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Introduction
Pulmonary function testing is routinely used in human
medicine to objectively characterize functional deficits
in patients with respiratory disease. In veterinary med-
icine, although respiratory diseases are a common
problem, diagnostic testing is largely limited to localiz-
ing disease to and within the respiratory system and to
identifying underlying infectious or neoplastic
processes. With the exception of blood gas analysis,
testing methods to identify specific pathophysiological
processes or to define disease severity and progression
on a functional basis are not routinely available. Yet
this is precisely the information needed to advance our

knowledge of some of the more challenging respiratory
disease syndromes in small animals (e.g., canine
chronic bronchitis,1 feline bronchopulmonary disease,2

and chronic interstitial or fibrotic lung disease3-6). Just
imagine how difficult it would be to manage a patient
with diabetes mellitus, renal disease, or hepatic disease
without the ability to monitor changes in blood glu-
cose, urea nitrogen, or bile acids, respectively.
Analogously, if pulmonary function tests (PFTs) were
more widely available, we could objectively evaluate
the small animal respiratory patient. In turn, we could
better define clinical spectrums of disease and charac-
terize the underlying etiologies and disease mecha-
nisms. Most important, we could monitor natural dis-
ease progression (or resolution) and better assess the
efficacy of specific treatment protocols.

Part of the difficulty in using PFTs in veterinary clini-
cal medicine is that companion animals are by nature
uncooperative and therefore difficult to study using stan-
dard spirometric approaches that were developed for
adult human beings. Although spirometric testing is
noninvasive, rapid, and easy to perform on awake hu-
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man subjects, procedures such as maximal expiratory
maneuvers require a level of conscious cooperation that
is simply not possible in animals.

Nevertheless, a wealth of information exists on the
lung mechanical properties of cats and dogs. Nearly 100
articles have been published assessing pulmonary func-
tion in the cat, and an equivalent database exists in the
dog. In physiology studies, for example, cats have been
used extensively to define key reflexes involved in the
control of breathing and to determine lung and airway
smooth muscle responses to bioactive mediators and
pharmaceutical agents.7,8 In toxicology studies, cats and
dogs exposed to inhaled substances (e.g., environmental
tobacco smoke, sulfur dioxide,9 ozone,10 and diesel ex-
haust11) have undergone pulmonary function testing to
establish the toxicity of these agents. As animal models
of human lung disease, cats and dogs with experimen-
tally induced pathology (e.g., allergic pneumonitis or
bronchitis, 12-15 viral-mediated bronchiolitis,16-18 or surfac-
tant deficiency19,20) have undergone functional assess-
ments to establish the efficacy of new drugs or ventila-
tory support techniques. With few exceptions, however,
it has not been possible to incorporate these experimen-
tal testing procedures into veterinary clinical medicine
because they include the use of nonrecoverable anes-
thetics (such as urethane) or unacceptably invasive pro-
cedures such as tracheostomy placement or pleural
space cannulization.21

A few individuals have sought to modify these tech-
niques such that meaningful, albeit somewhat more lim-
ited, functional information can be obtained from com-
panion animals. In this chapter we will present some of
these approaches, focusing on those that are most ap-
plicable for routine clinical use: tidal breathing flow-
volume loop assessments; and measures of upper airway
resistance, lung resistance, and static or dynamic lung
compliance.

Knowledge of basic respiratory physiology is essential
in order to understand how PFTs can aid in the diagno-
sis and management of respiratory disease in small ani-
mals. To begin, we will review the basic processes re-
lated to movement of air in and out of the respiratory
tract under normal conditions. We will then discuss how
these processes are disrupted by disease, emphasizing
relationships between structural pathological changes
and corresponding functional deficits. Brief descriptions
of the methods and instrumentation required, advan-
tages and disadvantages of certain procedures, and lim-
itations of data interpretation are included. We will use
case examples and, where available, information from
clinical studies in cats and dogs to emphasize the utility
of these assessments in veterinary medicine. Lastly, we
will discuss obstacles that must be overcome as we look
towards more routine use of PFTs in the future, in par-
ticular the need to standardize testing procedures and to
establish appropriate reference ranges. Recent advances
in lung function testing in human infants will be ex-
plored because pediatric patients, not unlike cats and
dogs, are often uncooperative and difficult to study.
Therefore some of the same approaches may prove use-
ful for evaluation of the small animal patient.

Respiratory Physiology
The simple act of taking a breath is an amazingly coor-
dinated process. The purpose of breathing is to provide
adequate gas exchange for the animal’s current meta-
bolic demand, no more and no less. In health, this is ac-
complished very efficiently. In fact, the average small an-
imal patient takes 10,000 to 30,000 breaths every day
without any real effort or thought as to how this is hap-
pening. But as disease develops, the respiratory system
becomes less efficient and the respiratory muscles must
work harder to compensate for this inefficiency. The
ability to appreciate or detect respiratory disease in small
animals depends on the extent of disease, as well as the
activity level of the patient. Incipient disease is often un-
appreciated by the owner because the animal either min-
imizes its activity or compensates by subtly altering its
breathing pattern and frequency when necessary. As dis-
ease progresses, respiratory inefficiency becomes more
apparent, especially during periods of increased meta-
bolic demand, and the patient may be presented for ex-
ercise intolerance. By the time an animal is presented at
rest but with excessively labored respiration, it is clearly
in overt respiratory distress. It may be unclear whether
the patient has developed acute, fulminant disease, or
whether it is experiencing an acute exacerbation of long
standing but heretofore occult disease. Many animals ef-
fectively hide their illness until critically low levels of
lung reserve remain. More routine use of PFTs in veteri-
nary medicine may permit earlier recognition of disease,
allowing therapeutic intervention prior to the establish-
ment of chronic, likely irreversible changes.

How does air flow in and out of the lungs of healthy
animals with such efficiency? Normally, the elastic and
resilient lung is tethered within the thoracic cavity by a
thin layer of pleural fluid. The lung’s size and shape
readily conforms to that of the more rigid chest wall and
diaphragm. During resting or tidal breathing, inspiration
is initiated as the diaphragm flattens and the chest wall
expands outward. In so doing, the lung parenchyma is
expanded, and with it the alveolar spaces and small con-
ducting airways become somewhat distended both in
length and diameter. Conversely, as the lung collapses
during expiration, there is a dynamic narrowing of the
small airways. By contrast, the diameter of the nasal pas-
sageways, trachea, and larger airways (bronchi) remains
relatively unchanged under normal conditions.

The total amount of air moving in and out of the lung
during tidal breathing is referred to as the tidal volume
(TV or VT). The breathing frequency (f; breaths/minute
or bpm) multiplied by the TV (ml/breath) is equal to the
minute volume (MV; ml/minute). At rest, dogs and cats
normally breathe nasally. Hence during a typical venti-
latory cycle, air must first pass through the nares, then
through the nasal passageways and nasopharynx,
through the laryngeal opening, continuing into the tra-
cheobronchial tree where it traverses a series of ever-
narrowing tubes until at last it reaches the alveolar
space, the site of gas exchange. The flow of air is, of
course, reversed during expiration. In all mammalian
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lungs, the O2-rich inspired air must traverse through the
same series of tubes as the CO2-enriched expired air, and
there is continual mixing of new and spent air in the
process. Nevertheless, in health, an animal is able to ef-
fectively transport sufficient quantities of air to and from
the alveolar units to maintain relatively constant O2 and
CO2 partial pressures within arterial blood. Blood gas
analysis allows assessment of the efficiency of gas ex-
change, considering the lung as one large ventilatory
unit. Decreases in arterial O2 concentrations (hypox-
emia) may be detected with or without concurrent in-
creases in CO2 retention and are associated with hy-
poventilation, alveolar diffusion impairment, shunts, 
or ventilation-perfusion mismatch.22 Such data are com-
plementary to that obtained by pulmonary functional 
assessments.

By dividing a breath into its component inspiratory
and expiratory phases, each phase can be characterized
by changes in three parameters: volume, airflow, and
pressure. Figure 23-1 is a schematic depicting the
changes occurring over a complete ventilatory cycle in a
healthy adult cat. For obvious reasons, on average the
volume of inspired air must equal that of the expired air.
By definition, lung volume increases during inspiration
(becomes positive) and decreases during expiration
(Figure 23-1, A). Airflow describes the volume of air
moving in (or out) of the lung over a specific time
(ml/sec) (Figure 23-1, B). By convention, inspiratory
flow rates are often given negative values, although ab-
solute values may also be used. In cats and dogs, the
peak inspiratory flow (PIF) typically occurs in mid- to
late inspiration, after which the flow rate rapidly returns
to zero, thus marking the end of inspiration. Airflow
quickly reverses direction (becomes positive) and the
maximal or peak expiratory flow (PEF) occurs in early to
midexpiration. The flow rate then gradually decreases
until the end of the breath.

The pressure changes depicted represent the differen-
tial pressures that develop between the atmosphere and
the various regions of the thoracic cavity (e.g., the alve-
olar space or the pleural space) (see Figure 23-1, C and
D). Note that as the chest wall and lungs expand during
inspiration, the alveolar pressure drops below zero due
in part to frictional resistance generated as the air flows
through the air passageways. Note also that the pleural
space pressure remains somewhat negative even at the
end of expiration (see Figure 23-1, D). The solid symbols
depict shifts in the actual pressure curve that occur due
to the elasticity of the lung parenchyma.

Owing to cyclic generation of these pressure gradi-
ents, air from more proximal regions of the respiratory
tract moves deeper and deeper into the lung and back
out again, over and over. In health, relatively small pres-
sure gradients are required to effectively transport suffi-
cient quantities of air to and from the alveolar spaces. In
fact, normally at the end of expiration, a small volume
of air remains in the alveoli due to the slightly negative
end-expiratory intrapleural pressure mentioned above
(see Figure 23-1, D), thereby helping to prevent collapse
of the tiny alveolar gas exchange units between breaths.
In turn, the alveolar septa are held under a certain de-
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gree of constant tension. Furthermore, because the alve-
olar septa are connected to the walls of the bronchioles,
this tension or interdependency serves to provide radial
traction around the small airways, in essence maintain-
ing their patency as well. During tidal breathing, the vol-
ume of air remaining within the lung at the end of expi-
ration is referred to as the functional residual capacity
(FRC). It represents the balance point between the in-
ward elastic recoil of the lungs and the outward elastic
recoil of the chest wall.

Although the analogy is somewhat oversimplified, the
inflated lung acts in a manner similar to a stretched rub-
ber band. A certain amount of energy is required initially
to stretch the rubber band or to expand the lungs (i.e.,
the energy needed to overcome the elastic and resistive
work of breathing). But in so doing, tension is generated
within the elastic components of the lung parenchyma.
After inspiration ceases, the lung passively recoils be-
cause of this tension and returns to its original or end-
expiratory size and shape. In the process, an identical
volume of air is passively expired.

In small animals, 60% or more of the inspiratory fric-
tional resistance generated during a tidal breath is due to
airflow through the nose, pharynx, and larynx.23 During
exercise, when airflow rates increase dramatically, ani-
mals often switch to oral breathing in order to bypass
this zone of high resistance. In a like manner, when air-
flow is impeded by localized disease within the na-
sopharyngeal region (e.g., by space-occupying masses or
brachycephalic airway syndrome) animals often resort to
oral breathing even at rest. Measurement of flow and
volume changes over a single ventilatory cycle in these
animals during nasal breathing would reveal alterations
in inspiratory flow rates and airflow patterns. Not sur-
prisingly, this approach (i.e., the use of tidal breathing
flow-volume loop analysis) was first used clinically to
evaluate upper respiratory disease in dogs.

Tidal Breathing Flow-Volume Loop
(TBFVL) Analysis for Upper
Respiratory Tract Disease
The primary advantage of TBFVL assessment is that one
can quantify changes in airflow, volume, and in the tem-
poral aspects of the ventilatory cycle—all in the con-
scious, nonsedated patient. Specialized equipment is
necessary, however (Figure 23-2, A). The patient must
be fitted with a sufficiently snug but nonrestrictive face
mask to ensure negligible air leakage during the proce-
dure. The mask must conform to the patient’s face so
that it neither disturbs airflow nor results in excessive
dead space. Disproportionate dead space dampens the
overall flow signal and allows background noise to be-
come more problematic. The mask is then connected to
a pneumotachograph, a device used to measure airflow
changes. The pneumotachograph is heated to a constant
temperature to avoid wide fluctuations in the inspired
versus expired gas temperature. An associated pressure

transducer is required to transmit the electrical signal to
a preamplifier and receiver unit. The size (sensitivity) of
the pneumotachograph and pressure transducer required
is dictated by the size of the patient (i.e., the minimum
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flow signal generated). For each patient, the system
must be calibrated prior to data acquisition.

