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INTRODUCTION 

The increased acceptance of physiologic tests in clinical veterinary 

medicine has improved our diagnostic, therapeutic, and prognostic 

capabilities. With the incidence of pulmonary disease rising, and with 

respiratory failure being a significant surgical complication, it is 

readily apparent that knowledge of the deranged mechanisms in the pul~ 

monary patient is extremely valuable to the practitioner. 

In the past three decades, a large number of physiologic tests has 

been developed that has allowed qualitative and quantitative evaluation 

of pulmonary function in patients with cardiopulmonary disturbances. 

Recently, the quality and availability of apparatus for pulmonary func~ 

tion testing in clinical medical practice has remarkably improved the 

physicians ability to diagnose, evaluate and understand pulmonary 

irregularities. These tests have enabled the physician to gain a better 

understanding of the factors that control lung function and have allowed 

for early implementation of prophylactic measures or ventilator support 

that has significantly reduced mortality resulting from respiratory 

complications during surgery. 

Although the veterinary practitioner has attempted to parallel the 

success the human physician has experienced in handling pulmonary 

disease and acute respiratory disturbances, he has received little 

clinical benefit from pulmonary function tests. 

The veterinarian recognizes the importance of pulmonary function 

tests and blood gas analysis in evaluating animals with pulmonary 
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abnormalities, but at this time testing is impractical and less exacting 

than that available to human medicine. 42 •113 

Unfortunately, many of the diseases and respiratory disturbances 

that have been effectively diagnosed and evaluated by pulmonary function 

testing in man, are also major concerns to the veterinarian. The ease 

with which obstructive lesions and lower airway pathology is evaluated 

in medical practice cannot be appreciated by the veterinary clinician. 

The disparity exists because many of the pulmonary function studies 

require voluntary cooperation from the patient during testing procedures. 

For example, the expiratory flow-volume curve (EFVC) is a relatively new 

but .very effective tool available to the physician for evaluating both 

. 53 73 135 obstructive and restrictive pulmonary disturbances. ' ' Flow and 

volume are two parameters that can easily be measured in an animal, but 

for the EFV curve to have clinical significance, maximum forced expira-

tory efforts are necessary. One of the major complaints of physicians 

is that patients fail to cooperate and do not provide reproducible 

ventilation efforts. Therefore, it is absurd to think a veterinarian 

could get the necessary cooperation from a dog or cat to allow this test 

to have diagnostic significance. 

As a result, many of the pulmonary function tests currently avail-

able to veterinary medicine are too difficult and dangerous to routinely 

conduct since they require complete control of the animal, making anes-

thesia necessary. Certainly, it is contraindicated to risk anesthesia 

on a clinically ill respiratory patient for the sake of evaluating the 

nature and extent of the disturbance. 



Recently, several investigators have utilized pulmonary function 

tests in evaluating lung mechanics in induced disease situations in. dogs 

and cats. They have found that lung volumes, lung compliance and resis-

tance, and blood gases are sensitive and reliable indicators of respira-

tory deficit. 22 •31 • 33 • 96 More importantly, the unanesthetized dog model 

31 33 was used in several of the procedures. ' The creativity and inven-

tiveness of the investigators involved in pulmonary function studies in 

animals must not be underestimated. The possibility of existing human 

tests being modified or new procedures being developed that will enable 

routine clinical evaluation of respiratory diseased animals seems 

imminent. 

In anticipation of this, it is apparent that in order to evaluate 

the pulmonary function in a diseased animal, comparison with baseline 

parameters of normal healthy animals is necessary. Several investigators 

h . idd i f i i ld' 31,33,40, ave prov e resp ratory unct on parameters n norma ogs. . 
SO, 104 The models used in obtaining these parameters are numerous and 

i bl 1 ff i li i 11 li bl ib .li i 31,33,104 var a· e, severa .o er ng c n ca y app ca e poss 1 t es. 

In order for pulmonary function testing to have clinical application, 

the procedure must place minimal stress on the animal, avoiding any 

unnecessary physical activity or excessive restraint. Many investigators 

elect to avoid stress and obtain respiratory stability by studying 

pulmonary function in anesthetized animals. Parameters obtained under 

these conditions must be carefully evaluated and seldom represent normal 

values since lung function is extremely sensitive to anesthetic 

t 
16,74,124 agen s. With these limitations in mind, it was the intention 

of this investigator to measure respiratory function i.n the normal dog, 
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modifying existing procedures in order to minimize stress without drastic 

sacrifice of the normal physiological respiratory state. 

Before attempting these measurements, two major experimental design 

features had to be considered. First, a respiratory model had to be 

selected that would provide parameters that could be useful for eventual 

comparison with obtained clinical values. Second, the experimental 

design must enable the influences of age, sex and weight on respiratory 

function to be studied and allow for appropriate statistical analysis of 

these variables. 

There are only two respiratory models to choose from: the unanes• 

thetized dog using either a facemask or body plethysmograph, and the 

intubated animal that has been either tranquilized, sedated or 

anesthetized. The facemask model has been an efficient and consistent 

method of producing normal respiratory parameters in the unanesthetized 

d 104 og. Similarly, the body plethysmograph has been a useful too1 in 

studying respiratory physiology, but both have clinical limitations in 

that the animal must undergo adaptation periods to adjust to the mask or 
40 chamber before normal respiratory measurements can be made. The 

second choice, the anesthetized model, has been an invaluable method to 

study respiratory function in the dog, but the level of anesthesia has 

been of ten abused and results obtained seldom can be used to simulate 

respiratory parameters in an awake, normal dog. 

Preliminary studies in this laboratory revealed that a combination 

of a mild tranquilizer with an ultra-short acting barbiturate anesthetic 

produced a sedate animal that facilitated testing procedures without a 

severe compromise of lung function. Although drug combinations have 
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been used before in studying pulmonary function, no investigators have 

manipulated the dosage of the agents so that respiratory parameters such 

as frequency and tidal volume approach values established for normal 

awake dogs. Although tranquilizers and anesthetic agents are contra-

indicated in an acutely ill pulmonary disease patient, sedation has 

been found to be helpful in eliminating·· the characteristic anxiety in 

chronic patients. 42 A further benefit of this model is .that a patent 

airway is assured by the endotracheal tube, allowing for immediate 

respiratory therapy if necessary. However, clearly the value of this 

model is not its clinical applicability but its ease with which respira-

tory function can be measured. 

A major consideration ·of this study was to examine the influence of 

age, sex and weight on respiratory function. Although many investigators 

have found significant correlations between weight and several respiratory 

parameters, and several have studied age influences on respiratory 

function in dogs, few have examined sex effects. Further, there is no 

literature available that looks at age, sex and weight effects and 

possible interactions simultaneously. It is likely that certain respira-

tory function changes attributed to weight or age effects have been. 

misinterpreted. Consideration of these effects and interactions enables 

charts of normal values to be established based on the age, sex and 

weight of the animal. These charts would allow the clinician to i:apidly 

define respiratory irregularities in clinical situations. 

0 It is the purpose of this study to examine and evaluate the influence· 

of age, sex and weight on respiratory function in the sedate canine. 
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LITERATURE REVIEW 

Introduction 

Pulmonary function studies occupy a unique position in physio-

logical testing in that almost all the procedures and methods have been 

developed specifically for human studies, and only recently have pul-

monary function testing methods become popular in animal studies. The 

amount of literature available on pulmonary function testing in man com-

pared to that in animal bears this out. 

