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Pathogenesis of Pneumonia 

MONROE KARETZKY 

Community-Acquired Pneumonia 

Community-acquired pneumonia causes large numbers of hospital ad
missions each year. Although the incidence varies greatly in different 
geographic and socioeconomic settings, in the United States it has been 
found to cause 10-15 cases per 100,000 population annually, predominating 
in the very young and the elderly. Hospitalization may be required in as 
many as 25% of cases. It is this group from which all the mortality data 
have been recorded, in contrast to the ambulatory group with "walking 
pneumonia." Thus adult community-acquired pneumonia occurs in more 
than 3 million persons per year in the United States; and even though 
most are treated as outpatients, the disease still accounts for more than 
50,000 hospital admissions annually. Major determinants of hospitalization 
and a complicated course in patients not initially admitted to the hospital 
include the existence of comorbid conditions, age greater than 65 years, 
and high grade fever (> 101°F). Social factors and patient reliability are 
also prominent triage considerations that classically account for the high 
admission rates for patients with pneumonia to municipal institutions. 

Various pathogens show seasonal and clustering patterns. Although a 
definite causative agent is identified in fewer than 50-70% of cases, most 
of those identified continue to be bacterial, with Streptococcus pneumoniae 
predominatingl (Fig. 4.1). The distribution of etiologic diagnoses varies 
greatly among community, municipal, and military institutions. S. pneu
moniae is responsible for as many as 60% of cases in adults hospitalized 
with pneumonia in city hospitals but more typically 15-30% in com
munity hospitals, followed in frequency by atypical organisms. The term 
atypical pneumonia is used to describe community-acquired pneumonias 
that do not respond to penicillin but to antibiotics such as tetracyclines 
and erythromycin. Most commonly these pneumonias are caused by 
Mycoplasma, Chlamydia, and Legionella species. Viral infections are 
uncommon, with influenza virus the classic pathogen predisposing to 
secondary bacterial pneumonias. The spectrum of infectious agents has 
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FIGURE 4.1. Etiology of 359 cases of community-acquired pneumonia. The specific 
organism was unidentifiable in 32.9% of cases. (Data from Fang et al. l ) 

continuously broadened during the antibotic era, influencing initial 
empiric antibiotic therapy. Primary gram-negative bacillary infections 
have become a growing concern as a cause of community-acquired 
pneumonia. 

The means by which organisms enter the body and invade the lung 
varies with the pathogen. Most patients developing bacterial pneumonia 
are predisposed by age and underlying disease, including alcoholism (Fig. 
4.2). Bacteria from endogenous flora are classically aspirated as "bronchial 
emboli," and atypical and viral organisms enter by inhalation of infected 
droplets from other patients, animals, and a variety of environmental 
sources. The nasooropharyngeal airway has a complex microbial flora 
consisting of more than 215 species of aerobic and anaerobic organisms 
that serve no known purpose and usually cause no ill effects. The oro
pharyngeal flora, as a rule, does not include aerobic gram-negative rods. 
Elderly patients, however, who are debilitated are frequently colonized 
with aerobic gram-negative rods and have an incidence of a "primary 
pneumonia" due to enteric organisms variously reported to range from 
10% to 60%. Colonization has been found to correlated with the general 
health status in the elderly. The oropharyngeal ecology presumably 
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FIGURE 4.2. Most common predisposing conditions in 359 cases of community
acquired pneumonia. There was no underlying disease in 30.6% of episodes, and 
36.2% of the patients were immunocompromised. COPD = chronic obstruction 
pulmony disease; ETOH = alcohol abuse; ASCVD = arteriosclerotic cardio
vascular disease; CHF = congestive heart failure; CRF = chronic renal failure. 
(Data from Fang et al. l ) 

reflects the distribution and density of bacterial adhesins and epithelial 
cell receptors. 

Numerous combinations of animal models and organisms have been 
studied since the turn of the century, reflecting efforts to delineate the 
nature and progression of the inflammatory response in bacterial pneu
monia. However, our knowledge of the biology of oropharyngeal colon
ization remains in the early stages of development. It has been shown that 
bacterial attachment to mucosal surfaces normally involves interaction of 
bacterial lipoteichoic acid with fatty acid-binding sites of fibronectin de
posited on mucosal epithelial cells. 

It has been clearly demonstrated that most bacterial pneumonias are 
the result of micro aspiration of nonsterile upper respiratory secretions 
into the lungs, and they are in fact a form of aspiration pneumonia. 
Aspiration is a routine occurrence in normal individuals during sleep; and 
depending on the volume of aspirate, the number and virulence of organ
isms contained, and host defenses, infection may result. Sixty years ago 
Loeschke related the apparent influence of gravity on the location of 
pneumococcal pneumonia to secretions aspirated during sleep. These 
normal nocturnal "bronchial emboli," when facilitated by underlying 



4. Pathogenesis of Pneumonia 51 

disease, damaged mucosal integrity, impairment of the mucociliary esca
lator, or other environmental or host factors, allow tissue invasion. Cold 
exposure, drugs (sedatives, anesthetics, alcohol), and chronic bronchitis 
impair ciliary function and are common precipitating events. The elderly 
and cigarette smokers, possibly responsible for the observed male pre
dominance, are also predisposed to an increased incidence of pneumonia. 

Thus a decade after the centennial celebration of the first isolation of 
S. pneumoniae, the organism remains undiminished in frequency, with a 
static mortality during the post antimicrobial era of up to almost 30% in 
elderly or concurrently debilitated patients. Studies indicate no significant 
decline in the incidence of pneumococcal pneumonia from the pre antibiotic 
era, although the mortality of bacteremic pneumococcal pneumonia has 
fallen from approximately 80% to 20%. This decrease is entirely a result 
of antibiotic therapy, with no significant effect demonstrated that can be 
attributable to advances in ventilatory management. Various well known 
mortality risk factors exist, such as age and heart failure, giving rise to the 
clinical adage of starting the elderly patient with heart failure on both 
digitalis and penicillin. 

Because of the frequent occurrence of symptoms of upper respiratory 
tract infection preceding pneumococcal pneumonia, the belief that viral 
infection often preceded bacterial pneumonia was propagated. The virus 
was thus credited with weakening the host defense mechanisms. This 
concept has been repeatedly disproved except for classic influenzal pneu
monia. Another exception to this suggestion appears to be the mechanism 
for the spread of S. pneumoniae among normal family contacts. Findings 
suggest that the enhanced production of respiratory secretions with pre
sumed viral colds may play a role in the transmission of S. pneumoniae 
from carriers to other susceptible family members and presumably even 
other patients, accounting for institutional outbreaks of pneumococcal 
pneumonia. Rhinoviruses and clustering of specific types of S. pneumoniae 
were frequently found simultaneously in individual families, suggesting 
that the viral infection led to dissemination of the bacterial invader. 2 The 
receptive properties for bacteria in these virus infected host cells appear 
to altered by different mechanisms. In addition, the extensive desquamation 
of mucosal epithelium resulting from viral infection exposes the basement 
membrane to bacterial invasion. Thus as classically illustrated by postin
fluenza bacterial pneumonia, not only is the mucosal barrier compromised, 
but with the loss of ciliated cells "pulmonary toilet" is impaired and the 
bacterial population of the lower respiratory tract increases, further pro
moting infection. 

Others have shown a circadian periodicity of susceptibility to pneumo
coccal infection, and animal studies have further suggested that survival 
patterns could be altered by environmental lighting conditions. Interes
tingly, survival is adversely affected by nocturnal challenge, presumably 
the most likely time for aspiration to occur in humans. 3 This point 
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correlates with studies showing that environmental light is important for 
synchronizing the periodicity of the host response to infection, presumably 
related to endogenous steroid responses to infectious challenge. 

The substantial persistently high mortality found with community
acquired pneumonia is not limited to those with S. pneumoniae but extends 
to other etiblogies with single species of pathogens as well. 4 The high 
mortality has been attributed to several factors, including irreversible physi
ologic damage prior to the administration of the appropriate antibiotic(s) 
and the onset of action. Others have also shown that these pneumonias 
may be caused by combinations of aerobic respiratory pathogens, including 
atypical and gram-negative organisms.5 This concept of polymicrobial 
infection has been well established since the 1970s, especially for anaerobic 
pleuropulmonary infections and nosocomial pneumonias. There are no 
distinctive features of etiology in terms of the symptomatology, physical 
signs, radiographic features, or laboratory data. Findings classically defining 
"atypical" pneumonia are now found to be obsolete, and greater efforts 
are needed to utilize laboratory advances to identity the specific causative 
agents. 6 Early identification of a gram-negative etiology is important 
because of the increased morbidity and mortality of these pneumonias and 
the favorable effect on outcome of appropriate initial antibiotic therapy. 

Nosocomial Pneumonia 

Nosocomial infections are those that occur in an institutional setting, such 
as a hospital, convalescent center, or skilled-nursing facility. Pneumonia 
represents about 10-25% of all nosocomial infections and carries the 
highest mortality rate. Mortality rates of 30-50% have been reported; 
confounders include age greater than 60, severity of underlying disease, and 
bilateral pneumonia. Nosocomial bloodstream infections are recognized 
as an important cause of excess mortality, and bacteremic nosocomial 
pneumonia has been observed to carry a mortality rate of up to 60%. The 
microbial causes of nosocomial pneumonia, similar to community-acquired 
pneumonias, have significantly changed since the 1970s. Aerobic gram
negative bacilli still predominate, with reported incidences usually in the 
range of 60% or more of such infections. However, there has been a 
greater variety of gram-negative organisms and an increasing number of 
atypical etiologic agents, including viruses (e.g., herpes simplex but par
ticularly Legionella species) and fungal species (primarily Aspergillus 
and Candida). Antibiotic-resistant gram-negative species and coagulase
negative and penicillin (methicillin)-resistant staphylococci are other 
growing problems. 

Technologic advances have also brought new routes of transmission, 
including contaminated intravenous fluids, invasive catheters for medica
tions or hemodynamic monitoring, and other delivery systems, particularly 
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ventilators (their nebulizers in the past but primarily their circuit tubing 
today). The role of those involved in "infection control" in hospitals has 
grown; but despite vigorous surveillance and control efforts, predisposing 
host factors and technologic "advances" have ensured new and old 
microbial pathogens the "security" to maintain their share of hospital 
morbidity. 

Many control practices have added to health care costs, whereas surveil
lance studies have succeeded in abating others particularly in regard to 
pneumonia. One such classic study demonstrated that mainstream neb
ulizers served as vectors for nosocomial pneumonia via their aerosols, 
which were heavily contaminated with gram-negative bacilli. Once rec
ognized, decontamination was readily achieved with the routine use of 
acetic acid; and presently mainstream nebulizers are no longer used. This 
study, however, led to a good deal of attention being given to the entire 
ventilator circuit, and protocols were introduced to change the tubing 
every 24 hours and to use disposable equipment to minimize the incidence 
of aerosol inoculums causing pneumonia from contaminated circuits. Sub
sequently, changes of ventilator circuits every 48 hours was found to be as 
or more effective than the 24-hour ritual. Most recently, not changing 
ventilator circuits at all during mechanical ventilation has been shown to 
have no adverse effect on the rate of nosocomial pneumonia or on patient 
and circuit colonization.7 Presumably, less manipulation of tubing decreases 
the incidence of spillage of contaminated condensate into the tracheo
bronchial tree (Fig. 4.3). The problem is of special significance in these 
patients because of the high incidence of pneumonia in ventilator
dependent patients and associated high mortality rate. 

The risk and mortality of nosocomial pneumonia in the elderly are 
increased; and aspiration of oropharyngeal or gastric secretions is an 
especially obvious risk factor in both the acute and long-term care settings. 
Difficulty with oropharyngeal secretions, the presence of nasogastric tubes, 
and the onset of an unusual event such as increased confusion or agitation 
have been directly associated with the prodrome of pneumonia in the 
elderly. Poor nutritional status has also been identified as a risk factor in 
the elderly, possibly by enhancing gram-negative oropharyngeal coloniza
tion and depression of cellular immunity. 8 

The continued high frequency of aerobic gram-negative pneumonias 
has been attributed to the high prevalence of their colonization in the 
oropharynx of hospitalized debilitated patients. The incidence of coloni
zation increases with the duration of hospitalization and the severity of 
underlying illness. 

The impairment of normal cleaning processes, such as inhibition of 
cilial beating or of salivary flow, predisposes to colonization. Tissue 
invasion by bacteria is preceded by colonization of the airways, facilitated 
by attachment of the mircoorganism to the airway mucosal lining surface. 
Such adherence allows the bacteria to obtain nutrients from the epithelial 
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FIGURE 4.3. Incidence (solid bars) of nosocomial pneumonia and deaths (diagonal 
bars) in patients mechanically ventilated with circuit changes every 48 hours 
(group 1; n = 35) and in patients having no circuit changes (group 2; n = 28). 
Both groups had similar durations of mechanical ventilation: Gp1 = 10.1 days; 
Gp2 = 9.1 days. (Data from Dreyfuss et a1,7) 

lining cells and induce synthesis of proteins essential for continued adher
ence and tissue invasion while establishing protected glycocalyx-coated 
microcolonies. Bacteria have proteinaceous ligands or adhesive antigens 
on their surface that allow stereochemical attachment in a selective manner 
to receptors of epithelial cells and their cilia. In an acutely or chronically 
ill host this process requires undefined metabolic changes that affect 
mucosal cells and facilitate bacterial attachment or colonization. 

Normal oropharyngeal flora, like other microbes, need to be attached 
to a surface to grow, which appears to be regulated by selective adherence 
to cells via a variety of binding mechanisms. Normal cells prevent such 
attachment to binding sites by forming antibodies to the adhesins and 
secretory glycoproteins (e.g., fibronectin) that inhibit bacterial adherence 
to cell surface receptors and colonization by gram-negative bacilli and 
select for adherence of gram-positive organisms. Fibronectin and human 
salivary mucins act as soluble receptors exhibiting "molecular mimicry" 
of epithelial tissue receptors; they constitute an important host defense 
mechanism that interferes with bacterial attachment to tissue surfaces. 
The buccal or pharyngeal epithelial cells of acutely ill patients in the 
intensive care uint contain less fibronectin and sialic acid on their surface. 
Elastase, a salivary protease derived from polymorphonuclear cells, digests 
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the fibronectin, allowing colonization not found in normal individuals. 
Oral secretions from such patients exhibit an elevated protease activity 
that is responsible for the enhanced receptivity and colonization of the 
oropharyngeal epithelial cells by Pseudomonas and other facultative gram
negative bacilli. 