Using a pulmonary mechanics analyzer (BUXCO
Electronics, Sharon, Conn.) and analytical software pro-
gram (Respiratory Loop Analysis Software, BUXCO
Electronics, Sharon, Conn.), the flow signal can be elec-
tronically differentiated into its component volume and
time measurements, yielding quantitative breath-by-
breath or averaged data on airflow rates, volume, and
time parameters. For ease of visual inspection of the data,
airflow changes are plotted against volume changes to
generate the so-called flow-volume or F-V loop. Although
the temporal aspects of the breath are not evident in the
F-V loop, this information is collected during data acqui-
sition (i.e., frequency [bpm], time [mSec] associated with
inspiration [Ti], and expiration [Te]). Information from
the flow, volume, and time assessments can be combined
to calculate an extensive list of ancillary parameters: time
ratios (e.g., Te/Ti); inspiratory to expiratory flow ratios at
the same lung volume (e.g., PIF/PEF, IF50/EF50); flow
ratios at different lung volumes (e.g., PEF/EF25); or
changes in volume over a defined period (e.g., ml ex-
haled during the first 0.1 second of a breath).24,25 In the-
ory, a range of normal values can be established for these
parameters, allowing quantification of the abnormalities
present in affected patients.

Although potentially promising, the primary disad-
vantage of this approach is its inherent insensitivity due
to lack of maximal respiratory effort. As such its useful-
ness in detecting incipient or mild disease may be lim-
ited. During evaluation, it is important that the animal
generates sufficiently deep and consistent breaths. Some
animals, in particular cats, become apprehensive when
the face mask is applied. They may adopt a shallow,
rapid breathing pattern that is not indicative of their true
tidal breathing capabilities. Alternatively, they may sniff,
lick, vocalize, growl, or even purr during many of the
breaths acquired. It is necessary therefore to establish a
set of criteria by which only acceptable breaths are se-
lected for inclusion in the final TBFVL analysis.

Analogous to the approach used to assess laryngotra-
cheal disease in human infants,26 Amis and colleagues
originally used TBFVL analysis to evaluate dogs with up-
per respiratory disease.

They first characterized TBFVLs from healthy dogs in-
cluding breeds with differing nasal anatomy.24,27 In brief,
for each breath a loop is generated as airflow changes are
plotted against volume changes. By convention, the loop
starts at the 3:00 o’clock position and proceeds in a clock-
wise direction until closing in on itself (Figure 23-3, A).
Thus, the lower half of the loop delineates inspiratory
changes and the upper half depicts expiration. Amis and
colleagues demonstrated that in healthy, large breed,
mesaticephalic (Labrador-type) dogs, TBFVLs are quite
symmetrical, with the mirror images reflecting along ei-
ther side of the zero flow axis (see Figure 23-3, A). In
mesaticephalic dogs the average expiratory time (Te) is
slightly longer than the inspiratory time (Ti), resulting in
a relatively constant Te/Ti ratio of 1.26 (0.26).27

By contrast, Amis and colleagues demonstrated that
many dogs with upper respiratory disease have charac-

teristic TBFVL shape changes and decreased Te/Ti ra-
tios. Dogs with relatively fixed or nonmovable obstruc-
tion (e.g., pharyngeal or laryngeal masses) have reduc-
tions in both inspiratory and expiratory flow rates, with
uniform flattening of the F-V hemicurves.24 Dogs with
dynamic upper airway obstruction, however, have pre-
dominantly inspiratory flow restrictions.28 Furthermore,
depending on the severity of disease and ventilatory ef-
fort at the time of evaluation, dogs with laryngeal paral-
ysis may produce normal TBFVLs, or loops consistent
with fixed (inspiratory/expiratory) obstruction or with
nonfixed (inspiratory) obstruction.28 Amis and col-
leagues confirmed that many of the TBFVL parameters
calculated for healthy brachycephalic dogs are dissimilar
from those of mesaticephalic dogs, indicating that func-
tional airflow restrictions are often present in dogs of
these breeds.27

In the case examples that follow, McKiernan and col-
leagues25 demonstrated that TBFVL assessments are also
sensitive enough to detect airflow changes in cats with
upper respiratory disease. These investigators first es-
tablished a range of normal values for these parameters
in healthy cats (Table 23-1).25 They observed that, simi-
lar to healthy dogs, healthy cats exhibit a very symmet-
rical TBFVL (Figure 23-4, A). In fact, the inspiratory and
expiratory times in cats are nearly identical, yielding an
average Te/Ti ratio of 1.0 (�0.15).
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By contrast the non-symmetrical loop (Figure 23-4,
B) was obtained from a 3-year-old domestic longhair cat
presented for making unusual breathing sounds, espe-
cially while eating. The cat’s breathing pattern was reg-
ular but relatively slow (mean f � 25 and TV � 77 ml).
Visual inspection of the F-V loop revealed severe blunt-
ing of maximal expiratory flows and uniform flattening
of the expiratory F-V curve. The peak inspiratory flow
(PIF) occurred prematurely in inspiration, after which
airflow appeared to taper off abnormally. In addition,
there was moderate prolongation of the expiratory time
relative to inspiratory time (Te/Ti � 1.25). These
changes are most consistent with a fixed upper airway
obstruction; however, there also appears to be a dy-
namic component to the obstruction. Oropharyngeal ex-
amination of the cat while under anesthesia revealed a
nasopharyngeal mass involving the soft palate.

By comparison, the loop in Figure 23-4, C was obtained
from a 7-year-old domestic shorthair cat. This cat pre-
sented for making noisy or unusual sounds when breath-
ing. The cat’s breathing pattern was somewhat irregular
(mean f � 37 and TV � 73 ml). Abnormalities present in
the TBFVL included variable flattening and intermittent re-
versal of inspiratory flow during midinspiration. The Ti
was prolonged relative to Te (Te/Ti � 0.73). No expiratory
abnormalities were detected. Results were consistent with
a dynamic upper airway obstruction. Oral examination of
the cat under anesthesia revealed a large, right-sided,

somewhat pedunculated tonsillar mass. Presumably, de-
pending on the angulation of the head while the loops
were acquired, the mass was intermittently drawn into the
laryngeal opening during inspiration, resulting in profound
inspiratory flow restriction. However, when the mass was
displaced by reversal of airflow during exhalation, there
was no evidence of expiratory airflow obstruction.

By providing a means of quantifying airflow obstruc-
tion, several investigators have used TBFVL analysis in
dogs to assess the efficacy of different surgical ap-
proaches used in correcting laryngeal paralysis or col-
lapse.29-31 As an illustration, the loop in Figure 23-3, A is
a composite loop representing healthy mesaticephalic,
large breed dogs. By comparison, the loop in 23-3, B was
obtained from a 14-year-old mixed breed dog 1 week af-
ter undergoing a left-sided laryngeal tie-back for bilateral
laryngeal paralysis. Of note, the dog also had a general-
ized decrease in muscle mass and mild rear limb con-
scious proprioceptive deficits. At rest, its breathing pat-
tern was slow and regular (f � 22 bpm, TV � 425 ml,
MV � 9400 ml). The inspiratory time was only mildly
prolonged compared with expiration (Te/Ti � 1.09; nor-
mal 1.26 � 0.26). The overall loop shape was nearly
symmetrical, although mild blunting of the inspiratory
flow rates (compared with expiratory flow rates) was
still evident (e.g., PEF/PIF � 1.43; normal 1.07 � 0.13).
These measurements were much improved compared
with those obtained preoperatively.
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TABLE 23-1. TBFVL Changes in a 2-Year-Old Himalayan Cat With Bronchopulmonary Disease

Parameter (Units) Day 0 Day 1 Day 8 2 Months Cat

CLINICAL STATUS DYSPNEIC SLIGHT IMPROVEMENT MUCH IMPROVED CLINICAL RELAPSE NORMAL VALUES25

Volume 

TV (ml) 50 38 32 28 58 � 15

MV (ml) 1550 1292 1380 1036 2500

Time 

RR or f (bpm) 31 34 43 37 43 � 7

Ti (mS) 776 744 642 533 717 � 140

Te (mS) 1160 1028 735 1080 704 � 134

Te/Ti 1.49 1.38 1.14 2.03 1.0 � 0.15

Flow

PIF (ml/sec) 96 80 73 85 111 � 27

PEF (ml/sec) 92 58 67 81 114 � 29

PEF/PIF 0.96 0.73 0.91 0.95 1.04 � 0.18

EF50/IF50 0.51 0.61 0.85 0.35 1.16 � 0.22

EF25/IF25 0.47 0.56 0.74 0.39 1.06 � 0.19

EF12.5/IF12.5 0.49 0.65 0.60 0.41 0.94 � 0.20

PIF/IF50 1.10 1.10 1.2 1.14 1.23 � 0.15

IF50/IF25 1.24 1.28 1.2 1.27 1.12 � 0.08

IF25/IF12.5 1.27 1.32 1.16 1.28 1.11 � 0.06

PEF/EF50 2.04 1.32 1.29 3.1 1.10 � 0.06

PEF/EF25 2.8 1.81 1.81 3.5 1.35 � 0.17

PEF/EF12.5 3.4 2.07 2.58 4.26 1.73 � 0.33



Tidal Breathing Flow-Volume Loop
Analysis for Lower Respiratory 
Tract Disease
Although the changes are not as visually apparent,
TBFVL analysis can also be used to critically evaluate in-
trathoracic or intrapulmonary disease in dogs and cats.
To illustrate, the F-V loops depicted in Figure 23-5 were
obtained from a 14-year-old Persian cat. Functionally
this cat had restrictive lung disease because it was not
able to fully inflate the lungs due to the presence of a
large intrathoracic, extrapulmonary mass. The mass had
been previously debulked and was diagnosed histologi-
cally as a thymoma. After a time the cat represented
with signs of respiratory insufficiency. On physical ex-
amination the cat was mildly tachypneic and the cranial
thorax was noncompressible. As part of the reevalua-
tion, the loop in 23-5, A was obtained. Consistent with
restrictive lung disease, TBFVL measurements revealed 
a relatively small TV (45 ml; normal 58 � 15 ml) with a
normal rate (f � 46 bpm; normal 43 � 7) and thus a
moderately reduced MV (2070 ml/min; normal around
2500 ml/min). The shape of the inspiratory half of the
loop appeared somewhat concave and the PIF was ele-
vated (166 ml/sec; normal 111 � 27 ml/sec). Although
the overall expiratory loop shape and expiratory flow

rates were within normal limits (PEF � 104 ml/sec; nor-
mal 114 � 29 ml/sec), the Te/Ti ratio was notably in-
creased (1.61; normal 1.0 � 0.15) consistent with the
presence of expiratory airflow limitation. Six weeks later,
after receiving COAP chemotherapy, the cat was clini-
cally improved and the loop in Figure 23-5, B was ob-
tained. TBFVL analysis revealed that with a respiratory
rate in the upper normal range (f � 50 bpm), and con-
siderable improvement in the TV (71 ml), the MV as-
sessment was notably increased (3550 ml/min).
Furthermore, the Te/Ti ratio had normalized (Te/Ti �
0.90). In spite of the fact that the loop shape abnormal-
ities persisted, the flow rates, in particular the maximal
expiratory flow rates, were much improved (PEF � 186
ml/sec). It is possible that some of the inspiratory curve
shape changes were related to the altered nasal anatomy
of the Persian breed.