As early as 1849 static pressure-volume measurements were being 
90 performed on human lungs. Hutchinson described and measured vital 

37 capacity in the early 19th century. Shortly after, vital capacity 

measurements and other lung volume studi~s were being performed in 

patients with breathing difficulties and by 1925 many of these function 

tests were being performed on patients with a variety of cardiorespiratory 
7 disorders. During the past four decades many investigators have modified 

and perfected pulmonary function studies enabling them to be moved from 

experimental research laboratories into clinical situations where today 

a number of these tests are performed routinely in most teaching hospitals 

and in many private clinics. Progressive methodologies have allowed 

valuable information to be gained from new tests that are more sensitive 
. 68 84 145 to minor ventilatory disorders and peripheral airway disease. ' ' 

Besides being an important diagnostic and therapeutic tool, human function 

testing has made important contributions to acquiring basic physiologic 

knowledge of pulmonary function in healthy man as affected by age, sex, 

size, and physical training status. 
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Unlike physiological tests of renal, cardiovascular, and hepatic 

function, little of the foundation of pulmonary function knowledge was 

obtained by animal research. Significant functional differences exist 
. 30,130 in the respiratory systems of the various species. As a result, 

much of the information obtained from human studies is of little benefit 

to understanding respiratory function in animals . 

It is obvious that there is a disparity between the benefits gained 

from pulmonary function studies in medical practice compared to veterinary 

medicine when one considers that it was not until the past decade that 

procedures and methods borrowed from medical practice had found their way 

into laboratory animal and domestic animal studies. Thirty years after 

clinicians began using physiological testing as a diagnostic aid in pul-

monary disease, Guyton initiated quantitative studies of different labora-

47 48 tory animals in order to evaluate respiratory disease. ' Following 

this initial work, a number of manipulative studies utilizing mechanical 

respiration and anesthesia in the dog contributed much to our under-

t d . f 1 h . 1 . h . 2,19,88,108 s an ing o pu monary p ysio ogy in t e canine. 

Recently, several investigators have developed respiratory models 

that permit efficient measurements of lung mechanics and ventilation 

. h h i d d 31,40,104 parameters in t e unanest et ze og. The innocuous nature of 

these procedures and the minimal cooperation required of the dog suggests 

potential use in veterinary clinical diagnosis and in evaluation of 

therapy. 

Although information about the clinical significance of pulmonary 

measurements in naturally occurring disease of dogs is lacking, control 
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values and the effects of experimentally induced disease have been 

d 19,21,40,50,94,104 reporte • 

With the incidence of lung disease increasing, and with the growing 

suspicion that the inhalation of a variety of noxious agents within our 
) 

" 

environment is related to this incidence, animal models have become impor-

tant for the evaluation of toxicity of inhaled noxious agents. Therefore, 

veterinary clinical medicine is not the only beneficiary of advancements 

in pulmonary function studies in animal. 

The primary concern of this survey is a review of canine pulmonary 

function studies. To permit full appreciation of the subsequent discus-

sion, it is necessary to define some of the principles and describe tech~ 

niques involved in pulmonary function studies. The second section of the 

survey is an inclusive review of specific pulmonary studies reported in 

the literature involving the canine. Because the majority of these studies 

utilized anesthetized respiratory models, the third section examines the 

effects of preanesthetic and anesthetic agents on pulmonary function. The 

final section of the survey reviews the influences of age, sex, and weight 

on pulmonary function. 

Pulmonary Function Testing: Definitions, 

Principles, and Techniques 

The primary function of the respiratory system is to provide oxygena-

tion of mixed venous blood to the cells of the body and to eliminate 

excess carbon dioxide from them. It is admittedly arbitrary to divide 

lung function into components, but to facilitate discussion of pulmonary 
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function testing, it is useful to subdivide lung function into five com-

ponents; (1) lung volumes,/(2) ventilation, (3) pulmonary mechanics, 
/ 

,/(4) distribution of ventilation, and (5) pulmonary blood flow and blood 

gas analyses. 

Lung volume tests 

For many years, the only tests of pulmonary function were measure-

ments of lung volumes. These are measured under static (no air flow) 

conditions and do not evaluate function but are essentially anatomic 

measurements. Alterations in physiological processes cause changes in 
17 lung volumes, therefore it is necessary to know normal values and how 

to interpret abnormal deviations. Table 1 below defines the volumes and 

capacities pertinent to lung volume studies. 17 

Iable 1. The Lung Volumes and Capacities 
A. VOLUMES. Tber'i! ar• four primary volumes vhiCh do not 

avarla.p 
1. Tidal VOlume, or the depth of breathing, 111 the voluae 

of gas inspired or expired during each respiratory 
cycle. 

·2. Inspiratorv Reserve ~ (formerly complemental or 
complementary air minus tidal volume) is the maximal 
amount of gas that can be inspired from the end-
inspiratory position. 

3. ExpiratOrr Reserve ~ (for:merly reserve or supple-
mental air) is the maximal volume of gas that can be 
expired from the end-expiratory level. 

4. Residual Voiume (formerly residual capacity or residual 
air) is t"iieVolume of gas remaining· in the lungs at 
the end of a maximal expiration. 

B. CAPACITIES. There are fo·ur capacities 1 each of which 
includes two Or more of the primary volumes 
1. Total Lung Capacity (formerly total lung volume) i!!_ 

the amount of gas contained in the lung at the end of 
a maximal inspiration. 

2. !!!!! Capacity is the maximal volume of gas that can 
be expelled from the lungs by forceful effort f olloving 
a maximal inspiration. 

3. Inepiratory Capacity (formerly complemental or comple-
mentary air) is the maximal volume of gas that can be 
inspired from the resting expiratory level. 

4. Functional Residual Capacity (formerly functional 
residual air~ equilibrium. capacity or mid-capacity), 
is the Volume of gas remaining in the lungs at the 
resting expiratorj' :I:evel. The resting end-expiratory 
position is used here ·SB a base line because it varies 
less than the end-inspiratory poRit.ion. 
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Vital capactiy (VC), the volume of a forced expiration following 

a maximal inspiration, is the oldest pulmonary function measurement, 
37 having been described by Hutchinson in the early 19th century. 

Although a simple test requiring a spirometer or pneumotachograph, an 

enormous number of clinical measurements have been collected with it. 

Vital capacity and its subdivisions, inspiratory capacity (IC) and 

expiratory reserve volume (ERV) are dependent on the voluntary ventila-

f h b . ll5 tory pattern o t e su Ject. The same individual may vary as much as 

20% from predicted normal values from one testing period to the 

16,17,37 next. 

Modification of VC testing, forces vital capacity (FVC), is a 

maneuver used as a screening test for early detection of pulmonary or 

cardiopulmonary disease and has been useful in the differentiation of 

18 restrictive and obstructive lung disease. 

Although vital capacity maneuvers are severely limited in their 

ability to detect minor restrictive or obstructive lesions in the 
. 51,68 . peripheral airways, they are a valuable pulmonary function screening 

method for demonstrating volume disturbances associated with pulmonary 

edema, emphysema, pneumonia, bronchiogenic carcinoma, pulmonary conges-

i d t 1 t i 17,18,37,69,118 t on, an a e ec as s. Therefore, it is apparent that VC 

maneuvers provide significant diagnostic information for the medical 

practitioner. However, because of the necessity of patient cooperation 

and voluntary breathing patterns, measurements of VC and associated 

maneuvers cannot routinely be employed in canine function studies. 
40 Gillespie and Hyatt measured VC in six dogs utilizing a volume-

displacement body plethysmograph, but the procedures were accomplished 
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only after extensive training and conditioning periods. As a result, 

VC measurements, easy and routine in medical practice, are an example of 

the frustration respiratory investigators encounter when attempting to 

evaluate pulmonary function in animals. 

