV-infected patients. Other radiologic findings include
large infiltrates, interstitial infiltrates (especially in HIV-
infected patients), and pleural effusion. Sputum smear
microscopy results are negative in 80% of cases. Various
hematologic abnormalities may be seen, including anemia
with leukopenia, lymphopenia, neutrophilic leukocytosis
and leukemoid reactions, and polycythemia. Disseminated
intravascular coagulation has been reported. Elevation of
alkaline phosphatase levels and other abnormal values in
liver function tests are detected in patients with severe
hepatic involvement. The TST may be negative in up to
half’ of cases, but reactivity may be restored during
chemotherapy. Bronchoalveolar lavage (BAL) and trans-
bronchial biopsy are more likely to provide bacteriologic
confirmation, and granulomas are evident in liver or bone
marrow biopsy specimens from many patients. If it goes
unrecognized, miliary tuberculosis is lethal; with proper
early treatment, however, it is amenable to cure. Gluco-
corticoid therapy has not proved beneficial.

A rare presentation seen in the elderly is cryptic miliary
tuberculosis, which has a chronic course characterized by
mild intermittent fever, and—ultimately—
meningeal involvement preceding death. An acute sep-
ticemic form, nonreactive miliary tuberculosis, occurs very
rarely and is caused by massive hematogenous dissemina-
tion of tubercle bacilli. Pancytopenia is common in this
form of disease, which is rapidly fatal. At postmortem
examination, multiple necrotic but nongranulomatous
(“nonreactive”) lesions are detected.

anemia,

Less Common Extrapulmonary Forms

Tuberculosis may cause chorioretinitis, uveitis, panoph-
thalmitis, and painful hypersensitivity-related phlyctenular
conjunctivitis. Tuberculous otitis is rare and presents as
hearing loss, otorrhea, and tympanic membrane perfora-
tion. In the nasopharynx, tuberculosis may simulate
Wegeners granulomatosis. Cutaneous manifestations of
tuberculosis include primary infection caused by direct
inoculation, abscesses and chronic ulcers, scrofuloderma,
lupus vulgaris (a smoldering disease with nodules, plaques,
and fissures), miliary lesions, and erythema nodosum.
Adrenal tuberculosis is a manifestation of disseminated dis-
ease presenting rarely as adrenal insufficiency. Finally, con-
genital tuberculosis results from transplacental spread of
tubercle bacilli to the fetus or from ingestion of contami-
nated amniotic fluid. This rare disease affects the liver,
spleen, lymph nodes, and various other organs.

HIV-ASSOCIATED TUBERCULOSIS

Tuberculosis is one of the most common diseases among
HIV-infected persons worldwide. In some African coun-
tries, the rate of HIV infection among tuberculosis
patients reaches 70-80% in certain urban settings. A per-
son with a positive TST result who acquires HIV infection
has a 3-13% annual risk of developing active tuberculo-
sis. A new tuberculosis infection acquired by an HIV-
infected individual may evolve to active disease in a
matter of weeks rather than months or years.

Tuberculosis can appear at any stage of HIV infec-
tion, and its presentation varies with the stage. When
CMI is only partially compromised, pulmonary tubercu-
losis presents in a typical manner (Figs. 12-4 and 12-5),
with upper-lobe infiltrates and cavitation and without
significant lymphadenopathy or pleural effusion. In late
stages of HIV infection, a primary tuberculosis—like pat-
tern, with diffuse interstitial or miliary infiltrates, little or
no cavitation, and intrathoracic lymphadenopathy, is more
common. Overall, sputum smears may be positive less
frequently among tuberculosis patients with HIV infec-
tion than among those without; thus, the diagnosis of
tuberculosis may be unusually difficult, especially in
view of the variety of HIV-related pulmonary conditions
mimicking tuberculosis.



Extrapulmonary tuberculosis is common among
HIV-infected patients. In various series, extrapulmonary
tuberculosis—alone or in association with pulmonary
disease—has been documented in 40-60% of all cases in
HIV—co-infected individuals. The most common forms
are lymphatic, disseminated, pleural, and pericardial.
Mycobacteremia and meningitis are also frequent, par-
ticularly in patients with advanced HIV disease.

The diagnosis of tuberculosis in HIV-infected patients
may be difficult not only because of the increased fre-
quency of sputum-smear negativity (up to 40% in culture-
proven pulmonary cases) but also because of atypical
radiographic findings, a lack of classic granuloma forma-
tion in the late stages, and a negative TST result. Delays
in treatment may prove fatal.

Recommendations for the prevention and treatment
of tuberculosis in HIV-infected individuals are provided
below.

DIAGNOSIS OF TUBERCULOSIS

The key to the diagnosis of tuberculosis is a high index
of suspicion. Diagnosis is not difficult with a high-risk
patient—e.g., a homeless alcoholic who presents with
typical symptoms and a classic chest radiograph showing
upper-lobe infiltrates with cavities (Fig. 12-4). On the
other hand, the diagnosis can easily be missed in an
elderly nursing home resident or a teenager with a focal
infiltrate.

Often, the diagnosis is first entertained when the
chest radiograph of a patient being evaluated for
respiratory symptoms is abnormal. If the patient has no
complicating medical conditions that cause immuno-
suppression, the chest radiograph may show typical
upper-lobe infiltrates with cavitation (Fig. 12-4). The
longer the delay between the onset of symptoms and
the diagnosis, the more likely is the finding of cavitary
disease. In contrast, immunosuppressed patients, includ-
ing those with HIV infection, may have “atypical” find-
ings on chest radiography (e.g., lower-zone infiltrates
without cavity formation).

ACID-FAST BACILLIMICROSCOPY

A presumptive diagnosis is commonly based on the finding
of AFB on microscopic examination of a diagnostic speci-
men, such as a smear of expectorated sputum or of tissue
(e.g., a lymph node biopsy). Although rapid and inexpen-
sive, AFB microscopy has relatively low sensitivity
(40-60%) in confirmed cases of pulmonary tuberculosis.
Most modern laboratories processing large numbers of
diagnostic specimens use auramine-rhodamine staining and
fluorescence microscopy. The more traditional method—
light microscopy of specimens stained with Kinyoun or
Ziehl-Neelsen basic fuchsin dyes—is satistactory, although

more time consuming. For patients with suspected pul- 127

monary tuberculosis, three sputum specimens, preferably
collected early in the morning, should be submitted to the
laboratory for AFB smear and mycobacterial culture. If tis-
sue is obtained, it is critical that the portion of the speci-
men intended for culture not be put in formaldehyde. The
use of AFB microscopy on urine or gastric lavage fluid is
limited by the presence of commensal mycobacteria that
can cause false-positive results.