TBFVL analysis can also be used to detect airflow
changes in animals with lower respiratory disorders. For
example, in dogs with excessive collapsibility of the
large conducting airways, the TBFVL abnormalities ob-
served depends on the region(s) of primary collapse. If
the extrathoracic portion of the trachea has inadequate
cartilaginous support, it will tend to collapse during in-
spiration when the pressure within the airway drops be-
low that of the atmosphere. The chondromalacic airways
below the thoracic inlet tend to remain open during in-
spiration because the intraluminal pressure remains
greater than that of the pleural space. Consequently,
TBFVLs from these patients reveal relative inspiratory
flow limitations and prolongation of Ti relative to Te.32

Conversely, during expiration these same intrathoracic
airways tend to collapse because the intrathoracic pres-
sure becomes less negative and may actually exceed that
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Figure 23-4. Comparison of TBFVLs from healthy cats and cats
with upper respiratory disease. Loop A is a composite loop repres-
entative of healthy adult cats. Values for select indices obtained
in healthy cats are presented in Table 23-1. By comparison, loop
B was obtained in a 3-year-old DLH cat presented for noisy
breathing. Indices: TV � 77 ml; MV � 1925 ml; f � 25 bpm; Ti
� 1080 mS; Te � 1350 mS; Te/Ti � 1.25; PIF � 121 ml/sec; PEF
� 55 ml/sec; PEF/PIF � 0.45; PIF/IF50 � 1.23; IF50/IF25 � 0.87;
IF25/IF12.5 � 1.39. Loop C was obtained in a 7-year-old DSH
cat presented for making unusual sounds when breathing.
Indices: TV � 73 ml; MV � 2700 ml; f � 37 bpm; Ti � 960 mS;
Te � 698 mS; Te/Ti � 0.73; PIF � 114 ml/sec; PEF � 158 ml/sec;
PEF/PIF � 1.40; PIF/IF50 � 1.71; IF50/IF25 � 0.92; IF25/IF12.5
� 1.05. (See text for loop interpretation.)
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Figure 23-5. These TBFVLs were obtained in a 14-year-old
Persian cat before (A) and after (B) receiving chemotherapy for a
thymoma. (See text for loop interpretation.)
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of the airway opening pressure. This is especially prob-
lematic during forced expiration or coughing when the
intrathoracic pressure becomes markedly increased.
Therefore, in dogs with primary intrathoracic tracheal
and principal bronchi collapse, expiratory TBFVL abnor-
malities predominate. And finally, if both the extra- and
intrathoracic tracheal regions are involved, or if tracheal
collapse occurs in combination with chronic bronchitis,
mixed inspiratory/expiratory F-V loop abnormalities are
often present.32,33

In an earlier report, Amis and colleagues24 used TBFVL
analyses to characterize the airflow restriction occurring
in a group of dogs with clinical evidence of chronic bron-
chitis or tracheal/bronchial collapse. Interestingly, the 
F-V loops in many of the affected dogs demonstrated con-
cavity or late expiratory phase flattening, consistent with
expiratory airflow limitations.24 Subsequently, Padrid and
colleagues1 used bronchoscopy to identify a group of
dogs primarily affected with chronic bronchitis, and
demonstrated that in addition to having end-tidal airflow
abnormalities, these dogs had decreased PaO2, and ab-
normal radioaerosol ventilation scans. Repeated adminis-
tration of the bronchodilator albuterol was not associated
with improvement in the PaO2 or ventilatory scan assess-
ments. However, in 5 of 7 dogs that had posttreatment
TBFVL analysis, bronchodilator therapy was associated
with increases in end-tidal airflow that corresponded
with the clinical improvement observed in individual an-
imals.1,32 Although these results are encouraging, the au-
thors caution that larger studies, performed under more
stringent conditions, are necessary. Nevertheless, this
study demonstrates the utility of PFTs in objectively as-
sessing the efficacy of specific drug therapies.

McKiernan and colleagues25 used TBFVL analysis to
evaluate whether chronically bronchitic cats had evi-
dence of end-tidal airflow restriction. They demon-
strated that, compared with healthy adult cats, a group
of clinically affected cats had significant (1) increases in
the Te/Ti ratios; (2) reductions in expiratory flow rates
compared to inspiratory flow rates at the same lung vol-
ume; (3) decreases in area-under-the-total and peak-
expiratory flow-curve assessments; and (4) decreases in
expiratory volume as calculated during the first 0.1 or
0.5 seconds of the tidal breath.25 These changes are con-
sistent with the presence of bronchial or bronchiolar air-
flow obstruction.

Because of its ease of use and noninvasiveness,
TBFVL analysis can be used repeatedly in the same pa-
tient to objectively assess clinical deterioration or re-
sponse to therapy. By way of example, the loops de-
picted in Figure 23-6 were obtained from a young adult
Himalayan cat presented for chronic but intermittent
coughing. During initial presentation (Day 0), the cat
was moderately dyspneic and the loop in Figure 23-6, A
was obtained. Oral glucocorticoid therapy was initiated
and the loop in Figure 23-6, B was obtained the next day
(Day 1). Seven days later, after daily glucocorticoid ad-
ministration, the cat was clinically improved and the
loop in Figure 23-6, C was obtained (Day 8). Over the
next month, the cat continued to improve and was sub-
sequently tapered off of all glucocorticoid medication.

Shortly thereafter, however, the cat relapsed and the loop
in Figure 23-6, D was obtained (2 months). For ease of
comparison, a composite loop (Figure 23-6, E) repre-
senting healthy cats has been included (see Table 23-1
for comparison of the calculated TBFVL indices).

In this patient, the signs of lower airway obstruction
are most evident during expiration, and most of the ab-
normalities relate to the expiratory phase. As this cat de-
compensated clinically, the airway obstruction became
more severe as evidenced by decrements in the mid- to
end-tidal expiratory flow rates, especially in comparison
to the peak expiratory flow rates (i.e., the PEF/EF25 and
PEF/EF12.5 ratios were markedly elevated). As a result,
the cat seemingly modified its breathing pattern to allow
relatively more time for expiration (i.e., the Te/Ti ratio
increased markedly). Even when the cat appeared to be
improved clinically (Figure 23-6, C), the end-tidal airflow
and Te/Ti ratios remained abnormal (see Table 23-1).
When this cat represented after discontinuation of the
glucocorticoid medication, the end-tidal airflow restric-
tion was even greater than during initial presentation. In
retrospect, glucocorticoid therapy should probably have
been continued until the TBFVL parameters normalized,
with more gradual tapering of the dose thereafter.

Enhanced Flow-Volume Loop
Analysis
Due to the lack of maximal respiratory effort during
TBFVL evaluation, there is a wide range of normal for
many of the calculated indices. In an attempt to increase
the sensitivity and reproducibility of F-V loop assess-
ments, a variety of approaches have been used to artifi-
cially stimulate more maximal ventilatory efforts. The
first approach was simply to induce partial rebreathing
of the animal’s own exhaled CO2 by increasing the dead
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Figure 23-6. This series of TBFVLs were obtained in a 2-year-old
Himalayan cat presented for chronic coughing and intermittent
dyspnea (loop A). The cat was started on oral glucocorticoid ther-
apy, and follow-up evaluations included loop B 1 day later and
loop C 1 week later. Two months later the cat relapsed clinically
and loop D was obtained. For comparison, loop E is a composite
loop representing healthy cats. (See Table 23-1 for changes in the
corresponding TBFVL parameters.)
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space of the tube connected to the pneumotachograph.
Although the acute increases in reinspired CO2 concen-
trations resulted in increased MV measurements, the re-
sults were somewhat variable.

To better define the CO2 concentration being inhaled,
Ambu bags were prefilled with defined gas mixtures
containing increasing CO2 concentrations. Each Ambu
bag was then sequentially attached to the nonpatient
side of the pneumotachograph (see Figure 23-2, A). This
approach was evaluated in healthy cats using 2.5%,
5.0%, 7.5%, 10%, or 12.5% CO2 with 21% O2 and the
balance N2.34 The gas mixtures containing the higher CO2

concentrations tended to smell like stale air that had es-
caped from an old inner tube. Most, but not all cats tol-
erated breathing CO2 concentrations of 6% to 10%, and
occasionally 12.5%, without aversion to placement of
the face mask. In healthy cats, the CO2 increases were
linearly associated with commensurate increases in
minute ventilation, as well as in many of the standard
TBFVL parameters, and TV increased two- to threefold.
Notably, breathing frequency was not affected. In
healthy cats, CO2 concentrations of 10% were necessary
to achieve statistically significant increases in most end
points relative to values obtained on room air.34

However, breathing of CO2 concentrations �10% ap-
peared to induce changes in the overall shape of the F-V
loop, possibly due to irritancy or odor, the significance
of which is as yet undetermined. On a cautionary note,
because hypoxia potentiates the ventilatory response to
CO2, more valid measurements may be obtained if, in
addition to increasing the percentage of CO2, one also in-
creases the O2 content somewhat to help ensure that
hypoxic lung or vascular reflex responses are not inad-
vertently elicited in the test subject.

As another alternative approach, transient increases
in lung volume by stimulation of the medullary respira-
tory center using doxapram hydrochloride were also
evaluated.35 In healthy cats, increasing doses of
doxapram resulted in proportionate increases in many
TBFVL indices and area-under-the-curve assessments.
Unlike CO2 stimulation, however, doxapram usage did
not appear to affect overall loop shape. Unfortunately,
the higher doxapram doses were associated with unac-
ceptable side effects such as excessive salivation, vocal-
ization, nervousness, vomiting, and diarrhea.35

Exercise-FVL testing is used in humans to identify
subclinical respiratory deficiencies.36,37 Similarly, horses
are exercised on slanted treadmills to increase O2 con-
sumption and CO2 production, resulting in MV increases
proportionate to the level of exercise. Lumsden and col-
leagues38 reported that in horses with upper airway ob-
struction, the F-V loop shape was more consistent and
the coefficients of variation for many of the indices were
smaller for breaths acquired during exercise, compared
with tidal breathing conditions. Comparable methods
are unlikely to be of use in cats, but such an approach
has potential for dogs, in particular large breed or work-
ing dogs.

Admittedly none of these techniques simulates a true
maximal expiratory effort; however, based on one au-
thor’s experience relative to tidal breathing, breathing

10% CO2 approximates half the increases in volume and
flow achieved during a maximal expiratory maneuver.
Using these or related modifications, it may be possible
to effectively increase the sensitivity and reproducibility
of the F-V loop assessment but still retain its overall ease
and safety. Thus establishment of more narrowly de-
fined reference values for healthy subjects may allow de-
tection of significant differences in mildly affected pa-
tients. For example, it appeared that 10% CO2 levels were
necessary to elicit significantly enhanced F-V loop mea-
surements in healthy cats.34 Diseased patients, however,
may require much lower levels to achieve the same en-
hanced or maximal response.

An example of how breathing 10% CO2 can unmask
flow limitations minimally evident during tidal breathing
is shown in Figure 23-7. The F-V loops were acquired
from a bull terrier with bilateral laryngeal paralysis that
had undergone corrective surgery 6 weeks earlier. The
loop shown in Figure 23-7, A was obtained while breath-
ing room air. Although the overall shape is relatively
symmetrical, there is evidence of mild blunting of inspi-
ratory flow relative to expiratory flow (i.e., the PEF/PIF
ratio was slightly increased at 1.26; normal 1.07 � 0.13).
In response to breathing 10% CO2, the lung volume in-
creased 2.2-fold, the PEF rate increased 1.9-fold, and the
mid- to end-inspiratory airflow attenuation was more
pronounced (Figure 23-7, B).