Functional re~idual capacity (FRC) and residual volume (RV) are 

two lung volumes us~1illy measured simultaneously. 17 Residual volume is 

the only one of the four lung volumes that is not measured by direct 

methods and is calculated by subtracting ERV from FRC (RV= FRC - ERV). 

FRC, the volume of the respiratory tract at the end of normal 

expiration, is measured by either the open-circuit nitrogen washout 
33 40 104 129 . 129 method ' ' ' or closed-circuit methods. Because these proce-

dures require little patient cooperation, FRC determinations have been 

successfully accomplished in the canine. Although information about the 

clinical significance of this measurement in dogs is lacking, normal 

values and effects of experimental manipulations in anesthetized and 
2 19 21 33 40 65 66 104 unanesthetized dogs have been reported. ' ' ' ' ' ' ' In man, 

FRC is significantly altered in emphysema, asthma, pulmonary fibrosis, 

and other restrictive disease and in most obstructive conditions. 16 •37 

Other lung, volume tests that are used in the evaluation of human 

lung function include measurements of thoracic gas volume (TGV) and total 

lung capacity (TLC). Both measurements are helpful in assessing function 

disturbances, but because voluntary breathing patterns are required, 
40 values are rarely reported for the canine. 

It is apparent the only lung volume test routinely utilized in canine 

function studies is the measurement of FRC. Although changes in lung 

volume may indicate· changes in the lung parenchyma associated with 

·' 
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disease, pulmonary gas exchange does not depend on these volumes over a 
37 wide range of values. Therefore, the inability to apply ·all the lung 

volume tests to canine function studies is not a serious restriction. 

Ventilation tests 

Ventilation, the cyclic process of inspiration and expiration, is 

responsible for maintaining partial pressure gradients of o2 and COz 
in the pulmonary alveoli and in the arterial blood. 

Ventilation measurements such as respiratory rate (f), tidal volume 

(VT), and minute volume (MV) have been important diagnostic aids in evalu-

ating pulmonary disease in both man and animals. Although tidal volume 

and rate can change significantly during pulmonary disturbances, 94 by 

themselves they are not an adequate indicator of alveolar ventilation and 
. 16 17 37 should never be considered outside the context of minute volume. ' ' 

Minute volume, long recognized as an effective indicator of ventila-

tion efficiency when used in conjunction with blood gas analysis, is the 

sum of both the dead space and effective alveolar ventilation. Therefore, 

absolute values of MV are not necessarily indicative of hypo- or 
17 hyperventilation. Respiratory dead space (Vn), the volume of the lungs 

which is ventilated but not perfused by pulmonary capillary blood 

flow. 115 is made up of two · t t t i d d th compar men s; ana om c ea space or e space 

which is in the conduction airways, and alveolar dead space which is the 

nonfunctioning alveoli .• 38 Vn, a~so referred to as physiological dead 
115 space, can be measured by either the Bohr's equation or by single 

breath analysis methods. 8 Although both methods can be applied in canine 

pulmonary function studies, measurements are rarely reported. It is 

reported that the anatomic dead space depends upon the size and posture 
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140 ·of the individual, and is approximately numerically equal in milli~ 

liters ·to the weight of the subject in pounds. 37 

Alveolar ventilation, the volume of inspired air that reaches the 

alveoli, considers both tidal volume and dead space. [Alveolar ventila-

tion = frequency (MV - anatomic dead space)]. The magnitude of alveolar 

ventilation has been shown to be a better indicator of respiratory gas 

h h h i d f i 1 16,37,42 exc ange t an t e magn tu e o m nute vo ume. 

The most effective evaluation of pulmonary gas 

alveolar ventilation measurements with arterial Pco 
2 

exchange is to combine 
37 analysis. Arterial 

Pco is in equilibrium with alveolar gas even in severe lung disease pro-
2 

vided the alveolus is aerated. 37 •49 The magnitude of arterial Pco gen-
2 

erally depends only on pulmonary function; an. increased arterial Pc02 
means a decrease in alveolar ventilation (hypoventilation), a decreased 

arterial Pco indicated hyperventilation. 
2 

Therefore, ventilation measurements such as minute volume and 

alveolar ventilation, when combined with blood gas analysis, are excellent 

methods of evaluating pulmonary function in man and animals and are of 

tremendous clinical utility. 37 ,40,l04 

Pulmonary mechanics 

Although lung volumes do change with disease and are useful diag-

nostic measures, pulmonary gas exchange does not depend on these volumes 

over a wide range of values. The forces and resistances which determine 

the flow of gas in and out of the lungs are ultimately responsible for 

alveolar ventilation. The most frequently reported measurements of these 

pulmonary forces and resistances in the canine are dynamic lung compliance, 

airway resistance, and respiratory work. 
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Compliance is defined as the volume change per unit of pressure 

change and is a measure of the distensibility of the chest and/or lungs--
122 the ease with which the lung volume is changed. Total pulmonary com-

pliance (CLT) is made up of lung compliance (CL) and compliance of the 

h (CT. ). 115 li ( ) h h . 1 1 t orax Lung comp ance CL , t e c ange in ung vo ume per 

change in pressure across the lung, is an index of the distensibility of 

the lung and is useful clincally because it gives a measur.e of the .change 
. 37 42 113 in lung elasticity with disease. ' ' ~ is the slope of .the line 

when lung volume vs intrapleural pressure is graphed. It is conveniently 

measured in the dog with either a spirometer or pneumotach and an esopha-

geal balloon on the end of a fine plastic tube to record pleural 
115 pressure. Changes in intraesophageal pressure have been found to equal 

31 40 91 changes in intrapleural pressqre. ' ' 

The validity of intraesophageal measurements has been investigated 

with contradictory results. Several investigators find that although 

there are differences in the absolute pressure as measured in the esopha-

gus as compared to direct intrapleural measurement, changes in intra-

pleural pressure are faithfully reflected by intraesophageal pressure 

changes. 1•2 • 23 • 31 •40 •41 •91 Others find considerable variance between·· 
. 4 10 13 pressure changes in these two sites. ' ' Several factors are respon-

sible for these discrepancies. Studies have shown that pressure·gradients 
4 31 91 138 exist along the esophagus ' ' ' and at different sites of direct 

4 23 intrapleural measurements. ' In addition to these variations of pres-

sure with in the thoracic cav·ity, esophageal wall compliance, 91 mechanical 

31 conformation of the pressure recording system, and the influence of 
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.. . 72 • 138 ff h fid li f . h 1 mediastinal structures a ect t e e ty o intraesop agea 

pressure measurements. 

Recent compliance studies in the anesthetized dog revealed that lung 

compliance differed by as much as 50% when measured at the intrapleural 

d . h 1 it 31,41 an intraesop agea s es. Changes in lung compliance during induced 

hypovolemic shock and central vascular engorgement in dogs, were in the 

same direction and equal in magnitude when either esophageal or intra-
2 10 pleural sites were used for pressure measurement. ' It is concluded 

that since compliance values determined with esophageal pressure were 

extremely variable, but lower and less variable during anesthesia than 

values with intrapleural procedures, the transpleural pressure changes 

are uniformly transmitted to the interior of the esophagus in anesthe-
31 tized dogs. 