MYCOBACTERIAL CULTURE

Definitive diagnosis depends on the isolation and identifi-
cation of M. tuberculosis from a clinical specimen or the
identification of specific sequences of DNA in a nucleic
acid amplification test (see below). Specimens may be
inoculated onto egg- or agar-based medium (e.g.,
Lowenstein-Jensen or Middlebrook 7H10) and incubated
at 37°C (under 5% CO, for Middlebrook medium).
Because most species of mycobacteria, including M. tuber-
culosis, grow slowly, 4—8 weeks may be required before
growth is detected. Although M. fuberculosis may be pre-
sumptively identified on the basis of growth time and
colony pigmentation and morphology, a variety of bio-
chemical tests have traditionally been used to speciate
mycobacterial isolates. In modern, well-equipped labora-
tories, the use of broth-based culture for isolation and
speciation by molecular methods or high-pressure liquid
chromatography of mycolic acids has replaced isolation
on solid media and identification by biochemical tests.
These new methods have decreased the time required for
bacteriologic confirmation to 2—3 weeks.

NUCLEIC ACID AMPLIFICATION

Several test systems based on amplification of mycobacte-
rial nucleic acid are available. These systems permit the
diagnosis of tuberculosis in as little as several hours, with
high specificity and sensitivity approaching that of culture.
These tests are most useful for the rapid confirmation of
tuberculosis in persons with AFB-positive specimens but
also have utility for the diagnosis of AFB-negative pul-
monary and extrapulmonary tuberculosis.

DRUG SUSCEPTIBILITY TESTING

In general, the initial isolate of M. tuberculosis should be
tested for susceptibility to isoniazid, rifampin, and etham-
butol. In addition, expanded susceptibility testing is
mandatory when resistance to one or more of these
drugs is found or the patient either fails to respond to
initial therapy or has a relapse after the completion of
treatment (see “Treatment Failure and Relapse” below).
Susceptibility testing may be conducted directly (with
the clinical specimen) or indirectly (with mycobacterial
cultures) on solid or liquid medium. Results are obtained
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medium, with an average reporting time of 3 weeks. With
indirect testing on solid medium, results may be unavail-
able for 28 weeks. Molecular methods for the rapid iden-
tification of genetic mutations known to be associated
with resistance to rifampin and isoniazid have been devel-
oped but are not marketed in the United States.

RADIOGRAPHIC PROCEDURES

As noted above, the initial suspicion of pulmonary tuber-
culosis is often based on abnormal chest radiographic
findings in a patient with respiratory symptoms. Although
the “classic” picture is that of upper-lobe disease with
infiltrates and cavities (Fig. 12-4), virtually any radi-
ographic pattern—from a normal film or a solitary pul-
monary nodule to diffuse alveolar infiltrates in a patient
with ARDS—may be seen. In the era of AIDS, no radi-
ographic pattern can be considered pathognomonic. CT
(Fig. 12-5) may be useful in interpreting questionable
findings on plain chest radiography and may be helpful in
diagnosing some forms of extrapulmonary tuberculosis
[e.g., Pott’s disease; (Fig. 12-7)]. MRI is useful in the diag-

nosis of intracranial tuberculosis.

ADDITIONAL DIAGNOSTIC PROCEDURES

Other diagnostic tests may be used when pulmonary
tuberculosis is suspected. Sputum induction by ultrasonic
nebulization of hypertonic saline may be useful for
patients who cannot produce a sputum specimen sponta-
neously. Frequently, patients with radiographic abnor-
malities that are consistent with other diagnoses (e.g.,
bronchogenic carcinoma) undergo fiberoptic bron-
choscopy with bronchial brushings and endobronchial or
transbronchial biopsy of the lesion. BAL of a lung seg-
ment containing an abnormality may also be performed.
In all cases, it is essential that specimens be submitted for
AFB smear and mycobacterial culture. For the diagnosis
of primary pulmonary tuberculosis in children, who
often do not expectorate sputum, specimens from early-
morning gastric lavage may yield positive cultures.

Invasive diagnostic procedures are indicated for patients
with suspected extrapulmonary tuberculosis. In addition
to testing of specimens from involved sites (e.g., CSF for
tuberculous meningitis, pleural fluid and biopsy samples
for pleural disease), biopsy and culture of bone marrow
and liver tissue have a good diagnostic yield in dissemi-
nated (miliary) tuberculosis, particularly in HIV-infected
patients, who also have a high frequency of positive blood
cultures.

In some cases, cultures are negative, but a clinical diag-
nosis of tuberculosis is supported by consistent epidemio-
logic evidence (e.g., a history of close contact with an
infectious patient), a positive TST result, and a compatible
clinical and radiographic response to treatment. In the

United States and other industrialized countries with low
rates of tuberculosis, some patients with limited abnormal-
ities on chest radiographs and sputum positive for AFB are
infected with nontuberculous mycobacteria, most com-
monly organisms of the M. avium complex (MAC) or M.
kansasii. Factors favoring the diagnosis of nontuberculous
mycobacterial disease over tuberculosis include an absence
of risk factors for tuberculosis, a negative TST result, and
underlying chronic pulmonary disease.

Patients with HIV-associated tuberculosis pose several
diagnostic problems (see “HIV-Associated Tuberculosis”
above). Moreover, HIV-infected patients with sputum
culture—positive, AFB-positive tuberculosis may present
with a normal chest radiograph. With the advent of
highly active antiretroviral therapy, the occurrence of
disseminated MAC disease that can be confused with
tuberculosis has become much less common.

SEROLOGIC AND OTHER DIAGNOSTIC
TESTS FOR ACTIVE TUBERCULOSIS

A number of serologic tests based on detection of anti-
bodies to a variety of mycobacterial antigens are mar-
keted in developing countries but not in the United
States. Careful independent assessments of these tests sug-
gest that they are not useful as diagnostic aids, especially
in persons with a low probability of tuberculosis. Various
methods aimed at detection of mycobacterial antigens in
diagnostic specimens are being investigated but are lim-
ited at present by low sensitivity. Determination of ADA
levels in pleural fluid may be useful in the diagnosis of
pleural tuberculosis; the utility of this test in the diagnosis
of other forms of extrapulmonary tuberculosis (e.g., peri-
cardial, peritoneal, and meningeal) is less clear.

DIAGNOSIS OF LATENT
M. TUBERCULOSIS INFECTION

Tuberculin Skin Testing

In 1891, Robert Koch discovered that components of
M. tuberculosis in a concentrated liquid culture medium,
subsequently named “old tuberculin” (OT), were capa-
ble of eliciting a skin reaction when injected subcuta-
neously into patients with tuberculosis. In 1932, Seibert
and Munday purified this product by ammonium sulfate
precipitation to produce an active protein fraction
known as tuberculin purified protein derivative (PPD). In
1941, PPD-S, developed by Seibert and Glenn, was cho-
sen as the international standard. Later, the WHO and
UNICEF sponsored large-scale production of a master
batch of PPD (RT23) and made it available for general
use. The greatest limitation of PPD 1is its lack of
mycobacterial species specificity, a property caused by
the large number of proteins in this product that are
highly conserved in the various species. In addition,
subjectivity of the skin-reaction interpretation, deterioration



of the product, and batch-to-batch variations limit the
usefulness of PPD.

Skin testing with tuberculin-PPD (TST) is most
widely used in screening for latent M. tuberculosis infec-
tion (LTBI). The test is of limited value in the diagnosis
of active tuberculosis because of its relatively low sensi-
tivity and specificity and its inability to discriminate
between latent infection and active disease. False-negative
reactions are common in immunosuppressed patients
and in those with overwhelming tuberculosis. False-
positive reactions may be caused by infections with
nontuberculous mycobacteria and by bacille Calmette-
Guérin (BCG) vaccination.