Another example of how 10% CO2 can accentuate the
patient’s ventilatory efforts is shown in Figure 23-8. The
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Figure 23-7. These F-V loops were obtained in a 4-year-old bull
terrier 6 weeks after corrective surgery for bilateral laryngeal
paralysis. In loop A the subject was breathing room air; in loop B
it was breathing 10% CO2. Note that TV increased (280 to 624
ml), while f decreased (40 to 22 bpm), yielding an increase in MV
(11.2 to 20.6 L/min). Peak expiratory flow (PEF) increased (566
to 1050 ml/sec) as did PIF (458 to 836 ml/sec), whereas the
Te/Ti ratio was relatively constant.
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data were obtained from a 7-year-old Siamese cat with
longstanding bronchopulmonary disease. Clinically sta-
ble at the time of evaluation, the cat tolerated breathing
10% CO2. Rather than plotting the typical F-V loop, in
Figure 23-8 the changes in lung volume and airflow have
been plotted against time. Despite breathing 10% CO2,
the lung volume measurement is only minimally in-
creased over that obtained on room air. This suggests
that further increases in lung volume were not possible,
likely owing to chronic airway remodeling. In addition,
one can readily appreciate the concavity or scooping out
of the terminal portion of the expiratory flow-time and
expiratory volume-time curves and the disproportionate
length of time dedicated to the terminal phase of expira-
tion. As a consequence, this cat seemed to adopt a
breathing strategy that allowed more time for the termi-
nal phase of expiration to be more complete. In so do-
ing, on the subsequent breath a proportionately larger
volume of inspired air would be able to pass back into
the affected alveoli. This case demonstrates that in ani-
mals with small airway obstruction, the volume versus
time and flow versus time graphs may be more illustra-
tive of end-tidal airflow limitations. 

Upper and Lower Airway Resistance
and Lung Compliance Assessments
Incorporation of pressure measurements, along with
flow and volume assessments, allows for a more in-
depth evaluation of breathing mechanics. During exami-
nation of the respiratory patient, we attempt to ascertain
whether the patient’s work of breathing is appropriate—
an important but highly subjective clinical assessment. It
can be quantified by measuring pressure changes re-
quired to generate a breath of known volume or airflow
rate, which is the basis of respiratory mechanical as-

sessment, often referred to as function testing. By incor-
porating pressure changes into ventilatory information,
we can calculate direct measures that relate to airflow
and tissue mechanics associated with breathing, namely
resistance and compliance. These measurements provide
clues as to whether the animal has obstructive or re-
strictive disease.

During inspiration, the alveolar pressure normally be-
comes slightly negative (see Figure 23-1, C), driven by the
intrapleural pressure (Ppl) that becomes slightly more
negative (see Figure 23-1, D) relative to ambient pressure.
As pressure along the airway drops below atmospheric
pressure, air flows inward toward the more negative pres-
sure in the alveolar region. The greater the differential
pressure generated, the greater the resultant lung volume.
In health, relatively small pressure changes are required
to generate a normal tidal breath. The magnitude of the
pressure change (P) required is integrally related to sev-
eral factors, including the tidal volume, the flow rates gen-
erated, the ease with which the lung is expanded (lung
compliance), and the ease with which air flows through
the air passageways (resistance of the upper and lower
airways).39 This is demonstrated mathematically as23,40:

ΔP � � (ΔAirflow � Resistance)

Knowing that the diameter of the airways changes
with changes in lung volume and with the dynamics of
airflow itself, at first glance it may seem impossible to
accurately assess all of these parameters simultaneously.
On further examination of this equation, however, it be-
comes apparent that the driving pressure needed to elicit
the coincident change in lung volume is closely linked to
compliance, whereas that related to airflow is integrally
linked to resistance. By imposing certain assumptions on
the physiological conditions we use to estimate resis-
tance or compliance, we can define the mechanical be-
havior of the respiratory system in relatively simple
terms. Put another way, if we select two points in the
ventilatory cycle where there is no airflow, the corre-
sponding pressure change will primarily be influenced
by the elastic properties of the lung. If we select two
points where the inspiratory and expiratory volumes are
equivalent, the differential pressure will principally re-
flect resistive effects.

More specifically, resistance can be estimated at a
specific point during the inspiratory and expiratory por-
tion of the breath (e.g., at 50% of TV), or it can be com-
puted as a mean of the inspiratory and expiratory phases
of the ventilatory cycle. In human experimental physiol-
ogy laboratories, various methods have been used to
make these estimations, many of which require consid-
erable sophistication both in both hardware and soft-
ware, or involve voluntary participation of the patient
(e.g., controlled panting) not readily amenable to veteri-
nary medicine. These methods have been described in
practice and in theory elsewhere.40,41 Fortunately, two
methods provide reasonable estimates of resistance and
compliance using data collected during tidal breathing.
One method, the Mead and Whittenberger42 approach
described nearly 50 years ago, is the more complex but

ΔTV
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Compliance
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Figure 23-8. Volume versus time and flow versus time graphs
were obtained in a 7-year-old Siamese cat with chronic bron-
chopulmonary disease while breathing 10% CO2. Indices: TV �
69 ml; MV � 2340 ml/min; f � 34 bpm; Ti � 720 mS; Te � 972
mS; Te/Ti � 1.35; PIF � 128 ml/sec; PEF � 163 ml/sec; PEF/PIF
� 1.28. (See text for interpretation.)



more accurate of the two. With this approach, one first
computes compliance from both the inspiratory or expi-
ratory limbs of the breath cycle at a point where there is
no airflow. Then, at a given percent of the tidal volume
of the next breath, the respective compliant pressure is
incorporated into the equation, in essence eliminating
the influence of the elastic lung properties from the pres-
sure changes and allowing one to compute resistance.
Although straightforward, the algorithms and calcula-
tions involved are best left to computer processing.
Alternatively, an easier but somewhat less accurate ap-
proach uses the isovolume method, sometimes referred
to as the poor man’s respiratory mechanics.43 This
method uses the same tidal measures of volume, airflow,
and pressure, but it computes resistance as an average
occurring across inspiration and expiration. The flow
and pressure measurements are attained at mid-tidal vol-
umes, ideally at points where airflow is near maximal.
With this approach, the volume term on either side of
the ventilatory cycle is equivalent. Hence the change in
volume is negligible, and the influence of compliance on
total pressure is theoretically constant. Thus compliance
drops out of the equation and resistance is computed as
the quotient of the difference between the pressures and
airflows at these two midvolume points. These calcula-
tions can be performed by hand by dropping lines across
the corresponding points of the volume, flow, and pres-
sure traces (similar to those depicted in Figure 23-1, A,
B, and D). Fortunately, pulmonary mechanics software
programs exist that make these calculations automati-
cally. In the studies below, the isovolume method was
primarily used for estimating resistance and compliance.

Upper Airway Resistance (Ruaw)
Assessments
How are ventilatory pressure measurements obtained
in small animals? To evaluate upper respiratory airflow
disturbances, an over-the-needle catheter may be trans-
cutaneously placed into the lumen of the trachea to as-
sess changes in intratracheal pressure (see Figure 23-2,
B). This can be accomplished using local anesthesia,
similar to the technique used for transtracheal aspira-
tion. The catheter is placed perpendicular to the long
axis of the trachea in order to minimize airflow bias at
the catheter tip. A pressure transducer connected to the
catheter detects pressure changes occurring across the
upper airways (Ruaw [i.e., the difference between at-
mospheric and intratracheal pressure]). Analogous to
the TBFVL procedure, a face mask technique can be
used to noninvasively obtain measures of volume and
airflow. When two transducers are used to measure dif-
ferent aspects of the same functional event, the trans-
ducer outputs should be phase-matched to a defined
frequency (typically 5 to 10 times the highest f encoun-
tered) to ensure that any difference in timing is due to
the patient and not to the measuring system.44 Any 
system-related phasing errors will result in incorrect
computations. A pulmonary mechanics analyzer and

software analysis program are used to calculate the
overall resistance to airflow, or in this instance, upper
airway resistance (Ruaw). Ruaw is a composite of the
resistance to airflow through the nares, nasal passages,
nasopharynx, larynx, and proximal (upstream) portion
of the trachea.

Using this technique, Rozanski and colleagues45 es-
tablished normal reference values for Ruaw in mesati-
cephalic dogs. This minimally invasive approach was
well tolerated in untrained, large breed dogs, and the
Ruaw values obtained in individual dogs were quite re-
producible.45 Ruaw was calculated using the isovolume
method (at 70% of TV) as:

Ruaw �

The units for Ruaw are cmH2O/L/sec. Hence Ruaw re-
flects the overall pressure change required to generate a
given change in airflow through the upper airways.

A change in the diameter of a single air passageway
significantly influences the resistance measurement.
Assuming that the length is held constant, if the airway’s
diameter is progressively reduced, greater and greater
pressure changes will be necessary to achieve the same
airflow over an equivalent time. Consequently, decre-
ments in airway caliber require generation of greater dif-
ferential pressure gradients in order to achieve compara-
ble airflow. This, however, is not a linear relationship. In
fact, resistance to airflow through the airway is inversely
proportional to the radius of the airway taken to the 4th
power.46 Accordingly, if the radius is cut in half, resis-
tance increases sixteenfold. In the respiratory system as
a whole, all patent air passageways influence the resis-
tance measurement; however, the upper airways account
for �60% of the inspiratory frictional resistance occur-
ring during tidal breathing.23

Rozanski and colleagues45 further compared Ruaw
values from healthy mesaticephalic dogs with that of
healthy dolichocephalic dogs. Despite their elongated
nasal profile, collies did not have elevated Ruaw mea-
surements; if anything, there was a trend toward lower
absolute Ruaw values in this breed.45 Conversely, despite
their shortened nasal profile, brachycephalic dogs often
have increased upper airway resistance due to relatively
stenotic nares, elongated soft palates, or hypoplastic tra-
cheas.47 These examples illustrate the disproportionate
influence of decrements in airway caliber (particularly of
the upper airways and lower central airways) on the re-
sistance measurement.

Again using the method described in Figure 23-2, B,
Alsup and colleagues31 used Ruaw measurements in
dogs to validate that the TBFVL improvements noted af-
ter corrective surgery for laryngeal paralysis were in fact
associated with decreased resistance to airflow through
the larynx. Similarly, Greenfield and colleagues48 used
Ruaw measurements in combination with TBFVL analy-
sis to validate an experimental model of canine laryngeal
paralysis. Not only did bilateral recurrent laryngeal
neurectomy result in analogous clinical signs, the inspi-
ratory airflow impairment was comparable with that of
dogs with naturally occurring disease.48

ΔPuaw�
ΔFlow
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Lung Resistance and Compliance
Assessments
If assessment of pulmonary function is the priority, the
influence of the upper respiratory tract must be ex-
cluded, and instead measures of transpulmonary pres-
sure must be obtained. In small animals, alveolar pres-
sure can only be measured indirectly using body
plethysmography. Intrapleural pressure (Ppl) can be
measured by surgical placement of a cannula into the
pleural space. Fortunately, however, pressure changes
within the pleural space closely parallel those of the
midthoracic esophagus. Thus the least invasive method
of obtaining estimates of Ppl is to place a balloon-tipped
catheter into the esophagus (just caudal to the heart to
avoid movement artifact related to cardiac contractions)
and record changes in esophageal pressure (Pes).
Although horses commonly tolerate this procedure with-
out general anesthesia, few untrained dogs and presum-
ably no cats would be so tolerant. The esophageal
catheter is connected to a pressure transducer (see
Figure 23-2, C). Volume and airflow measurements could
be obtained using a face mask; however, because we are
primarily interested in assessing pulmonary disease, and
because anesthesia is required for placement of the
esophageal catheter, as a rule the animal is intubated
and the endotracheal tube is connected directly to the
pneumotachograph and associated pressure transducer
(see Figure 23-2, C).

The main disadvantage of this approach is that it re-
quires a brief period of general anesthesia for placement
of the esophageal balloon/endotracheal tube and for
data acquisition. Furthermore, because all recoverable
anesthetic agents are associated with some degree of res-
piratory depression, the measurements obtained are
likely to be somewhat biased, depending on the agent(s)
and the depth of anesthesia. It may be possible to over-
come some of the respiratory depression by incorporat-
ing methods to partially augment respiratory efforts
(e.g., low doses of doxapram or moderate increases in
CO2 during data acquisition). In addition, the endotra-
cheal tube is associated with a certain degree of resis-
tance to airflow. For consistency, when comparing simi-
larly sized healthy and diseased patients, care must be
taken to ensure that the endotracheal tubes used are of
equivalent length and inner diameter. Alternatively, the
airflow resistance of the endotracheal tube may be sub-
tracted from the overall resistance value obtained for the
patient. In so doing, however, a portion of the resistance
related to the laryngeal/upper tracheal region will also
be subtracted.