Compliance terminology has been confused by the introduction of such 

terms as "effective," fast, slow, dynamic, and specific compliance. Even 

though the definition of compliance requires that measurements be made 

under static conditions, measurements can be made during uninterrupted 

breathing. Such measurements are referred to as dynamic compliance and 

is defined as the ratio of tidal volume to the difference in intr;ipleural 

(intraesophageal) pressure at end inspiration and end expiration at the 
31 instants of no airflow during breathing. Although actual stati'c 

measurements can be made with patient cooperation and voluntary breathing 

patterns, canine function studies using unanesthetized animals reqµire 

that dynamic compliance be measured. 

Pulmonary compliance varies with the volume of the lungs at the 
. 16 115 residual capacity (FRC) .• ' end· expiratory level, the functional 

) 
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To compare the compliance of disease lungs to that of normal lungs, the 

FRC in each case should be known. 16 This is often stated as the 

compliance/PRC ratio and is ref erred to as specific conipliance. 31 If 

specific compliance is decreased, the tissues of the lung must be more 

rigid and less distensible. 16 This may occur with some types of inter-

stitial or pleural fibrosis because col-lagen and fibrous tissue have 

different length-tension {pressure-volume) relationships than elastic 

fibers. 37 In diseases where pulmonary compliance is normally decreased 

as .in pulmonary edema, atelectasis, pneumonia, and pulmonary congestion, 
115 these decreases can in part be attributed to a reduction in FRC. 

Emphysema. usually results in an increase in compliance since elastic 

fibers are lost or damaged and not replaced by collagen or fibrous 

tissue. Since less pressure is required to maintain the FRC in the lungs, 

compliance is increased. 115 

Until recently, it has been thought that the recoil force of the lung 

was due entirely to the elastic tissue elements in the walls of the 

alveoli. This is not the case, and it is important that the components of 

recoil force are understood when considering normal pulmonary function and 

dysfunction that occurs with disease. Recoil force includes the elastic 

force due to tissue elements and in addition, the surf ace tension 
42 forces.. There is a surface tension at the tissue-gas boundary which 

tends to collapse the alveoli, and which increases the force required to 

expand the lung, decreasing the compliance. The magnitude of surface 

.tension is dependent upon.the fluid that lines the alveolar membrane. 

A material, dipalmitoyl lecithin complexed with protein, known .as pul-

monary surfactant, has been extracted from saline lavages of normal dog 
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lungs, and is essential to the stability of the lung and thereby effective 
34 ventilation and gas exchange. Abnormally low production of surfactant 

is the likely cause of newborn respiratory distress in some species of 

animals and in premature human infants. Consequently, when one finds 

change in the compliance/FRC ratio (specific compliance), these changes 

cannot immediately be attributed to alterations in the lung elastic tissue 

without consideration of surfactant disturbances. Although surfactant 

measurements can be accomplished using a Langmuir trough or Wilhelmy 
37 balance, clinical procedures that quickly and efficiently evaluate 

surfactant levels are presently not available. 

A modification of conventional compliance measurements, frequency 

dependence of compliance, is a relatively new pulmonary function test 

that.has. been found to be sensitive to peripheral airway 16 77 pathology. ' ' 
84,145 Although this procedure has been helpful in evaluating bronchitic 

and asthmatic conditions in man, 140 •145 the rigorous voluntary ventilation 

pattern this procedure demands elminates its application to canine pul-

monary function study. 

Airway resistance (RA), the pressure difference required for a unit 

flow change, is a parameter frequently measured in canine pulmonary func-

tion studies and is quite useful clinically. The pressure difference is 

created by the friction of flowing molecules coming in contact with the 

conducting airways, and therefore can only be measured during the time 

when air is flowing into and out of the lung; dynamic conditions. Airway 

resistance and tissue resistance constitute total pulmonary resistance 

(Rp), with airway resistance (RA) contributing most of the total 

resistance. 37 • 77 
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RA has been shown to be dependent upon the following factors: 

(1) number of patent airways to the alveoli, (2) cross-sectional area 

of the airways, and (3) collapse of ,the airways. 

When the number of patent airways to the alveoli decreases as in 

the destruction of lung tissue in tumors, tuberculosis, and atelectasis, 

a higher driving gradient of pressure between alveoli and mouth results, 

rate of flow in the remaining patent airways increases, and airway resis-

tance is increased. 

According to the Poiseuille relationship for viscous flow, airway 

resistance should decrease as the fourth power of the effective radius 

of the airways·. 16 This makes the resistance to airflow at each level 

very sensitive to slight changes in radius. Although airways bifurcate 

18 to 22 times between the trachea and the alveoli with each division 

resulting in branches with a smaller radius, the combined tot!ll cross-

sectional area of the new airways is greater than the cross-sectional 

area of the parent airway. 113 • 140 As a result, the major portion of 
79 ·total airway resistance lies in the large airways. A number of 

investigators confirm that the contribution of the smaller airways 

(peripheral airways) is only 10-15% of the total airway resistance at 

low 1 1 45,51,68,79,145 ung vo umes. Therefore, widespread involvement of 

these peripheral airways could occur with little alteration in total RA. 
79 Us.ing the retrograde catheter technique of Macklem and Mead, Hogg and 

associates51 demonstrated little increase in total airway resistance in 

chronic obstructive airway disease patients but a four-fold increase in 
' . 51 

peripheral resistance. Further, measurements of total airway 
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resistance in vagal stimulation studies in the dog gave little informa-

tion about the caliber of the smaller peripheral airways. 113 

The third factor affecting RA, collapse of the airways, is respon-

sible for much of the peripheral resistance that goes unmeasured by the 

usual tests of ventilatory function. Even in healthy individuals, some 

bronchioles close when lung volume is reduced during expiration to 5 to 

10 percent of VC. This is designated as "closing volume. 1137 •84 

Measurements of "closing volume" can be accomplished using procedures 

that deliberately create a different composition of gas in the upper and 
84 115 135 lower lobes of the lung. ' ' These procedures provide a test which 

detects small airway abnormalities much earlier than the conventional 

lung function tests of airway resistance. Although clinical application 

of "closing volume" procedures are presently not available to veterinary 

medicine, the retrograde catheter technique has been successf~lly devel-

oped and applied to open chest living dogs and cats. 79 

Although not sensitive to early peripheral airway problems, tradi-

tional methods of measuring airway resistance are extremely helpful 

clinical diagnostic tools. Airway resistance is increased in asthma 

patients, increased in emphysema because of airway narrowing and col-

lapse, and is increased in bronchitic conditions proportionate to the 
. 113 degree of obstruction. Because resistance is decreased by increased 

lung volume, 113 it is often advantageous to ascertain the FRC at the time 

of resistance measurements. 

The work of breathing is another mechanical parameter that can be 

measured during pulmonary function testing. Lt requires energy to pump 

the minute volume into and out of the lungs. During inspiration, as 
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muscles increase the volume of the thorax, elastic tissue is stretched 

and deformed and surface tension is overcome, creating a subatmospheric 

intrapulmonary pressure so that air flows into the lungs. To generate 

the necessary pressure, resistance to airflow and elastic resistance of 

lung and thorax must be overcome. The concept of work is useful in 

h d d f b h . 120 expressing t e energy require or expen ed or reat 1ng. 

Since pressure x volume (g/sq cm x cu cm = g x cm) has the same 

dimensions as work (force x distance), it is most convenient to measure 
38 work of breathing as pressure x volume. 