IFN-y Release Assays (IGRAs)

Recently, two in vitro assays that measure T cell release
of IFN-Y in response to stimulation with the highly
tuberculosis-specific antigens ESAT-6 and CFP-10 have
become commercially available. QuantiFERON-TB
Gold® (Cellestis Ltd., Carnegie, Australia) is a whole-
blood enzyme-linked immunosorbent assay (ELISA) for
measurement of IFN-y, and T-SPOT.TB® (Oxford
Immunotec, Oxford, UK) is an enzyme-linked immunospot
(ELISpot) assay.

IGRAs are more specific than the TST as a result of
less cross-reactivity because of BCG vaccination and sen-
sitization by nontuberculous mycobacteria. IGRAs also
appear to be at least as sensitive as the TST for active
tuberculosis (used as a surrogate for LTBI). Although
diagnostic sensitivity for LTBI cannot be directly esti-
mated because of the absence of a gold standard, these
tests have shown better correlation than the TST with
exposure to M. tuberculosis in contact investigations in
low-incidence settings.

Other potential advantages of IGR As include logistical
convenience, the need for fewer patient visits to complete
testing, the avoidance of unreliable and somewhat subjec-
tive measurements such as skin induration, and the ability
to perform serial testing without inducing the boosting
phenomenon (a spurious TST conversion due to boosting
of reactivity on subsequent TSTs among BCG-vaccinated
persons and those infected with other mycobacteria).
Because of the high specificity and other potential advan-
tages, IGRAs are likely to replace the TST for LTBI
diagnosis in low-incidence, high-income settings where
cross-reactivity because of BCG might adversely impact
the interpretation and utility of the TST. Direct compara-
tive studies in routine practice thus far suggest that the
ELISpot has a lower rate of indeterminate results and
probably a higher degree of diagnostic sensitivity than the
whole-blood ELISA. Further studies are under way to
assess the performance of these tests in contact investiga-
tions and in persons with suspected tuberculosis disease,
health care workers, HIV-infected individuals, persons
with iatrogenic immunosuppression, and children.

Treatment:
TUBERCULOSIS

The two aims of tuberculosis treatment are to interrupt
tuberculosis transmission by rendering patients nonin-
fectious and to prevent morbidity and death by curing
patients with tuberculosis. Chemotherapy for tuberculo-
sis became possible with the discovery of streptomycin
in the mid-1940s. Randomized clinical trials clearly indi-
cated that the administration of streptomycin to patients
with chronic tuberculosis reduced mortality rates and
led to cure in the majority of cases. However, monother-
apy with streptomycin was frequently associated with
the development of resistance to this drug and the
attendant failure of treatment. With the discovery of
para-aminosalicylic acid (PAS) and isoniazid, it became
axiomatic that cure of tuberculosis required the con-
comitant administration of at least two agents to which
the organism was susceptible. Furthermore, early clinical
trials demonstrated that a long period of treatment (i.e.,
12-24 months) was required to prevent recurrence.

The introduction of rifampin in the early 1970s her-
alded the era of effective short-course chemotherapy,
with a treatment duration of <12 months.The discovery
that pyrazinamide, which was first used in the 1950s,
augmented the potency of isoniazid/rifampin regimens
led to the use of a 6-month course of this triple-drug
regimen as standard therapy.

DRUGS Four major drugs are considered the first-
line agents for the treatment of tuberculosis: isoniazid,
rifampin, pyrazinamide, and ethambutol (Table 12-2).
These drugs are well absorbed after oral administration,
with peak serum levels at 2-4 h and nearly complete
elimination within 24 h.These agents are recommended
on the basis of their bactericidal activity (i.e., their ability
to rapidly reduce the number of viable organisms and
render patients noninfectious), their sterilizing activity
(i.e., their ability to kill all bacilli and thus sterilize the
affected tissues, measured in terms of the ability to pre-
vent relapses), and their low rate of induction of drug
resistance. Rifapentine and rifabutin, two drugs related
to rifampin, are also available in the United States and
are useful for selected patients.

Because of a lower degree of efficacy and a higher
degree of intolerability and toxicity, six classes of second-
line drugs are generally used only for the treatment of
patients with tuberculosis resistant to first-line drugs.
Included in this group are the injectable aminoglycosides
streptomycin (formerly a first-line agent), kanamycin, and
amikacin; the injectable polypeptide capreomycin; the
oral agents ethionamide, cycloserine, and PAS; and the
fluoroquinolone antibiotics. Of the quinolones, third-
generation agents are preferred: levofloxacin, gatifloxacin
(no longer marketed in the United States), and moxi-
floxacin. Amithiozone (thiacetazone) is still used in some
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RECOMMENDED DOSAGE? FOR INITIAL TREATMENT
OF TUBERCULOSIS IN ADULTS?

DOSAGE
THRICE-WEEKLY

DRUG DAILY DOSE DOSE*
Isoniazid 5 mg/kg, 15 mg/kg,

max 300 mg max 900 mg
Rifampin 10 mg/kg, 10 mg/kg,

max 600 mg max 600 mg
Pyrazinamide 20-25 mg/kg, 30-40 mg/kg,

max 2 g max 3 g
Ethambutol? 15-20 mg/kg 25-30 mg/kg

@The duration of treatment for individual drugs varies by regimen, as
detailed in Table 12-3.

bDosages for children are similar, except that some authorities rec-
ommend higher doses of isoniazid (10-15 mg/kg/d; 20-30 mg/kg
intermittent) and rifampin (10-20 mg/kg).

°Dosages for twice-weekly administration are the same for isoniazid
and rifampin but are higher for pyrazinamide (50 mg/kg, with a maxi-
mum of 4 g/d) and ethambutol (40-50 mg/d).

9In certain settings, streptomycin (15 mg/kg/d, with a maximum
dose of 1 g; or 25-30 mg/kg thrice weekly, with a maximum dose of
1.5 g) can replace ethambutol in the initial phase of treatment. How-
ever, streptomycin is no longer considered a first-line drug by the
American Thoracic Society, the Infectious Diseases Society of America,
or the Centers for Disease Control and Prevention.

Source: Based on recommendations of the American Thoracic Soci-
ety, the Infectious Diseases Society of America, and the Centers for
Disease Control and Prevention.

developing countries but is associated with severe and
sometimes even fatal skin reactions among HIV-infected
patients. Other drugs of unproven efficacy that have
been used in the treatment of patients with resistance to
most of the first- and second-line agents include clofaz-
imine, amoxicillin/clavulanic acid, and linezolid.

REGIMENS Standard short-course regimens are
divided into an initial, or bactericidal, phase and a con-
tinuation, or sterilizing, phase. During the initial phase,
the majority of the tubercle bacilli are killed, symptoms
resolved, and the patient usually becomes noninfec-
tious. The continuation phase is required to eliminate
persisting mycobacteria and prevent relapse.

