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INTRODUCTION 

+6660 

Impairment of lung function is often not apparent symptomatically or by clinical 
examination until substantial and largely irreversible damage has occurred (1, 2). 
Since many substances that are toxic or potentially toxic to the lung are present in 
our environment (3-5) and since clinically obvious lung disease may be evident only 
after prolonged exposure to atmospheric contaminants, it is useful to have sensitive 
and noninvasive means for detection of pulmonary toxicity from inhaled substances. 

Recent investigations have demonstrated that sensitive physiologic tests are capa­
ble of detecting abnormal lung function at an early, and, presumably reversible stage' 
of development (1, 2; 6--12). These methods include such tests as maximal expiratory 
flow rates (6--8), single-breath and multibreath nitrogen washout (9, 10), closing 
volume (11), frequency dependence of compliance (1), and radioisotopic regional 
ventilation-perfusion studies (12). Since some of the methods are invasive and/or 
require expensive equipment, they are not all equally suitable as screening tests for 
abnormal lung function. Yet, a variety of physiologic tests are necessary since tests, 
such as maximal expiratory flow rates, detect airway obstruction whereas others, 
such as single-breath diffusing capacity for carbon monoxide (DLeO SB), are 
affected primarily by abnormalities of.the pulmonary parenchyma or vasculature. 
Some methods, which are not suitable for screening purposes, are excellent con­
firmatory tests in specific circumstances. 
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466 WILSON, FAIRSHTER, GILLESPIE & HACKNEY 

Part I of this review describes a sequential approach to pulmonary function testing 
following experimental and natural exposure of humans or animals to inhalants, 
which includes suggestions as to screening and initial testing as well as later, more 
detailed investigation procedures. Approaches are suggested for differing circum­
stances (awake vs anesthetized) and species (large and small animals vs man). Part 
II, mainly presented in tabular form, offers a critical review of the limitations and 
applications of individual tests of pulmonary function. 

Sequential Approach to Pulmonary Function Testing 
A. Man (Unanesthetized) --

Preexposure Testing for Control Values 

1 
Exposure 

1 
1. Screening 

a. Closing volume (CV) 
b. Single-breath (SB) N2 washout 
c. Single-breath diffusing capacity of the lung for CO 

(DLCO SB) 
d. Maximum expiratory flow-volume (MEFV) curves 
e. Spirometry 
f. Airway resistance (RAW) and thoracic gas volume 

(Vtg) 
2. Follow-up testing 

a. Arterial blood gases 
b. Multibreath N2 washout (7 min) 

3. Further analysis, appropriate tests from Table 1 

For screening purposes following exposure to inhalants, closing volume (II) and 
SB N2 washout (9) are noninvasive, easy to perform, and both tests may be calcu­
lated from the same expiratory maneuver. The test is moderately sensitive but is 
quasistatic since low flow rates are employed. Dynamic methods such as MEFV 
curves and spirometry, particularly if flow rates are measured at low lung volumes 
(FEF 25-75, FEF 75-85), may be abnormal when static tests are normal (15). Both 
procedures are noninvasive, easy to perform, and therefore well suited for screening 
purposes. All measurements can be made technically from a single maneuver al­
though the tests are usually repeated to insure "best effort." The MEFV curve is 
probably best utilized with the subject serving as his own control since flow rates 
are highly variable from person to person (16). The sensitivity of the technique may 
be increased by comparison of curves obtained after inhaling air and helium-oxygen 
mixtures (17). Airway resistance is easy to perform but is sensitive to abnormalities, 
primarily of large central airways (I, 18) and should not be used alone. Changes in 
maximal expiratory flow (particularly at low lung volumes) with no change in RAW 
would suggest that the site of the lesion is in the small airways. DLCO SB is simple 
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EVALUATION OF ABNORMAL LUNG FUNCTION 467 

and easy to perform; this test and, possibly, SB N2 washout might be the most 
sensitive detectors of early (interstitial) pulmonary edema or microatelectasis (19, 
20). 

Arterial blood gas analysis is a very sensitive parameter of change in respiratory 
status. The procedure is invasive and is best performed with local anesthesia; it 
therefore probably should not be considered a screening procedure. Multibreath 
nitrogen washout is highly sensitive to abnormalities of distribution of ventilation 
(10); however, not only does this procedure require more time to perform than 
single-breath tests, but also analysis of results is more time consuming. Multibreath 
nitrogen washout is best utilized in selected circumstances (i.e. to confirm borderline 
results, to differentiate degrees of abnormality not apparent from screening tests, 
and to further investigate suspected abnormalities in the presence of negative screen­
ing tests). 

A variety of other tests such as radioisotopic regional ventilation and perfusion 
studies, static or dynamic compliance, pulmonary artery catheterization, multiple 
inert gas washout are detailed in Table 1. These tests will provide answers to specific 
questions. They are, in general, more invasive, more expensive and require greater 
expertise to perform. 