The work of breathing is calculated from records of transpulmonary 

pressure and volume. The principle is illustrated by the pressure- volume 

curve in Figure 1. Point A is the plot of pleural pressure at the end of 

expir ation when flow is zero, and volume is the FRC. During inspiration, 

the intrapleural pressure follows the curve ABC and the total work done 

on the lung is given by the area OABCD. Of this, the trapezoid OAECD 

represents the work required to overcome the elastic forces, the elastic 

work (pressure x volume) done on the lungs. The hatched area A.BCE 

represents the work overcoming a irway and tissue resistance (viscous) . 

The higher the airway resistance or the inspiratory flow rate, the more 

negative would be the intrapleural pressure excursion between A and C 

and the larger the area. 120 • 140 Area AECF is the work required to 

overcome airway and tissue resistance on expiration . This normally falls 

within the OAECD area, thus this work can be accomplished by the energy 

stored in the expanded elastic structures and released during a passive 

i . 140 exp ration. 
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Figure 1. Pressure-volume curve of the lung 
illustrating respiratory work. 

A crude estimate of the work of breathing can be obtained simply 

by calculating the product of tidal volume and maximum esophageal 

pressure. Ventilating 1 liter of air with a force of 1 cm of water 

pressure is equivalent to moving 1 ml of water 1000 cm or doing 1 g-m 
120 of work. Because the work of breathing is also dependent upon the 

f f · i k h b d / · 21 requency o respirat on, wor as een expresse as g-m min. Tidal 

volume has been demonstrated to be weight dependent, therefore, it is 

appropriate to express work on a body weight basis (g-m/min/kg body 

. h ) 21 weig t • 

Studies of lung mechanics have made it possible to offer rational 
16 explanations of breathing patterns in patients with pulmonary disease. 

The optimal frequency and depth of breathing should be that which produces 

the required alveolar ventilation with the minimal amount of work on the 
17 part of the respiratory muscles. It is reported that for a given level 
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of alveolar ventilation there is a particular frequency which is least 

costly in terms of respiratory work. 87 In normal subjects, breathing 

is most economical when the balance of elastic and resistive work yields 

the lowest sum of these forces compatible with ventilation sufficient to 

meet the body's metabolic requirements. 120 This occurs ih man at about 

15 . . . d . d 22 b h . 136 respirations per minute an in og-- at reat s per minute. 

In patients with very stiff lungs (decreased compliance), the best 

1 i f 17,140 combination is small rapid breaths, minimizing the e ast c actor. 

Patients with obstructive disease often breathe slowly but with increased 

tidal voltime. Asthmatic patients, where increased airway resistance is 

the dominant mechanical problem, select slow rates, greater minute volume, 

and therefore higher rates of air flow. 

One final method of eval~ating pulmonary mechanics, the flow-volume 

loop, is a relatively new test now being utilized in several labora-

tories in this country but has had limited use in canine function 

t di 12,53,73,93 s u es. 

The flow-volume loop is a graphic analysis of the flow generated 

during a forced expiratory volume maneuver followed by a forced inspira-

tory volume versus the volume expired (Figure 2). The main advantage of 

plotting flow versus volume is that significant decreases in higher flow 

or volume or both are available in a single graphic display, so as to 

aid in the diagnosis of the nature of a particular lesion. 115 

The shape of the F-V loop offers a qualitative diagnostic tool in 

that abrupt changes in flow, rather than decreased peak flows, are 

characteristic of air trapping. The flow-volume loop has been most 

f 1 . 1 t. h . h 1 . h 1 i 53, 133 use u in eva ua ing c anges in t e ower perip era a rways. 
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It has been shown to be relatively insensitive to upper airway 

53 73 · problems. ' 

+3 l.lFexp 

i>F. insp 

0 1.5 3 
VOLUME (liters) 

Figure 2. Flow-volume loop. Flow rate.is 

plotted on the vertical axis and volume on 

the horizontal axis. FVC and peak flows 

for inspiration and expiration are shown. 

F-V loops are also helpful in distinguishing between restrictive 

and obstructive pulmonary disease. Since both lung volumes and lung 

mechanics are measured simultaneously, the extent of obstruction or 

restriction or the amount of overlap between the two are indexed. 
73 Lord · found that flow-volume loops for restrictive and obstructive 

disease are distinctive, and that in obstructive disease the F-V curve 

correlates well with the degree ·of clinical and physiological disability. 
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In canine function studies, it is necessary to record flow-volume 

loops during spontaneous quiet breathing, since voluntary forced 

breathing maneuvers are impossible. Unfortunately, by themselves, 

without accompanying MVV and FVC flow-volume loops to compare, the quiet 

breathing flow-volume loops are of little diagnostic value. 133 However, 

no investigators have compared spontaneous quiet breathing flow-volume 

loops of normal and pulmonary diseased dogs. Until these studies are 

pursued, it is premature to eliminate the flow-volume loop from sub-

sequent canine pulmonary function evaluations. 

Gas distribution tests 

Screening tests are now available to show whether there is normal 

distribution of inspired air to the airways and pulmonary alveoli, normal 

distribution of blood flow to the pulmonary capillaries, or normal 

matching of gas and blood to the pulmonary alveoli. Local mechanisms 

for control of airway resistance and capillary blood flow intricately 

balance ventilation/blood flow ratios between the apices and bases of 
37 the lungs preventing excessive changes in normal blood gases. However, 

this delicate adjustment is easily deranged in pulmonary disease 

situations. Alveoli with decreased compliance, either due to alteration 

in surfactant or surrounding parenchymal pathology, will take a smaller 

volume of gas than normal. Pathology that results in increases in airway 

resistance can increase the time necessary for alveolar filling and at 

"normal rates, the alveoli supplied by these resistant airways will not 

be completely inflated before expiration begins resulting in inadequate 

alveolar ventilation and possible impairment of gas exchange. 
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Tests that evaluate ventilation distribution include the nitrogen 

washout test, helium distribution, single breath oxygen test, and single-
18 115 breath xenon test. ' Currently, there is renewed interest in the 

single-breath nitrogen test because it offers promise of detecting 
. 8 

airway obstruction at potentially reversible stages. These procedures 

are simple, rapid, and painless. Further, because gas concentration 

measurements are performed on expired gas during normal breathing, con-

sideration of these procedures in canine function studies is in order. 

Pulmonary blood flow/blood ~- analysis 

Among the most useful and efficient tests that assess the physio-

pathologic status of the pulmonary system are blood flow tests such as 

percent shunt calculation and blood gas analysis to include blood gas 

partial pressure measurements and pH. 

The Paco is a measure of the partial pressure exerted by co2 in 
2 

arterial blood and is expressed in mm Hg. 16 Paco is an excellent index 
2 

of alveolar ventilation. Rise in co2 tension is usually associated with 

hypoventilation, a fall with hyperventilation. Because co2 diffuses 

twenty times as readily across the alveolar-capillary membrane than 02, . -

small changes in ventilatory pattern of distribution of gas will show lit·-
- 115 
tle change in Paco • Therefore, since diffusion defects rarely raise 

. 2 

PaCO/ high co2 tension strongly suggests that advanced pulmonary disease 

is present. When correlated to alveolar ventilation, o2 tension, and 

blood pH, elevated co2 .tension serves as a definitive indication of 

disturbed gas exchange. Because of the variation reported in canine 

bl d i d H 1 35,106,107 1 i 1 d i i oo gas tens on an p va ues, mu t p e eterm nat on are 

necessa'ry. 