Analogous to Ruaw, lung resistance (RL) is calculated
by dividing the change in transpulmonary pressure (es-
timated by Pes) by the change in airflow, again using
isovolume conditions. Although all patent airways influ-
ence RL, the large conducting, central airways predomi-
nantly influence this measurement.49 Airway resistance
varies inversely with lung volume because the expand-
ing lung parenchyma exerts traction on the walls of the
airways. Therefore, lung resistance calculations should

always be related to lung volume. The small peripheral
airways (defined in humans as 2 mm) normally con-
tribute little to the overall resistance because the air-
flow per airway is very small and there are so many
arranged in parallel, in effect making the combined
cross-sectional area of the small airways very large. As
such, the RL measurement is relatively insensitive to small
airway changes. It is generally inferred that an increase in
RL is indicative of central airway obstruction with or with-
out concurrent peripheral airway obstruction.

Airway resistance is often increased in humans with
chronic inflammatory airway disease (e.g., chronic bron-
chitis or asthma) due to reductions in airway caliber.50

Resistance is also influenced by changes in tissues sur-
rounding the airways (e.g., emphysema).51 During pe-
ripheral airway obstruction, lung volume (FRC) is often
increased due to air trapping. As the small airways be-
come overly distended, RL decreases. Unless adjustments
are made for the increase in lung volume, the sensitivity
of RL in detecting small airway obstruction is further re-
duced. In small animals, FRC can be quantified using an
open circuit nitrogen washout technique, similar to the
method used in human infants.52 Thus measures of RL

can be used to establish the presence and degree of air-
way obstruction but cannot discriminate between the
conditions that contribute to airway obstruction.

The other commonly used pulmonary mechanical pa-
rameter, lung compliance, is used mainly to assess
changes in overall lung elasticity or stiffness. As changes
in volume, airflow, and pressure are recorded during
tidal breathing, if the change in volume is measured at
periods when there is no airflow (i.e., at the beginning
and end of inspiration), the coincident pressure change
related to the resistance term (Δ flow � resistance) is
negated, leaving compliance to be calculated simply as:

C � �
Δ
Δ
P
T
p
V
l

�

Hence compliance represents the change in lung vol-
ume corresponding to a given change in pressure.
Compliance determined in this manner is referred to as
dynamic lung compliance (Cdyn; ml/cm H2O). Static (or
quasistatic) lung compliance is another means of as-
sessing lung distensibility. It can be measured using a
number of variations on a theme40,53,54; but in each, vol-
ume and pressure changes are measured as the lung is
incrementally inflated (typically to total lung capacity)
and then incrementally deflated. At each step, airflow
transiently ceases, thus allowing for computation of
compliance with minimal resistive effects. Thoracic sta-
tic compliance can be likewise estimated; however, with
this approach, changes in elasticity may relate not only
to lung parenchymal changes but also to changes in the
chest wall, and thus pleural space.51

A major determinant of dynamic lung compliance is
the relaxation state of the smaller airways (i.e., those
larger than terminal bronchioles). Cdyn is reduced if suf-
ficient numbers of the small airways are constricted or
become obstructed.56 Lung compliance, in particular sta-
tic compliance,53 may also be reduced if the lung
parenchyma becomes stiffer due to infiltrative processes
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(e.g., interstitial edema) or fibrotic processes (e.g., cryp-
togenic fibrosing alveolitis).57 Conversely, in emphysema
and possibly in chronic airway remodeling, as the elas-
tic support structures of the lung parenchyma become
weakened or destroyed, Cdyn is abnormally increased.51

In this situation, RL also increases due to generalized
loss of the radial traction that normally serves to main-
tain small airway patency.51

Few clinical reports in companion animals have used
lung mechanical assessments. Conceptually, however, RL

and compliance measurements should prove useful in
understanding whether the respiratory disease is ob-
structive or restrictive and in establishing the extent of
the functional impairment. Lung resistance is likely to in-
crease in animals with tracheobronchial collapse or in-
flammatory airway disease.1,2,32 Compliance is likely to
decrease in patients with diffuse small airway disease.
Reductions in compliance are also likely in parenchymal
infiltrative diseases (e.g., pulmonary edema related to
congestive heart failure,58 idiopathic pulmonary fibrosis in
dogs,3-5 peribronchiolar fibrosis,59 and fibrosing alveolitis6

in cats). Chronic airway wall remodeling—loosely defined
as the destructive airway changes occurring as a sequela
to persistent airway injury and inflammation60,61—may be
associated with increased Cdyn measurements, because
the normal elasticity of the lung is slowly reduced.
Bronchiectasis has been reported in dogs32 and cats,62

most commonly in association with chronic inflamma-
tion. However, the functional abnormalities attributable
to bronchiectasis are difficult to distinguish from changes
related to the coexisting lung conditions. And finally, al-
though uncommon in small animals, generalized loss/
destruction of intraalveolar connections (e.g., emphy-
sema, COPD,63 chronic pulmonary overinflation states,
and bullous emphysema) are likely to be associated with
increases in Cdyn and small increases in RL.

By way of specific clinical examples, relatively simple
parameters (e.g., TV, MV, and peak inspiratory pressure)
are useful objective data in determining whether an ani-
mal needs continued mechanical ventilatory support
(e.g., after a thoracotomy procedure, with neuromuscular
blockade,64 or for critical patients with primary parenchy-
mal disease65 or thoracic trauma66). Note however, that
because ventilated critical patients are under positive
pressure ventilation, the Pes measurement is a less reli-
able indicator of Ppl changes.67 Thus for human patients
receiving mechanical ventilatory support, changes in sta-
tic compliance are considered a better estimate of
whether the pulmonary parenchyma is becoming less
distensible. Decrements in total thoracic compliance may
be useful, not only in detecting lung parenchymal
changes such as edema or pneumonia but also in identi-
fying disorders of the thoracic wall such as pneumotho-
rax or pleural effusion.55 Because all of these conditions
are not uncommon complications in chronically venti-
lated patients, King and colleagues55 assessed whether a
similar approach could be used to evaluate ventilated
small animal patients. These investigators demonstrated
that static thoracic compliance could be measured safely
and easily in anesthetized, intubated dogs.55 In addition,
when thoracic static compliance was normalized to body

weight, values obtained in dogs with respiratory disease
were considerably lower than those obtained in healthy
dogs.55 King and colleagues have continued to use simi-
lar assessments in animals requiring positive pressure
ventilation65 (e.g., acute respiratory distress syndrome,68

thoracic trauma with pulmonary contusions,66 and hy-
poventilatory states related to spinal cord disorders69).
Overall, the ability to objectively assess changes in com-
pliance has proven indispensable both for diagnostic and
prognostic purposes, as well as for ventilator manage-
ment in these small animal patients.

As another example, Stobie and colleagues70 used RL

and Cdyn measures in dogs to evaluate the effectiveness
of analgesic protocols after a thoracotomy procedure.
Results indicated that both anesthesia and thoracotomy
were associated with significant changes in lung func-
tion, and, moreover, that interpleural administration of
the analgesic bupivacaine allowed for an earlier return to
normal based on several of the functional assessments
evaluated.

Furthermore, Dye and colleagues2 used RL and Cdyn

measures to evaluate airway obstruction in cats with
naturally occurring bronchopulmonary disease. Cats
were first grouped according to relative disease severity
based on scored clinical assessments, then anesthetized
using a short-acting barbiturate, and measures of RL and
Cdyn were obtained. Data indicated that significant air-
way obstruction was present in many of the affected
cats. Specifically, compared with healthy cats with a
mean RL value of 28.9 cm H2O/L/sec, the mildly, mod-
erately, and severely affected cats had RL values of 38.3,
44.8, and 105.2 cm H2O/L/sec, respectively. Similarly,
healthy cats had a mean Cdyn value of 19.8 ml/cm H2O,
whereas affected cats had values of 14.7, 17.7, and 13.0
ml/cm H2O, respectively.2 Thus despite the fact that
most of the cats were not in obvious respiratory distress
at the time of evaluation, many cats, in particular those
with moderate and severe disease, had considerably ab-
normal PFT results. The RL elevations were consistent
with obstruction of either the larger airways or with se-
vere, diffuse small airway disease. Cats with decreased
Cdyn measurements were presumed to have either ob-
struction of the smaller airways or parenchymal fi-
brotic/infiltrative disease. Some of the cats had abnor-
mal RL and Cdyn measurements consistent with
obstruction/constriction of both the large and small air-
ways. A few cats with particularly longstanding disease
had moderate increases in RL in combination with Cdyn

increases, possibly due to chronic airway remodeling.
Also in this study, Dye and colleages2 administered a

test dose of the 	2-agonist terbutaline to assess acute re-
versibility of the airway obstruction. A few affected cats
demonstrated nearly complete reversal, suggesting that
the majority of the airway obstruction was caused by ex-
cessive smooth muscle constriction. Other cats had only
partial reversal, at least acutely (similar to the cat de-
picted in Figure 23-9, A). Not surprisingly, this cat had
particularly longstanding disease. The partial response
suggests that other factors in addition to smooth muscle
constriction were present (e.g., retention of mucous se-
cretions, intraluminal and submucosal inflammation, or
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airway remodeling). Some cats showed negligible im-
provement following bronchodilator administration. The
overall RL group responses to terbutaline administration
are depicted in Figure 23-9, B. Compared with healthy
control cats, as a group, the moderately and severely af-
fected cats had greater absolute RL decreases, which was
not unexpected remembering that RL changes inversely
with the radius taken to the 4th power. As such, even
minor improvements in airflow can be associated with
substantial decrements in airflow resistance.

Interestingly, after administration of terbutaline the
healthy cats had RL decrements of approximately 10%
and Cdyn increases of over 30%. This finding is consistent
with the general observation that cats normally have a
considerable degree of cholinergic small airway smooth
muscle tone.71 By contrast, resting bronchomotor tone in
dogs appears to be minimal.32 Airway tone is a result of
a balance between cholinergic72 (i.e., acetylcholine-,
methacholine-responding receptors), adrenergic (i.e., epi-

nephrine-, 	-agonist-responding receptors), and non-
cholinergic nonadrenergic (NANC) or C-fiber–mediated
reflex responses (i.e, tachykinin-, neurokinin-responding
receptors).73 Reflex regulation of airway smooth muscle
tone is an area of considerable investigation. A variety of
species have been evaluated, no two of which appear to
be under identical neurological control. Generally speak-
ing, however, cats appear to be quite similar to humans
(and to primates, rabbits, guinea pigs, ferrets, horses,
sheep, cattle, and swine), in that the NANC neurons con-
tribute significantly to relaxation of the airway smooth
muscle.7,74-76 In dogs (and rats), virtually all the relaxant
innervation to the airway is adrenergically mediated.76,77

The cat has been used extensively as a model to inves-
tigate the in vivo effects of a variety of bioactive mediators.
Some of the bronchoconstrictive mediators evaluated in-
clude substance P,78,79 cold air,80 cyclooxygenase products
and leukotrienes,8 platelet activating factor (PAF),81 sero-
tonin (5-HT),82 oxygen radical species,83 thromboxanes,84

and endothelins.85 Bronchodilatory mediators have in-
cluded vasoactive intestinal protein (VIP)86; PGE1, 6-keto-
PGE1, and PGI2

87,88; and histamine.78,89 Whether any of
these mediators relate to the pathological processes un-
derlying naturally occurring bronchopulmonary disease in
cats remains to be determined.

More recent studies suggest that nitric oxide (NO) is
involved in the acute NANC-induced airway relaxation
in cats90 and further that NO is an important factor mod-
ulating the degree of airway responsiveness (AR) of cats
in vivo.91 This finding is consistent with an earlier report
that ozone-induced airway epithelial damage in cats was
associated with increased AR to the cholinergic mediator
acetylcholine. The authors hypothesized that ozone ex-
posure resulted in decreased production of epithelium-
dependent relaxant factor(s).10 Knowing now that airway
epithelial cells are an important source of NO in the
lung, one of the relaxant factors alluded to in the previ-
ous study was likely to be NO.