There are a number of binding mechanisms, among which are bacterial 
saccharide or nonglycosylated binding sites located on filamentous append
ages called fimbriae in gram-positive organisms and pili in gram-negative 
bacilli. The affinity and number of adhesin molecules on the bacteria and 
the distribution and number of epithelial receptors determine the propensity 
of a species to colonize. Protein, lipoteichoic acid, and polysaccharide 
adhesins have been described, each organism appearing to have its principal 
adhesin, though a single bacterium may contain more than one type of 
adhesin and fimbriae. Bacterial adhesins serving specialized roles have 
been described, such as those designed to bind to extracellular matrix 
proteins, basement membrane constituents, and lectins that bind to 
carbohydrate residues at sites on "target" cells. Thus even normal 
microaspirated volumes of highly contaminated innoculums of piliated 
gram-negative bacteria in the face of impaired defense mechanisms may 
result in pneumonia in the hospitalized "immunocompromised" host. 
Other, even less clearly defined processes predispose to colonization and 
tissue invasion by other encapsulated species and by airborne pathogens 
introduced by aerosol. 

The incidence of nosocomial pneumonia is increased by well documented 
predisposing pharmacologic factors, such as the inappropriate use of 
prophylactic antibiotics, corticosteroids, and other immunosuppressive 
therapy, especially in patients immunodepressed by their primary disease. 
Other factors predisposing to pneumonia in the hospitalized patient are 
immobility and a nasogastric tube, making the esophagogastric sphincter 
incompetent. Enteric feeding can be performed without added risk using 
a small-bore feeding tube. 

The micro aspiration of gastric flora has been suggested as a primary 
mechanism of pneumonia, especially in intubated patients on ventilatory 
support. The stomach may serve as a reservoir of bacteria when its 
hydrochloric acid is neutralized or its secretion is impaired or absent. Not 
only do the bacterial numbers increase when the pH lethal to micro
organisms is not achieved, the number of species mUltiply. 9 If bacteria 
reach the lung as a liquid bolus, fewer organisms are needed to cause 
infection than if they arrive by aerosol. Such bacterial overgrowth appears 
to be controlled with a lower incidence of nosocomial pneumonia in 
patients treated with sucralfate, which preserves the gastric acid protective 
mechanisms (pH < 4) compared to ventilator patients treated with antacids 
or histamine type 2 blockers lO (Fig. 4.4). Mortality is increased by super
imposed nosocomial pneumonia to the same degree regardless of the 
prophylaxis regimen. 
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FIGURE 4.4. Incidence of nosocomial pneumonia in patients with mechanical venti
lation receiving prophylaxis against stress-induced upper gastrointestinal tract 
bleeding. Antacids or H2 blockers (cimetidine or ranitidine) alone or together, 
n = 69; sucralfate alone, n = 55. (Data from Driks et al. tO) 

Criteria for diagnosing nosocomial pneumonias vary but usually include 
the following after 72 hours of hospitalization. 

1. Appearance of a new or progressive infiltrate on chest roentgenogram 
2. Fever 
3. Leukocytosis 
4. Purulent sputum 

It has become increasingly apparent that the diagnosis of nosocomial 
pneumonia in mechanically ventilated patients, particularly those with 
preceding diffuse radiographic abnormalities such as are seen with acute 
lung injury, is difficult on the basis of such clinical criteria. Studies based 
on autopsy findings in patients with the acute lung injury syndrome (adult 
respiratory distress syndrome; ARDS) have shown the increased risk of 
pneumonia and that it is the most common complicating infection. More
over, clinical findings were found to have almost no predictive value, not 
only for identifying specific etiologic pathogens but most importantly as to 
which patients had nosocomial pneumonia at the time of death. 

With ARDS the problem of overdiagnosis and underdiagnosis of super
imposed infectious pneumonia exists. Studies have revealed as much as 
36% false-negative and 20% false-positive diagnoses of pneumonia based 
on clinical criteria. 11 There is no correlation of clinical findings, duration 
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of ventilation, or the apparent response to antibiotic therapy to the 
histologic diagnosis of pneumonia. 11 This finding casts considerable doubt 
on the accuracy of estimates of the frequency of pneumonia based on 
clinical criteria alone. Even with a correct diagnosis, gram-negative bacilli 
are routinely isolated from airway specimens, rendering their clinical 
significance difficult to evaluate: are they invasive, causative agents or 
simply colonizing commensal inhabitants? Various approaches have been 
suggested, including quantitative cultures of specimens obtained by bron
choscopy using the protected specimen brush, or bronchoalveolar lavage 
(BAL) supplemented by microscopic grading of BAL samples. 

Another area of controversy is the prophylactic use of poorly absorbed, 
topical antibiotics given by inhalation or direct oropharyngeal application 
and enteric administration with or without a parenteral drug for selective 
digestive decontamination. The advantage is that topical administration 
of antimicrobial agents results in high concentrations but has the disad
vantage of the emergence of drug-resistant bacterial strains. This strategy, 
utilized especially for preventing nosocomial pneumonia in ventilated 
patients, has been widely studied in Europe. Published reports on the 
efficacy of such regimens for preventing pneumonia and reducing mortality 
continue to be contradictory.12,13 The thesis promoting this approach is in 
part that the concentration of a systemically administered antibiotic is 
much lower in mucosal secretions than in serum. However, because 
bacterial adhesins are proteins, even low concentrations of antibiotics 
impairing protein synthesis may effectively diminish adherence and allow 
the body's defense mechanisms to suppress bacterial colonization. Thus 
it is not an antibiotic's ability to inhibit bacterial growth alone that 
determines its efficacy but its ability to prevent the bacteria from "hanging 
on" as well. 

Postoperative Pneumonia 

Advances in preoperative management, intraoperative technique, and 
postoperative surveillance have failed to diminish the incidence of post
operative pneumonia. Such lower respiratory tract infections are by defini
tion nosocomial in nature and account for 50% of hospital-acquired 
pneumonias. Over the past half-century various risk factors were suggested 
that have recently been clarified (Table 4.1). Age and sex were found to 
be factors only dependent on site and duration of surgery rather than an 
innate predisposing respiratory pattern, such as predominant abdominal 
rather than thoracic breathing.14 Obesity was a factor only when it was 
exogenous (>200% predicted weight) (Fig. 4.5). 

Preoperative evaluation of pulmonary function has been stressed,15 but 
assessment of its predictive value continues to be discouraging for both 
nonpulmonary thoracic surgery and upper abdominal surgery. The appro-
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TABLE 4.1 . Risk factors for postoperative pneumonia. 

Age: Elderly 
Sex: Male> female 
Weight: Obesity 
Smoking history : Increased secretions 
Operative site: Upper> lower abdominal 
Time of surgery: Duration of anesthesia 
Lung function : Chronic lung disease 
Nutrition: Serum albumin 
Duration of hospitalization (pre- or postop) : Gram-negative colonization and inactivity 
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FIGURE 4.5. Relation between predisposing factors and incidence of postoperative 
pneumonia including body weight, serum albumin concentration on admission, 
duration of preoperative hospitalization, duration of the surgical procedure (OP) , 
and the site of surgery: T = thoracic; VA = upper abdominal; LA = lower 
abdominal; * = p < 0.05. (Data from Daritaldi et a1. 14) 

priate tests of lung function that constitute an adequate screening profile 
for predicting postoperative pulmonary complications remain in question. 16 

Spirometry alone does not appear to be sufficient, and concepts of 
nuclear and stress testing to supplement clinical assessment for determining 
which patients undergoing nonresectional thoracic and abdominal surgery 
are at increased risk are now being explored. I5 The importance of the 
severity of preexisting pulmonary disease and the value of prophylactic 
measures remain to be clearly documented. 



4. Pathogenesis of Pneumonia 59 

Postoperative atelectasis and pneumonia, if not used synonymously, 
share, as inferred by the term "hypostatic pneumonia," a closely related 
pathogenesis. The former is marked by hypoxia with or without radiologic 
findings and the latter always by an infiltrate on roentgenogram. In contrast 
to pulmonary collapse, atelectasis does not necessarily exist as a well 
localized or radiographically visible entity giving rise to qualifying terms 
such as miliary, micro, and macro to infer· the size and extent of the lung 
units collapsed. The pathogenesis of the atelectasis that characteristically 
follows upper abdominal surgery is multifactorial, promoted by the de
crease in vital capacity, functional residual capacity (FRC) , and tidal 
volumes that are observed postoperatively. This restrictive pattern of lung 
mechanics is attributable to pain and the resulting splinting of an abdomi
nal wall whose anatomic integrity and functional capacity have been 
impaired due to increased intraabdominal pressure from distended aperis
taltic bowel, which both displaces the diaphragm upward into the chest 
and impairs its descent. 

Aside from altering the resting position of the fibers (increased length) 
of the prime inspiratory muscle of ventilation to a presumably more 
favorable position on their length-tension curve, the diaphragm at this 
expiratory level behaves as if it has been traumatized and is variably 
dysfunctional. Thus compartmental displacement is modified, and the 
diaphragm's contribution to the tidal breath after upper abdominal surgery 
is reduced. Total pain relief only partially corrects the restrictive defect. 
This ventilatory defect is similar to that seen in patients with muscle 
weakness or paralysis of the diaphragm; and over the past century diaphrag
matic failure was suggested as a potential mechanism for postoperative 
pulmonary atelectasis. It has been suggested that the apparent postopera
tive diaphragmatic dysfunction is secondary to direct local irritation or 
trauma, the result of the abdominal wall incision and the surgical procedure. 
Moreover, postoperative visceral gaseous distension and pneumoperi
toneum may contribute. Investigators have also proposed that reflex 
inhibition of phrenic nerve output is responsible for the observed impair
ment of diaphragmatic contraction. 17 It is therefore of interest to speculate 
on the effects on lung mechanics and gas exchange that occur during sleep 
in postoperative patients. In those with severe diaphragmatic paresis 
normal REM (rapid eye movement sleep stage) induced paralysis of the 
intercostals and accessory respiratory muscles would effectively remove 
all inspiratory activity. 

The contracted abdominal expiratory muscles are best treated with 
muscle relaxants. These agents, as reflected by the relief of associated 
wheezing expiration, may potentially act as "functional" bronchodilators. 
This mechanism of atelectasis and postoperative hypoxia is reproducible 
in normal subjects made to tidal breath with normal volumes in an 
expiratory position (decreased FRC).18 The resulting hypoxemia is not 
immediately alleviated by normal or deep breathing (Fig. 4.6), which is in 
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FIGURE 4.6. Effect of repeated episodes of breathing at decreased FRC on arterial 
oxygenation in a normal subject while breathing 100% oxygen in the upright 
position. The tidal volume and PaCOz were unchanged. The change in volume is 
indicated, as is the time of normal FRC breathing after which the PaOz was 
determined. (Data from Nunn et a1. 18) 

contrast to the salutory effects of such sigh maneuvers after the promotion 
of alveolar collapse with purposeful alveolar hypoventilation. 19 The Con
cept of atelectasis resulting from increased surface tension and alveolar 
instability due to the inactivation of surfactant has become firmly established 
in the literature. The surfactant is inactivated as a result of its not being 
renewed by periodic reexpansion, as accomplished by normal sighing and 
changes in posture. Analgesics (e.g., morphine) have been shown to inhibit 
such spontaneous deep breathing as well as the cough reflex. In addition, 
high inspired oxygen concentration with loss of the splinting effect of the 
inert gases (nitrogen) in room air promotes absorption (diffusion) atel
ectasis. Whatever the pathophysiologic mechanism(s) for postoperative 
atelectasis, it is presumably additive, and increased muscle force is necessary 
for reexpansion and the effort required to avoid progression. 

Factors identified to limit atelectasis are lateral transverse (rather than 
vertical midline) incisions, separate abdominal and thoracic incisions (dia
phragm not divided) rather than a single thoracoabdominal incision, and 
sitting postoperatively rather than lying in the supine position. Addition
ally, energy and resources have been devoted to the development of 
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respiratory and chest physiotherapy techniques to prevent and minimize 
postoperative airway occlusion and atelectasis. Such therapies have their 
origins from the respiratory physiologist Yandell Henderson, who con
cluded more than six decades ago that a functional element predisposing 
to postoperative pneumonia such as atelectasis "can be combated from 
the side of the physiology of respiration. ,,20 He suggested developing 
breathing techniques that promote drainage, restore the FRC, and prevent 
"obstructive" pneumonia. 

It has been suggested that clapping and thumping is ineffectual in 
patients with previously normal lungs, and that at a minimum a physio
therapist's valuable time should not be wasted on nonbronchitic patients. 
Much of the controversy over the efficacy of breathing devices, such as 
positive-pressure breathing (IPPB) instruments, has subsided with the 
relatively simplistic acceptance of incentive spirometry (IS) in its place 
or simple old-fashioned unsupervised voluntary or coached deep brea
thing exercises. 

Studies have shown that IPPB is of little or no value and that IS has 
equivalent results. Despite the glaring absence of demonstrable success 
for either prophylaxis or treatment of atelectasis, IS continues to be 
widely used and essentially all hospitals' limited resources continue to be 
expended in this fruitless endeavor. 21 Continuous positive airway pressure 
(CPAP) has also been advocated on theoretic grounds to increase FRC. 
Its benefit remains in doubt and is not indicated in patients with chronic 
obstructive pulmonary disease (COPD). With such equivalent "nonresults" 
we are left with no scientifically demonstrated benefit from current modes 
of prophylaxis or therapy, particularly in patient at high risk. Most recently, 
as an outgrowth of experience in the treatment of obstructive sleep apnea 
(OSA), lobar collapse has been successfully treated with nasal CPAP. It 
acts as an aerodynamic strut of the upper airway in patients with OSA 
and presumably has a similar therapeutic mechanism of action on the 
lower proximal airways in postoperative patients. 

In conclusion, factors predisposing to the development of postoperative 
atelectasis are thought to be numerous, and little benefit has been demon
strated from current prophylactic techniques. The significance of such 
failure is believed to be the continued high incidence of the natural 
consequence, of impaired airway drainage, infeCtion, or postoperative 
pneumonia, which has not decreased over the decades. 

Immunocompromised Host 

In reality, a ~iscussion of the pathogenesis of pneumonia is synonymous 
with a presentation of impaired host defense mechanisms-physical, phy
siologic, and; systemic. Consideration of the immunocompromised host 
classically foquses on impaired cellular and humoral responses to environ-
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TABLE 4.2. Pneumonia in the immunocompromised host. 