B. Large Animals (Unanesthetized) 
Preexposure Testing for Control Values 

1 
Exposure 

1 
1. Screening tests 

a. Spirometry-respiratory rate, tidal and minute 
volume 

b. Arterial blood gases-Pa02, PaC02, pH 
c. Multibreath nitrogen washout-distribution of 

ventilation, functional residual capacity (FRC) 
2. Confirmatory tests 

a. Dynamic compliance 
b. Dynamic resistance (airway) 
c. Total pulmonary resistance (oscillatory) 
d. Steady state diffusing capacity for carbon monoxide 

(OLeO SS) 
e. Other appropriate tests from Table 1 

C. Large Animals (Sedated or Anesthetized) 
Preexposure Testing for Control Values 

1 
Exposure 

1 
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468 WILSON, FAIRSHTER, GILLESPIE & HACKNEY 

1. Screening tests 
a. Spirometry-respiratory rate, tidal and minute 

volume 
b. Lung volumes-total lung capacity (TLC), vital 

capacity (VC), functional residual capacity (FRC), 
residual volume (RV) 

c. Arterial blood gases-Pa02, PaC02, pH 
d. Multibreath nitrogen washout-distribution of venti­

lation, FRC 
e. Lung compliance-static (Cst), dynamic (Cdyn) 

including measurements at different respiratory 
rates (frequency dependence of compliance) 

f. Dynamic resistance (airway) 
g. Total pulmonary resistance (oscillatory) 

2. Confirmatory tests 
a. Closing volumes 
b. DLCO SS 
c. DLCO SB 
d. Maximal expiratory flow-volume (MEFV) curves 
e. Radioisotopic regional ventilation-perfusion (V IQ) 

studies 
f. Other appropriate tests from Table 1 

Unanesthetized large animals may be tested using either a face mask (21) or 
chronic tracheostomy (22). These techniques are used most frequently in relatively 
cooperative, trainable animals such as dogs. Alternatively, any animal may be tested 
using general anesthesia, although this method seems less desirable since the effects 
of anesthesia must also be assessed. Recently, however, Muggenburg & Mauderly 
have shown that general anesthesia, using triflupromazine HCI, is associated with 
minimal respiratory side effects (23). 

Screening procedures, such as spirometry or muItibreath nitrogen washout, are 
usually easy to perform, noninvasive, and require relatively little equipment or 
training of animals (see Table 1). Arterial blood gases, although invasive, also 
require relatively little time and equipment. They probably are best obtained from 
an indwelling catheter in a femoral or exteriorized carotid artery. Multiple samples 
can be obtained without causing pain and agitation, which are often associated with 
reflex changes in respiration. 

The confirmatory tests either require intubation and are, therefore, invasive (dy­
namic compliance, dynamic resistance, radioisotopic regional ventilation studies, 
MEFV curves), require expensive equipment (DLCO, dynamic compliance, dy­
namic resistance, radioisotopic regional ventilation-perfusion studies, MEFV 
curves), or are time consuming (dynamic compliance, dynamic resistance, radi­
oisotopic regional ventilation-perfusion studies) and, therefore, are poorly suited for 
screening purposes except in anesthetized animals. However, many of these latter 
methods are also the most sensitive and yield the most information. MEFV curves, 
for example, have recently been used successfuJly in monkeys to evaluate the effects 
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EVALUATION OF ABNORMAL LUNG FUNCTION 469 

of coal dust upon the small airways (24). Although relatively elaborate equipment 
was required, individual subjects (monkeys) could be completely tested within 10-12 
min following induction of anesthesia (24). 

D. Small Animals 
Preexposure Testing for Control Values 

a. Total respiratory 
resistance (Amdur­
Mead technique 

b. Maximum expira­
tory flow-volume 
curves 

1 
Exposure 

1 
Plethysmography (Tidal volume) 1 (Respiratory rate) 

/ � 
Postmortem studies 
a. Histology 133Xe washout 
b. Pressure volume 

curves 
c. Lung lavage for sur­

face active material 
d. Pulmonary edema 

analysis (wetldry 
weight ratios) 

The most suitable technique for in vivo screening for response to inhalants is 
plethysmography. The plethysmograph is relatively easy to construct, and small 
animals such as rats may be monitored even (with difficulty) without anesthesia. The 
technique is sensitive and tidal volume and respiratory rate can be measured. Post­
mortem studies may be sensitive but are both time consuming and tedious and 
therefore poorly suited for screening purposes in large numbers of small animals. 
Pulmonary resistance as measured by the technique of Amdur & Mead (25) requires 
placement of an intrapleural catheter; a plethysmograph and physiologic recorder 
are also required. The procedure has merit for in vivo testing of small animals but 
probably should not be considered a screening procedure. 133Xe washout requires 
expensive equipment as well as use of radioisotopes. As yet, this procedure has not 
been widely used in small animals. Its utility is not definitely established and 
therefore is currently under evaluation. 

II Specific Types of Tests 

The following is a description of pulmonary function methods, their sensitivity and 
limitations, physiologic interpretation, and the equipment needed for their perfor­
mance. The material is presented in tabular form as a convenient reference for the 
inhalation toxicologist (Table I). This description of methods is divided into the 
following categories: 1. Ventilatory exchange, measurement of volumes of gases 
exchanged during (usually quiet) breathing. These tests are ordinarily not very 
useful. 2. Static lung volumes. These tests are simple and provide useful information 
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470 WILSON, FAIRSHTER, GILLESPIE & HACKNEY 