The treatment regimen of choice for virtually all forms
of tuberculosis in both adults and children consists of a
2-month initial phase of isoniazid, rifampin, pyrazi-
namide, and ethambutol followed by a 4-month contin-
uation phase of isoniazid and rifampin (Table 12-3).
Treatment may be given daily throughout the course or
intermittently (either three times weekly throughout the
course or twice weekly after an initial phase of daily
therapy, although the twice-weekly option is not
recommended by the WHO). A continuation phase of
once-weekly rifapentine and isoniazid is equally

effective for HIV-seronegative patients with noncavitary
pulmonary tuberculosis who have negative sputum cul-
tures at 2 months. Intermittent treatment is especially
useful for patients whose therapy is being directly
observed (see later). Patients with cavitary pulmonary
tuberculosis and delayed sputum-culture conversion
(i.e., those who remain culture-positive at 2 months)
should have the continuation phase extended by 3 months,
for a total course of 9 months. For patients with sputum
culture-negative pulmonary tuberculosis, the duration
of treatment may be reduced to a total of 4 months.
To prevent isoniazid-related neuropathy, pyridoxine
(10-25 mg/d) should be added to the regimen given to
persons at high risk of vitamin B6 deficiency (e.g.,
alcoholics; malnourished persons; pregnant and lactat-
ing women; and patients with conditions such as chronic
renal failure, diabetes, and HIV infection, which are also
associated with neuropathy). A full course of therapy
(completion of treatment) is defined more accurately by
the total number of doses taken than by the duration of
treatment. Specific recommendations on the required
numbers of doses for each of the various treatment regi-
mens have been published jointly by the American Tho-
racic Society, the Infectious Diseases Society of America,
and the CDC. In some developing countries where the
ability to ensure compliance with treatment is limited, a
continuation-phase regimen of daily isoniazid and
ethambutol for 6 months is acceptable. However, this
regimen is associated with a higher rate of relapse and
failure, especially among HIV-infected patients.

Lack of adherence to treatment is recognized world-
wide as the most important impediment to cure. More-
over, the tubercle bacilli infecting patients who do not
adhere to the prescribed regimen are likely to become
drug resistant. Both patient- and provider-related factors
may affect compliance. Patient-related factors include a
lack of belief that the illness is significant or that treat-
ment will have a beneficial effect; the existence of con-
comitant medical conditions (notably substance abuse);
lack of social support; and poverty, with attendant job-
lessness and homelessness. Provider-related factors that
may promote compliance include the education and
encouragement of patients, the offering of convenient
clinic hours, and the provision of incentives and enablers
such as meals and travel vouchers.

In addition to specific measures addressing noncom-
pliance, two other strategic approaches are used: direct
observation of treatment and provision of fixed-
drug-combination (FDC) products. Because it is difficult
to predict which patients will adhere to the recom-
mended treatment, all patients should have their therapy
directly supervised, especially during the initial phase. In
the United States, personnel to supervise therapy are
usually available through tuberculosis control programs
of local public health departments. Supervision increases



TABLE 12-3

RECOMMENDED ANTITUBERCULOSIS TREATMENT REGIMENS

INITIAL PHASE CONTINUATION PHASE
DURATION, DURATION,

INDICATION MONTHS DRUGS MONTHS DRUGS
New smear- or culture-positive cases 2 HRZE= 4 HRa&cd
New culture-negative cases 2 HRZE? 2 HR?
Pregnancy 2 HRE® 7 HR
Failure and relapse’ — — — —
Resistance (or intolerance) to H Throughout (6) RZEY
Resistance to H + R Throughout (12-18) ZEQ + S (or another

injectable agent”)
Resistance to all first-line drugs Throughout (24) 1 injectable agent”

+ 3 of these 4:

ethionamide,

cycloserine, Q, PAS
Standardized retreatment 3 HRZES' 5 HRE

(susceptibility testing unavailable)

Drug intolerance to R Throughout (12) HZE
Drug intolerance to Z 2 HRE 7 HR

2All drugs can be given daily or intermittently (three times weekly throughout or twice weekly after 2-8 weeks of daily therapy during the initial phase).
bStreptomycin can be used in place of ethambutol but is no longer considered to be a first-line drug by the American Thoracic Society, the Infec-
tious Diseases Society of America, or the Centers for Disease Control and Prevention.

°The continuation phase should be extended to 7 months for patients with cavitary pulmonary tuberculosis who remain sputum culture positive
after the initial phase of treatment.

9HIV-negative patients with noncavitary pulmonary tuberculosis who have negative sputum AFB smears after the initial phase of treatment can
be given once-weekly rifapentine/isoniazid in the continuation phase.

¢The 6-month regimen with pyrazinamide can probably be used safely during pregnancy and is recommended by the World Health Organization
and the International Union Against Tuberculosis and Lung Disease. If pyrazinamide is not included in the initial treatment regimen, the minimum
duration of therapy is 9 months.

'Regimen is tailored according to the results of drug susceptibility tests.

9A fluoroquinolone may strengthen the regimen for patients with extensive disease.

hAmikacin, kanamycin, or capreomycin. All these agents should be discontinued after 2 to 6 months, depending on tolerance and response.
iStreptomycin should be discontinued after 2 months. This regimen is less effective for patients in whom treatment has failed, who have an
increased probability of rifampin-resistant disease. In such cases, the retreatment regimen might include second-line drugs chosen in light of the
likely pattern of drug resistance.

iStreptomycin for the initial 2 months or a fluorogquinolone might strengthen the regimen for patients with extensive disease.

Note: E, ethambutol; H, isoniazid; PAS, para-aminosalicylic acid; Q, a quinolone antibiotic; R, rifampin; S, streptomycin; Z, pyrazinamide.

the proportion of patients completing treatment and
greatly lessens the chances of relapse and acquired
drug resistance. FDC products (e.g., isoniazid/rifampin,
isoniazid/rifampin/pyrazinamide, and isoniazid/rifampin/

effects prompting discontinuation of any of the first-
line drugs and use of these alternative regimens are
uncommon.

pyrazinamide/ethambutol) are available (except, in the
United States, for the four-drug FDC) and are strongly
recommended as a means of minimizing the likelihood
of prescription error and of the development of drug
resistance as the result of monotherapy.In some formu-
lations of these combination products, the bioavailability
of rifampin has been found to be substandard. In North
America and Europe, regulatory authorities ensure that
combination products are of good quality; however, this
type of quality assurance cannot be assumed to take
place in less affluent countries. Alternative regimens for
patients who exhibit drug intolerance or adverse reac-
tions are listed in Table 12-3. However, severe side

MONITORING TREATMENT RESPONSE AND
DRUG TOXICITY Bacteriologic evaluation is the
preferred method of monitoring the response to treat-
ment for tuberculosis. Patients with pulmonary disease
should have their sputum examined monthly until cul-
tures become negative. With the recommended regi-
men, >80% of patients will have negative sputum
cultures at the end of the second month of treatment.
By the end of the third month, virtually all patients
should be culture negative. In some patients, especially
those with extensive cavitary disease and large numbers
of organisms, AFB smear conversion may lag behind
culture conversion. This phenomenon is presumably
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caused by the expectoration and microscopic visualiza-
tion of dead bacilli. As noted above, patients with
cavitary disease who do not achieve sputum culture
conversion by 2 months require extended treatment.
When a patient’s sputum cultures remain positive at
>3 months, treatment failure and drug resistance or
poor adherence with the regimen should be suspected
(see later). A sputum specimen should be collected by
the end of treatment to document cure. If mycobacterial
cultures are not practical, then monitoring by AFB smear
examination should be undertaken at 2, 5,and 6 months.
Smears that are positive after 5 months of treatmentin a
patient known to be adherent are indicative of treat-
ment failure.