I 
-' 
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Canine Pulmonary Function Studies 

In the last few years, extensive study has been directed toward 

gaining an understanding of the pathogenesis and pathophysiology of 

pulmonary disease. As our knowledge of normal respiratory physiology in 

animals progresses, the necessity of utilizing animal models to develop 

the mechanisms involved in pulmonary disease is recognized. 

The dog, with his normally cooperative behavior, has become an 

especially popular respiratory model ,for studying diseases such as 

pulmonary edema, allergic asthma, and inhalation of toxic substances. 

Further, significant information has already been gained in the fields 

of anesthesia and aerosol therapy. 

Normal parameters 

Until the past decade, only a handful of investigators had described 

normal respiratory parameters for the various characteristics of ventila-

tion and little was known of the physiology of respiration in the dog. 

Still, investigations in the awake dog are limited but respiratory 

function in the anesthetized dog has been extensively studied. 

In 1947, Guyton initiated a study of respiratory patterns in a 
47 number of laboratory animals, but the canine species was not examined. 

In 1961, Crosfill and Widdicombe examined different patterns of breathing 

in animals with emphasis on the physical characteristics of the chest 
l 21 and lungs and the work of breathing. Dogs were anesthetized with 

pentobarbital, intraesophageal pressure measured and airflow monitored 

with gauze-screen pneumotachographs. Besides establishing normals, 

these investigators found that lung resistance tended to increase with 
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the size of the dog, but that as a species, dogs had relatively low 
21 resistance. Calculations of optimal mechanical breathing rates by 

87 Mead compare favorably to the observed rates in the Crosfill study. 

Parameters are listea in Table 2. In 1967, Hamlin and Smith, using 

anesthetized dogs, designed a study to provide base-line information 
so against which data obtained from diseased animals could be compared. 

Hamlin is the only investigator that looked at the effects of age and 

sex on characteristics of respiration. However, Hamlin's finding that 

lung compliance increased with age has since been contradicted by several 

investigators. 31 • 33• 40 • 104 As in many of the studies conducted in 

anesthetized dogs, respiratory rates were greatly depressed by pentobar-
50 bital anesthesia, complicating some of the respiratory characteristics. 

30 Drorbaugh determined relaxation pressure-volume curves from.the 

lungs and thorax of dogs. Measurements of compliance, magnitude of 

elastic work in breathing, vital capacity and several other ventilation 

parameters are described. 30 This is the one of the few reports of vital 

capacity measurements in the dog available. 

Stahl130 collected data from the literature on respiratory variables 

and correlated these against body weight on the assumption of log-log 

relationships with the use of computer regression analysis. Statis-

tically validated power law formulas for vit~l capacity, functional 

residual capacity, lung compliance, tidal volume,· respiratory flow 

resistance, etc. were presented. (See Table 2) 

It has been demonstrated that lung volumes are proportional to body 

weight whereas various measures of lung function such as rate of doing 

work, are proportional to the 3/4 power of the body weight. 30•47 • 48 •130 
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However, using this constant, experimental results within individual 

species such as cat or dog of ten differ by as much as 100% because of 

·~ 1 . i 130 an.uua variat ans. 

Investigators have observed that anesthesia has profound effects on 

respiratory function and that many of the normal parameters in the 

literature cannot be applied to the awake dog. 31 •33 , 34 , 4o,104 

Anesthesia, especially barbiturate anesthesia commonly used in 

canine pulmonary function studies, has been shown to significantly 
15'31 BB . BB 104 decrease lung compliance, ' ' increase airway resistance, ' . and 

33 increase functional residual capacity. Alterations in pulmonary 

d "ff i . lOB' d i d d i h . b t d i us ng capacity an ncrease venous a m xture ave een repor e 

in anesthetized dogs. 36 •132 The changes in FRC, lung compliance, and 

airway resistance are quite rapid with the large portion of the change 

being observed in the first 10 minutes· after induction.BB Compliance 

and FRC changes· are not progressive, decreasing only slightly after 45 

minutes but airway resistance continues to increase throughout the 
BB period of· anesthesia. 

Part of the emphasis on using the anesthetized dog model is attri-

buted to the desirability of defining the relationship between respira-
104 tory function and effective safe anesthesia. However, studies 

presenting normal parameters in the anesthetized model have not been 

effective in simulating an awake animal since the respiratory system is 
127 the system most deranged by anesthe.sia. Therefore, a number of 

investigators have eliminated any pulmonary· impairment from the effects 

of anesthesia by studying respiratory function in the unanesthetized 

dog. 
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Two models have been utilized in obtaining reproducible respiratory 

parameters; (1) face mask and mouthpiece model, 32 •104 and (2) the body 
40 plethysmograph. 

Pickrell and Dubin measured f, VT, FRC, CL' and RA, and blood gases 
104 in unanesthetized beagle dogs. Their face mask model has been 

extremely efficient in measurements of lung mechanics. Functional 
31 33 residual capacity and lung compliance measurements are reported. ' 

Qualities of comfort and fixed low dead space permits animals ·to adapt 

quickly to the testing procedure with short time exposure. This model 

is particularly useful in long-term toxicity experiments where anesthesia 

procedures are high risk. 83 

G"ll i d Hyatt39 •40 i d 1 d d b d i esp e an tra ne mongre ogs to a apt to a o y 

plethysmograph and examined the effects of anesthesia and body position 

on certain respiratory parameters. The necessity of pre-conditioning 

each dog to the body chamber makes this model unsatisfactory for clinical 

use. As a research tool, measurements of lung gases and lung volumes 

are obtained that pneumotach and spirometric methods cannot m~asure. 

Canine function studies in disease 

Recent reports indicate that the measurements of lung compliance, 

airway resistance, and functional residual capacity are sensitive and 

reliable indicators of mechanical respiratory deficit under disease 

conditions. 31 Because of the .innocuous nature of the face mask pro-
31 33 104 cedures ' ' and the minimal cooperation required of the dog, consid-

eration of this model for evaluating pulmonary disease is in order. 
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It has been demonstrated that comparison of lung-,compliance measure-

ments· made in diseased animals with the values for normal dogs are 
113 helpful in defining the types of pulmonary disease. 

77 Macklem suggests. that compliance measurements are influenced by 

lung volume, respiratory frequency and time. Unless these variables are 

rigorously controlled, compliance measurements are difficult to 

interpret.. It is necessary to look at more than just the slope of the 

pressure-volume curve since many pulmonary diseases that alter lung 

elasticity frequently alter the shape and position of the P-V curve, and 
77 are not detected by measurements of slope. For these reasons, it. is 

best to evaluate the lungs elastic properties by observation of the 

whole curve--its shape, position and slope. 

Inspite of reports that question the reliability of measuring 

pulmonary mechanics in dogs without all variables controlled, a number 

of studies have indicated that lung mechanics measurements do provide 

evidence of diagnostic significance. 22 •51 •83 ,94,96,121 

Miyamoto et al. reports that the respiratory changes in passively 

sensitized dogs and sub-primates as models. for allergic asthma studies. 94 

Although only certain ventilatory parameters were examined, they demonstrat-

ed inarked respiratory changes including increased frequency, decreased tidal 

volume, decreased flow rate and prolongation of expiration. This evidence 

supports their model as a reproducible method of studying human allergic 
94 ' asthma. 