about the strength and elasticity of the respiratory system. They are usually com­
bined with other types of tests since they, by themselves, do not provide definitive 
information. 3. Tests of respiratory mechanics, analysis of the forces that provide 
resistance to airflow and inflation or deflation of the lung. Tests of respiratory 
mechanics vary from the simple to the complex. They are important for the detec­
tion and analysis of most types of exposure. 4. Tests of distribution of ventilation, 
description of the degree of uniformity of alveolar ventilation. Maldistribution of the 
inspired gas is often associated with early lung disease even though total ventilation 
is normal or increased. Methods of detecting airway closure are also considered in 
this section of the table. 5. Tests describing the pulmonary circulation including 
measurement of vascular pressures, right to left shunting, and distribution of perfu­
sion. Since these measurements are relatively insensitive and require special equip­
ment, they are usually reserved for particular circumstances. 6. Tests describing 
regional ventilation/perfusion matching (V /0). This includes direct evaluation of 
regional ventilation and perfusion as well as several different tests. These measure­
ments are more important to understanding the mechanism of pulmonary function 
abnormalities than early detection. 7.Tests of diffusion. Although impaired diffu­
sion of oxygen across the alveolar-capillary membrane is not a common cause of 
hypoxemia (13, 14), diffusing capacity is affected by a wide variety of lung diseases 
and therefore is a good screening test. 8. Blood gas measurement. These important 
parameters are affected by abnormalities, single or combined, including altered 
respiratory mechanics, right to left shunting, altered V /0 relationships, control of 
respiration, and acid-base balance. Although not specific for any one type of abnor­
mality, arterial hypoxemia is a sensitive indicator of impaired pulmonary function 
from a multitude of causes, while mixed venous oxygen tension is more indicative 
of tissue oxygenation and more often reflects the state of cardiac rather than pulmo­
nary function. 

DISCUSSION 

Pathologic studies indicate that a surprisingly high percentage of autopsied non­
smoking adults have pulmonary emphysema (135, 136), while a higher incidence of 
emphysema in both smokers and nonsmokers has been found in areas with high 
atmospheric concentrations of sulfur oxides, nitrogen oxides, hydrocarbons, and 
particulates (136). Clinical chronic bronchitis is more common in urban areas (137), 
and children from urban environments have maximal expiratory flow rates lower 
than predicted (138). Though much of this data can be explained by high atmo­
spheric levels of common pollutants, viral respiratory infections and cigarette smok: 
ing probably have additive deleterious effects upon lung function (136, 138). 

The toxicity of all potential atmospheric contaminants, alone or in combination, 
as well as safe exposure limits, needs to be defined. One approach to this problem 
is exposure of humans or animals, under strictly controlled experimental condi­
tions, to varying concentrations, durations, and combinations of inhalants. The re- . 
suits of such investigations must be objective and reproducible, and the methods 
must be sensitive and capable of large-scale utilization. The use of the pulmonary 
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Table 1 (Continued) 

Physiological Experimental � 
Name af test interpretation Animal species conditions Sensitivity Limitations Equipment needed References t= 

Static lung Residual Elasticity of lungs Any (see Only man without Good. Requires maximal effort Spirometer plus inert gas 30,31 
(JJ 
0 

volumes3 volume. and thorax, muscle experimental external forces; or external distending measuring device of body � (continued) strength. conditions). animals (30 em H2O) and/or withdrawing plethysmograph. 
'"r1 distending pressure. pressures. � 

Expiratory Expiratory force, Any (see Only man without Good. Requires maximal effort Spirometer 31 ::;:; 
reserve diaphragm position. experimental external forces; or external distending (JJ 
volume. conditions). animals (30 em H2O) and/or withdrawing ::r: 

...., distending pressure. pressures. tTl 
Functional Elasticity of lungs Any (see Resting. Good. Almost none. Spirometer (body ple- 30,32,33 .i'" 
residual and thorax. experimental thysmograph, with 0 
capacity. conditions). cooperation). t= 
Inspiratory Inspiratory force, Any (see Only man withou t Good. See TLC. Spirometer (body pie· 31 t""' 
capacity. diaphragm position. experimental external forces. thy smograph, with tTl 

(JJ 
conditions). cooperation). � 

Respiratory tT1 
mechanics !(:o 

Compliance Static lung Stiffness of Any (see Results uncertain Moderate or less. Requires cooperation or Pressure and volume trans- 34,35 ::r: 
and thoracic respiratory system. experimental without anesthesia and relaxing anesthesia plus ducers, amplifiers and � 
cage com- _1_= __ 1_ + conditions). paralysis of respiratory external forcing. recorders. One method (j 
pliance Clotal Cstal (�) muscles. requires head-out body � 

Z (C total). _I_- chamber. tTl 
Cstat(w) -< 

(liter/em H2O) 

Static lung Stiffness of the Mammals, any Only in man without Moderate. Requires cooperation or Pleural (animals only) or 36 

compliance. lungs quasistatic. (see experimental relaxing anesthesia. for relaxing anesthesia plus esophageal balloon, pres-
conditions). full curves. external forcing (see sure and volume trans-

(Static volume A measure of Animals: for Cst (2) in experimental condi- ducers� amplifiers, 
pressure distensibility. re- tidal volume range in lions). recorder, or CRT, or X-V 
curves) ciprocal of unanesthetized or full plotter. or tape. 
[Cst (Q») elastance. range with relaxing 

(liter/em H2O) anesthesia. 
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Table 1 (Continued) 
Respiratory 
mechanics 

Compliance 
(continued) 

Airflow 

Static thoracic 
cage com­
pliance 

[C.tat (W)]' 
"Specifjc" 
compliance. 