In humans, AR is defined as the ease with which air-
ways narrow in response to a nonspecific (nonallergic or
nonsensitizing) stimulus.92 Increased AR is a hallmark
feature of asthma61 and further, the degree of AR may cor-
relate with disease severity and therapy requirements.93

In the study by Dye and colleagues,2 a subset of affected
cats with relatively normal baseline RL and Cdyn values
underwent bronchoprovocation testing to see if they had
increased AR analogous to that of human asthmatics dur-
ing asymptomatic periods. Six (of seven) affected cats
had increased AR compared with a group of healthy cats,
based on the effective concentration of aerosolized
methacholine required to double the baseline RL mea-
surement (EC200RL).2 These results suggest (but do not
prove) that these cats were predisposed to developing
bronchoconstriction and that this may have contributed
to their intermittent respiratory signs. On a related note,
increased AR has been reported in cats with experimen-
tal allergen-induced lung inflammation.13-15 The AR in-
creases were inhibited by treatment with the potent im-
munosuppressive drug cyclosporine.15 Moreover, Miura
and colleagues13 demonstrated that during allergen reex-
posure, the NANC inhibitory response was diminished in
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Figure 23-9. A, Acute response to a test dose of the bron-
chodilator terbutaline in a cat with chronic bronchopulmonary
disease (open circle) and a healthy cat (solid circle). B, Group
responses to a test dose of terbutaline in healthy cats and cats
with mild, moderate, and severe bronchopulmonary disease.
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A

B



cats, leading to increases in lung resistance. The investi-
gators suggested that protease release during the allergic
inflammatory response played a role in dysfunction of
airway smooth muscle.

In summary, reflex regulation of airway smooth mus-
cle tone, and thus airway patency, is mediated by multi-
ple, carefully regulated pathways, both inhibitory and
excitatory. Although the nature of the regulatory
processes varies between species, airway inflammation
appears to be a universal disruptor of the balance be-
tween constrictor and dilatory input. The ability to de-
fine lung function (RL and Cdyn) in small animals is es-
sential not only to document the presence of airway
obstruction but also to determine its reversibility.
Similarly, lung function assessments can indicate
whether the airways are more responsive than normal,
thus predisposing the animal to developing obstruction
after exposure to irritating or infectious agents.17,94

Future Direction and Cautionary
Notes
A general limitation of the use of PFTs to assess individ-
ual small animal patients is the lack of more specific ref-
erence values for comparison. To date, no validated pro-
tocols for clinical use are available, and they are unlikely
in the foreseeable future. Even in the experimental set-
ting, different investigators use slightly different testing
systems, making it difficult to compare results across a
number of studies.40 Until standard protocols are avail-
able, investigators should describe the methods and in-
strumentation used in substantial detail.

Hence one of the goals that must be achieved before
PFTs can be used routinely in small animals is the estab-
lishment of standard testing protocols. Then, using stan-
dard methodologies, longitudinal studies are needed to
evaluate sufficient numbers of healthy and affected sub-
jects to define reference values and to generate predictive
equations for a variety of clinical syndromes. Reference
ranges are likely to need considerable refinement to ac-
count for differences in an individual animal’s size; age;
sex; and, most likely, breed. This reflects the tremendous
variability existing especially among dogs, in terms of
body size and thoracic shape (from Chihuahuas to Great
Danes), and nasal anatomy (from exercise-efficient sight
hounds to mouth-breathing bulldogs). Although cats are
relatively similar in body size and thoracic shape, differ-
ences in nasal anatomy exist (e.g., dolichocephalic
Siamese cats, brachycephalic Persians).

Despite these similarities, Dye and colleagues2 ob-
served that even in healthy cats, Cdyn measurements
were more variable (coefficient of variance, CV � 37%)
than RL measurements (CV � 22%). Attempts were
made to normalize Cdyn to some index of the animal’s
size. There was no clear correlation between Cdyn and the
animal’s body weight, but a significant correlation ex-
isted between Cdyn and thoracic girth measurements.
Clark and colleagues95 observed that in healthy dogs
(ranging in weight from 11.8 to 26.4 kg), Cdyn correlated

more closely with trunk length than with either body
weight or chest circumference. In humans, a number of
lung function indices correlate more closely with an in-
dividual’s height than with weight.96 Clearly, further
work is necessary.

Another major obstacle that must be overcome is the
selection of appropriate sedative or anesthetic protocols
for PFTs requiring an endotracheal tube, esophageal bal-
loon, or paralysis to achieve total ventilatory control. The
anesthetic protocol must allow for safe recovery of the
respiratory patient, but it must not unduly influence the
underlying pathologic processes. An inhalant anesthetic
would seem ideal, however agents such as halothane and
isoflurane are considered potent bronchodilators and also
appear to induce reflex inhibition of breathing during
face mask induction.97 Likewise, intravenous use of
propofol has been shown to have bronchodilatory effects
in humans.98 Use of these or similar agents, or the use of
premedicants with anticholinergic activity, is likely to
transiently mask the functional deficits we are trying to
document. On the other hand, virtually all sedative and
anesthetic agents tend to relax the upper airway dilating
muscles, further compounding airflow resistance in
brachycephalic animals and making any procedure in-
volving sedation or anesthesia in these subjects ex-
tremely risky.42

Two older agents, 
-chloralose and chloral hydrate,
have potential for use during PFTs in companion ani-
mals. The hypnotic agent 
-chloralose preserves vagal
and central baroreceptor reflexes, making it a commonly
used agent for experimental physiological studies in
dogs.99-101 Lemen and colleages have used it for recovery
PFTs in laboratory beagles for over a decade,17,18,100 re-
porting that even in puppies, it is safe when adminis-
tered intravenously up to 8 to 12 times/dog/year, at a cu-
mulative dose of 1.18 gm/kg.100 Controversy remains
whether it is a true anesthetic or simply an immobilizing
agent with sedative-hypnotic properties99; however, for
nonpainful PFT procedures its use seems appropriate.
The drug is sparingly soluble,102 and customized mixing
may be necessary, raising possible problems with shelf
life and sterility.

Chloral hydrate, a related agent, is another very old
sedative hypnotic drug. Despite concerns about its safety,
it is currently used extensively in human pediatric pa-
tients as an oral agent for non–operating room proce-
dures because it provides an adequate level of sedation
without compromising protective reflexes, airway pa-
tency, or cardiopulmonary stability.103,104 Its use in lab-
oratory animals is less common, in part because in-
traperitoneal administration is not recommended for
survival procedures, and oral administration, at least in
dogs, is associated with gastric irritation.101 A recent ex-
perimental study in cats used oral chloral hydrate to de-
termine its effect on esophageal smooth muscle tone, in
comparison with oral midazolam or an intramuscular
cocktail of meperidine, promethazine, and chlorpro-
mazine.105 Although all sedated cats had some degree of
decreased esophageal tone, of the two oral agents, chlo-
ral hydrate had the least effect. More definitive studies
are needed to determine whether these older agents or
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whether other newer compounds (possibly in combina-
tion), can be used safely in companion dogs and cats and
yet effectively preserve pulmonary reflexes and smooth
muscle tone. Until standard anesthetic protocols are in
place, if sedative/anesthetic agents are used during func-
tion testing, one should include a detailed summary of all
agents used, including dosages, route(s) of administra-
tion, and level of effect. Importantly, these factors influ-
ence breathing frequency, lung volume, and bronchomo-
tor tone, and thus may alter PFT assessments.

Although standard end-expiratory lung volume data
and tidal F-V curves have provided objective assessment
of airway function in pediatric patients, more recent as-
sessments have focused on the latter portion of the ex-
piratory curve in an effort to distinguish maturation
changes from those related to airway obstructive dis-
ease.106 For example, in infants with acute bronchiolitis,
the ratio of time to reach peak tidal expiratory flow to to-
tal expiratory time (tPTEF/Te) allowed demonstration of
acute responses to nebulized epinephrine.107 Still, diffi-
culties arise in interpreting TBFVL data due to depen-
dency on simple differences in measurement condi-
tions108 and to high inter-subject variability.109 As such, a
variety of approaches have been used in infants in an at-
tempt to simulate the maximal expiratory effort used for
FEV1 (forced expiratory volume in 1 second) measure-
ments. In adults, FEV1 is one of the most commonly
used and reproducible lung function tests used to assess
small airway function.110 A forced deflation technique,
used in pediatric patients with an endotracheal tube in
place, can simulate maximal expiratory airflow. Typically
the infant is given several manual inflations to establish
a consistent volume history. Once total lung capacity is
reached on the final inflation, the endotracheal tube is
exposed to a constant negative pressure until either ex-
piratory flow ceases or for a maximum of 3 seconds
(FEV3).111 Alternatively, a sedated infant may be fitted
with an inflatable jacket designed to apply sudden, but
uniform pressure over the thorax and abdomen at the
peak of inspiration.111

Another approach to assess airway resistance is the
use of forced oscillation over a range of frequencies.36

When used noninvasively for infants (by applying pres-
sure at the mouth), the variable contribution of the up-
per airways limits the usefulness of the technique for
clinical assessment of lung disease.36 In addition, using a
signal processing technique, inductive plethysmography
has been used in infants to establish phase relationships
between abdominal and thoracic displacement.112 Despite
considerable effort to standardize these approaches for
use in very young patients, much work remains.111

Similar to the strategies used for function testing in
infants, methods to obtain functional assessments less
invasively in companion animals have included use of
an unrestrained barometric, whole-body plethysmo-
graph113 or a minimal restraint dual-chamber plethysmo-
graph. Although one cannot discriminate between upper
and lower respiratory effects as definitively with this
technique, data indicate that this approach is sufficiently
sensitive to detect airflow decrements in cats undergoing
bronchoprovocation testing113 or, alternatively, to detect

airflow improvement in asthmatic cats following aerosol
administration of a bronchodilator.114

Finally, a few miscellaneous precautions are worth
mentioning. If an endotracheal tube is used during test-
ing, care must be taken to ensure that the tube is not act-
ing as a critical orifice, creating artifactual flow limita-
tion within the tracheal lumen. If strategies to enhance
the ventilatory efforts of the patient are used, one must
ensure that the pneumotachograph and pressure trans-
ducers are still in range to acquire the augmented sig-
nals, and that the system remains appropriately phase-
matched. If maneuvers that tend to cause transient
hypocapnia are used repeatedly (e.g., rapid lung defla-
tion), changes in CO2 retention may result in secondary
effects on lung vascular and bronchomotor tone. In a
similar fashion, alterations in lung volume history as is
used during bronchoprovocation testing may recruit ad-
ditional airspaces, yielding results that underestimate
the functional deficits of the steady state diseased con-
dition. And lastly, owing to the potentially labile nature
of airway tone and patency, continuous ECG and pulse
oximetry monitoring of all animals during and immedi-
ately after testing is considered prudent, as is providing
general patient support (e.g., supplemental oxygen, an-
ticholinergic or bronchodilating medication) until the
animal is stable and fully recovered from the procedure.

As standard protocols are defined and as more com-
plete reference values are available, we hope that PFTs
will become more widely used in veterinary clinical med-
icine. Possibly by combining PFT assessments with other
commonly available tests (e.g., blood gas analyses, tho-
racic radiography, bronchoscopy, and bronchoalveolar 
cytological/cultural examination), or with newer tests
(e.g., pulse oximetry and end-tidal NO or CO2 concentra-
tions), we can better delineate the clinical spectrums of
naturally occurring respiratory disease syndromes. For ex-
ample, Wiester and colleagues demonstrated that in hu-
mans undergoing bronchoprovocation testing, acute
decrements in SaO2 measurements were highly correlated
with decreases in lung functional endpoints (FEV1 and
SRAW).115 Similar innovative approaches may provide non-
invasive means for determining AR in companion animals.

With this combined database, we aim to better char-
acterize the etiologies and mechanisms of disease and,
most important, to establish the efficacy of specific treat-
ment protocols. Our overall goal is simply to provide a
high quality of care for today’s pet-owning public. To
this end, cooperation between veterinary practitioners;
small animal internists and surgeons; and specialists in
respiratory physiology, anesthesiology, and critical care
medicine will be essential.

ACKNOWLEDGMENTS: No chapter on small animal respira-
tory disease and function testing would be complete
without acknowledging the work of some of the leaders
in this field—Drs. Jerry Gillespie, Joan O’Brien, Terry
Amis, and N. Ed Robinson, to name but a few. We also
wish to thank Drs. Brendan McKiernan, Susan Jones,
and Elizabeth Rozanski for their contributions to this
field and specifically for their willingness to share the
data used in the case examples in this chapter.