In experimental asthma in dogs, respiratory resistance increased 

262% of control, pulmonary compliance decreased 23.7% and arterial Po 
.. 2 

d d .. f 43 ecrease signi ican:tly. The changes in airway structure and function 
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are similar to those in human asthmatic patients, offering further 

support that the respiratory dog. model is .suitable for study of human 

thm 2,43,64 as a. 
Patients and experimental animals with pulmonary edema exhibit 

19 marked changes in mechanical properties of the lungs. Early research 

by Cook suggested that surf ace phenomena are responsible for the me-

chanical behavior of the lungs during edema rather than vascular conges-

19 tion or instrinsic tissue changes. The decrease in lung compliance as 

demonstrated in anesthetized dogs with induced edema, falls directly 

proportional to rising lung water in pulmonary edema. Pulmonary resis-

tance does not rise until alveolar edema was present as indicated by the 

extra-vascular thermal volume indicator technique used in measurements 
96 of pulmonary edema. These are among the many concepts that have been 

gained about the pathophysiology of pulmonary edema. Again, this 

demonstrates the necessity of having reliable normal parameters for 

which to compare the disease values. 

Canine pulmonary function studies have been beneficial in examining 

the effects of inhalation of·particles. Mauderly et al. reports that the 

unanesthetized face mask model is excellent for studying the pathogenesis 

of pulmonary disorders resulting.from the inhalation of radioactive 

particles .• 83 

The· canine respiratory model has been helpful in evaluating thera-

peutic techniques such as aerosol therapy and pulmonary lavage. Pulmonary 

lavage studies in the canine have verified the lavage technique as.being 
34 a useful diagnostic and treatment tool in pulmonary disease. 
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Inhalation therapy as a method of treating respiratory diseases of 

animals has been largely overlooked. In human medicine, where extensive 

trials have been done, controversy regarding its use still e~ists. As 
83 104 aerosol studies in the dog continues, ' it is predicted that practical 

principles of aerosol science will be developed that will benefit both 

veterinary and human medicine. 

Manipulative studies 

Extensive manipulative studies have been reported. 10 •51 •66 • 139 

Much of our understanding of pulmonary physiology in animals has been 

gained from canine respiratory models. 

The relationship between total dynamic compliance, functional 

residual capacity, and alveolar-arterial oxygen gradients has been 

d "b d 66 escri e . Valuable concepts about metabolic acidosis and lung 
121 10 mechanics, ventilatory mechanics and hypovolemic shock, · and 

ventilation during hemorrhagic shocklOl have been gained by studying 

canine respiratory function. 

Mechanical ventilation is criticai in many surgical procedures • 

. Although the foundation for artificial ventilation was established in 

medical practice, certain concepts such as the effects of lung inflation 
139 on pulmonary blood volume were left unexamined. Pulmonary· mechanics 

during changes in ventilation and blood volume has been examined in the 
2 dog. 

As more becomes known about the physiology of the respiratory 
·: 

system in the canine, the importance of this model in veterinary 

medicine for studying the pathophysiology of pulmonary disease is 

evident. 



Table 2. Reported Values for Respiratory Parameters in. the Dog 

Source Weight Anesthesia Rate Tidal volume Minute Volume Compliance Airway resistance 
(Kg) (ml) (ml/min) (ml/CmH20) (cmH20/L/sec) 

2 10-15 pentobarb 51 

10 9-16 pentobarb 84 

21 12.6 pentobarb 21 144 3100 40 

31 5-14 none 46 

40 18.6 none 13 309 3878 97 1.30 ..., 
<.n 

so 19.1 pentobarb 13 203 2819 

81 9.1 none 20 186 3720 73 10.0 

81 10.9 none 19 170 3230 53 13.0 

83 none 75 8.6 

94 pentobarb 11 180 

104 9.1 none 24 220 48 10.44 

130 pentobarb 30-75 

136 12.0 'pentobarb 22 149 63 
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Effects of Preanesthetic and Anesthetic Agents 

on Pulmonary Function 

In order for the lung to accomplish the essential function of gas 

exchange, four components of function; ventilation, distribution, diffu-

sion, and perfusion, must be recognized. General anesthesia alters the 

efficiency of these components and in turn.disturbs the effectiveness of 

gas exchange. Numerous factors determine the magnitude of respiratory 

dysfunction. Among these are the preanesthetic condition of the subject, 

the type and amount of preanesthetic and anesthetic agents, the method 
130 of administration, and body position. 

Preanesthetic and anesthetic agents are commonly used in canine 

pulmonary function studies since investigators must substitute controlled 

ventilation for voluntary cooperative breathing cycles. Since effects 

of these agents on pulmonary function are profound, it is important that 

significant alterations be recognized when interpreting function 

parameters. 

Three agents, acetylpromazine maleate, methohexital sodium, and 

atropine sulfate were administered in this investigation and their 

effects and mechanisms reviewed. Because the results of this study are 

compared to those obtained under various types and levels of general 

anesthesia, it is nece.ssary to review its effect on lung function. 

Most investigators agree that general anesthesia interfers with 

Pulmonary h 109,117,124,132 gas exc ange. This may result from increased 

venous admixture, or changes in cardiac output, changes in o2 carrying 

characteristics of hemoglobin, dead space, or other factors. How much 
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of this impairment of pulmonary gas exchange can be attributed to altera~ 

tions in pulmonary mechanics and the effects of these alterations on 

intrapulmonary gas distribution is still unanswered. 

Arterial Po can be reduced by an increased vehousadmixture, 
2 

or physiological shunt, which commonly occurs during general 

anesthesia. 109 • 124 • 132 Venous admixture results from anatomic shunts 

and from "shunt-like" effects, i.e. perfusion of poorly ventilated or 

nonventilated a1veoli and perfusion of alveoli in which diffusion is 
• . 124 

impaired resulting in low V/Q ratios. 

Anatomic shunting through right to left vascular connections 

(bronchial and thebesian veins) occurs in the heart and lungs and con-

stitutes a shunt of approximately two percent of total cardiac output in 
109 36 normal conscious man. This shunt varies from 1-10% in dogs. This 

blood passes through unventilated areas of the lung which represents a 

V/Q of zero. Anatomic'pathways less frequently considered for shunting 
109 through the lungs have been proposed. He describes "sperrarterien" 

blocking arteries that could increase right to left shunt to: 20%. Blood 

flow .through these vessels in man seems to be small, and at present 

_nothing is known concerning their function during anesthesia or if _such 

. . h i 109 structure exist in ot er spec es. 

One of the popular explanations of the increase in venous admixture 

during anesthesia is the contribution of mismatching of ventilation to 

perfusion. Campbell and co-workers 11 in 1958 suggested that ventilation/ 

perfusion (V/Q) mismatching was a probable cause for the increased': 

venous admixture and widened (Alveolar-arterial) Po pressure difference 
2 

11 [(A-a)P0 .J during general anesthesia. But despite much work in this 
2 
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area since Campbell, controversy continues regarding the contribution of 

V/Q mismatching to impaired oxygenation during general anesthesia. 

Finley and co-workers, on the basis of indirect evidence obtained 

in dogs during pentobarbital anesthesia, suggested that spontaneous 

collapse of lung area caused the major part of th'e observed (A-a)P0 ' 2 
during spontaneous breathing. 36 The theory of atelectasis is supported 

88 by Mead and Collier. They found that the appearance of the lungs of 

the dogs on post mortem suggested that atelectatic lung areas were 

present. The concept of airway closure has rekindled the interest in 

the mechanism for increased shunting and increased V/Q. Airway closure 

is believed to affect pulmonary gas exchange either by creating'poorly 

ventilated. regions, as occurs within the tidal breathing range, o.r by 

leading to cessation of ventilation if opening volume exceeds end-
20 71 i,nspiratory lung volume. ' If the distribution of pulmonary blood 

flow is not adjusted to this altered gas distribution, areas with 19w or 

zero V/Q would develop leading to overall impaired oxygenation. Although 

airway closure may seem an attractive explanation for impaired oxygenation 

during anesthesia, evidence for its occurrence in anesthesia is incomplete 

and valid experimental proof for its contribution to hypoxemia is. 
109 lacking. 