Dynamic 
lung com­
pliance 
[Cdyn (2)]. 

Stalic volume 
pressure 
curves of 
saline· filled 
excised lungs. 

Spirometry· 
forced expired 
volumevs 
time. 

Stiffness of chest See Cst and See Cst and C total. 
wall. C total. 
(liter/em H2O) 

Cst/V tg where Mammals, any For Cst (2) in tidal 

V tg is usually at (see experimental volume range. Relaxing 
functional residual conditions). anesthesia may not be 
capacity. required. 
(liter/em H2O 
per liter) 

Stiffness of lung at Mammals, any Usually only man 
specified frequency. (see experimental withbut relaxing 
Frequency de- conditions). anesthesia for studies 
pendent if Cdyn is at a full range of 
a function of frequencies. 
frequency. 

(liter/em H2O) 

Tissue (quasi static) Mammals, any Saline-filled excised 
distensibility. (at necropsy). lungs. 
(liter/cm- H2O) 

Overall mechanical Any (see Usually only man 
function of lungs experimental without relaxing 
and thoracic wall conditions). anesthesia with ex-
including flow rates ternal forcing. 
at various parts of 
the expiratory 
curve (e.g. max-
imum midexpira-
tory flow in 
liters/ sec) and 
FEV in liters at 
various times 

(e.g., 0.75, 1,2,3 
sec). 

See Cst and C total. See Cst and C total. See Cst and C total. 37 

Moderate or less. See Cst (2), requires See Cst (2) and FRC. 37 
measurement of FRC. 

tTl 
<: 
;.. 
t""' 
e 

Moderate or less. Usually requires co- Same as for static volume 1,38,39 ;.. 
operation or relaxing pressure curves plus a ...., 
anesthesia plus external pneumotachograph (3 
forcing. measure flow. Z 

0 
'Tl 
;.. 
t:I:I 

Moderate. Leakage and lack of Pressure and volume trans- 40 Z 
uniform filling can ducers, amplifiers, and re- O 
create problems. cording devices. ,., 
Excised lungs. � 

;.. 
t""' 

Good to moderate. Usually requires co- Law resistance spirometer 41 t""' 
operation, a relaxing or pneumotachograph e 
anesthesia plus external with integrator. Z 
forcing. 0 

'Tl 
e 
Z 
(j 
...., 
(3 
Z 

� 
-.l 
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Table 1 (Continued) 

Physiological Experimental � 
Name of test interpretation Animal species conditions Sensitivity Limitations Equipment needed References 

-
r 

Respiratory 
Vl 
0 

mechanics .Z 
Airflow Flow-volume Overall mechanical Mammals,any Usually only man Good to modera t�. Usually requires co- Stillage oscilloscope or a 42 '"r1 (continued) maximum ex- function of lung (see experimental without relaxing operation or relaxing photographicX-Y re- > 

piratory flow- and thoracic wall conditions). anesthesia. Measure- anesthesia plus external corder or tape. Low Ie- :;; volume curves including Peak ments with gases of forcing. sistance spirometer or Vl 
(MEF). Flow Rates (PEFR) different physical pneumotachograph with ::I: 

and flow rates at properties can be integrator. ..., 
m 

various volumes done (e.g. He or SF 6)' .?' 
(e.g. MEF SO at 50% 

0 of vital capacity). 
t=: Flow-volume Overall mechanical Mammals, any Usually only man Good to moderate. Usually req uires co- S torage oscilloscope or a 42 r 

inspiratory function of lung (see experimental without relaxing operation or relaxing photographic X- Y re- m 
maximum in- and thoracic wall conditions). anesthesia. Measure- anesthesia plus external corder or tape. Low re-

V> 
." 

spira tory flow- including Peak ments with gases of forcing. sistance spirometer or ; 
volume curves Flow Rates (PIFR) different phy

-
sical pneumotachograph with p,o 

(MlF). and flow rates at properties can be integrator. 
::I: various volumes done (e.g. He or SF 6)' > 

(e.g. MIFso at 50% () 
of vital capacity). � 

Lung and Changes in total Mammals, any. Can use several fre- Good to moderate. Specificity of inter- Oscillatory equipment, 43,44 Z 
m thoracic cage respiratory system. quencies (e.g. 3,6,12, pretation limited. transducers for flow. pres- -< 

flow resis- (em H20/liter per 24 Hz). sure, amplifiers, recorders: 
ance (total sec) stripchart, tape. 
resistance) 
(Rrs). 

Total lung Flow-resistance of Mammals, any; See Cst (Q). Moderate. SeeCst (I). Pleural (animals only) or 45,46 

flow�resist- airways and lung (see Cst (Q). esophageal balloon, pres-
ance (RQ). tissue RIl = Raw + sure and flow transducers, 

Rit. amplifiers, recorder or 
(em H20/liter per CRT or X-Y plotter, or 
sec) tape. 
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Table 1 (Continued) 

Respiratory 
mechanics 

Airflow Airway flow- Flow-resistance of Mammals, (Method # I. body Moderate or less. Requires panting. Body plethysmograph. 47 

(continued) resistance airways. usually only man. plethysmograph) 
(Raw). Raw = Rperipheral Usually only man. 