Bacteriologic monitoring of patients with extrapul-
monary tuberculosis is more difficult and often not fea-
sible. In these cases, the response to treatment must be
assessed clinically and radiographically.

Monitoring of the response to treatment during
chemotherapy by serial chest radiographs is not recom-
mended because radiographic changes may lag behind
bacteriologic response and are not highly sensitive. After
the completion of treatment, neither sputum examina-
tion nor chest radiography is recommended for routine
follow-up purposes. However, a chest radiograph
obtained at the end of treatment may be useful for com-
parative purposes if the patient develops symptoms of
recurrent tuberculosis months or years later. Patients
should be instructed to report promptly for medical
assessment if they develop any such symptoms.

During treatment, patients should be monitored for
drug toxicity. The most common adverse reaction of sig-
nificance is hepatitis. Patients should be carefully edu-
cated about the signs and symptoms of drug-induced
hepatitis (e.g., dark urine, loss of appetite) and should be
instructed to discontinue treatment promptly and see
their health care provider if these symptoms occur.
Although biochemical monitoring is not routinely rec-
ommended, all adult patients should undergo baseline
assessment of liver function (e.g, measurement of
serum levels of hepatic aminotransferases and serum
bilirubin). Older patients, those with concomitant dis-
eases, those with a history of hepatic disease (especially
hepatitis C), and those using alcohol daily should be
monitored especially closely (i.e, monthly), with
repeated measurements of aminotransferases, during
the initial phase of treatment. Up to 20% of patients
have small increases in aspartate aminotransferase (up
to three times the upper limit of normal) that are not
accompanied by symptoms and are of no consequence.
For patients with symptomatic hepatitis and those with
marked (five- to sixfold) elevations in serum levels of
aspartate aminotransferase, treatment should be
stopped and drugs reintroduced one at a time after
liver function has returned to normal.

Hypersensitivity reactions usually require the discon-
tinuation of all drugs and rechallenge to determine
which agent is the culprit. Because of the variety of regi-
mens available, it is usually not necessary—although it is
possible—to desensitize patients. Hyperuricemia and
arthralgia caused by pyrazinamide can usually be man-
aged by the administration of acetylsalicylic acid;
however, pyrazinamide treatment should be stopped if
the patient develops gouty arthritis. Individuals who
develop autoimmune thrombocytopenia secondary to
rifampin therapy should not receive the drug thereafter.
Similarly, the occurrence of optic neuritis with ethambu-
tol is an indication for permanent discontinuation of this
drug. Other common manifestations of drug intolerance,
such as pruritus and gastrointestinal upset, can generally
be managed without the interruption of therapy.

TREATMENT FAILURE AND RELAPSE As
stated above, treatment failure should be suspected
when a patient’s sputum cultures remain positive after
3 months or when AFB smears remain positive after
5 months. In the management of such patients, it is
imperative that the current isolate be tested for suscep-
tibility to first- and second-line agents. When the results
of susceptibility testing are expected to become available
within a few weeks, changes in the regimen can be post-
poned until that time. However, if the patient’s clinical
condition is deteriorating, an earlier change in regimen
may be indicated. A cardinal rule in the latter situation is
to always add more than one drug at a time to a failing
regimen—at least two and preferably three drugs that
have never been used and to which the bacilli are likely to
be susceptible should be added. The patient may con-
tinue to take isoniazid and rifampin along with these new
agents pending the results of susceptibility tests.

The mycobacterial strains infecting patients who
experience a relapse after apparently successful treat-
ment are less likely to have acquired drug resistance
(see below) than are strains from patients in whom
treatment has failed. However, if the regimen adminis-
tered initially does not contain rifampin, the probability
of isoniazid resistance is high. Acquired resistance is
uncommon among strains from patients who relapse
after completing a standard short-course regimen.
However, it is prudent to begin the treatment of all
patients who have relapsed with all four first-line drugs
plus streptomycin, pending the results of susceptibility
testing. In less affluent countries and other settings
where facilities for culture and drug susceptibility test-
ing are not available, a standard regimen should be
used in all instances of relapse and treatment failure
(Table 12-3).

DRUG-RESISTANT TUBERCULOSIS Strains
of M. tuberculosis resistant to individual drugs arise
by spontaneous point mutations in the mycobacterial



genome, which occur at low but predictable rates.
Because there is no cross-resistance among the com-
monly used drugs, the probability that a strain will be
resistant to two drugs is the product of the probabilities
of resistance to each drug and thus is low. The develop-
ment of drug-resistant tuberculosis is invariably the
result of monotherapy—i.e., the failure of the health
care provider to prescribe at least two drugs to which
tubercle bacilli are susceptible or of the patient to take
properly prescribed therapy.

Drug-resistant tuberculosis may be either primary or
acquired. Primary drug resistance is that in a strain
infecting a patient who has not previously been treated.
Acquired resistance develops during treatment with an
inappropriate regimen. In North America and Europe,
rates of primary resistance are generally low, and isoni-
azid resistance is most common. In the United States,
although primary isoniazid resistance was stable at
~7-8% between 1993 and 2002, the rate of primary
multidrug-resistant (MDR) tuberculosis (defined as
tuberculosis caused by a strain resistant at least to isoni-
azid and rifampin) declined from 2.5% to 1%. Resistance
rates are higher among foreign-born and HIV-infected
patients. Worldwide, MDR tuberculosis is a serious prob-
lem in some regions, especially in the former Soviet
Union and parts of Asia (Fig. 12-8). As noted above,
drug-resistant tuberculosis can be prevented by adher-
ence to the principles of sound therapy—the inclusion
of at least two bactericidal drugs to which the organism
is susceptible, the use of FDC products, and the verifica-
tion that patients complete the prescribed course.