Immunologic impairment Opportunists 

Granulocytopenia Gram-negative bacilli 
(functional or absolute) 

Humoral dsyfunction 

Cellular dysfunction 

Fungi: Aspergillus 
Gram-positive cocci 

Gram-positive cocci: 
S. pneumoniae 

Gram-negative bacilli 
P. aeruginosa 
H. influenza 

Protozoa: Pneumocystis, 
Toxoplasma, Cryptosporidium 

Mycobacterium 
Nocardia 
Legionella 
Listeria 
Fungi (cryptococci) and viruses 

(CMV, herpes) 

Predisposition 

Myeloproliferative disorders 

Corticosteroids 
Cytotoxic agents 

Lymphoproliferative 
disorders 

Corticosteroids, cytotoxic 
agents 

AIDS 

Lymphoma 
Renal failure 
Corticosteroids 
Cytotoxic agents 
Immunosuppressives 

mental organisms, including those classically presented as pathogens but 
emphasizing an otherwise ubiquitous population of commensal bystanders 
now able to cause "opportunistic" infections (Table 4.2). Defects are 
rarely pure, but one disorder is usually predominant. 

The creation of iatrogenic diseases has more than kept pace with the 
pharmaceutical industries' technology in developing new generations and 
classes of antibiotics designed to eradicate infection. Drug-induced pul
monary disease resulting from drugs used to treat the primary diseases of 
the immunocompromised host are considered in a subsequent section. 
This section refers to the patient with malignancy, especially lymphoma 
and leukemia, and the consequences of chemotherapeutic agents; tranplant 
patients and the consequences of immunosuppressive agents; other diseases 
and consequences of treatment with corticosteroids; and primary neu
tropenia. The lungs almost invariably become infected in these patients, 
and pneumonia carries a mortality exceeding 50%. In patients with hema
tologic abnormalities who develop pneumonia and respiratory failure, 
requiring admission to the intensive care unit, mortality approaches 100%. 

Although opportunistic infections are common, "usual" bacterial pneu
monias are most frequent. Much emphasis has been placed on the in
creasing incidence of fungal pneumonias, especially aspergillosis and 
candidiasis, the difficulty of making a diagnosis short of autopsy, and the 
importance of empiric therapy. With transplant patients specific infectious 
agents have a frequency distribution according to the stage of immuno
suppression; but with bone marrow transplantation, cytomegalovirus is 
always the infection to be listed first when determining a "most likely" 
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TABLE 4.3. Pulmonary infiltrates in acute 
myelogenous leukemia. 
Pneumonia 

Infections 
Radiation 
Drug toxocity 
Nonspecific 

Leukemic infiltrations 
Parenchymal 
Nonparenchymal 

Pleural 
Vascular 

Hemorrhage 
Infarction 

Pulmonary edema 

list of specific causative agents. Pneumonia therefore is the most common 
life-threatening infection for the immunocompromised host. Compounding 
the diagnostic problem is the fact that about 25% of the infiltrates seen on 
chest radiograph are noninfectious in nature and may be accompanied 
by fever. 

Noninfectious pulmonary complications in particular pose a real problem 
of differential diagnosis in leukemic patients. There are many causes of 
pulmonary infiltrates in leukemic patients, but the autopsy incidence of 
pleural or pulmonary involvement in acute myelogenous leukemia (AML) 
ranges from 20% to 35%, with 64 % cited in one series. 22 Most parenchymal 
abnormalities are attributed to infection, hemorrhage, or pulmonary toxi
city secondary to chemotherapeutic agents (Table 4.3). 

Tryka et al. 23 described yet another AML pulmonary entity they termed 
leukemic cell lysis pneumopathy, where leukemic blast cells presumably 
damaged by chemotherapy release cytokines and other inflammatory 
mediators. The patients have characteristic reversible radiologic abnor
malities and fever resulting in dyspnea (Fig. 4.7). The recognition of this 
noninfectious entity causing inflammatory parenchymal disease, pneu
mopathy, requires clinical differentiation from infectious pneumonia, which 
is responsible for most pulmonary infiltrates in leukemic patients and is 
the primary cause of death.24 Tryka et al. suggested that their findings 
were similar to the nonspecific pneumonias frequently seen in patients 
with hematologic malignancies after chemotherapy. 23 They attributed this 
response of "diffuse alveolar damage" to release of intracellular chemical 
mediators or metabolic products of lysed blast cells rather than simple 
leukostasis. Their patients had patchy alveolar or nodular bilateral infil
trates seen on chest radiographs. This distribution of the lesions suggest a 
uniquely limited release of soluble mediators with successful localization 
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FIGURE 4.7. Pulmonary function tests of a patient with leukemic cell lysis pneu
mopathy. The tests were performed when the pulmonary changes were first 
observed and subsequently when they were no longer radiologically apparent. 
The decreased diffusing capacity reflected the patient's anemia and elevated 
carboxyhemoglobin level due to cigarette smoking, which was also thought to be 
responsible for the apparent gas trapping. VC = vital capacity; ERV = expiratory 
reserve volume; TLC = total lung capacity; FRC = functional residual capacity; 
RV = residual volume; DLeo = diffusing capacity. 

of the injury to lung parenchymal cells. Biopsies were performed in these 
patients an average of 23 days after the start of chemotherapy. The chest 
roentgenograms began to resolve 3-17 days after biopsy in four patients; 
the remaining patient had only partial clearing with remnant scarring. 
Few patients with hematologic malignancy survive hospitalization follow
ing open lung biopsy for evaluation of pulmonary infiltrates. Therefore it 
is important to be aware of this additional entity of leukemic cell pneu
mopathy in order to adequately consider the probability of a noninfectious 
process as the cause of a new pulmonary infiltrate. 

Most studies of pulmonary infiltrates in leukemia have included hetero
geneous groups of patients with different underlying diseases, various 
immunosuppressive drug regimens, and most recently allogenic bone 
marrow transplantation. Leukemic infiltration occurs primarily in a focal 
distribution at three sites in the lung; the most common is invasion of the 
alveolar septum followed by nonparenchymal locations, including peri
bronchial or perivascular collections, and lastly subpleural infiltration. 
This involvement is usually apparent only microscopically, being clinically 
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and radiographically silent. It has been shown that for determining specific 
infectious etiologies for pulmonary infiltrates not only transbronchial 
biopsy but even open lung biopsy can be diagnostically misleading in 
patients with acute leukemia. Moreover, the use of BAL in patients with 
acute leukemia treated with antineoplastic agents is not useful for detec
ting causative pathogens of pneumonia,25 which is in contrast to the 
favorable reports of BAL in more severely immunocompromised patients 
such as those having had bone marrow transplants where Pneumocystis 
carinii or CMV pneumonia is common. The findings at autopsy in patients 
with acute leukemia where these and other viral pneumonias are un
common show infiltrates attributable to Candida, Aspergillus, or non
specific pneumonia, further supporting the arguments for empiric therapy. 
Autopsy examination is the only definitive diagnostic procedure, and 
even then a significant number of cases have a nonspecific diagnosis of 
interstitial pneumonitis. It has been shown repeatedly that, despite re
sidual leukemia at autopsy, pulmonary parenchymal involvement by 
leukemia cells is rare. 

Vascular occlusion by leukemia cells occurs but is also rare and, in 
contrast to diffuse cellular infiltrative pulmonary involvement, tends to 
correlate with the peripheral white blood cell (WBC) count and can result 
in infarction. Tumor cell emboli and leukostasis with vascular obstruction 
in the absence of radiographic findings have been reported in autopsy 
studies of acute leukemia. Rapid, even fatal pulmonary edema was initially 
reported in acute leukemia patients without regard to the occurrence of 
WBC sequestration or leukostasis, now considered to initiate nonspecific 
mechanisms of pulmonary damage. The latter is thought to be a result of 
WBC activation, as is seen in leukoagglutinin transfusion reactions and 
the numerous other conditions predisposing to acute lung injury (ARDS). 
In contrast, others have reported respiratory distress due to intravascular 
leukostasis in a hyperleukocytic phase of AML requiring emergency chemo
therapy, with dramatic regression of symptoms in parallel to the fall in 
the peripheral WBC count. At autopsy vascular leukostasis in the lung 
was the predominant finding without parenchymal infiltration. 

With transplantation, allowing for problems of function and rejection, 
infection is the most important problem particularly during the first 
3 months. The lung is the most common site of infection in heart-lung 
transplantation. CMV is a particularly troublesome problem, as it is in 
bone marrow transplants, and presents the additional problem of graft
versus-host reaction, suggesting an interaction of infection with rejection. 
Immunosuppression is the most obvious predisposing factor to infection, 
and unique to transplantation is the use of cyclosporine. Its main focus 
appears to be inhibition of the antigen-directed elaboration of interleukin-2 
by T-helper cells. The use of antilymphocyte serum or antithymocyte 
globulin further enhances the occurrence of pneumonia, particularly that 
due to CMV. Important sources of infection include endogenous fiora, 
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reactivation of latent infections in the host and the donor organ, and the 
usual environmental airborne and contact contaminants. Fever is an un
dependable signal of infection in transplant patients, because even if it 
occurs it may be a manifestation of organ rejection rather than infection. 
The transplant patient is prone to another common noninfectious cause of 
fever: drug reactions, such as with antithymocyte globulin. 

Patients with bone marrow transplants have the unique noninfectious 
entities of diffuse pulmonary alveolar hemorrhage (DAH) and graft-versus
host disease to differentiate from infectious pulmonary infiltrates.26 This 
attempt by immunocompetent donor lymphocytes to reject the recipient 
may be complicated by bronchiolitis obliterans and a lymphocytic bron
chitis that must be differentiated from nonspecific interstitial pneumonia, 
which is probably a manifestation of CMV or other viral infection. Non
infectious interstitial pneumonia, a major complication of transplantation, 
is a significant cause of death after bone marrow transplantation, where it 
has been attributed to the cumulative toxic effects of irradiation and 
chemotherapy on the lung. This idiopathic pneumonitis also appears to be 
a predisposing factor in the pathogenesis of DAH.27 

Lung transplantation is the setting for other noninfectious complications 
of the immunocompromised host. With combined heart-lung transplan
tation, early experience suggesting that pulmonary rejection occurs only 
in concert with cardiac rejection proved false. The acute rejection process 
has been shown by many investigators to have a distinct histologic picture 
that can be differentiated from infection, and chronic rejection is probably 
represented by bronchiolitis obliterans. 

Chronic idiopathic neutropenia has many causes; but whatever its patho
genesis, unlike the course of recurrent infection seen in neutropenic 
patients with leukemia or drug-induced granulocytopenia, its natural his
tory is often benign, unmarked by lower respiratory tract infections. Thus 
qualitative and quantitative aspects of neutrophil function exist. In associa
tion with disease or secondary to therapeutic interventions, the incidence 
and severity of infection are inversely proportional to the absolute poly
morphonuclear neutrophil (PMN) count. A threshold level of approxi
mately 5000cells/ml is suggested, but bacteremias are almost invariable 
associated with PMN counts of fewer than 1000 cells/ml. More importantly, 
the more rapid the decline (rather than the absolute nadir) and the 
greater the duration of neutropenia, the more inevitable is the occurrence 
of microbial invasion. Time is also important with respect to the likelihood 
of a particular nosocomial agent having an enhanced opportunity for 
achieving predominance and then colonization. This course of events 
classically occurs in the debilitated chemotherapy-treated patient in a 
hospital environment with alteration of resident flora or reactivation of 
latent foci of infection. Compromise of physical and natural defense 
barriers, such as endotracheal intubation, further ensures the occurrence 
as well as the site of infection to be in the pulmonary parenchyma. 
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Bacterial infections account for more than 50% of opportunistic infec
tions in the immunocompromised host. The usual nosocomial agents 
predominate, and the pneumonia is frequently polymicrobial. Legionella 
is an opportunistic agent in the immunocompromised host especially in 
the renal transplant patient. As in acquired immunodificiency syndrome 
(AIDS) patients, those with T-cell deficiencies have an increased incidence 
of tuberculosis. CMV pulmonary infection is one of the most common 
complications in the transplant patient, usually occurring within the first 
4 months after transplantation. CMV infection results from transmission 
of the virus from seropositive donor to a seronegative recipient via the 
allograft or by reactivation of latent CMV in the recipient, who was 
seropositive before transplantation. The association between seroconver
sion and the development of CMV pneumonia presumably exists because 
seroconversion serves as an indication of infection, and not primarily 
because it predisposes to pneumonia. However, this association illustrates 
the relative unimportance of antibody in defense against CMV infection. 
CMV infection further suppresses T-cell-mediated immunity and may 
cause severe neutropenia, predisposing to superinfections with Pneu
mocystis and Aspergillus. 

Herpes simplex and varicella viral infections, like CMV infections, 
occur as a complication of T-cell deficiency states and rarely present as 
primary pneumonia. Pneumonia occurs more frequently in both children 
and adults who are immunologically compromised or otherwise at special 
risk. This group includes those with AIDS or malignancies (especially 
leukemia or lymphoma) and patients receiving immunosuppressive drugs, 
including corticosteroids. Varicella pneumonia has been reported to occur 
in 16-50% of adult cases of chickenpox. Pregnant women also appear to 
be predisposed. Varicella pneumonia has been reported to be more 
severe and to produce higher mortality in otherwise healthy pregnant 
women, but the pathogenesis of this phenomenon remains unexplained. 
An association between cigarette smoking has not been clearly shown 
with varicella as it has been with influenza. The differential diagnosis 
includes other viral diseases, especially herpes simplex, secondary bacterial 
infections, and the gamut of opportunistic organisms. Although it usually 
exhibits a benign course, this complication can cause considerable mor
bidity and mortality in predisposed groups, including pregnant women 
and immunosuppressed patients. In these patients the use of antiviral 
drugs, most notably acyclovir, has been shown to lessen the morbidity of 
both herpes simplex virus and varicella-zoster infections (Fig. 4.8). 