172 PART THREE — Pulmonary Function Testing



REFERENCES

1. Padrid PA, Hornof WJ, Kurpershoek CJ et al: Canine chronic bron-
chitis: A pathophysiologic evaluation of 18 cases, J Vet Intern Med
4(3):172-180, 1990.

2. Dye JA, McKiernan BC, Rozanski EA et al: Bronchopulmonary
disease in the cat: Historical, physical, radiographic, clinico-
pathologic, and pulmonary functional evaluation of 24 affected
and 15 healthy cats, J Vet Intern Med 10(6):385-400, 1996.

3. Corcoran BM, Cobb M, Martin MWS et al: Chronic pulmonary
disease in West Highland white terriers, Vet Record 144:611-616,
1999.

4. Corcoran BM, Dukes-McEwan, Rhind S et al: Idiopathic pul-
monary fibrosis in a Staffordshire bull terrier with hypothy-
roidism, J Small Anim Pract 40(4):185-188, 1999.

5. Lobetti RG, Milner R, Lane E: Chronic idiopathic fibrosis in five
dogs, J Am Anim Hosp Assoc 37(2):119-127, 2001.

6. Rhind SM, Gunn-Moore DA: Desquamative form of cryptogenic fi-
brosing alveolitis in a cat, J Comp Pathol 123(2-3):226-229, 2000.

7. Inoue H, Ichinose M, Miura M et al: Sensory receptors and reflex
pathways of nonadrenergic inhibitory nervous system in feline
airways, Am Rev Respir Dis 139(5):1175-1178, 1989.

8. Graybar GB, Harrington JK, Cowen KH et al: Cyclooxygenase me-
diated airway response to leukotriene D4 in the cat, Prostaglandins
31(1):167-177, 1986.

9. Thompson DC, Szarek JL, Altiere RJ et al: Nonadrenergic bron-
chodilation induced by high concentrations of sulfur dioxide, J
Appl Physiol 69(5):1786-1791, 1990.

10. Takata S, Aizawa H, Inoue H et al: Ozone exposure suppresses 
epithelial-dependent relaxation in feline airway, Lung 173(1):
47-56, 1995.

11. Pepelko WE, Mattox JK, Yang YY et al: Pulmonary function and
pathology in cats exposed 28 days to diesel exhaust, J Environ
Pathol Toxicol 4(2-3):449-457, 1980.

12. Barch GK, Talbott MW: Allergic bronchoconstriction and its drug-
induced reversal in anesthetized ovalbumin-sensitized cats, Res
Commun Chem Pathol Pharmacol 13(4):623-633, 1976.

13. Miura M, Ichinose M, Kimura K et al: Dysfunction of nonadren-
ergic noncholinergic inhibitory system after antigen inhalation in
actively sensitized cat airways, Am Rev Respir Dis 145(1):70-74,
1992.

14. Padrid P, Snook S, Finucane T et al: Persistent airway hyperre-
sponsiveness and histologic alterations after chronic antigen chal-
lenge in cats, Am J Respir Crit Care Med 151(1):184-193, 1995.

15. Padrid PA, Cozzi, Leff AR: Cyclosporine inhibits airway reactivity
and remodeling after chronic antigen challenge in cats, Am J
Respir Crit Care Med 154(6 Pt 1):1812-1818, 1996.

16. Cunningham JC, Morgan WJ, Lemen RJ et al: Passive exhalation
technique correlates with esophageal balloon measurements of
respiratory mechanics in beagle pups, Am Rev Respir Dis
136(3):722-726, 1987.

17. Quan SF, Witten ML, Grad R et al: Acute canine adenovirus 2 in-
fection increases histamine airway reactivity in beagle puppies,
Am Rev Respir Dis 141(2):414-420, 1990.

18. Anderson KA, Lemen RJ, Weger NS et al: Nedocromil sodium in-
hibits canine adenovirus bronchiolitis in beagle puppies, Toxicol
Pathol 28(2):317-325, 2000.

19. Mammel MC, Boros SJ, Bing DR et al: Determining optimum in-
spiratory time during intermittent positive pressure ventilation in
surfactant-depleted cats, Pediatr Pulmonol 7(4):223-229, 1989.

20. Schulze A, Jonzon A, Sindelar R et al: Assisted mechanical ven-
tilation using combined elastic and resistive unloading in cats
with severe respiratory failure: effects on gas exchange and
phrenic nerve activity, Acta Paediatr 88(6):636-641, 1999.

21. Shardonofsky FR, Skaburskis M, Sato J et al: Effects of volume
history and vagotomy on pulmonary and chest wall mechanics in
cats, J Appl Physiol 71(2):498-508, 1991.

22. Proulx J: Respiratory monitoring: Arterial blood gas analysis,
pulse oximetry, and end-tidal carbon dioxide analysis, Clin Tech
Small Anim Pract 14(4):227-230, 1999.

23. Robinson NE: Airway physiology, Vet Clin North Am Sm Anim
Pract 22(5):1043-1064, 1992.

24. Amis TC, Kurpershoek C: Tidal breathing flow-volume loop
analysis for clinical assessment of airway obstruction in con-
scious dogs, Am J Vet Res 47(5):1002-1006, 1986.

25. McKiernan BC, Dye JA, Rozanski EA: Tidal breathing flow-volume
loops in healthy and bronchitic cats, J Vet Intern Med 7(6):
388-493, 1993.

26. Abramson AL, Goldstein MN, Stenzler A et al: The use of tidal
breathing flow volume loops in laryngotracheal disease of
neonates and infants, Laryngoscope 92:922-926, 1982.

27. Amis TC, Kurpershoek C: Pattern of breathing in brachycephalic
dogs, Am J Vet Res 47(10):2200-2204, 1986.

28. Amis TC, Smith MM, Gaber CE et al: Upper airway obstruction in
canine laryngeal paralysis, Am J Vet Res 47(5):1007-1010, 1986.

29. Smith MM, Gourely IM, Kurpershoek CJ et al: Evaluation of a
modified castellated laryngofissure for alleviation of upper airway
obstruction in dogs with laryngeal paralysis, J Am Vet Med Assoc
188(11):1279-1283, 1986.

30. Burbidge HM, Goulden BE, Jones BR: An experimental evaluation
of castellated laryngofissure and bilateral arytenoid lateralization
for the relief of laryngeal paralysis in dogs, Aust Vet J 68:268-272,
1991.

31. Alsup JC, Greenfield CL, Hungerford LL et al: Comparison of uni-
lateral arytenoid lateralization and ventral ventriculocordectomy
for the treatment of experimentally induced laryngeal paralysis in
dogs, Can Vet J 38(5):287-293, 1997.

32. Padrid PA: Chronic tracheobronchial disease in the dog, Vet Clin
North Am Small Anim Pract 22(5):1203-1229, 1992.

33. Johnson L: Tracheal collapse: Diagnosis and medical and surgical
treatment, Vet Clin North Am Small Anim Pract 30(6):1253-1266,
2000.

34. McKiernan BC, Rozanski EA, Jones SE et al: The effect of CO2 on
tidal breathing flow volume (TBFVL) loops in conscious cats,
Proceedings of the 8th Comparative Respiratory Symposium, p. 23,
1989.

35. Marks CK, McKiernan BC: The effect of Dopram®-V on flow-volume
loops in conscious cats: Proceedings of the 14th Comparative Res-
piratory Symposium, 48, 1996.

36. Johnson BD, Beck KC, Zeballos RJ et al: Advances in pulmonary
laboratory testing, Chest 116(5):1377-1387, 1999.

37. Johnson BD, Weisman IM, Zeballos RJ et al: Emerging concepts
in the evaluation of ventilatory limitations during exercise: The
exercise tidal flow-volume loop, Chest 116(2):277-278, 1999.

38. Lumsden JM, Derksen FJ, Stick JA et al: Use of flow-volume loops
to evaluate upper airway obstruction in exercising standardbreds,
Am J Vet Res 54(5):766-775, 1993.

39. Altose MD: Pulmonary mechanics. In Fishman AP, editor:
Fishman’s pulmonary diseases and disorders, ed 3, New York,
1998, McGraw-Hill Health Professions Division.

40. Watson JW: Elastic, resistive, and inertial properties of the lung.
In Parent RA, editor: Treatise on pulmonary toxicology, ed 1, Boca
Raton, 1991, CRC Press.

41. Drazen JM: Physiological basis and interpretation of common in-
dices of respiratory mechanical function, Environ Health Perspect
16:11-16, 1976.

42. Mead J, Wittenberger JL: Physical properties of human lungs
measured during spontaneous respiration, J Appl Physiol 5:779-
796, 1953.

43. Amdur MO, Mead J: Mechanics of respiration in unanesthetized
guinea pigs, Am J Physiol 192:364-368, 1958.

44. Jackson AC, Vinegar A: A technique for measuring frequency re-
sponse of pressure, volume, and flow transducers, J Appl Physiol
47:462-467, 1979.

45. Rozanski EA, Greenfield CL, Alsup JC et al: Measurement of up-
per airway resistance in awake untrained dolichocephalic and
mesaticephalic dogs, Am J Vet Res 55(8):1055-1059, 1994.

46. Levitzky MG: Mechanics of breathing. In Levitzky MG, editor:
Pulmonary physiology, ed 4, New York, 1995, McGraw-Hill.

47. Hendricks JC: Brachycephalic airway syndrome, Vet Clin North
Am Small Anim Pract 22(5):1145-1153, 1992.

48. Greenfield CL, Alsup JC, Hungerford LL et al: Bilateral recurrent
laryngeal neurectomy as a model for the study of idiopathic ca-
nine laryngeal paralysis, Can Vet J 38(3):163-167, 1997.

49. Drazen JM: Physiologic basis and interpretation of indices of pul-
monary mechanics, Environ Health Perspect 56:3-9, 1984.

50. West JB: Obstructive diseases. In West JB, editor: Pulmonary
pathophysiology: The essentials, ed 5, Baltimore 1995, Lippincott
Williams & Wilkins.

CHAPTER 23 — Pulmonary Mechanics 173



51. West JB: Other tests. In West JB, editor: Pulmonary pathophysiol-
ogy: The essentials, ed 5, Baltimore 1995, Lippincott Williams &
Wilkins.

52. Gernhardt T, Hehre D, Bancalari E et al: A simple method for
measuring functional residual capacity by N2 washout in small
animals and newborn infants, Pediatr Res 19(11):1165-1169, 1985.

53. Gibson GL, Pride NB: Lung distensibility: The static pressure-volume
curve of the lungs and its use in clinical assessment, Br J Dis Chest
70:143-184, 1976.

54. Costa DL, Lehmann JR, Slatkin EA et al: Chronic airway obstruc-
tion and bronchiectasis in the rat after intratracheal bleomycin,
Lung 161:287-300, 1983.

55. King LG, Drobatz KJ, Hendricks JC: Static thoracic compliance as
a measurement of pulmonary function in dogs, Am J Vet Res
52(10):1597-1601, 1991.

56. Mitzer W, Blosser B, Yager D: Effect of bronchial smooth muscle
contraction on lung compliance, J Appl Physiol 72:158-167, 1992.

57. West JB: Restrictive diseases. In West JB, editor: Pulmonary
pathophysiology: The essentials, ed 5, Baltimore 1995, Lippincott
Williams & Wilkins.

58. Miller JE, Eyster G, DeYoung B et al: Pulmonary function in dogs
with mitral regurgitation, Am J Vet Res 47(12):2498-2503, 1986.

59. Hyde DM, Plopper CG, Weir AJ et al: Peribronchiolar fibrosis in
lungs of cats chronically exposed to diesel exhaust, Lab Invest
52(2):195-206, 1985.

60. Fernandes DJ, Xu KF, Stewart AG: Anti-remodeling drugs for the
treatment of asthma: Requirement for animal models of airway
remodeling, Clin Exp Pharmacol Physiol 28(8):619-629, 2001.

61. Maddox L, Schwartz DA: The pathophysiology of asthma, Annu
Rev Med 53:477-498, 2002.

62. Norris CR, Samii VF: Clinical, radiographic, and pathologic fea-
tures of bronchiectasis in cats: 12 cases (1987-1999), J Am Vet
Med Assoc 216(4):530-534, 2000.