Although the 6-month regimen described in Table
12-3 is generally effective for patients with initial isoni-
azid-resistant disease, it is prudent to include ethambu-
tol and pyrazinamide for the full 6 months. In such
cases, isoniazid probably does not contribute to a suc-
cessful outcome and should be omitted. MDR tubercu-
losis is more difficult to manage than is disease caused
by a drug-susceptible organism, especially because
resistance to other first-line drugs as well as to isoniazid
and rifampin is common. For strains resistant to isoni-
azid and rifampin, combinations of a fluoroquinolone,
ethambutol, pyrazinamide, and streptomycin (or, for
strains resistant to streptomycin as well, another
injectable agent such as amikacin or kanamycin), given
for 18-24 months and for at least 9 months after spu-
tum culture conversion, may be effective. For patients
with bacilli resistant to all of the first-line agents, cure
may be attained with a combination of four second-line
drugs, including one injectable agent (Table 12-3). The
optimal duration of treatment in this situation is
unknown; however, a duration of 24 months is recom-
mended. MDR strains of M. tuberculosis that are also
resistant to at least the fluoroquinolones and one or
more of the injectable drugs amikacin, kanamycin, or
capreomycin [extensive drug-resistant (XDR) strains]
have fewer treatment options and a much poorer prog-
nosis. For patients with localized disease and sufficient
pulmonary reserve, lobectomy or pneumonectomy may
be helpful. Because the management of patients with
MDR and XDR tuberculosis is complicated by both
social and medical factors, care of these patients should
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FIGURE 12-8

Percentage of new tuberculosis (TB) cases exhibiting
multidrug resistance (MDR) in all countries surveyed by the
WHO/Union Global Drug Resistance Surveillance Project from

1994 to 2005. (See also disclaimer in Fig. 12-2. Courtesy of
the Stop TB Department, WHO, with permission.)
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be restricted to tuberculosis control programs with
resources and capacity and to specialized centers.

HIV-ASSOCIATED TUBERCULOSIS In general,
the standard treatment regimens are equally efficacious
in HIV-negative and HIV-positive patients. However,
adverse drug effects may be more pronounced in HIV-
infected patients. Because these effects may include
serious or even fatal skin reactions to amithiozone (thi-
acetazone), this drug, which has been used in place of
ethambutol in developing countries, is no longer recom-
mended by the WHO.

Three important considerations are relevant to
tuberculosis treatment in HIV-infected patients: an
increased frequency of paradoxical reactions, drug inter-
actions between antiretroviral therapy and rifamycins,
and development of rifampin monoresistance with
widely spaced intermittent treatment. Exacerbations in
symptoms, signs, and laboratory or radiographic mani-
festations of tuberculosis—termed the immune
reconstitution inflammatory syndrome (IRIS)—have been
associated with the administration of antiretroviral regi-
mens. IRIS is more common among patients with
advanced immunosuppression and extrapulmonary
tuberculosis. The presumed pathogenesis of IRIS is an
immune response that is elicited by antigens released
as bacilli are killed during effective chemotherapy and
that is temporally associated with improving immune
function.The first priority in the management of a possi-
ble case of IRIS is to ensure that the clinical syndrome
does not represent a failure of tuberculosis treatment or
the development of another infection. Mild paradoxical
reactions can be managed with symptom-based treat-
ment. Glucocorticoids have been used for more severe
reactions, although their use in this setting has not been
formally evaluated in clinical trials.

Most HIV-infected tuberculosis patients are candi-
dates for antiretroviral therapy, although the optimal
timing of this treatment is not known. Rifampin, a
potent inducer of enzymes of the cytochrome P450
system, lowers serum levels of many HIV protease
inhibitors and some nonnucleoside reverse transcrip-
tase inhibitors—essential drugs used in antiretroviral
regimens. In such cases, rifabutin, which has much less
enzyme-inducing activity, has been recommended in
place of rifampin. However, dosage adjustment for
rifabutin, the antiretroviral drugs, or both may be nec-
essary. Because recommendations are frequently
updated, consultation of the CDC website is advised
(www.cdc.gov/tb/TB_HIV_Drugs/default.htm).

Several clinical trials of HIV-associated tuberculosis
have found that patients with advanced immunosup-
pression (CD4+ T cell counts of <100/uL) are prone to

Consequently, it is recommended that these patients
receive daily or thrice-weekly therapy for the entire
course.

SPECIAL CLINICAL SITUATIONS Although
comparative clinical trials of treatment for extrapul-
monary tuberculosis are limited, the available evidence
indicates that most forms of disease can be treated with
the 6-month regimen recommended for patients with
pulmonary disease.The American Academy of Pediatrics
recommends that children with bone and joint tubercu-
losis, tuberculous meningitis, or miliary tuberculosis
receive 9-12 months of treatment.

Treatment for tuberculosis may be complicated by
underlying medical problems that require special con-
sideration. As a rule, patients with chronic renal failure
should not receive aminoglycosides and should receive
ethambutol only if serum levels can be monitored. Isoni-
azid, rifampin, and pyrazinamide may be given in the
usual doses in cases of mild to moderate renal failure,
but the dosages of isoniazid and pyrazinamide should
be reduced for all patients with severe renal failure
except those undergoing hemodialysis. Patients with
hepatic disease pose a special problem because of the
hepatotoxicity of isoniazid, rifampin, and pyrazinamide.
Patients with severe hepatic disease may be treated
with ethambutol, streptomycin, and possibly another
drug (e.g., a fluoroquinolone); if required, isoniazid and
rifampin may be administered under close supervision.
The use of pyrazinamide by patients with liver failure
should be avoided. Silicotuberculosis necessitates the
extension of therapy by at least 2 months.

The regimen of choice for pregnant women (Table 12-3)
is 9 months of treatment with isoniazid and rifampin
supplemented by ethambutol for the first 2 months.
Although the WHO has recommended routine use of
pyrazinamide in pregnant women, this drug has not been
recommended in the United States because of insufficient
data documenting its safety in pregnancy. Streptomycin is
contraindicated because it is known to cause eighth cra-
nial nerve damage in fetuses. Treatment for tuberculosis
is not a contraindication to breast-feeding; most of the
drugs administered are present in small quantities in
breast milk, albeit at concentrations far too low to provide
any therapeutic or prophylactic benefit to the child.

Medical consultation on difficult-to-manage cases is
provided by the CDC Regional Training and Medical Con-
sultation Centers (http://www.cdc.gov/tb/rtmcc.htm).

PREVENTION

By far the best way to prevent tuberculosis is to diagnose
and isolate infectious cases rapidly and administer appro-
priate treatment until patients are rendered noninfectious

treatment failure and relapse with rifampin-resistant
organisms when treated with “highly intermittent” (i.e.,
once- or twice-weekly) rifamycin-containing regimens.


http://www.cdc.gov/tb/rtmcc.htm
www.cdc.gov/tb/TB_HIV_Drugs/default.htm

and the disease is cured. Additional strategies include
BCG vaccination and treatment of persons with latent
tuberculosis infection who are at high risk of developing
active disease.

BACILLE CALMETTE-GUERIN
VACCINATION

BCG was derived from an attenuated strain of M. bovis
and first administered to humans in 1921. Many BCG
vaccines are available worldwide; all are derived from the
original strain, but the vaccines vary in efficacy, ranging
from 80% to nil in randomized, placebo-controlled tri-
als. A similar range of efficacy was found in recent
observational studies (case-control, historic cohort, and
cross-sectional) in areas where infants are vaccinated at
birth. These studies also found higher rates of efficacy in
the protection of infants and young children from rela-
tively serious forms of tuberculosis, such as tuberculous
meningitis and miliary tuberculosis.