The concept of "cellular dysfunction" broadly implies impaired activa
tion of the foot soldiers of cellular immune function, the macrophage or 
monocyte- the killers of intracellular pathogens. Often the defect lies in 
the proximal limb of this defense, the T4-helper lymphocyte, and its 
failure to respond to antigen stimulation and release of cell-derived lympho
kines, including tumor necrosis factor, interleukin-2, and granulocyte-
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FIGURE 4.8. Pulmonary function testing in a patient with varicella pneumonia 
treated with acyclovir. TLC = total lung capacity; FRC = functional residual 
capacity; RV = residual volume; FEV1% = FEV1/VC; DLco% = diffusing 
capacity % predicted; VC = vital capacity; VC% = % predicted. The acute 
restrictive ventilatory defect resolved when measurements were repeated 3 months 
later. Arterial oxygenation increased to 74 mm Hg. The patient continued to 
smoke, with a HbCO level of 6.7% . 

macrophage colony-stimulating factor (GM-CSF). Each predisposition in 
some way favors a particular opportunist, and knowledge of this charac
teristic influences empiric therapy. Patients with humoral immune dys
function are predisposed to infection with encapsulated pyogenic bacteria. 
The deficiency of opsonizing antibodies impairs the activity of all phago
cytic cells. A well recognized determinant of humoral immunocompetence 
is hyposplenism resulting from either splenectomy or infarction, in most 
cases secondary to sickle cell anemia. Regardless of underlying predis
position, constant surveillance and ongoing analysis of alterations in clinical 
responsiveness and expeditious initiation of the most appropriate empiric 
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antimicrobial regimen while awaiting yields of diagnostic efforts are critical 
factors in the achievement of a successful therapeutic outcome. 

Acquired Immunodeficiency Syndrome 

The pulmonary complications associated with AIDS have continued to 
characterize these patients' clinical course. Their paralyzed immune system, 
predisposing them to invasion by opportunistic organisms, was sub
sequently found to result from infection with a retrovirus, the human 
immunodeficiency virus (HIV). Various agents, including mycoplasmas, 
have been suggested as possible cofactors in cell death caused by HIV 
infection. In New York City AIDS is the leading cause of death among 
young male adults and black female subjects aged 15-44 years. Oppor
tunistic pulmonary diseases are the most common cause of acute illness 
and death in patients with HIV infection. 

The specific subset (CD4+) of helper T lymphocytes is the main target 
of the virus, reducing their number and function while causing a cascade 
of other immunologic deficits, including associated CD8+ T-Iymphocyte, 
macrophage, natural killer (NK), and B-cell abnormalities. The T-helper 
lymphocyte plays a central role in regulating the immune system through 
the production of a variety of cytokines. These cytokines regulate T and 
B lymphocytes, NK cells, macrophage-monocytes, and probably poly
morphonuclear cells. 

AIDS is diagnosed in HIV-seropositive patients who develop an oppor
tunistic infection or characteristic malignancy. AIDS occurs in more than 
3% of seroconverters per year. The lungs are involved in as many as two
thirds of patients, Pneumocystis being the most common infectious agent, 
found in more than 50% of pneumonias. As many as 15% of the pulmonary 
complications of AIDS are noninfectious in etiology; they include Kaposi's 
sarcoma and lymphoma. Multiple simultaneously occurring pulmonary 
infections are commonplace; and when the pneumonia is not satisfactorily 
responding to specific treatment for an identified pathogen, others should 
be considered as well. Pneumocystis carinii pneumonia (PCP) is frequently 
associated with CMV infection; however, CMV coinfection does not 
appear to alter survival or the severity of the PCP of AIDS. Presently, 
the routine use of prophylactic therapy has decreased the incidence of 
PCP with a corresponding increase in the other opportunistic infections. 
Tuberculosis caused by typical and atypical organisms and the usual 
pyogenic community-acquired pneumonias are other common infectious 
agents. 

AIDS patients with tuberculosis have typical clinical features but do 
not have characteristic roentgenograms. The cavitary disease is unusual 
but should not delay diagnosis. 28 Nontuberculosis mycobacteria, especially 
Mycobacterium avium complex, though frequently isolated from pulmonary 
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secretions, were initially thought to produce little evidence that an addi
tional burden of disease was being imposed by the coinfection. Subsequent 
studies have shown that M. avium is not merely a colonizer but that the 
disseminated infection contributes substantially to both morbidity and 
mortality in patients with AIDS.29 

The major risk factor for tuberculosis and pneumocystosis is the level 
of immune dysfunction, as reflected by the CD4+ cell count. Infection is 
rare in patients with more than 100 CD4+ cells per cubic millimeter. 
Data indicate that tuberculosis is acquired by ubiquitous environmental 
exposure. There are predominant serotypes (i.e., serogroups 4 and 8 in 
the United States) that are more likely to cause infection and that ate 
more virulent in AIDS patients. Because CD4 cells have a central role in 
antimycobacterial defenses, dysfunction of these cells places patients with 
HIV infection at high risk for primary tuberculosis or reactivation of the 
disease. Tuberculosis in patients with AIDS results from reactivation of a 
previous focus of infection, whereas disseminated M. avium appears to 
result from primary acquisition of the pathogen through either ingestion 
or inhalation. The gastrointestinal tract appears to be a more common 
portal of entry than the respiratory tract. Focal pneumonia caused by 
M. avium may present with or without dissemination, but local containment 
is rare and dissemination usually ensues. In patients with HIV infections 
plus tuberculosis, there is also a high incidence of extrapulmonary infection 
but usually with concomitant pulmonary tuberculosis. 

Characteristically, after successful treatment for Pneumocystis the infec
tion recurs (i.e., reinfection or relapses from indolent colonization) when 
the drug is stopped. Thus recovery from P. carinii infection does not 
confer effective immunity. Because of the observed persistence of 
P. carinii in posttreatment bronchoscopic specimens, caution is advised 
about assumming it to be the etiologic agent of a recurrent pneumonitis in 
such patients. 

Survival significantly diminishes with each episode, and patients usually 
die within 2 years of their first major pulmonary infection. Pneumonia 
with respiratory failure requiring mechanical ventilation has been reported 
to have a mortality of at least 85%, and difficult ethical and economic 
questions have been raised regarding the appropriateness of their care in 
an intensive care unit. On further analysis, however, prognosis for patients 
requiring intubation with the first episode of PCP is better and, if treated 
early, they may have the same prognosis as those with PCP who did not 
require intubation.30 Serum lactic dehydrogenese (LDH) , Pa02, and 
"hospital familiarity" with treating AIDS patients as well as the vigor of 
diagnosis and monitoring (i.e., use of the critical care unit) are now 
thought to influence survival significantly?1,32 

Pneumocystis carinii maintains an extracellular existence in the lung 
and does not have an intracellular stage in its life cycle. Pneumocystis is 
characterized by the intraalveolar accumulation of trophozoites, cysts, 
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FIGURE 4.9. Mean values for diffusing capacity (Dd and its membrane (DM ) and 
pulmonary blood volume (V c) components in 20 AIDS patients with P. carinii 
pneumonia before and after antiparasitic treatment. (Data from Sankary et al. 33) 

inflammatory cells, and cellular debris, including foamy, eosinophilic, 
proteinaceous material. Most dramatic, however, is the reported attach
ment of the trophozoites preferentially to type 1 alveolar epithelial cells. 
This tight adherence is accomplished through the use of parasitic "hooks," 
"anchors," and "pincers." They cluster between the air space and epithelial 
cells, presumably accounting for the reported efficacy of pentamidine 
administered by nebulization and for the characteristically early decrease 
in diffusing capacity. 33 Until late in the course of experimental infection 
the intraalveolar abnormalities occur with preservation of pulmonary 
capillaries. The reduction of diffusing capacity in patients with AIDS and 
PCP has been shown to be due to a selective decrease in membrane 
diffusion (DM)' This selective increase in the thickness of the diffusion 
pathway without a parallel change in the volume of blood in pulmonary 
capillaries (V c) gives rise to a true alveolar-capillary block, causing the 
observed decrease in lung diffusing capacity (Dd that is reversible with 
treatment (Fig. 4.9). Surfactant abnormalities accompanied by the expected 
alterations in compliance and lung mechanics have been described; others 
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FIGURE 4.1 O. Exercise testing in patients with AIDS and pneumonia. Group 1: 
Pneumocystis with resting hypoxemia (n = 16). Group 2: Pneumocystis with 
normal resting arterial oxygenation (n = 20). Group 3: other causes of pneumonia 
with normal resting arterial oxygenation (n = 19). Group 4: healthy normal 
subjects (n = 12). The percent of each group with a positive desaturation 
test-defined as a decrease in saturation to less than 90% using a pulse oximeter
is shown. (Data from Smith et al. 34) 

have emphasized the interstitial cellular reaction to be responsible for the 
restrictive ventilatory pattern. Exercise exaggerates the underlying defects, 
causing impairment of gas exchange and readily inducing arterial desatu
ration34 (Fig. 4.10). 

Serum LDH levels, presumably from lung parenchyma, are elevated; 
and as with the decrease in arterial oxygenation after exercise, the LDH 
level has been found to correlate with severity of disease, unlike the 
radiographic findings. 35 Radiologic presentation is varied and nonspecific, 
with more extensive disease associated with spontaneuous pneumothorax. 
Pneumothorax is also seen as a complication of BAL and fiberoptic 
bronchoscop~6 and is observed as well with tuberculosis infection in both 
AIDS and non-AIDS patients presumably related to infectious interstitial 
emphysema resulting from parenchymal destruction.37 The role of nutrition 
in the pathogenesis of HIV infection and its complications has not been 
resolved. Anorexia, hypermetabolism, and malabsorption are important 
aspects of the malnutrition and cachexia observed. Weight loss and thinness 
have come to characterize "slim disease," but there is no evidence that 
aggressive enteric or parenteral feeding regimens alter the course of the 
disease. 
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Pulmonary infiltration seen on roentgenogram, with negative cultures, 
may be caused by a congestive cardiomyopathy. Such dilated cardio
myopathies may result from opportunistic or HIV infections of the myo
cardium itself. As many as 30% of AIDS patients also develop parenchymal 
inflammatory processes that lack an identifiable etiologic agent. These 
processes may have a more destructive pattern termed lymphocytic inter
stitial pneumonia whose pathogenesis has been related to a more active 
immune response to CMV infection and a milder nonspecific pneumonitis. 
The pathogenesis of the lung damage in severely immunosuppressed 
patients has been related to the HIV agent itself or directly to the 
cytopathogenic effects of CMV, related to the extent of virus replication. 

There is no convincing evidence for the causative agent of these entities 
or why lymphocytic interstitial pneumonia, whose cells of origin appear to 
be T cells, is predominantly found in children. The clinical presentation is 
diverse and indistinguishable from that of identifiable opportunistic pul
monary pathogens. Nonspecific pneumonitis, which is associated with a 
normal roentgenogram in 50% of patients, is usually self-limited and 
requires no specific therapy; its role in predisposing to other infections is 
unknown. 

Both CD8 lymphocytic alveolitis and chronic interstitial pneumonitis 
may occur in patients with HIV infection without associated radiographic 
signs or symptoms of pneumonia. These indolent infections present po
tential explanation for the observed deterioration of pulmonary function 
and even emphysematous changes reported in HIV-seropositive patients 
in the absence of recognized preceding pulmonary infections. Lymphocytic 
interstitial pneumonia appears to improve with corticosteroid therapy, but 
most recently antioxidant therapy including vitamin E, N-acetylcysteine, 
and ascorbic acid has been suggested because of reports implicating 
reactive oxygen species in the pathogenesis of HIV infection. Moreover, 
reports of decreased glutathione levels have been suggested to further 
predispose prednisone-treated HIV-infected patients to oxidant-mediated 
pulmonary damage. Because of potential deleterious effects such therapies 
must await further clinical investigation. 

Toxic Lung Injury 

Drugs 
The panoply of drugs recognized to be capable of producing diffuse 
pulmonary injury is continuously increasing, and the most frequent prob
lems of this type are a result of treatment with chemotherapeutic agents 
(Table 4.4). The pathologic changes in the lungs show varying degrees of 
organizing alveolar exudate and inflammatory cell infiltration with desqua
mation of necrotic type I and proliferation of type II alveolar lining cells. A 



74 M. Karetzky 

TABLE 4.4. Drugs producing diffuse pul
monary injury. 
Cytotoxic drugs 

Carmustine (BCNU) 
Bleomycin 
Cyclophosphamide 
Busulfan 
Mitomycin C 
Methotrexate 
Chlorambucil 
Melphalan 
Azathioprine 
Procarbazine 

Cardiac drugs 
Amiodarone 
Tocainide 

Antimicrobials 
Nitrofurantoin 
Acyclovir 
Sulfasalazine 

Antirheumatics 
Gold 

Anticonvisulsants 
Diphenylhydantoin 
Carbamazepine 

dose-response relation is often suggestive. Many of these agents' effects 
appear to be enhanced by synergism with other cytotoxic drugs (with which 
they are often given in combination) and irradiation or oxygen therapy; 
their effects are also affected by increased age, preexisting lung disease, and 
duration of administration.38 Progression may occur, as with BeNU, even 
years after the drug is discontinued. Because the patients are immuno
compromised, infection is an invariable entry in the differential diagnosis. 

The mechanism of drug-induced lung injury is in all likelihood related to 
the ingredient that gives them therapeutic efficacy as a chemotherapeutic 
agent. Thus the therapeutic cytotoxic effect of bleomycin works against both 
cancer cells and healthy lung cells, causing cleavage and impaired synthesis 
of DNA; it is mediated by oxygen radicals generated by the formation of an 
unstable metal-drug complex. Bleomycin appears to chelate iron, which is 
than capable of donating and accepting electrons as it undergoes cyclic 
oxidation and reduction, facilitating single-electron transfer particularly to 
electrophilic molecules such as oxygen. Furthermore, the drug concentrates 
in the lung, which is relatively deficient in the hydrolase enzyme that 
inactivates the drug. 

Pulmonary toxicity due to amiodarone is reported to occur with variable 
frequency; and as with other drug toxicities, it may be related to dose as 
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well as preexisting lung disease. It too concentrates in the lung; and like 
the delayed reaction to nitrofurantoin, it is thought to cause direct toxic 
damage to the alveolar-capillary membrane by generating oxygen-derived 
reactive species within lung cells, particularly the endothelial cells, that 
overwhelm the cells' antioxidant defense mechanisms. It too has a patho
genetic mechanism of cyclic reduction-oxidation similar to that of bleomycin 
and the herbicide paraquat. 