-+- Rcentral· 
(em H20/liter per tTl 
sec) <: 

:> 
Small airways Partition of flow- Difficult with Only animals or Good to moderate. Requires invasive Retrograde catheter, 48 r 
flow-resistance resistance to air- small animals. excised human lungs. procedure. transducers for flow pres- e:: 

:> (Rp)' ways usually of sure, amplifiers, recorders o-l 
< 2-3 mm (see RQ). 0 diameter. Z 
(em H20/liter per 0 sec), ..,., 

Specific air- I/SG (aw). See SG (aw). See SG (aw). See SG (aw). See SG (aw). See SG (aw). 49 :> 
way resist- = 
ance Z 
[SR (aw»). 0 

� 
Frictional Subtraction of Raw See Raw and See Raw and total See Raw and total See Raw and total lung See Raw and total lung 50 � 
resistance from total lung total lung flow- lung flow-resistance. lung flow-resistance. flow·resistance. flow resistance. :> 
lung tissue flow·resistance. resistance. r 
(R�). RQt = RQ - Raw. r 

(em H20/liter per e:: 
z sec). 0 

Airway Gaw = t/Raw. See Raw. See Raw. See Raw. See Raw. See Raw. 28,51,52 ..,., 
conductance (liter/sec per e:: 
(Gaw). em H2O) Z 
Specific (I/Raw)!Vtg where See Raw and Vtg. See Raw; see Vtg. Moderate. Need measure of V tg' See Raw and Vtg. 28,51.52 (') 

o-l 
airway V Ig usually = FRC 0 conductance airway conductance Z 
[SG (aw»). per unit lung 

volume. 
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Table 1 (Continued) 

Physiological Experimental � 
Name of test interpretation Animal species conditions Sensitivity Limitations Equipment needed References t= 

Respiratory {J> 
0 

mechanics _Z 
Work of Work of Work of moving Any (see Results uncertain with· Moderate or less. Combined measure. See C total pressure, flow 35,53,54 

'"rl breathing breathing, lungs and thoracic experimental out anesthesia and volume (recorder), body » 
lungs and wail (1<gM/min). conditions). paralysis of respiratory respirator. ;;; thoracic wall. muscles. Work of in- {J> 

spiration and expir- = 
aHan can be separated. -l 

tr1 
Work of Work of moving Any. See Cst and total lung Moderate. See Cst and total lung See Cst and total lung 35,53,54 .?=' 
breathing, lungs. (kgM/min) flow-resistance. Work flow-resistance. now-resistance. 0 lungs. of inspiration can be t= separated. t""' 
Work of Work of moving Any. Results uncertain with- Moderate or less. See experimental See C total pressure, flow 35,53,54 tr1 (J> 
breathing, thoracic wall. out anesthesia and conditions. volume (recorder), body '"tl 
thoracic wall. (kgM/min) paralysis of respiratory respirator. til 

muscles. Work of in- Re 
spiration and expir- = ation can be separated. » 

Distribution of Closing Closure of de- Man, rabbit Requires cooperation. Moderate; most See experimental Spirometer; flow meter; 55,56 (') 
ventilationb volume 133Xe pendent airways. probably Only man without sensitive if conditions. scintillation counter; ;;0::: 

(bolus dis- minimal size; anesthesia. May be measured as digital rate meters, physio- Z 
tr1 

tribution). larger animals done in large animals closing capacity I logic recorder. -< 
better. with anesthesia, posi- TLC (Closing 

tive and negative capacity == CV + 
pressure breathing. RV). 

Closing Closure of de- Man, rabbit Requires cooperation. Moderate; most See experimental Spirometer; flow meter; 57 
volume pendent airways. probably Only man withou t sensitive if conditions. critical orifice helium 
(helium bolus minimal size; anesthesia. May be measured as analyzer; physiologic 
distribution). larger animals done in large animals closing capacity! recorder. 

better. with anesthesia, posi- TLC (Closing 
tive and negative capacity == CV + 
pressure breathing. RV). 
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Table 1 (Continued) 
Distribution or Closing Closure of de· Man, rabbit Requires cooperation. Moderate; most See experimental Spirometer; flow meter; 11 
ventilation volume pendent airways. plObably Only mari withou t sensitive if conditions. mass spectrometer. physio-

(continued) (argon bolus minimal size; anesthesia. May be measured as logic recorder. 
distribution). larger animals done in large animals closing capacity/ 

better. with anesthesia, posi- TLC (Closing 
tive and negative capacity = CV + 

pressure breathing. RV). 
Clos.ing Closure of de- Man, rabbit Requires cooperation. Moderate; may be See experimental Spirometer. flow meter, 58 
"'olume pendent airways. plObably Only man without slightly less sensi- conditions.. nitIOgen analyzer) physio-