BCG vaccine is safe and rarely causes serious com-
plications. The local tissue response begins 2—3 weeks
after vaccination, with scar formation and healing
within 3 months. Side effects—most commonly, ulcera-
tion at the vaccination site and regional lymphadenitis—
occur in 1-10% of vaccinated persons. Some vaccine
strains have caused osteomyelitis (~1 case per million
doses administered). Disseminated BCG infection and
death have occurred in 1-10 cases per 10 million doses
administered, although this problem is restricted almost
exclusively to persons with impaired immunity, such as
children with severe combined immunodeficiency syn-
drome or adults with HIV infection. BCG vaccination
induces TST reactivity, which tends to wane with time.
The presence or size of TST reactions after vaccination
does not predict the degree of protection afforded.

BCG vaccine is recommended for routine use at
birth in countries with high tuberculosis prevalence.
However, because of the low risk of transmission of
tuberculosis in the United States, the unreliable protec-
tion afforded by BCG, and its impact on the TST, the
vaccine has never been recommended for general use in
the United States. The CDC has recommended that
HIV-infected adults and children not receive BCG vac-
cine, although the WHO has recommended that
asymptomatic HIV-infected children residing in tuber-
culosis-endemic areas receive BCG.

Treatment:
LATENT TUBERCULOSIS INFECTION

Treatment of selected persons with LTBI aims at pre-
venting active disease. This intervention (formerly called
preventive chemotherapy or chemoprophylaxis) is based

on the results of a large number of randomized,
placebo-controlled clinical trials demonstrating that a 6-
to 12-month course of isoniazid reduces the risk of
active tuberculosis in infected people by up to 90%.
Analysis of available data indicates that the optimal
duration of treatment is 9-10 months. In the absence of
reinfection, the protective effect is believed to be life-
long. Clinical trials have shown that isoniazid reduces
rates of tuberculosis among TST-positive persons with
HIV infection. Studies in HIV-infected patients have also
demonstrated the effectiveness of shorter courses of
rifampin-based treatment.

In most cases, candidates for treatment of LTBI
(Table 12-4) are identified by the TST of persons in
defined high-risk groups. For skin testing, 5 tuberculin
units of polysorbate-stabilized PPD should be injected
intradermally into the volar surface of the forearm
(Mantoux method). Multipuncture tests are not recom-
mended. Reactions are read at 48-72 h as the transverse
diameter (in millimeters) of induration; the diameter of
erythema is not considered. In some persons, TST reac-
tivity wanes with time but can be recalled by a second
skin test administered >1 week after the first (i.e., two-
step testing). For persons periodically undergoing the
TST, such as health care workers and individuals admit-
ted to long-term care institutions, initial two-step testing
may preclude subsequent misclassification of persons
with boosted reactions as TST converters.

TABLE 12-4
TUBERCULIN REACTION SIZE AND TREATMENT OF
LATENT TUBERCULOSIS INFECTION
TUBERCULIN
REACTION
RISK GROUP SIZE, MM
HIV-infected persons or persons >5
receiving immunosuppressive
therapy
Close contacts of tuberculosis patients >b2
Persons with fibrotic lesions on >5
chest radiography
Recently infected persons (<2 years)
Persons with high-risk medical 210
conditions®
Low-risk persons® >15

@Tuberculin-negative contacts, especially children, should receive
prophylaxis for 2 to 3 months after contact ends and should then
undergo a repeat tuberculin skin test (TST). Those whose results
remain negative should discontinue prophylaxis. HIV-infected contacts
should receive a full course of treatment regardless of TST results.
bIncludes diabetes mellitus, some hematologic and reticuloendothelial
diseases, injection drug use (with HIV seronegativity), end-stage renal
disease, and clinical situations associated with rapid weight loss.
°Except for employment purposes in which longitudinal TST screening
is anticipated, TST is not indicated for these low-risk persons. A deci-
sion to treat should be based on individual risk-benefit considerations.
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The cutoff for a positive TST result (and thus for treat-
ment) is related both to the probability that the reac-
tion represents true infection and to the likelihood that
the individual, if truly infected, will develop tuberculosis
(Table 12-4). Thus, positive reactions for close contacts
of infectious cases, persons with HIV infection, persons
receiving drugs that suppress the immune system, and
previously untreated persons whose chest radiographs
are consistent with healed tuberculosis are defined as
an area of induration 5 mm or more in diameter. A 10-mm
cutoff is used to define positive reactions in most other
at-risk persons. For persons with a very low risk of devel-
oping tuberculosis if infected, a cutoff of 15 mm is used.
(Except for employment purposes in which longitudinal
screening is anticipated, the TST is not indicated for
these low-risk persons.) Treatment should be consid-
ered for persons from tuberculosis-endemic countries
who have a history of BCG vaccination. A positive reac-
tion in an IGRA is not based on the degree of response
(i.e., the level of IFN-yinduced).

Some TST-negative individuals are also candidates for
treatment. Infants and children who have come into con-
tact with infectious cases should be treated and should
have a repeat skin test 2 or 3 months after contact ends.
Those whose test results remain negative should discon-
tinue treatment. HIV-infected persons who have been
exposed to an infectious tuberculosis patient should
receive treatment regardless of the TST result.

Isoniazid is administered at a daily dose of 5 mg/kg
(up to 300 mg/d) for 9 months (Table 12-5). On the
basis of cost-benefit analyses, a 6-month period of
treatment has been recommended in the past and may
be considered for HIV-negative adults with normal
chest radiographs when financial considerations are
important. When supervised treatment is desirable and
feasible, isoniazid may be given at a dose of 15 mg/kg
(up to 900 mg) twice weekly. An alternative regimen for
adults is 4 months of daily rifampin. A 3-month regimen
of isoniazid and rifampin is recommended in the United
Kingdom for both adults and children. A previously rec-
ommended regimen of 2 months of rifampin and pyraz-
inamide has been associated with serious and fatal
hepatotoxicity and is now generally not recommended.
The rifampin regimen should be considered for persons
who are likely to have been infected with an isoniazid-
resistant strain.

Isoniazid should not be given to persons with active
liver disease. All persons at increased risk of hepatotoxi-
city (e.g., those abusing alcohol daily and those with a
history of liver disease) should undergo baseline and
then monthly assessment of liver function. All patients
should be carefully educated about hepatitis and
instructed to discontinue use of the drug immediately if
any symptoms develop. Moreover, patients should be
seen and questioned monthly during therapy about

adverse reactions and should be given no more than
1 month’s supply of drug at each visit.

It may be more difficult to ensure compliance when
treating persons with latent infection than when treat-
ing those with active tuberculosis. If family members of
active cases are being treated, compliance and monitor-
ing may be easier. When feasible, twice-weekly supervised
therapy may increase the likelihood of completion. As in
active cases, the provision of incentives may also be
helpful.