The toxicity of amiodarone has been further related to its lipophilic 
properties, promoting both intracellular concentration and delayed elim
ination, which allows the toxic effects to continue well after discontinuation 
of the drug. Such sequestration, even when extensive, remains reversible; 
but it results in an acquired lipid storage disease with a phbSpholipidosis 
in the alveolar macrophage and type II pneumocyte. Impaired phospholipid 
degradation through inhibition of lysosomal phospholipase A, rather than 
induction of reactive oxygen species, has been favored to be primarily 
responsible for the observed pathophysiology; it is characterized by the 
presence of lamellar inclusions on ultrastructural examination. This situ
ation has been shown to lead to a decline in DLCO even in the absence 
of histologic findings of "amiodarone pulmonary toxicity." These obser
vations have led many to the general conclusion that a drug may have 
both direct (toxic metabolic) and indirect (inflammatory immunologic) 
mechanisms operating alone or in concert, one triggering the other.39 

Allergic types of fulminant and reversible "hypersensitivity" reactions 
have been postulated for many of these drugs, particularly methotrexate 
and nitrofurantoin, inferring a greater role for inflammatory cells and 
mediators other than oxygen species in causing lung damage. In most 
cases of interstitial pneumonitis, the lymphocytes are of T-cell lineage. In 
studies of amiodarone drug toxicity, CD8+ suppressor/cytotoxic T lym
phocytes are increased in BAL fluid, whereas with methotrexate-induced 
lung injury a T-helper lymphocyte response has been reported. 40 These 
different mechanisms may well coexist, differentiating acute and chronic 
toxicities as with nitrofurantoin; or they may be related and interdependent, 
contributing to the pathogenic spectrum of the nonspecific pneumonitis 
lung injury. The difference between the primary site of formation of 
reactive oxygen metabolites may differ (i.e., epithelial or inflammatory 
cells), but the end results of the action of the oxidant are similar whether 
the alteration in the protective detoxification pathways are overcome by 
primary biochemical reactions or preceded by an imbalance between 
effector and suppressor cells in the lung. 

Finally, it has been proposed that the common final link of the various 
toxic mechanisms is a rise in the intracellular calcium concentration, 
causing irreversible cell injury. It has been suggested that the lung is 
uniquely susceptible to injury and becomes the target organ for these 
drugs because it has the highest oxygen concentration in the body, facilitat
ing the formation of oxygen radicals and because some drugs or their 
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metabolites (e.g., amiodarone and bleomycin) are concentrated in the 
lung. 

Radiation In;ury 
Therapeutic irradiation results in a pneumonitis that, like chronic toxic 
pulmonary drug reactions, is delayed for 2-4 months and is related to 
dose, cytotoxic drug therapy, and oxygen therapy. The dose is a complex 
function of the amount of radiation, the volume of lung irradiated, and 
the rate at which the radiation is delivered. It is associated with the 
typical histologic findings of the alveolar-capillary unit in ARDS, limited 
to the area of exposure, though changes outside the field have been 
reported that are unexplained. Corticosteroids are thought to be effective 
treatment, but their withdrawal during irradiation is considered a pre
disposing factor for the development of "recall radiation pneumonitis. ,,41 

Radiation energy generates free radicals that interact with protein 
molecules, causing dysfunction of cell processes. The delay in manifestation 
of injury is attributed to impaired chromosomal DNA-regulated synthesis 
that is subsequently revealed when cell renewal and mitosis are required; 
the latter is reflected by the cytologic atypia of the alveolar epithelial stem 
cells, type II pneumocytes. "Nongenetic" macromolecules are also affected, 
which may account for the more acute forms of pneumonitis; these 
molecules are the result of damage to the cell membrane of endothelial 
and type I epithelial cells with a resultant increase in capillary permeability 
and the accumulation of intra alveolar fluid. 42 The effects are most readily 
discernible by the appearance of perfusion defects and impairment of the 
DLCQ , which may persist years after completion of therapy. 

Another mode of tissue injury due to radiation exposure is the evolution 
of inflammation with lymphocytosis observed in nonirradiated as well as 
irradiated lung. 43 This appearance of immune effector cells, which cause 
"nodular infiltrates" (seen on radiographs) as the result oflocal confinement 
of inflammatory mediators, accounts for radiation changes outside the 
field of irradiation. Inhalation of p-emitting radio nuclides may also cause 
injury; and it has been suggested that inhalation pneumonitis will be seen 
more frequently as radionuclide aerosols are increasingly used. 

Radiation pneumonitis is usually associated with high-dose therapeutic 
irradiation of solid chest tumors. However, the lower total body irradiation 
doses now used for marrow transplantation to reduce the leukemia recur
rence rate and failure of remission reduction has been associated with 
pulmonary toxicity and an increased risk of idiopathic interstitial pneumo
nitis. Various dosing and fractionation studies have not led to a consensus 
on either the role of irradiation or the optimum approach to it. The 
clinical, epidemiologic, and histopathologic pictures of radiation pneu
monia and idiopathic interstitial pneumonia are similar, suggesting that 
interstitial pneumonitis is most likely a morbid manifestation of the cumu-



4. Pathogenesis of Pneumonia 77 

TABLE 4.5. Inhaled agents causing acute pneumonia. 

'Aldehydes: acetaldehyde, acrylic aldehyde (acrolein), formaldehyde 
'Ammonia 
'Sulfur dioxide 
'Chlorine, phosgene, hydrogen chloride, methylene chloride 
'Nitrogen oxides (Nitrogen dioxide): "silo-fillers disease" 
Metals especially oxides and salts 
Methylisocyanate: "Bhopal pneumonia" 
Mineral oil 
Petroleum distillates 
Fungal toxins: "organic-dust syndrome" 
Hydrogen sulfide: "dung lung" 
Welding (metals and polymers): "fume fever" 
Trimellitic anhydride: "epoxy lung" 

, Gases associated with fires. 

lative effect of radiation and radiosensitizing chemotherapy, their respective 
toxicities acting synergistically on the lung. 44 

Inhalation Injury 
The efficiency of the upper airway in dissipating heat usually limits thermal 
injury of the lower respiratory tract, where except for steam accidents the 
contents of the inhaled smoke are the pathogenic determinants of the 
lung injury. The history and occupational exposure are therefore critical 
for diagnosis of pulmonary injury from inhalation (Table 4.5). 

Smoke inhalation from fires is the major cause of burn mortality, and 
death frequently occurs without surface burns. The morbidity and mortality 
that result from the effects of the toxic gases produced (e.g., "poison" war 
gases) is determined by their dose, the duration of exposure and the 
concentration of the gas. The gaseous composition of smoke is a mixture 
of irritants, cell poisons, and asphyxiants, the composition of which is a 
function of the material burning, the availability of oxygen, and the 
temperature of the fire. The increasing use of plastics has been thought to 
be a major factor in the rising incidence of pulmonary complications as a 
result of the thermal degradation of such compounds to hydrogen cyanide. 
The more incomplete the combination, the greater is the toxicity of 
resulting chemical products. 

Airway involvement extends from the most proximal locations of airway 
exposure with laryngeal edema to the· most peripheral with refractory 
bronchospasm as a manifestation of both thermal and chemical injury. 
The lung parenchymal involvement is most vividly apparent by the de
velopment of the acute lung injury syndrome. The immediate anoxic 
effect of a low oxygen environment is greatly enhanced by the associated 
formation of carbon monoxide, which exhibits high affinity for hemoglobin 
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(HbCO), decreasing the oxygen capacity of hemoglobin. Similarly, ex
posure to nitrogen oxides may result in methemoglobinemia. The metabolic 
acidosis frequently seen in victims of severe smoke inhalation is usually 
attributed to tissue anoxia caused by both environmental oxygen depletion 
and impaired oxygen transport to the tissue due to the formation of 
HbCO. In addition, there is frequently coexisting cyanide poisoning from 
cyanide inhalation, which acting together with CO inhibits cellular respir
ation, causing a conversion to tissue anaerobic metabolism and contributing 
to the observed lactic acidosis. Thus smoke inhalation has become an 
increasingly important cause of mortality after burn injuries as the man
agement of fluid balance and infection have been advanced.45 The HbCO 
level has until recently been erroneously thought to be a sensitive indicator 
of associated gaseous toxic products of combustion and to correlate 
adequately with the blood cyanide concentrations.46,47 In the absence of 
severe secondary infection, survival from the acute toxic effect of smoke 
(and the similar war gases, chlorine and phosgene) on the lungs is usually 
followed by full recovery. 

Symptoms of respiratory distress from chemically mediated acute lung 
injury are preceded by a symptom-free interval of 8-12 hours but may be 
delayed for more than 48 hours. The degree of injury is directly correlated 
to the degree of smoke exposure and the level of HbCO reached in the 
blood. The water solubility of a gas determines its primary site of deposition. 
The less water-soluble the gas (e.g., nitrous oxide), the higher is the 
concentration in more distal airways. Even with highly soluble gases, such 
as ammonia and sulfur dioxide, distal deposition and damage increases 
with decreased contact time proximally (i.e., high inspiratory flow rates). 
Inhaled water-soluble gases and particles between 0.5 and 3.0 Ilm in 
diameter reach the distal airways and alveoli. The sensitivity of pneu
moeytes to the cytotoxic effects of the noxious gas is a primary factor in 
determining the extent of lung injury. Epithelial injury initiates the cascade 
of inflammatory events, causing further damage to and impairment of the 
integrity of the alveolar-capillary membrane. The increase in microvascular 
premeability that results from mediator damage to epithelial and endo
thelial cells serves as the final common denominator. Cellular injury 
further impairs the mucociliary elevator mechanism, predisposing to sec
ondary infection. 

Aspiration Iniury 
Another frequent cause of chemical pneumonitis is aspiration of toxic 
materials that are either accidentally or intentionally ingested. Petroleum 
distillates (e.g., kerosene) are the most frequent toxic agents in this 
category. Gasoline, particularly high octane aviation fuel, frequently leads 
to acute intoxication; and death from respiratory failure and suffocation 
almost always occurs when workers enter tanks containing high concen-
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trations of vapor. The gases of the volatile liquids have negligible pul
monary toxicity and produce their adverse effects acutely as asphyxiants 
and central nervous system (eNS) depressants. There are occasional 
reports of such catastrophes when an individual has primed a hose when 
siphoning a gas tank. Because gasoline vapor is heavier than air, concen
trations rapidly fatal to humans can form in enclosed spaces when the air 
is displaced by the heavier vapors. Lower concentrations not high enough 
to cause acute distillate intoxication have been reported to produce toxic 
acute fatty changes in the liver and respiratory failure due to massive 
pulmonary fat emboli. 

More commonly, in cases of acute intoxication, the acute pulmonary 
edema and "pneumonitis" seem to be associated with aspiration of distillate 
(especially kerosene) after ingestion by children, rather than inhalation of 
vapor. Pulmonary toxicity may also be a result of blood-borne dissemi
nation of absorbed hydrocarbon in the absence of aspiration. Similarly, 
mineral oil may produce an intense pneumonitis when aspirated or inhaled 
aside from the more commonly known lipoid pneumonia with chronic 
aspiration. Other, more dramatic examples of pneumonitis exist, such as 
"fire-eaters lung" where performers have accidentally aspirated the pet
roleum used as ignition fluid for a flame-blowing act. Polyacrylamide, a 
synthetic polymer with various industrial uses, has been reported to 
produce asphyxia following aspiration. The substance's high viscosity 
causes both a chemical pneumonitis and airway obstruction, which can be 
worsened by lavage of the airway because the polyacrylamide solidifies 
when mixed with saline. 

Drug Abuse 
The pulmonary manifestations of illicit drug use require differentiation of 
infectious and noninfectious processes that are dependent on the specific 
drug used and its route of administration. Septic pulmonary embolism is 
common with intravenous drug abuse; and although there is a classic 
radiologic picture, this pattern may also be representative of a more 
classic bronchopneumonia. Acute lobar pneumonia must be differentiated 
from entities not of primary parenchymal origin, including a ruptured 
mycotic aneurysm and acute cardiogenic pulmonary edema due to destruc
tion of the mitral, aortic valvular apparatus by bacteral endocarditis. 

Any substance that can be dissolved or crumbled and insoluble "fillers" 
such as talc may be injected and trapped in the pulmonary sieve. Granu
lomatous foreign body reactions occurring in both the vascular and paren
chymal lung tissue are a response to these agents and their soluble 
"fillers." Extravascular migration occurs, and the inflammatory response 
is characterized by a macrophage and granulomatous response. 

The primary noninfectious manifestation to be considered is non
cardiogenic "permeability" pulmonary edema epitomized by intravenous 
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TABLE 4.6. Drugs causing noncardiogenic 
pulmonary edema. 

Heroin 
Opium 
Cocaine 
Naloxone 
Methadone 
Propoxyphene 
Chlordiazepoxide 
Ethchlorvynol 
Paraldehyde 
Codeine 
Meperidine 
Barbiturates 
Chlorpromazine 

heroin abuse but associated with most drug overdoses. Abuse of analgesics, 
such as aspirin and other nonsteroidal agents, as well as tranquilizers and 
sedatives, most notably ethchlorvynol (PI acidyl) have also been reported 
to precipitate noncardiogenic pulmonary edema (Table 4.6). The severity 
of this complication in addicts is clearly indicated by its place as the 
leading cause of sudden death. This point is emphasized by the graphic 
description of an autopsy finding of mortality due to acute narcotism: 
"Death overtakes the addict during the intravenous injection procedure 
and the needle of the syringe is found in the vein when the body is 
discovered, the striking finding is the tremendous pulmonary congestion 
and edema. ,,48 The edematous lung may be hemorrhagic and, along with 
microscopic findings and clinical manifestations (fever, leukocytosis) of 
acute inflammation, in survivors, suggests a fulminating bronchopneumonia 
that proves to be noninfectious. Its repeated description for more than 
100 years suggests that it is not specific for heroin or impurities acquired 
during the "cutting" process.49 Its appearance may be delayed as well as 
recurrent. 

The mechanism of capillary leakage has been related to both the severe 
hypoxic damage to the alveolar-capillary membrane resulting from the 
dose-related hypoventilation due to eNS depression and the associated 
severe tissue acidemia of combined metabolic and respiratory origin. This 
phenomenon has been considered by some to be the urban clinical counter
part of "high altitude pulmonary edema." Other mechanisms include 
possible occurrence of "silent" aspiration and, finally, an acute immune 
reaction perhaps to associated "impurities" such as the "filler." The 
frequently associated inflammatory alveoli tis may be related, but its role 
in pathogenesis is not considered primary. A neurogenic mechanism has 
also been postulated and has been related to (1) the increased intracranial 
pressure that is invariably associated with an acute respiratory acidosis 
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and (2) nonspecific eNS injury, perhaps reflecting dysfunction of central 
opiate receptors. 