(nitrogen minimal size; anesthesia. May be tive than bolus logic recorder. tr:I 
< 

dilution). larger animals done in large animals techniques. Measure :> 
better. with anesthesia, posi- asCC/ne. t""' 

tive and negative c:: 
pressure breathing. :> 

o-l 
Nitrogen Distribution of Man. rabbit Requires. cooperation. MOderate; may be See experimental Spirometer� flow meter, 9,59 0 
washout. ventilation. probably Only man withou t normal when conditions. nitrogen analyzer, physio- Z 
single breath. minimal size; anesthesia. May be dynamic measure- logic recorder. 0 

larger animals done in large animals ments are abnormal. ." 
better. with anesthesia, posi- :> 

tive and negative t:rl 
pressure breathing. Z 

Nitrogen Distribu tion of Man, large Only man and beagle High; sensitivity in- See experimental Spirometer or pneuma- 60-62 0 
:::t' 

washout. ventilation. animal. beagle without anesthesia; creased by washout conditions. tachograph; nitrogen � 
multi-breath. dog, Shetland animals require tight- at high respiratory analyzer; physiologic :> 

pony, monkey, fitting face mask; rates and poor col- recorder. t""' 
baboon. restraints. lateral yen tHation. t""' 

Regional Topographical Man. baboon, Only man withou t High, man; low, See expenmental Spirometer; multiple scin- 12,63 c:: 
Z 

pulmonary distribution of monkey. E-T tube; anesthesia, animals (due to conditions. til1ation counters Or Anger 0 
function, ventilation. controlled ventila tion. limited experience). camera; computer or strip 

." 
t33Xe charts, physiologic re· c:: 

technique. corder. ventilator, air Z 
pump (animals). (') 

I33Xc Only man withou t E· T High, man; low, See experimental Spirometer; multjpJe scin- 63-65 
o-l 

Distribution of Man, baboon. <5 washout ventilation. tube; anesthesia, con- animals; not yet conditions. tillation counters Or Anger Z 
multi-breath. trolled ventilation. well quantitated or camera; computer or strip 

SUbjected to com- charts, physiologic re-

partmental analysis corder. ventilator, air 
.j:>. 

in animals. pump (animals). -...J 
-...J A
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Table I (Continued) """ 
-.I 
00 

Physiological Ex perimental 
Name of test interpretation Animal species conditions Sensitivity Limitations Equipment needed References 

Pulmonary Cardiovascular Intravascular Any (see condi- Awake animals fol- Can be done with Few limitations if one Cardiac catheters, strain 65-75 
� 
F circulation pressures. diastolic, systolic, tions). Difficult lowing preparation of good accuracy and has adequate training gauges, and recorder. V> 

and/or mean in small rodents. indwelling catheters. reproducibility. and equipment. Fre- Surgical equipment, 0 
pressures. Detects Anesthetized animals Moderate to low quency-response of fluids. drugs, and variety :z: 
hyper- or hypo- usual. sensitivity far pul- equipment and proper of stopcocks. 'Tl 
tension in vascular monary disease. application essential. ;:.. 
system. Necessary Animals should be sa 
for calculations of studied under similar V> 
vascular resistances conditions and levels ::t: 

-! 
and ventricular of activity. trl 

fd 
Cardiovascular Cardiovascular Any (see condi· All can be done on Can be done with Calculated (derived) As above. Dye dilution 65-81 0 
volumes, flows, performance. tions). Difficult reasonably tractable good accuracy and values. Each value de- equipment, body plethys- F 
resistance, and in small rodents. awake animal except' reproducibility. pends upon several var- mograph, and appropriate t""' 
work. pulmonary capillary Moderate to low iables. Otherwise strain gauges. Appropriate Dl 

blood volume and sensitivity for pul- limitations as listed drugs and test gases. '"d 
pulmonary capillary monary disease. above. til 
blood flow. R<> 

Distribution ::t: 
of perfusion Regional distribu- Meaningful only Animals usually anes- Moderate to low. Expensive equipment. Four scintillation delec- 82-84 ;:.. 

133Xe tech- tion of pulmonary in animals the thetized and positioned Useful only on larger tors and cylindrical colli- \) 
nique. blood in the lung. size of calsor with limited movement. animals. Requires use me torS. Magnetic tape � 

lorger. of radioactive material. recorder. Rate meter. Z 
13SI_macro_ Regional distribu- Meaningful only Animals usually anes- Moderate to low. Expensive equipment, Scanner. Radiological 82-84 � 
aggregated tion of pulmonary in animals the thetized and positioned Useful only on larger equipment. 
albumin blood in the lung. size of cats or with hmiled movement. animals. Requires use 
technique. larger. of radioactive material. 

Right to left Percentage of the More conveni- Animal must breathe Depends upon how Accuracy of measure Blood gas analysis cquip- 85,86 

pulmonary cardiac output that cndy done in 100% 02 without re- rigorously each of O2 content in mixed ment; blood gas pressure 
vascular shunt is bypassing venti- animals a t least breathing. Animals measurement is venous blood and alveo- analysis, Scholander and 
during 01 lated ex change area the size of cats. usually anesthetized. made for the shunt lar02' perhaps Van Slyke or gas 
breathing. in the lung. Must measure 02 con- calcula tion. Mod- chromatograph with gas 

centration in inspired era te to good for extractor. 
air, expired air, arterial advanced, chronic 
and mixed venous lung disease. 
blood. A
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Table 1 (Continued) 
Pulmonary Matching of Regional distribu� Meaningful only Animals usually anes- Moderate to low. Expensive equipment. Expensive equipment. 55,87-93 
circulation ventilation tion of ventilation in animals the thetized and positioned Useful only on larger Useful only on larger 

(continued) and perfusion. relative to perfu· size of cats or with limited movement. animals. Requires use animals. Requires use 
sion in the lungs. IQrge" of radioactive material. of radioactive material. 