63. Krotje LJ, McAllister HA, Engwalll MJA: Chronic obstructive pul-
monary disease in a dog, J Am Vet Med Assoc 191(11):1427-1430,
1987.

64. Haskins SC: Monitoring the anesthetized patient, Vet Clin North
Am Small Anim Pract 22(2):425-431, 1992.

65. King LG, Hendricks JC: Use of positive-pressure ventilation in
dogs and cats: 41 cases (1990-1992), J Am Vet Med Assoc
204(7):1045-1052, 1994.

66. Campbell VL, King LG:. Pulmonary function, ventilator manage-
ment, and outcome of dogs with thoracic trauma and pulmonary
contusions: 10 cases (1994-1998), J Am Vet Med Assoc 217(10):
1505-1509, 2000.

67. Bone RC: Monitoring ventilatory mechanics in acute respiratory
failure, Respir Care 28:597-604, 1983.

68. Parent C, King LG, Walker LM et al: Clinical and clinicopathologic
findings in dogs with acute respiratory distress syndrome: 19
cases (1985-1993), J Am Vet Med Assoc 208(9):1419-1427, 1996.

69. Beal MW, Paglia DT, Griffin GM et al: Ventilatory failure, ventila-
tor management, and outcome in dogs with cervical spinal disor-
ders: 14 cases (1991-1999), J Am Vet Med Assoc 218(10):1598-
1602, 2001.

70. Stobie D, Caywood DD, Rozanski EA et al: Evaluation of pul-
monary function and analgesia in dogs after intercostal thoracot-
omy and use of morphine administered intramuscularly or in-
trapleurally and bupivacaine administered intrapleurally, Am J
Vet Res 56(8):1098-1109, 1995.

71. Robinson NE, Sonea I: The adrenergic and cholinergic nervous
systems in the lung: Physiology, comparative aspects and thera-
peutic perspectives, State-of-the-Art Presentation, Proceedings of
the 15th Comparative Respiratory Symposium 1-5, 1997.

72. Blaber LC, Fryer AD, Maclagan J: Neuronal muscarinic receptors
attenuate vagally-induced contraction of feline smooth muscle, Br
J Pharmacol 86(3):723-728, 1985.

73. Leff AR: State of the art: Endogenous regulation of bronchomotor
tone, Am Rev Respir Dis 137:1198-1216, 1988.

74. Irwin CG, Boileua R, Tremblay J et al: Bronchodilation:
Noncholinergic, nonadrenergic mediation demonstrated in vivo
in the cat, Science 207(4432):791-792, 1980.

75. Diamond L, O’Donnel M: A nonadrenergic vagal inhibitory path-
way to feline airways, Science 208(4440):185-188, 1980.

76. Ellis JL, Undem BJ: Pharmacology of non-adrenergic non-cholinergic
nerves in airway smooth muscle, Pulm Pharmacol 7:205-223, 1994.

77. Russel JA: Responses of isolated canine airways to electrical stim-
ulation and acetylcholine, J Appl Physiol 45:690-695, 1978.

78. Andersson P, Persson H: Effect of substance P on pulmonary re-
sistance and dynamic compliance in the anesthetized cat and
guinea-pig, Acta Pharmacol Toxicol (Copenh) 41(5):444-448, 1997.

79. Diamond L, Szarek JL, Gillespie MN: Substance P fails to mimic
vagally mediated nonadrenergic bronchodilation, Peptides 3(1):
27-29, 1982.

80. Jammes Y, Barthelemy P, Delpierre S: Respiratory effects of cold air
breathing in anesthetized cats, Respir Physiol 54(1):41-54, 1983.

81. Underwood DC, Kadowitz PJ: Analysis of bronchoconstrictor re-
sponses to platelet-activating factor in the cat, J Appl Physiol
67(1):377-382, 1989.

82. Skaburskis M, Shardonofsky F, Millic-Emili J: Effect of serotonin
on expiratory pulmonary resistance in cats, J Appl Physiol
68(6):2419-2425, 1990.

83. Katsumata U, Miura M, Ichinose M et al: Oxygen radicals produce
airway constriction and hyperresponsiveness in anesthetized
cats, Am Rev Respir Dis 141(5 pt 1):1158-1161, 1990.

84. Dyson MC, Kadowitz PJ: Influence of SK&F 96148 on thromboxane-
mediated responses in the airways of the cat, Eur J Pharmacol
197(1):17-25, 1991.

85. Dyson MC, Kadowitz PJ: Analysis of responses to endothelins 1,
2, and 3 and sarafotoxin 6b in airways of the cat, J Appl Physiol
71(1):243-251, 1991.

86. Diamond L, Szarck JL, Gillespie MN et al: In vivo bronchodilator
activity of vasoactive intestinal peptide in the cat, Am Rev Respir
Dis 128(5):827-832, 1983.

87. Chand N, Eyre P: Atypical (relaxant) response to histamine in cat
bronchus, Agents Actions 7(2):183-190, 1977.

88. Spannake EW, Levin JL, Hyman Al: 6-keto-PGE-1 exhibits more
potent bronchodilatory activity in the cat than its precursor, PGI-
2, Prostaglandins 21(2); 267-275, 1981.

89. Blaber LC, Fryer AD: The response of cat airways to histamine in
vivo and in vitro, Br J Pharmacol 86(3):309-316, 1985.

90. Aizawa H, Tanaka H, Sakai J et al: L-NAME-sensitive and -insen-
sitive nonadrenergic noncholinergic relaxation of cat airway in
vivo and in vitro, Eur Respir J 10(2):314-321, 1997.

91. Aizawa H, Takata S, Inoue H et al: Role of nitric oxide released
from iNANC neurons in airway responsiveness in cats, Eur Respir
J 13(4):775-780, 1999.

92. Boushey HA, Holtzman MJ, Seller JR: State of the art: Bronchial
hyperreactivity, Am Rev Respir Dis 121:389-412, 1980.

93. Juniper EF, Frith PA, Hargreave FE: Airway responsiveness to his-
tamine and methacholine: Relationship of minimum treatment to
control symptoms of asthma, Thorax 36:575-579, 1981.

94. Holtzman MJ, Morton JD, Shornick LP et al: Immunity, inflam-
mation, and remodeling in the airway epithelial barrier:
Epithelial-viral-allergic paradigm, Physiol Rev 82(1):19-46, 2002.

95. Clark WT, Jones BR, Clark J: Dynamic pulmonary compliance as
a measurement of lung function in dogs, Vet Record 101:497-499,
1977.

96. Knudson RJ, Lebowitz MD, Holberg CJ: Changes in the normal
maximal expiratory flow-volume curve with growth and aging,
Am Rev Respir Dis 127:725-734, 1983.

97. Mutoh T, Kanamaru A, Tsubone H et al: Respiratory reflexes in re-
sponse to nasal administration of halothane to anesthetized,
spontaneously breathing dogs, Am J Vet Res 61(3):260-267, 2000.

98. Conti G, Dell’Utri D, Vilardi V et al: Propofol induces bronchodila-
tion in mechanically ventilated chronic obstructive pulmonary dis-
ease (COPD) patients, Acta Anaesthesiol Scand 37(1):105-109, 1993.

99. Holzgrefe HH, Everitt JM, Wright EM:. Alpha-chloralose as a ca-
nine anesthetic, Lab Anim Sci 37(5):587-595, 1987.

100. Grad R, Witten ML, Quan SF et al: Intravenous choralose is a safe
anesthetic for longitudinal use in beagle puppies, Lab Anim Sci
38(4):422-425, 1988.

101. Silverman J, Muir WW III: A review of laboratory animal anes-
thesia with chloral hydrate and chloralose, Lab Anim Sci 43(3):
210-216, 1993.

102. Storer RJ, Butler P, Hoskin KL et al: A simple method, using 2-
hydroxypropyl-beta-cyclodextran, of administering alpha-chloralose
at room temperature, J Neurosci Methods 77(1):49-53, 1997.

174 PART THREE — Pulmonary Function Testing



103. Malis DJ, Burton DM: Safe pediatric outpatient sedation: The
chloral hydrate debate revisited, Otolaryngol Head Neck Surg
116(1): 53-57, 1997.

104. Malviya S, Voepel-Lewis T, Prochaska G et al: Prolonged recovery
and delayed side effects of sedation for diagnostic imaging stud-
ies in children, Pediatrics 105(3):E42, 2000.

105. Croffie JM, Ellet ML, Lou Q et al: A comparison of the effect of
three sedatives on esophageal sphincters in cats, Dig Dis
17(2):113-120, 1999.

106. Lodrup Carlsen KC: Tidal breathing at all ages, Monaldi Arch
Chest Dis 55(5):427-434, 2000.

107. Lodrup Carlsen KC, Carlsen KH: Inhaled nebulized adrenaline im-
proves lung function in infants with acute bronchiolitis, Respir
Med 94(7):709-714, 2000.

108. Emralino F, Steel AM: Effects of technique and analytic conditions
on tidal breathing flow volume loops in term neonates, Pediatr
Pulmonol 24(2):86-92, 1997.

109. Paetow U, Windstetter D, Schmalisch G: Variability of tidal
breathing flow-volume loops in healthy and sick newborns, Am J
Perinatol 16(10):549-559, 1999.

110. Vollmer WM, McCamant LE, Johnson LR et al: Long-term repro-
ducibility of tests of small airways function: Comparison with
spirometry, Chest 92(2):303-307, 1990.

111. American Thoracic Society/European Respiratory Society:
Respiratory mechanics in infants: Physiologic evaluation in health
and disease. A statement of the Committee on Infant Pulmonary
Function Testing, Am Rev Respir Dis 147:474-496, 1993.

112. Selbie RD, Fletcher M, Arestis N et al: Respiratory function
parameters in infants using inductive plethysmography, Med Eng
Phys 19(6):501-511, 1997.

113. Hoffman AM, Dhupa N, Cimetti L: Airway reactivity measured by
barometric whole-body plethysmography in healthy cats, Am J
Vet Res 60(12):1487-1492, 1999.

114. Rozanski EA, Hoffman AM: Lung function and inhaled albuterol
in cats with asthma, Proceedings 17th ACVIM Forum 725, 1999.

115. Wiester MJ, Gabriel TT, Steven MA et al: Changes in arterial oxy-
hemoglobin saturation during histamine-induced bronchocon-
striction correlates with changes in SRAW and FEV1 in humans,
Am J Respir Crit Care Med 151(4):A395, 1995.

CHAPTER 24 — Lung Mechanics Using Plethysmography and Spirometry 175

CHAPTER 24

Lung Mechanics Using
Plethysmography 
and Spirometry

Elizabeth A. Rozanski • Andrew M. Hoffman

Background Physiology 
and Definition
The goal of pulmonary function testing (PFT) is to pro-
vide an objective evaluation of the efficiency of the res-
piratory system to move air (ventilate) and exchange
gases. Historically, in veterinary medicine, assessment
of these two main features of the respiratory system
has been subjective, largely based on clinical examina-
tion. Recently, arterial blood gas analysis, end-tidal
CO2 analysis, and pulse oximetry have become popular
as measures of gas exchange and ventilation, but they
do not provide a measure of lung mechanics (i.e., the
amount of work required by the animal to maintain
those blood gases or saturation). Hence the weakness
in veterinary pulmonology is in the area of ventilation
and lung mechanics, which constitute half of the 
picture.

The first lung function tests were described over 150
years ago by Hutchinson, who described a method of
measuring vital capacity.1 Since that time, measurement of
lung volume has become routine in both the physiology
laboratory and the physician’s office. PFT is routinely used
in human medicine to provide an objective assessment of
pulmonary function and a method for judging response to
therapy. In veterinary medicine, PFT is most widely used
to assess horses presenting with cough or exercise intoler-
ance.2 In small animal practice, PFT has been largely used
in university settings.3-6 PFT that has been described in
small animal practice includes spirometry and tidal breath-
ing flow-volume loop analysis, plethysmography, and
measurement of compliance and resistance.3-6 This chapter
discusses the advantages and limitations of spirometry
and plethysmography. Both techniques are currently avail-
able and have value for case management, particularly in
critical care settings.