Heroin readily passes through the blood-brain barrier and probably 
enters the brain tissue 10-20 seconds after the usual intravenous injection 
by addicts. The resulting pulmonary hypertension, increased pulmonary 
blood volume, and systemic vasconstriction manifest as pulmonary edema, 
having the characteristics associated with increased permeability. Preexist
ing granulomatous angiitis or angiothrombotic pulmonary hypertension 
(blue velvet disease )50 is not a predisposing factor. 

Cocaine, whether inhaled (sniffed, smoked) or injected,51 has been 
associated with classic noncardiogenic pulmonary edema. A syndrome of 
diffuse pulmonary hemorrhage has also been reported with "free
basing,,52 and has been attributed to diffuse vascular injury and reSUlting 
ischemia, possibly secondary to vasoconstriction. The parenchymal 
hemorrhage may present with fulminant hemoptysis or occultly as diffuse 
infiltrates seen On the chest radiograph. Transient pulmonary infiltrates 
attributable to a hypersensitivity reaction to the drug or its adulterants 
have also been reported. 51 Various other syndromes occasionally resulting 
in pulmonary infiltrates have been related to "huffing and sniffing" various 
hydrocarbons. A dramatic lower airway thermal injury has been reported 
as due to either inhalation or intratracheal ignition of the ether vehicle 
used when free-basing cocaine, which also results in associated pulmonary 
edema.53 

Aspiration/Chemical Pneumonitis 

The term aspiration pneumonia has created a problem of semantics over 
the years, as at least three distinct clinical entities having a similar patho
genesis but differing in pathophysiology have been described. The adverse 
and occasionally fatal consequences associated with the aspiration of food 
or liquid vomitus have been recognized and described since antiquity. 
The sequela emphasized prior to Mendelson's astute clinical observations 
and those found in original animal experimentation were sudden death 
from suffocation due to airway occlusion and the development of pneu
monia and abscess formation due to secondary bacterial invasion. 

Although asphyxiation is UnCommOn and has been termed the "cafe 
coronary," the other consequences of aspiration may not depend On host 
and environmental factors. The altered states of consciousness that cause 
aspiration outside the hospital lead to community-acquired pneumonia 
from commensal organisms or, in predisposed hosts with poor oral hygiene, 
more indolent polymicrobial anaerobic or mixed aerobic-anaerobic necro
tizing pneumonias. The altered state of consciousness may be brought On 
by drugs or the state that occurs during normal sleep. Numerous studies 
involving colored and radiopaque dyes and radioactive tracers have shown 
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FIGURE 4.11. Acid-base and blood gas changes while breathing room air. The 
patient is a 38-year-old woman who developed the acid-aspiration syndrome during 
emergency cesarean section. The initial values, obtained in the operating room, 
illustrate the metabolic acidosis associated with severe hypoxemia, which was 
alleviated with oxygen therapy by face mask. There was no carbon dioxide 
retention, and mechanical ventilation was not instituted. The pulmonary edema 
seen on the initial chest roentgenogram cleared after 24 hours. 

that aspiration is a routine nocturnal event even in normal individuals. 
Aspiration infection in the hospital typically results in the nosocomial 
gram-negative pneumonias caused by facultative enteric bacilli. The acute 
clinical manifestations that result from the aspiration of acidic gastric 
contents has been termed Mendelson syndrome.54 This syndrome is one 
of the group of entities with distinct etiologies but displaying similar 
pulmonary pathophysiology that fall under the all-inclusive term adult 
respiratory distress syndrome (ARDS). It is the purpose of this section to 
illustrate the clinical presentation, review the pathophysiology, and discuss 
the pathogenesis of acid aspiration (Fig. 4.11). 

The clinical settings for aspiration pneumonia (including old age, debili
tation, and impaired swallowing function due to anatomic or functional 
defects present during altered states of consciousness) have been recognized 
for many years and emphasized repeatedly. It is also clear that vomiting is 
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frequently occult, and it is often neither observed prior to nor is it a 
prerequisite for the development of aspiration pneumonia. 55 With the 
introduction of iodized oil into the mouths or nasopharynges of sleeping 
patients, Amberson was able, by means of roentgenography, to demon
strate its presence in bronchi and alveoli the following morning. The same 
procedure yielded similar results in patients in alcoholic stupor. 55 
Subsequently, Gardner showed that after adding barium sulfate to all the 
beverages of 94 ambulatory, hospitalized, postoperative adult patients for 
a period of 2-4 days barium reached the lung in 10 patients, in none of 
whom was it suspected clinically. In nine cases the barium was demonstrated 
on radiographic examination, but in one case it was seen only on bron
choscopy.56 Mardner repeated the study in a similar series of 51 patients, 
but this time he placed the barium directly into the stomach by tube. 
Under these conditions, daily radiographs demonstrated barium in only 
one patient.56 

Thus it is apparent that regurgitation or vomiting is unnecessary for 
aspiration and that an impaired swallowing mechanism is a common 
phenomenon leading to aspiration in hospitalized patients. These obser
vations are further supported by a report showing that 50% of postoperative 
patients who developed aspiration pneumonia were awake and alert when 
aspiration occurred. Regarding the diagnosis of aspiration, caution must 
also be exercised when interpreting autopsy findings. The postmortem 
findings in the airways are inconclusive evidence of antemortem aspiration 
because gastric contents may reach the bronchi after death. 

If an impaired swallowing mechanism is relatively commonplace, why is 
it that the aspiration syndrome is not more prevalent? The answer to this 
question was initially suggested by Mendelson, who supplemented a retro
spective clinical survey of obstetric patients with the first experimental 
approach to this problem. He differentiated between the clinical conse
quences of the aspiration of solid and liquid materials, the former giving 
rise to signs of suffocation and the latter to an asthma-like syndrome. As 
a result of his experiments with rabbits, he was able to attribute the 
bronchoconstriction and accompanying hemorrhagic pneumonitis and pul
monary edema to the acid content, rather than to the enzyme content, of 
gastric secretions. He thought that the chemical pneumonitis resulting 
from acid aspiration was analogous to that shown to result from chlorine 
and phosgene gas poisoning. The damage from the chemical burn is so 
rapid and extensive that a methylene blue indicator can be seen on the 
pleural surface of a dog model within 12-18 seconds of aspiration. Thus, 
as discussed previously, although aspiration of oral contents is a relatively 
frequent occurrence, stomach contents are only rarely found in the lungs 
of ambulatory patients, accounting for the low incidence of the acid
aspiration syndrome in such patients. This low incidence has been attributed 
not only to the integrity of host defense mechanisms but to a dose
response relation as well, the dose being a function of the bacterial load, 
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the hydrogen ion concentration, the volume of aspirate, and the content 
of particulate matter in the aspirate. 

Following Mendelson's report, it was shown that aspiration pneumonitis 
followed aspiration of gastric contents only if the pH was less than 2.5, 
that the enzyme content was not contributory, and that the role of 
bacterial infection was secondary. 57 More recent studies in dogs demon
strated that with a large enough volume of fluid aspirate hemorrhagic 
pneumonitis results even with solutions at pH 5.67. 

In animals, experimental aspiration of any material, liquid or solid, 
regardless of pH, results initially in bronchospasm as a result of an "air 
closure reflex." The resulting arterial hypoxemia and fall in lung compliance 
can be relieved in sheep (but not in dogs) by administration of atropine at 
25 times the routine dosage. Cervical vagotomy, however, is uniformly 
observed to diminish this reflex bronchoconstrictive response to aspir
ation.58 Presumably, on the basis of this fragmentary evidence for 
parasympathomimetic vagal stimulation, atropine and antihistamines have 
been recommended, as have sympathomimetics, for the initial routine 
management of aspiration pneumonia in humans. The initial decrease in 
arterial oxygen tension following aspiration is progressive owing to the 
development of interstitial and alveolar edema and a necrotizing bronchitis. 
As with the anatomic gross pathology and micropathology, the degree of 
arterial de saturation has been observed to be proportional to the acidity 
of the aspirate. The severe hypoxemia is accompanied by only a transient 
elevation in the arterial PC02 and by normal right atrial and pulmonary 
artery pressures. The extent of the edema formation resulting from the 
passage of water from the intravascular compartment is reflected by 
decreased blood volume and an elevated hematocrit level. 

Mendelson reported a 0.15% (n = 66) incidence of aspiration among 
44,016 pregnant women. Most of the patients (70%) had an afebrile 
course, which led the author to emphasize that infection is only an 
occasional secondary complication and that routine antibiotic prophylaxis 
is unnecessary. 54 Subsequently, other studies also stressed that infection 
is not the primary problem, and that routine antibiotic therapy has not 
been shown to be efficacious; hence it is not a recommended intervention. 

Although the desirability of immediately evacuating grossly visible ma
terial from the airways is apparent, vigorous suctioning and lavage with 
neutral or alkaline solutions have also been suggested. Such therapy has 
been shown to increase airway resistance and decrease lung compliance 
significantly, which further impairs gas exchange. Moreover, not only is 
such treatment ineffective in reducing the extent of the hemorrhagic 
pneumonitis and resulting arterial hypoxemia, it has been shown to make 
them worse. Therefore minimal volumes (10m!) should be utilized to 
evacuate material from the major airways, and it should be done only two 
or three times. The initial outpouring of fluid from the bronchial epithelium 
in response to the acidic insult is so vigorous the acid is rapidly neutralized; 
hence lavage, especially with bicarbonate solutions, is superfluous. 
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Because of their actions as antiinflammatory agents, systemic steroids 
were used empirically to treat aspiration pneumonia; and they subsequently 
became a routine mode of therapy. Local steroid therapy has also been 
recommended because of observations made in dogs that immediate 
instillation of hydrocortisone had an ameliorating action on the pulmonary 
lesions that developed from aspiration of hydrochloric acid. A subsequent 
study showed that such endobronchial administration of corticosteroids is 
of no benefit and is perhaps detrimental. 

The evaluation of systemic steroid therapy has been limited and contro
versial. Some investigators have shown favorable effects after experimental 
aspiration, with smaller decreases in arterial oxygen tensions and more 
circumscribed areas of pneumonitis, whereas others have been unable to 
demonstrate either physiologic or pathologic benefits, or they showed 
that systemic steroid therapy only delayed and did not prevent death of 
the animal models. Thus although systemic steroid therapy has not been 
shown to influence gas exchange adversely, its use for routine management 
of aspiration pneumonia is without clinical foundation; moreover, based 
on experience in other areas, it should be suspected of acutely increasing 
the potential morbidity due to infection. 

A major therapeutic dilemma and area of controversy is fluid therapy. 
With other forms of ARDS, it is apparent that excessive fluid administration 
is detrimental. 59 Vigorous fluid therapy promotes loss of water in the 
lungs and causes fluid accumulation if similar mechanisms are operative 
after aspiration. Thus a balance must be struck in the efforts of fluid 
resuscitation to restore hemodynamic stability in order to treat the initial 
hypotension. This associated hemodynamic instability has been attributed 
to hypovolemia resulting from blood pooling in the pulmonary circulation 
and fluid (plasma) moving from the vascular compartment to the interstitial 
and alveolar spaces as a result of necrosis of types I and II pneumocytes, 
endothelial cells, and the intervening basement membrane, completely 
(and perhaps irreversibly at times) destroying the alveolar capillary 
barrier60 (Fig. 4.12). 

In Mendelson's study, all the patients with liquid aspiration survived; 
they were stabilized within 24-36 hours and had radiographic clearing of 
pulmonary infiltrates within 7-10 days. 54 Thus in otherwise healthy women 
of childbearing age, the prognosis is excellent and long-term effects on 
pulmonary function are either undetectable or minimal. The immediate 
prognosis in debilitated patients, however, is poor. In one study, mortality 
of 62% was reported.6o If only one lobe was involved, 41% of the 
patients died; with more extensive pneumonitis, the mortality was a 
dramatic 90%.61 The damaged epithelial barriers predispose to bacterial 
invasion, and an infectious, frequently polymicrobial, anaerobic pneu
monia62 develops in approximately 30% of patients (Fig. 4.13). In patients 
who survive the initial hypoxia and go on to develop secondary bacterial 
infection, the mortality rate has been reported to be in the range of 
25-35%, with deaths occurring primarily among debilitated patients with 
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FIGURE 4.12. Effect on plasma volume and lung weight of increasing pH of aspirate 
in dogs. (Data from Awe et al. 60) 
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underlying significant disease processes. For this high risk group of patients, 
prophylactic antibiotic therapy also appears to be unwarranted because, 
as with steroid and ventilatory therapy, it has not been shown to affect 
the outcome even in this predisposed population. 60 

Thus aspiration results in a continuum of pulmonary consequences that 
depend On pH and the size of the particulate matter. Small nonobstructing 
particles of food may cause a prolonged inflammatory reaction. Classic 
aspiration pneumonia is a form of ARDS resulting from an acid-induced 
injury of the lung; it is primarily a problem of arterial hypoxemia that 
requires adequate oxygen therapy. Other modes of therapy have been 
shown not to alter survival in humans. In the otherwise healthy individual, 
the immediate and long-term prognoses are excellent. In debilitated 
patients with significant underlying disease processes, however, the 
rates of both immediate and delayed death are high. The late deaths 
reflect the significance of secondary infection due primarily to anaerobic 
organisms. 

Pregnancy 

Pneumonia complicating pregnancy and the puerperium was a major 
problem during the pre antibiotic era, when almost 10% of pneumococcal 
pneumonia patients were pregnant and 0.6% of all obstetric patients 
had pneumococcal pneumonia. At Boston City Hospital, 1.2% of all 
cases of pneumonia were complications of pregnancy. The pneumonia 
caused high death rates among the mothers and an almost 60% peripartum 
fetal death rate.63 

The absence of current literature on bacterial pneumonia during preg
nancy is attributable to the efficacy of antimicrobial therapy. Viral infec
tions, including influenza, CMV, and especially varicella, have replaced 
bacterial pathogens as a source of COncern. The incidence of varicella 
pneumonia shows that approximately 10% of reported cases occur during 
pregnancy, with approximately 45% mortality. Most recently, several 
types of fungal infection have been reported during pregnancy, with 
coccidioidomycosis generating the most interest because of its tendency to 
disseminate during pregnancy, with 100% maternal mortality in the un
treated patient. The risk has been attributed to the effects of estradiol
stimulated growth of fungal phases (arthroconidia, endospores, and spher
ules), rather than to impaired host immune factors. A variety of alterations 
of the immune system preventing rejection of the fetal allograft have 
been reported; and though they appear to be mild, they may well account 
for the virulence reported for specific infectious agents. 