Reflexes 
Pulmonary Measurement of All experimental Awake animals follow- Moderate to low. Few limitations if one As in Cardiovascular pres- 94-102 
vascular ef- effect of high Or animals. ing preparation of in- has adequate training sures, above, and breathing 
feets of concentrations dwelling catheters. and equipment. Fre- equipment for giving 02. 
breathing upon pulmonary Anesthetized animals quency·response of 
°2' vascular resistance usual. equipment and proper tTl 

(see Cardiovascu- applicatiQn essential. <: 
lar volumes, flows, Animals should be > 
resistance, and studied under similar r 

c:: 
work. above) and conditions and levels > 
and dis.tribution of of activity. >-l -
perfusion (see Dis- 0 
tribution of perfu- Z 
sion, above, and 0 
Matching of venti� "n 
lation and perfu� > 
sion, above). t:l:I 

Histamine. Chemical a ndl or AU experimental Chemical and!ot bio- Low. Availability "f Cardiac catheters, strain 10>,104 
Z 
0 

fihrinopep- biological analysis animals. logical analyses of con- techniques. gauges, and recorder. Sur- ::tI 
tide B, bra- for concentration centrations in plasma, gical equipment, fluids, � 
dykinin of pulmonary vaso- blood or tissue. drugs, and vaIjety of stop- > 
analysis. active agents. cocks. Breathing equip- r 

ment for giving °2, r 
c:: 

Diffusion per- Measure of the dis- Animals at least Animals anesthetized Moderate to Requires excellent ex- Respiratory gas chroma to- 105-107 Z 
fusion ratio tribu tion 0 f pul- the size of Cats. and usually terminal unknown. perirnental control and graph. Ability to handle 0 
studjes. monary diffusion preparation. Requires measurement of pul- and analyze labeled O2, "n 

relative to pulmon- special gas handling monary and cardiovas- Breathing equipment. c:: 
ary perfuSion. equipment. cular variables. Z 

Edema 
(') 
::l evaluation. 0 

In vivo, Est ima te of ex tra- Animals at least Animal must be reo Moderate to New technique must pe Four scintillation detec· lOS-ill Z 
112 indium- vascular fluid ac- the size of cats. strained by counters. unknown. confirmed on species tors and cylindrical colJi-
transferrin. cumulation in the Technique can- other than sheep. metors. Magnetic tape 

lung. firmed o-nly on recorder. Rate meter. � 
sheep. -..J 
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Table 1 (Continued) .j:>. 
00 
0 

Physiological Experimental 
Name of test in terpretation Animal species conditions Sensitivity Limitations Equipment needed References 

Pulmonary Edema � 
circulation evaluation. t= 

(continued) (continued) {J) 
0 

In vitro Measurement of All ex perimen tal Study of lung tissue Moderate to good. Animals must be sacri- Laboratory balance and 108-111 .;z: wet/dry tot.l lung H2O. species. after death. ficed. desiccating oven. 
'tj weignt :> 

ratios. :;a 
In vivo Estimate of tissue Meaningful only Anethetized Moderate. Indirect measurement. Gas analysis gas-volume 76 {J) 
pulmonary volume ex posed to in animals the controlled airways measurement. ::z:: 

o-j tissue and in equilibrium size of cats or in animals. tT1 
volume. with gas in airways. IiJrger. .r' 

Postmortem Relative disttibu- AU experimental Postmortem material. Moderate to low. Access to material. Vascular canula, latex, or 112 0 
pulmonary tion of pulmonary species and post� Tedious work requiring other appropriate injec� -

t""' 
arterial and and bronchial cir� mortem material long man hours. tion material. t""' 
bronchial culations. from hUman tT1 

{J) 
arterial casts. beings. '"Q 

R�gionaJ Arterial P02. See Blood gases tTl 
ventilation/ � 
perfusion ::z:: 
�at�hing :> 
(V(Q) (') 

AaD02· \1/0. or shunt. Any but larger Good. Requires arterial blood and measurement of alveolar 86, 113 � 
Z 

better. gas (Scholander, gas chromatograph, mass spectro- tT1 
meter) . ><: 

AaDN2· . V(O.. - Similar to Good. Requires arterial blood and measurement of alveolar 114 
AaD02· gas (blood gas extractor, gas chromotograph, recorder). 

Radio- Regional V 10.. Rabbit probably Any. Fair. Restraint� cooperation Multiple probes or 83 
isotopes. minimal size. or anesthesia required. scintillation camera. 
Radio· Regional ventila- Rabbit p robably May be measured Fair. Deposited aerosols do not measure ventilation; 115 
isotopes .. tion. minimal size.  during breath holding 133Xe most convenient isotope. 

or during breathing. 
Radio· Regional perfusion. Rabbit probably May be measured Fair. 113ln, 1311. or 99mTc, combined with albumin 115 
isotopes. minimal size. during breath holding or othel 30 IJ particles most widely used; 133Xe 

or during breathing. dissolved in saline useful when studies need to be 
repeated rapidly. A
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Table 1 (Continued) 
Regional Single expira- V/o. Any, but larger Slow, complete expir- Fair Cannot quantitate. C02, 02 meters of mass 5,116 

veillilation/ _ tion Pe02 better. atian. spectrometer. 
perfusion and R. 
I1?at�hing VoIVt· V /0. particularly Any, but larger Need constant breath- Fair. Hard to quantitate. Analysis of C02 in mixed 113 