PRINCIPLES OF TUBERCULOSIS
CONTROL

The highest priority in any tuberculosis control program
is the prompt detection of cases and the provision of
short-course chemotherapy to all tuberculosis patients
under proper case-management conditions, including
directly observed therapy. In addition, in low-prevalence
countries with adequate resources, screening of high-risk
groups (e.g., immigrants from high-prevalence countries,
migratory workers, prisoners, homeless people, substance
abusers, and HIV-seropositive persons) is recommended.
TST-positive high-risk persons should be treated for
latent infection. Contact investigation is an important
component of efficient tuberculosis control. In the
United States, a great deal of attention has been given to
the transmission of tuberculosis (particularly in association
with HIV infection) in institutional settings such as hos-
pitals, homeless shelters, and prisons. Measures to limit
such transmission include respiratory isolation of persons
with suspected tuberculosis until they are proven to be
noninfectious (i.e., by sputum AFB smear negativity),
proper ventilation in rooms of patients with infectious
tuberculosis, use of ultraviolet irradiation in areas of
increased risk of tuberculosis transmission, and periodic
screening of personnel who may come into contact with
known or unsuspected cases of tuberculosis. In the past,
radiographic surveys, especially those conducted with
portable equipment and miniature films, were advocated
for case finding. Today, however, the prevalence of tuber-
culosis in industrialized countries is sufficiently low that
“mass miniature radiography” is not cost effective.

In high-prevalence countries, many tuberculosis control
programs have made good progress in reducing morbidity
and mortality during the past decade by adopting and
implementing the DOTS strategy promoted by the
WHO. This strategy consists of (1) political commitment
with increased and sustained financing; (2) case detection
through quality-assured bacteriology (starting with micro-
scopic examination of sputum from patients with cough
of >2-3 weeks’” duration); (3) administration of standard-
ized treatment, with supervision and patient support;
(4) an effective drug supply and management system; and



TABLE 12-5

REVISED DRUG REGIMENS FOR TREATMENT OF LATENT TUBERCULOSIS INFECTION (LTBI) IN ADULTS

RATING? (EVIDENCE®)
INTERVAL HIV HIV
DRUG AND DURATION COMMENTS? NEGATIVE INFECTED
Isoniazid Daily for In HIV-infected persons, isoniazid may be A (I) A (I)
9 months%® administered concurrently with nucleoside
reverse transcriptase inhibitors, protease
inhibitors, or nonnucleoside reverse transcriptase
inhibitors (NNRTIs).
Twice weekly Directly observed therapy (DOT) must be used B (Il) B (Il)
for 9 months?® with twice-weekly dosing.
Daily for Regimen is not indicated for HIV-infected B () C ()
6 months® persons, those with fibrotic lesions on chest
radiographs, or children.
Twice weekly DOT must be used with twice-weekly dosing. B (I) C ()
for 6 months®
Rifampin’ Daily for Regimen is used for contacts of patients with B (Il) B (Il
4 months isoniazid-resistant, rifampin-susceptible
tuberculosis. In HIV-infected persons, most
protease inhibitors and delavirdine should not
be administered concurrently with rifampin.
Rifabutin, with appropriate dose adjustments,
can be used with protease inhibitors (saquinavir
should be augmented with ritonavir) and NNRTIs
(except delavirdine). Clinicians should consult
Web-based updates for the latest specific
recommendations.
Rifampin plus Daily for Regimen generally should not be offered for D (I) D (I1)
pyrazinamide (RZ) 2 months treatment of LTBI in either HIV-infected or
HIV-negative persons.
Twice weekly D (1) D (1)

for 2-3 months

Interactions with HIV-related drugs are updated frequently and are available at http://www.aidsinfo.nih.gov/guidelines.

bStrength of the recommendation: A. Both strong evidence of efficacy and substantial clinical benefit support recommendation for use. Should
always be offered. B. Moderate evidence for efficacy or strong evidence for efficacy but only limited clinical benefit supports recommendation
for use. Should generally be offered. C. Evidence for efficacy is insufficient to support a recommendation for or against use, or evidence for effi-
cacy might not outweigh adverse consequences (e.g., drug toxicity, drug interactions) or cost of the treatment or alternative approaches.
Optional. D. Moderate evidence for lack of efficacy or for adverse outcome supports a recommendation against use. Should generally not be
offered. E. Good evidence for lack of efficacy or for adverse outcome supports a recommendation against use. Should never be offered.

°Quality of evidence supporting the recommendation: . Evidence from at least one properly randomized controlled trial. Il. Evidence from at least
one well-designed clinical trial without randomization, from cohort or case-controlled analytic studies (preferably from more than one center),
from multiple time-series studies, or from dramatic results in uncontrolled experiments. lll. Evidence from opinions of respected authorities
based on clinical experience, descriptive studies, or reports of expert committees.

9Recommended regimen for persons aged <18 years.

¢Recommended regimen for pregnant women.

fThe substitution of rifapentine for rifampin is not recommended because rifapentine’s safety and effectiveness have not been established for
patients with LTBI.

Source: Adapted from CDC: Targeted tuberculin testing and treatment of latent tuberculosis infection. MMWR 49(RR-6), 2000.

(5) a monitoring and evaluation system, with impact mea-
surement (including assessment of treatment outcomes—
e.g., cure, completion of treatment without bacteriologic
proof of cure, death, treatment failure, and default—in all
cases registered and notified). In 2006, the WHO indicated
that although DOTS remains the essential component of
any control strategy, additional steps must be undertaken
to reach the 2015 tuberculosis control targets set within

the United Nations Millennium Development Goals.
Thus, a new “Stop TB Strategy” with six components has
been promoted: (1) pursue high-quality DOTS expansion
and enhancement; (2) address HIV-associated tuberculosis,
MDR tuberculosis, and other special challenges; (3) con-
tribute to health system strengthening; (4) engage all care
providers; (5) empower people with tuberculosis and com-
munities; and (6) enable and promote research. As part of
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Standards for Tuberculosis Care, focused on diagnosis,
treatment, and public health responsibilities, have recently
been introduced for wide adoption by medical and profes-
sional societies, academic institutions, and all practitioners
worldwide.
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DEFINITION

Influenza is an acute respiratory illness caused by infec-
tion with influenza viruses. The illness affects the upper
or lower respiratory tract (or both) and is often accom-
panied by systemic signs and symptoms such as fever,
headache, myalgia, and weakness. Outbreaks of illness of
variable extent and severity occur nearly every winter.
Such outbreaks result in significant morbidity in the
general population and in increased mortality rates
among certain high-risk patients, mainly as a result of
pulmonary complications.

ETIOLOGIC AGENT

Influenza viruses are members of the Orthomyxoviridae
family, of which influenza A, B, and C viruses constitute
three separate genera. The designation of influenza viruses
as type A, B, or C is based on antigenic characteristics of
the nucleoprotein (NP) and matrix (M) protein antigens.
Influenza A viruses are further subdivided (subtyped) on
the basis of the surface hemagglutinin (H) and neu-
raminidase (N) antigens (see later); individual strains are
designated according to the site of origin, isolate number,
year of isolation, and subtype—for example, influenza
A/Hiroshima/52/2005 (H3N2). Influenza A has 16 dis-
tinct H subtypes and nine distinct N subtypes, of which
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only H1, H2, H3, N1, and N2 have been associated with
epidemics of disease in humans. Influenza B and C
viruses are similarly designated, but H and N antigens
from these viruses do not receive subtype designations
because intratypic variations in influenza B antigens are
less extensive than those in influenza A viruse