Alternatively, others have related increased maternal morbidity and 
mortality to alterations in pulmonary function, which are also relatively 
mild.64 The decrease in FRC observed during pregnancy is attributable to 
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FIGURE 4.14. Incidence and time course of dyspnea during pregnancy in 62 women. 
(Data from Milne et al. 65) 

the reduction in expiratory reserve volume as a result of the additional 
gravitational effects of abdominal contents altering the balance of the 
elastic recoil forces of the lung and chest wall. Thus both the intraabdominal 
and intrathoracic pressures become less negative, and the resting position 
of the diaphragm is elevated. Alterations of thoracic configuration with 
augmentation of the rib cage transverse diameters and lower thoracic 
perimeter upward tends to diminish diaphragmatic displacement. This 
increased abdominal girth places the expiratory muscle fibers on a more 
favorable portion of their length-tension curve, giving rise to the preser
vation or sometimes observed increase in vital capacity and reduced 
residual volume because of this increase in inspiratory capacity. Others 
have observed no change in lung compliance, with an increase in airway 
conductance due to possible hormone-related relaxation of bronchial 
smooth muscle. This finding has supported the concept of a physiologic 
rather than a mechanical cause for the dyspnea experienced durng pre
gnancy65 (Fig. 4.14). The hyperventilation producing hypocapnia is a 
result of an increase in tidal volume rather than respiratory frequency. 65 
The increase in ventilation observed at rest and with exercise is in excess 
of that which can be attributed to the associated rise in metabolic rate 
(increased VOz and VCOz), thereby lowering the arterial PCOz at rest 
and increasing the ventilatory equivalent for oxygen. The alveolar venti
lation increases to a lesser degree because of an increase in physiologic 
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frequency (f) and metabolic rate (V02 mllmin) are shown. (Data from Cugell et 
al. 64 and Gaensler et al. 66) 

deadspace that occurs with pregnancy. It suggests a progressive increase 
in the sensitivity of the respiratory center to carbon dioxide with advancing 
pregnancy that appears to return to normal immediately post
partum. The reported increment in inspiratory flow rate (VItTI) further 
supports the concept of enhanced respiratory drive. The altered position 
of the diaphragm, with increased resting length and decrease in the radius 
of curvature allows more effective force development for a given efferent 
neural input. 

The stimulus of the altered milieu interieur has classically been attributed 
to the increased serum progesterone concentration and its central effect 
(similar to that of aspirin) on the respiratory center and a metabolic effect 
of uncoupling oxidative-phosphorylation, which is also reflected in part by 
the increase in metabolic rate. The hyperventilation, dyspnea, and widened 
(A-a)D02 gradient must be differentiated from underlying disease before 
a simple physiologic explanation is given to dismiss the onset of dyspnea. 
Interestingly, the presence of a pleural effusion is not helpful, as it occurs 
frequently during the first 24 hours after delivery unrelated to the dyspnea 
and is a consequence of the intrathoracic pressure changes associated 
with delivery that may also cause barotrauma. Pneumonia represents 
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10% of all pulmonary complications but is the second commonest cause 
of maternal mortality and morbidity, exceeded only by cardiac disease. It 
is an especially threatening complication in patients with preexisting lung 
disease who are already compromised by the "physiologic" effects of 
pregnancy on gas exchange66 (Fig. 4.15). 

More recently, the acid-aspiration syndrome as described by Mendelson54 

has again focused attention on the predisposing factors of pregnancy in 
causing pneumonia. Mendelson suggested that, in comparison to pre
operative preparations in other patients, obstetric patients are peculiarly 
susceptible to aspiration because of feeding practices during labor. 
Mendelson's commentary also serves today as the most important con
sideration of therapy, that is, prevention. In addition, gastric emptying 
may be delayed during labor, as reflected by the findings of more than 
40 ml in the stomachs of 55% of obstetric patients compared to similar 
amounts in only 10% of other preoperative patients.67 Others have attri
buted this apparent predisposition during pregnancy to displacement of 
the stomach by the uterus, thereby pressing the pyloric portion of the 
stomach upward and backward and impairing emptying. The more suspect 
etiology, however, is the high incidence of emergency procedures for 
obstetric patients. A previous study showed it to be true for 93% of 
obstetric patients whose deaths resulted from regurgitation or vomiting 
during anesthesia. 68 

The mortality rate in Mendelson's series (0% in acid-aspiration patients) 
and the prominent finding of bronchospasm is in contrast to the much 
higher mortality and incidence of infection without initial signs of 
hyperreactive airway in current published series of aspiration pneumonia. 
These differences have been attributed to the young, otherwise healthy 
population whom Mendelson reported. Others, however, have suggested 
that Mendelson's patients did not have Mendelson syndrome. This thesis 
is becoming more and more attractive as emphasis is given to the incidence 
of premature labor as the cause for emergency procedures and the ac
knowledged high incidence of unobserved and probably nonoccurring 
episodes of aspiration. Most important is the increasing appreciation of 
the high concentrations of chemical mediators, many of which are associated 
with the parenchymal inflammatory response and airway bronchospasm, 
such as platelet activating factor (P AF) present in high concentrations in 
the placenta and amniotic fluid. The placenta has been previously indirectly 
associated with the pathogenesis of Mendelson syndrome in that it is 
responsible for adrenal insufficiency: It serves as a sponge that absorbs 
the natural maternal corticosteroids, thus predisposing the mother to 
hypoadrenalism and rendering her unable to respond to the stress of acid 
aspiration-thus the basis for the proposal to treat the resulting pulmonary 
edema with corticosteroids. Similarly, amniotic fluid embolism is a well 
recognized entity that involves the embolism of fluid or particulate matter 
into the maternal circulation, causing acute cardiopulmonary collapse 
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TABLE 4.7. Spirometric, lung volume, diffusing capacity, and arterial blood gas 
values of a woman with acute pulmonary edema after delivery a • 

Measurement Predided Adual value 

Day 3 Day 6 Day 9 Day 31 

FVC (L) 4.79 1.16 1.24 1.67 3.44 
FEY! (L) 3.91 0.90 0.90 1.43 2.91 
FEY! ('Yo) 82 78 88 86 85 
FRC (L) 3.59 1.59 2.23 2.15 2.52 
RY(L) 1.86 1.24 2.20 1.71 1.11 
TLC (L) 7.39 2.26 3.37 3.43 4.54 
DLCO (ml/min/mmHg) 42.7 13.0 13.8 24.3 
Paoz (mmHg) (Flo = 54 57 74 
0.21) z 47 43 40 37 
PacozmmHg 41 7.43 7.41 7.46 
pH, arterial 7.41 

aThese values follow the development of acute, pulmonary edema, which was recognized 
during cesarean section being performed to deliver twins from a 32-year-old woman with 
indolent labor. Mechanical ventilation was discontinued after 8 hours with resolution of 
dyspnea by 24 hours and no significant radiologic clearing by 72 hours postpartum. Rapid 
radiologic resolution occurred thereafter, and the patient had no pulmonary symptoms. 

(Table 4.7). Serious consideration must now be given to the entrance of 
soluble mediators rather than fragments oftrophoblast and decidual tissue, 
which would account for the noncardiac pulmonary edema and acute lung 
injury syndrome seen during premature or complicated labor-commonly 
and probably erroneously attributed to the tocolytic agents. 

Elderly Patients 

It is difficult to distinguish between the effects of disease and the changes 
that result from aging in humans, particularly the deterioration due to 
environmental contamination. This discussion describes and emphasizes 
anatomic and functional variables as well as host defense mechanisms and 
immunosenescence of the respiratory systems of the elderly and indicates 
implications that predispose to pneumonia. 

Structural Changes 
Structural changes with age may occur in both the thorax and the lung. 

Thoracic Cage 

The rib cage stiffens progressively with advancing years and becomes 
fixed at a higher volume. The shape of the chest changes as dorsal 
kyphosis develops owing to degeneration of the intervertebral discs and 
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thoracic spine. This forward curvature is associated with upward rota
tion of the ribs and upward displacement of the sternum, resulting in 
an increase in the anteroposterior diameter. Normally, the ratio of 
anteroposterior to lateral dimensions is approximately 0.75. When this 
ratio reaches about 0.9, a barrel deformity, so characteristic of old age, is 
recognizable. This configuration was thought at one time to represent a 
distinct pulmonary disease of the elderly and was referred to as senile 
emphysema. The physiologic changes and functional capacity of these 
patients, however, are no different from those of individuals of the same 
age without barrel deformities; hence the term senile emphysema should 
be abandoned. The structural deformation of the chest does, however, 
interfere with pulmonary function. 

Lung 

The lung also undergoes changes. Morphologically, they consist in dila
tation of the airspaces, a decrease in the number and thickness of elastic 
fibers surrounding them, and an increase in the size and number of 
alveolar pores. When the walls of respiratory bronchioles and alveolar 
ducts or alveoli degenerate as well, pathologists describe the alterations 
as those of emphysema rather than old age. 

In a series of 138 routine autopsies performed at an urban general 
hospital in the United States,69 both destruction and dilatation of airspaces 
were found in 68% of men and 24%of women beyond the third decade of 
life. These observations are illustrated by age groups in Figure 4.16. The 
data clearly demonstrate a sex difference in the incidence of the criteria 
for the pathologic diagnosis of emphysema and further suggest that in 
men beyond the sixth decade of life this incidence does not increase. It 
should not be inferred from these studies that 68% of men beyond the 
third decade have clinically significant emphysema, only that parenchymal 
destruction after that age progresses to an extent that fulfills the pathologic 
standards for this diagnosis. The incidence appears to be so high in men 
beyond the fifth decade that, from a practical standpoint, the physician 
must assume the presence of these pathologic changes in all elderly men. 
It is not true of women (Fig. 4.16). 

Supporting Structure of the Lung 

Some of the important derangements in pulmonary function that occur 
with aging result from variations in the mechanical properties of the lung. 
These alterations have, as would be expected, a morphologic counterpart 
consisting in changes in the pulmonary supporting structure, the connective 
tissue. This acellular tissue, which gives the lung its form and structure, is 
composed of mucopolysaccharides and fibrous proteins (collagen, elastin, 
reticulin) . 
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FIGURE 4.16. Incidence of pathologic diagnoses of emphysema (dilatation of air 
spaces associated with destruction of the walls of respiratory bronchioles, alveolar 
ducts, or alveoli) at routine autopsy. (Data from Thurlbeck.69) 

The content of mucopolysaccharides does not appear to change with 
age. Collagen, which constitutes approximately 30% of total body protein 
and up to 25% of the dry weight of lung, is distributed with elastin as a 
meshwork that serves as a -supporting structure. Its fibers have a high 
Young's modulus and defy stretching, a property that probably prevents 
pulmonary overdistension. In the young lung the fibers are only sparsely 
interconnected by cross-links and can therefore be easily deformed by 
forces directed on them laterally. As age progresses, although the con
centration of collagen in the lung does not change, the fibers become 
more closely bound to one another, and lateral deformation of the lung 
becomes more limited by preventing the transmission of displacing forces 
from one fiber to another. This progressive aggregation of collagen 
accounts, in large measure, for the increasing stiffness of the lung with 
age and the effect of this rigidity on pulmonary function. 

The consequences of age on reticulin, another important component of 
connective tissue, have not been directly measured. Yet the questionable 
assumption has been offered that because of their close chemical similarity 
the changes that have been observed in collagen apply also to reticulin. 

Elastin, the protein of which elastic fibers are composed, makes up 
about 8% of the solid structure of the lung. Unlike collagen, it is not 
rigid; rather, it is highly extensible, a property thought to account for 
elastic pulmonary recoil during exhalation. Curiously enough, the concen-
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tration of elastin in the lungs of both men and women increases with the 
approach of senscence despite concomitant progressive decrease in the 
elastic retractive force of the lung. This seemingly paradoxical concurrence 
may be the result of distortion in the geometric distribution of elastic 
fibers, hindering their function, even though their numbers are increased. 

Vascular Bed 

The vascular bed within the lung also undergoes progressive alterations 
with age from the third decade on. Elastic fibers in the media of the 
pulmonary vessels are generally replaced by fibrous tissue, thereby reducing 
the extensibility of the pulmonary trunk of an elderly person by approxi
mately one-half when compared with that of a young subject. As age 
advances, the arterial tree changes from a highly distensible system of low 
resistance to one of reduced elasticity and increased resistance. These 
modifications are functionally similar to those that occur in the surrounding 
lung. 

Summary 

The structural remodeling in the lung associated with age consists in the 
following: (1) Dilatation of the airspaces distal to the terminal bronchioles 
and an increase in the number and size of alveolar pores beyond the sixth 
decade in approximately 72 % of men and 22 % of women. These alterations 
fulfill the pathologic criteria for the diagnosis of emphysema. (2) There is 
no change in the concentration of collagen, but there is aggregation of its 
fibers, which tends to stiffen the lung. (3) There are similar alterations in 
the pulmonary vascular bed. (4) The lung becomes rigid despite an 
increase in elastin, which may fail in its retractive function because of 
geometric distortion. 

Fun cfion al Changes 
Mechanics 

The resting pulmonary volume, that is, the volume of gas contained in the 
lung at the end of a normal quiet expiration, is designed as the functional 
residual capacity (FRC). It is determined by the algebraic sum of two 
opposing factors: the elastic recoil of the lung and the elastic recoil of the 
chest wall. These forces within the lung tend to effect collapse and reduce 
its volume, whereas those of the thorax are directed toward expansion. 
The independent consequence of each can be seen when the chest of a 
cadaver is opened: The lungs collapse, and the thorax springs out. In the 
normal young subject, these opposing actions are such that the FRC is 
approximately 50% of the total lung capacity. As age advances, the 
elastic pulmonary recoil is reduced, and the progressively more rigid chest 
becomes fixed at a higher volume. The result is an amplified expansion of 
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the lung, both at the end of normal, quiet exhalation (FRC) and after a 
full expiration (residual volume). 

The reason for the loss of pulmonary elasticity with age is not known, 
but it may be due to the structural changes discussed in the preceding 
section. According to Laplace's law, the pressure within a sphere is 
directly proportional to the tension at its surface but inversely related to 
its radius of curvature. Because the airspaces become dilated with age, 
this pressure, and therefore the elastic recoil, would be expected to 
decrease. Pulmonary surfactant, by its effect on surface tension, is an 
important determinant of the elasticity of the lung, but its formation and 
activity do not change with age. 