(V/Q) high ratios. better. ing pattern. expired gas and arterial tTl 
<: /continuedJ blood. :> 

Lobar gas Regional V /0.. Large. Requires lohar Fair. Invasive. anesthesia. Catheter, gas analyzers. 117 t'"" 
e:: sampling. catheters. :> 

Multiple inert Distribution of Any, but larger Collection of expired Good. Somewhat complicated. Gas chromatography mass 118 -l 
gas washout. V/o.. better. gas, venous infusion, spectography; dye dilution 0 

card iac ou tpu t or Fick cardiac output. Z 
measurement. 0 

Diffusion 0LCO (5B). DM, Ve, Hgb Larger better. Timed breath holding Good. Cooperation or anes� Co and He meters or gas 119, 120 "T1 

(see below). atTLC. thesia. chromatograph. :> 

DLCO (5S). Above plus V /Q. t::O 
Larger better. Regular breathing. Good. Cooperation or anes- Same plus measurement 121-123 Z 

thesia. of Vo (physiol). 0 
DM. Thickness and Larger better. Timed breath holding Good. Coopera tion or anes- CO. °2. and He measure- 124 :;>::I 

� quantity of at TLC. thesia. ment. :> 
membrane. t'"" 

VC' Pulmonary cap- Larger better. Timed breath holding Good. Coopera tion or anes- CO. 02. and He measure- 124 t'"" 
illary blood atTLC. thesia. ment. e:: 
volume. Z 

DL02' DL02· Larger better. Regular breathing. Good. Computation of mean Measurement of V02, 107, 125 
0 
"T1 capillary POz difficult. Ve02 at 2 levels of e:: 

oxygenation. Z 
DLCO (RB) Less affected by Larger better. Breath by breath Good. Complex method and Rapidly responding 1 26.127 (""J 

V/Q. analysis. computation. analyzers. -l 
0 
Z 

.j:>. 
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Table 1 (Continued) 

Physiological 
Name of tcst interpretation 

Blood gases Arterial PC?2' Total alveolar 
ventilation. 

Mixed venous Total alveolar 
PC02' ventilation. 

Arterial pH. HC03/PC02' 

Mixed venous HC03/PC02' 
pH. 

Arterial P02. Regional V /0 
R - L shunt, 
alveolar venti-
lation. 

Mixed venous Above plus 
P02' cardiac output 

and V02' 

Experimental 
Animal species conditions Sensitivity 

Any, but larger Any. Good. 
better. 

Any, but larger Any. Good. 
better. 

Any, but larger Any. Good. 
better. 

Any, but larger Any. Good. 
better. 

Any, but larger Any. Good. 
better. 

Any, but larger Any. Good. 
beuer. 

Limitations 

Requires accessibility 
of artery. 

Requires mixed venous 
blood. 

Arterial blood. 

Mixed venous blood. 

Arterial blood. 

Mixed venous blood. 

Equipment needed 

Anaerobic blood collec­
tion, anticoagulant (blood 
gas analyzer). 
Anaerobic blood collec­
tion, anticoagulant (blood 
gas analyzer). 
Anaerobic blood collec­
tion, anticoagulant (blood 
gas analyzer). 
Anaerobic blood collec­
tion, anticoagulant (blood 
gas analyzer). 
Anaerobic blood collec­
tion, anticoagulant (blood 
gas analyzer). 

Anaerobic blood eoUee· 
tion. anticoagulant (blood 
gas analyzer), 

a ln general, FRC is measured by inert gas dilution, nitrogen washout, or body plethysmography; VC, ERV, and IC by spirometry; TLC and RV are usually calculated. 

References 

128-1 30 

131 

129, 130 

132, 133 

1 32-1 34 

1 28,129 

128, 1 29 

bDistribution of ventilation may be defined as a description of the uniformity of distribution of inspired gas. [� a hypothetical lung with perfectly uniform distribution of ventilation. 
the ratio regional tidal volume per regional lung volume is equal for all alveoli. 
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EVALUATION OF ABNORMAL LUNG FUNCTION 483 

function tests described in this manuscript would seem satisfactory for these pur­
poses. 

Similar considerations apply to the pulmonary toxicology of a variety of other 
inhaled (and, in some cases, ingested) substances. If a potentially toxic inhalant is 
to be investigated, certain tests are more valuable than others. While the factors of 
reproducibility, sensitivity, and specificity are important, the choice of specific pul­
monary function tests also depends upon other factors such as anatomic characteris­

tics of the species to be tested. For example, in dogs, multibreath nitrogen washout 
might be expected to be a relatively insensitive detector of mild physiologic abnor­
mality since the dog lung has a highly developed collateral ventilation system, a 
factor known to decrease the sensitivity of tests measuring distribution of ventila­
tion. On the other hand, since the pig lung has poorly developed collateral pathways, 
multibreath nitrogen washout should be an effective means of detecting maldistribu­
tion of ventilation. Multibreath nitrogen washout would be expected to be a reason­
ably sensitive technique in man, whose lung has collateral pathway development 
intermediate between that of the dog and the pig. Hence, effective selection of 
pulmonary function methods will depend not only on the scientific information 
sought but also the nature of the subject, the test itself, and the experimental 
conditions. These factors should all be considered in designing inhalation toxicology 
protocols. 
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