Opinions differ concerning the consequence of aging on the resistance 
to flow in the airways, but the best evidence indicates that it does not 
change. This point distinguishes normal elderly individuals from patients 
with symptomatic pulmonary emphysema, in whom an increase in airway 
resistance is a cardinal feature. 

An important and often overlooked change with age is a decrease in 
the strength of the muscles of respiration. The maximal pressure exerted 
by elderly persons at the end of a normal exhalation is 50% that of young 
subjects and at the end of inspiration 61 %. Under resting conditions this 
impairment of strength is insignificant, but in older postoperative patients 
it can become of practical import by sharply limiting the force of the 
cough, which is so essential to the prevention of atelectasis and pulmonary 
infection. 

Static lung Volume 

Pulmonary volumes have been measured at different ages in many studies. 
The largest series included 135 individuals equally distributed between 
the third and ninth decades. 70 The changes in lung volume with senescence 
are illustrated by data chosen from subjects included in this investigation 
who had no symptoms or signs of pulmonary disease: The body shrinks 
with age; and between the third and ninth decades the height decreased 
by 6%, weight by 23%, and body surface area by 14%. Because pul
monary volume is a function of body size, the data are most meaningful 
when expressed as volume per square meter of surface area. The results 
so calculated, but charted as percent change, are shown in Figure 4.17. 

The absolute level of total lung capacity decreases with age but, when 
expressed in relation to surface area, it does not change; what does vary, 
however, is the distribution of this total volume between subdivisions. 
Residual volume and functional residual capacity increase up to the sixth 
decade, by 90% and 60%, respectively; the vital capacity is reduced 
perforce. The resting tidal volume does not alter with age; hence both 
inspiratory and expiratory reserves are progressively diminished up to the 
seventh decade. The increase in residual volume, similar to the change 
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FIGURE 4.17. Percent change in static lung volumes in normal subjects at various 
ages compared to values found during the third decade of life. All data are 
expressed as volume per square meter of body surface area. RV = residual volume; 
FRC = functional residual capacity; TLC = total lung capacity; ER = expiratory 
reserve; VC = vital capacity; IR = inspiratory reserve. (Data from Norris et alJo) 

found in pulmonary emphysema, represents the primary variable for 
which there is adequate explanation. The suppression of the other sub
divisions must result from the encroachment of residual volume, as total 
lung capacity does not vary. From a functional standpoint, it means that 
the capacity of the lungs as a ventilator of the blood and their function as 
a bellows are diminished with age, whereas the immovable fraction of 
gas, the residual volume, which causes contamination of each breath, is 
increased. At rest and during mild exercise, this change makes . little 
difference because the limits are not taxed; but under conditions of 
stress, when large ventilatory volumes are required, these alterations can 
become critical. Additional impingement, as may be caused by post
operative atelectasis or pneumonia, can impose new and potentially lethal 
limits on an already restricted system. The high mortality rate from 
postoperative pulmonary complications in elderly patients is a mani
festation of this loss of ventilatory reserve. 

Dynamic lung Volumes 

The lung volumes described in the preceding section indicate the dimen
sions of the gas compartments of the lung: They are static measurements 
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that do not necessarily reflect the capacity of the system for dynamic 
function. Ventilatory volumes, on the other hand, convey this function by 
introducing the dimension of time and describing thereby the dynamic 
limits of the system. 

The resting tidal volume does not change with age or respiratory 
frequency. Deadspace ventilation, however, increases. Alveolar venti
lation [(tidal volume x frequency) - (deadspace x frequency)] diminishes, 
but it does so in parallel with decreased oxygen requirements, keeping 
the relation between alveolar ventilation and metabolism constant 
throughout adult life. 71 

The maximal breathing capacity (MBC), also called maximal voluntary 
ventilation, is defined as the maximal volume of gas that can be breathed 
per minute by ventilatory effort. Age differences in MBC calculated for 
the same subjects shown in Figure 4.17, also expressed as liters per 
minute per square meter of body surface, show that the greatest fall in 
MBC occurred between the third and sixth decades, beyond which it 
decreased by only another 10% to a value in the seventies and eighties 
equal to 50% of that during the third decade of life. In this study, the 
reduction in MBC with age was due to the fact that elderly people 
breathed more slowly during the test while keeping their tidal volumes 
equal to those of the younger subjects. This difference in performance 
probably results from the combined effects of rigidity of the thoracic 
cage, loss of muscular strength and velocity of contraction, inability to 
perform sustained work, and decreased coordination. 71 

Gas Exchange 

The functional changes in the respiratory system with aging are not 
confined to the static volumes and ventilatory capacities but include all 
aspects of gas exchange between the lung and the blood. The net effect of 
aging on gas exchange is manifested by a slight fall in arterial oxygen 
tension, which results largely from an inequality in the distribution of 
inspired gas in the lung in relation to the distribution of blood flow. 

In addition to derangements in ventilation-perfusion relations in the 
elderly, there is a decrease in the diffusing capacity of the lung. The 
decline of diffusing capacity with age has been interpreted as the result of 
a decrease in the effective pulmonary capillary area due to diminution in 
cardiac output. 

The changes in the relations of ventilation to perfusion and in diffusing 
capacity of the lung with aging result in a slight fall in arterial oxygen 
pressure and hemoglobin saturation. Typical results are shown in Figure 
4.18, drawn from the data of one study.72 The fall in oxygen tension 
does not represent a serious defect, even during the eighth decade; the 
predicted value of 70 mm Hg is equivalent to that found in normal young 
people residing at an altitude of 5000 feet. Although the absolute level of 
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FIGURE 4.1 8. Percent change in arterial partial pressure of oxygen (Pao,) with age 
in normal subjects. For calculation of absolute values, 90 mm Hg can be assumed to 
be normal during the third decade. (Data from Robinson. 72) 

P02 is not critically low, the fact that it is reduced because of disordered 
pulmonary function indicates again a restriction imposed by age, which 
can manifest as more severe hypoxia if further limitations are placed on 
the system by postoperative pain, depressant drugs, the development of 
pulmonary atelectasis, infection, or other stress. The partial pressure of 
carbon dioxide, the pH, and the bicarbonate content of arterial blood are 
all unchanged by advancing age. 

Regulation of Respiration 

The fact that the relation between alveolar ventilation and metabolism 
remains constant throughout life indicates that the stability of the venti
latory control system is maintained. However, the ventilatory responses 
to hypoxia and hypercapnia decrease in the elderly owing primarily to 
alterations in central mechanisms that control efferent outflow to the 
respiratory muscles. 

The common occurrence of Cheyne-Stokes breathing in elderly subjects 
during sleep may represent a subtle derangement of ventilatory control. 
Some loss of integrative function is also suggested by the observation that 
the administration of small doses of morphine to elderly subjects may 
produce Cheyne-Stokes breathing in the wakeful state. It occurs despite 
the fact that a single dose of morphine produces no more ventilatory 
depression in elderly subjects than it does in the young. 71 



Host-Defense Mechanisms 

Upper Airway 
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A decrease in the acuity of perception and reflex actrvity has long 
been thought to accompany the aging process. Laryngeal closure due to 
chemical mucosal irritation (Kratschmer reflex) was found to be pro
foundly impaired in the elderly with nearly a sixfold increase in threshold 
from the third to the ninth decade of life. 73 The decrease in such protective 
activity has been proposed as an explanation for an increased incidence of 
silent aspiration in the elderly and the reported increased incidence of 
bronchopneumonia. 73 In addition, impaired mucociliary clearance has 
been reported in the elderly in part because of a loss of ciliated cells. 

Cell-Mediated Immunity 

Decreased cell-mediated immunity with aging has been well documented. 
There is a decrease in delayed hypersensitivity as determined by skin 
testing to both old (immunologic memory) and new antigens. The aged 
T cells show a wide spectrum of activity, as illustrated by a variably 
impaired proliferative response in part related to decreased interleukin-2 
(IL-2) secretion and to decreased expression of IL-2 receptor. 74 Other 
abnormalities detected include decreased numbers of T lymphocytes, both 
CD4+ and CD8+ cells, as well as excessive T-suppressor-cell activity. 75 

Studies have failed to detect abnormalities in macrophage function in the 
elderly, a major component of successful immunosurveillance. 

Humoral Immunity 

The ability of the bone marrow to generate B cells does not diminish 
with aging, although immunoglobulin levels do decrease. Immunization 
with pneumococcal capsular antigens and influenza vaccine demonstrates 
a blunted antibody response in the elderly. This defect in antibody 
production appears to be due to altered T-lymphocyte function. 74 

Cellular Immunity 

Studies of neutrophil function in the elderly have suggested decreases 
in chemotactic response, phagocytic activity, and superoxide anion 
production. 74 

Summary 

Although these changes of immunologic attrition appear mild, the attack 
ratio for pneumonia increases with age as does the severity. These obser
vations are thought to be related to senescence of the immune system, 
increasing susceptibility. The anatomic changes and decreased functional 
reserve of the respiratory system is responsible for the age-related increase 
in severity resulting in increased hospitalization and mortality associated 
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with pneumonia. Finally, the importance of comorbidity and enhanced 
micro aspiration is thought to be responsible for changes from a pre
dominantly gram-positive to gram-negative oropharyngeal flora and the 
predilection for developing nosocomial pneumonia. 

Hypersensitivity Pneumonitis 

Hypersensitivity pneumonitis, also known as allergic alveolitis, is not 
an infectious entity but represents an inflammatory response of the 
lung due to chronic exposure to inorganic, or more commonly organic, 
antigen (Table 4.8). Different antigens have given rise to a variety of 
specific occupational terminology (i.e., farmers' lung and pigeon breeders' 
disease). It has been classically described in relation to occupational 
exposure; but though it is environmental, it is not necessarily related to 
the workplace and is being increasingly appreciated to also be a con
sequence of nonoccupational exposure. The etiologic agents are diverse; 
more than 50 sources of antigen have been described, including bacteria, 
fungi, protozoa, animal or avian proteins, plants, and chemicals, but the 
clinical manifestations and pulmonary pathology are uniform. 76 The 
evolution of BAL has greatly enhanced early diagnosis and our under
standing of the pathogenesis. 

Factors that influence hypersensitivity pneumonitis are the physical 
characteristics of the agent and the dose inhaled. The antigen must 
be particulate in nature, small enough to reach the terminal airways 
(I-311m); and there must be prolonged, repeated exposure. Such high 
antigen dosage presumably accounts for the association with occupational 
exposure rather than the occasional environmental contact, though 

TABLE 4.8. Causes of hypersensitivity pneumonia. 

Antigen 

Thermoactinomyces vulgaris 
Aureobasidium pullulans 
Micropolyspora Jaeni 
Aspergillus clavatus 
Thermophilic actinomycetes 
Thermoactinomyces sacchari 
Mucor stoloniJer 
Cryptostroma corticale 
Penicillium caseii 
Penicillium Jrequentans 
Avian proteins 

Toluene diisocyanate 
Phthalic anhydride 
Sitophilus granarius 

Exposure 

Moldy hay 
Air conditioner 
Water 
Moldy barley 
Mushroom compost 
Moldy sugar cane 
Paprika dust 
Maple wood bark 
Moldy cheese 
Moldy cork 
Avian excreta and shedding 

Polyurethane foam 
Heated epoxy resin 
Wheat weevils 

Syndrome 

Farmers' lung 
Ventilation pneumonitis 
Humidifier lung 
Malt workers' lung 
Mushroom workers' lung 
Bagassosis 
Paprika splitters' lung 
Maple bark strippers' lung 
Cheese washers' lung 
Suberosis 
Bird fanciers' (pigeon 

breeders') lung 
TDI pneumonitis 
Epoxy resin lung 
Millers' lung 
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exposure variables have been poorly documented. Host factors, although 
poorly defined, are important in the pathogenesis of hypersensitivity 
pneumonitis, as only a small percentage «10%) of those exposed (attack 
rate) develop the disease. Interestingly, cigarette smoking appears to 
exert a protective effect against this disorder, with associated low serum 
precipitin values. The mechanism of this protective effect of tobacco 
smoke remains unclear. The BAL fluid contains the specific precipitins 
for the causal antigens, as does the serum. Humoral diagnostic techniques, 
however, are limited, as serum precipitins to suspect antigen may be 
present in 50% of exposed but asymptomatic patients or absent in patients 
with overt disease. 

When established hypersensitivity pneumonitis exists, BAL reveals 
a typical lymphocyte alveolitis with a striking lymphocyte predominance 
in a hypercellular fluid. 77 The lymphocyte numbers are higher in symp
tomatic patients than in exposed workers who are asymptomatic. Re
mission as a result of avoidance or of treatment is associated with a 
decrease in the number of lymphocytes. Phenotypic studies have shown 
that it is a T lymphocytosis, with the B cells representing a small percent
age of the total amount. The predominant T-cell subset is CD8+ cells 
(suppressor-cytotoxic subset) though the total number of CD4+ (helper/ 
inducer) cells is increased and there is a decrease in the CD4+/CD8+ 
ratio. The profile returns to normal with remission after removal from 
exposure. It has been suggested that the cells recovered by lavage from 
individuals with hypersensitivity pneumonitis have functional abnor
malities compatible with an ongoing immune response, but which cells 
are toxic and which cells are protective is not clear. The role of suppressor 
T cells in the clinical expression of hypersensitivity pneumonitis has been 
emphasized and is related to the concept of functional immune regulatory 
imbalance with a loss of functional suppression of disease activity. 

Finally, with acute exposure to antigen, an increase in BAL neutrophils 
and eosinophils (without eosinophilia) is seen, and this recruitment 
has been attributed to an antigen-directed early inflammatory response. 
Large numbers of mast cells are found as well, and their release of 
vasoactive mediators may be of significance with respect to morbid chronic 
fibrotic reactions. Continued exposure in some individuals does not 
necessarily lead to progressive deterioration, whereas others may show 
a progressive decline in pulmonary function despite antigen avoidance. 
It has been shown that only the intensity of the alveolitis, not its com
position, distinguishes normal farmers from patients with farmer's lung.78 

No correlation was observed between BAL mast cell yield and clinical or 
laboratory evaluation of pulmonary function. The number of alveolar 
macrophages in hypersensitivity pneumonitis is normal. It has been con
cluded from these findings that this disease involves immune complex and 
cell-mediated tissue injury acting in combination with nonimmunologic 
factors in reaction to inhaled antigens. 
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