Other explanations for impaired oxygenation during anesthesia 

include diffusiori disturbances. 108 . Piiper and associates found that 

unequal distribution of diffusion capacity of the lung (D) to perfusion 

(Q) was the main factor increasing (A-a)Po , resulting in increased 
2 

' d i 108 Th d ' venous a m xture. e efinitive mechanism involved in this unequal 

I 

! 
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distribution of diffusing capacity to perfusion is unknown since position, 

exercise, and lung volume all alter D/Q. 46 

Evidence is accumulating that CO and Oz transfer may be partially 
13Z carrier-mediated in the human lung. If such facilitated diffusion 

occurs, and effect of anesthetic on CO and Oz transfer might be anticiM 

pated offering possible explanations for poor oxygenation during 

anesthesia. 

It has been proposed that reductions in cardiac output without 

major changes in either shunt fraction or V/Q matching are responsible 

for increases in 6Z (A-a)P0 during anesthesia. z The possible contribution 

of reduced cardiac output as a cause for impaired oxygenation has not 

been confirmed. 

Although no influence on blood gas transport is accorded specific 

to anesthetic agents, several phenomena have been associated with the 

state of anesthesia. A reduction of as much as 30% in PCV red cell and 

Hb in various species during constant and variable anesthetic depth has 
130 been reported. The possibility that anesthetics cause a left shift 

of Oz dissociation curve leading to an increase (A-a)Po has been examined, z 
109 but evidence strongly suggests no shift in the curve during anesthesia. 

Increases in dead space brought about by general anesthesia has 

been thought to contribute to impaired oxygenation. The alveolar dead 

space has been found to be increased from 15 to Z31 ml in anesthetized 
99 man. Further, atropine, a collDllon agent used in preparation for anes-

thesia, increases dead space by as much as 50% during spontaneous 
118 breathing. However, the possible effect increased dead space has 

on impaired oxygenation is clouded because alveolar dead space can 
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increase as a result of an increase in anatomic shunt or an altered 
109 ventilation-perfusion relationship or both. 

One can only conclude that gas exchange is impaired during general 

anesthesia. Increased venous admixture, increased alveolar dead space, 

altered ventilation-perfusion relationships and atelectasis are all 

possible contributing factors to this impairment. 

It has been demonstrated that general anesthetics result in an 

altered intrapulmonary gas distribution. Although this altered gas 

distribution may be partly explained by the alterations in FRC, and is 

greatly influenced by position, changes in the mechanics of the respira-

tory system seems to be involved. l09 

Reports regarding the effects of anesthesia on respiratory mechanics 

in man are conflicting. Some investigators have reported no change in 
97 lung or chest wall compliance, while the majority have shown a decrease 

in one or the other of these parameters. lS,l 9,3l,36,BB,109,lZ4,141 

Disagreement as to whether functional residual capacity is decreased or 
141 remains unchanged exists. Evidence indicates low or reduced functional 

residual capacity and lowered compliance occurs during general anesthesia. 

Canine function studies are uniform in that lung compliance 

and FRC are decreased and airway resistance is increased during 

anesthesia. 31 •33 •39 • 117 Mechanisms involved in the changes of these 

mechanics are not understood. Possibilities for the reduction in FRC 

include an increase in central blood volume, a change in chest-wall 

mechanical properties, 

lung as may occur with 

gas trapping and 
109 atelectasis. 

increased elastic recoil of the 

FRC values are also significantly 

affected by position of the subject. 'It is reported that both the prone 
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and supine positions for anesthetized dogs that are used by investigators 

may cause a forward displacement of the diaphragm by the abdominal 

viscera or deformation by gravity of the thoracic wall, resulting in 
33 r.educed FRC as compared to the standing position. The FRC is apparently 

not reduced in sitting, anesthetized man, but this is unconfirmed. 
109 .. 

Airway closure may reduce lung compliance by decreasing .the· number 

of distensible units assessible to ventilation. Evidence does ·indicate 

that increased airway closure leading to gas trapping does occur during 
109 anesthesia. Reduced lung compliance during anesthesia has frequently 

been attributed to atelectasis. 88 • 109 Mead and Collier found that lung 

compliance in anesthetized dogs decreased rapidly shortly after induction 

but was not progressive. 88 

A number of investigators have reported a disproportionately larger 

reduction in lung compliance than in lung volume in anesthetized dogs. 

This suggests that another mechanism, such as a change in surface tension 
15 ·88 in lung units may have contributed to a reduced lung compliance. ' 

Depressed surfactant action has been found when lipid-soluble anesthetics 

such as halothane and chloroform are used. 131 Whether this is a combina~ 

tion of direct effect upon surfactant or if in fact there is another 

mechanism that is engaged during general anesthesia to cause a depressed 

surfactant action is not known. 

The possibility that lung mechanical properties changes are secondary 

to those in the chest wall has been reported, but the few investigators 
109 that have separated compliance into components cannot agree on this. 

Methohexital sodium (Brevane) is an ultrashort-acting barbiturate. 

Barbiturates are a widely used and very versatile group of agents, 
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classified as hypnotic-sedatives and general anesthetics according to 

their use. The principal effect of a barbiturate is depression of the 

central nervous system by interference with passage of impulses to the 

cerebral cortex. In hypnotic doses, the barbiturates have little effect 

upon respiration while in anesthetic doses, respiration is depressed. 74 

As depressants, barbiturates affect both the respiratory drive and 

the mechanism responsible for the rhythmic characteristics of respiratory 
119 movements. 

In the waking state, normal .ventilation is largely controlled by 

neurogenic drive,.and responds to a wide variety of sensory or alerting 

stimuli. 16 This drive is most sensitive to depression by hypnotics, is 

reduced by drug-induced sleep, and control of respiration is then domi-

nated by the direct action of co2 and hydrogen ions on medullary chemical 
119 centers. The effects of a hypnotic dose of a barbiturate closely 

resemble those of natural sleep, with a decrease in alveolar ventilation, 

an increase in alveolar co2 tension (3 to 5 mm Hg), and a slight decrease 

in the 02 saturation of arterial blood. 119 

As a dose of barbiturate is increased, the hypoxic and chemical 

._ drives to respiration are diminished roughly in proportion to dose. At 

levels of deep anesthesia, a shift in control of respiration fro~ co2 

sensitive areas of the medullary centers to more primitive peripheral 

chemoreceptors of the carotid and aortic bodies takes place and sensi-

tivity to increases in co2 decreases markedly. 16• 119 

As with inhalation agents, it is difficult to define the specific 

depth of anesthesia in an individual at a given moment in the time 
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course of barbiturate anesthesia. The effect of barbiturates on the CNS 
123 is progressive in nature. 

A somewhat arbitrary division of the signs and stages of anesthesia 
11 74 has·been developed. ' These are described as: stage I, analgesia; 

stage II, delirium; stage III, surgical anesthesia divided into four 

74 planes; and stage IV, respiratory paralysis. It is quite difficult to 

routinely produce a consistent level of barbiturate anesthesia. As a 

result, many of the canine pulmonary function studies using the anes-

thetized model experience respiratory depression. Table 3 illustrates 

some physiological values in dogs in stage III, plane three of barbiturate 
126 anesthesia. Although the depression demonstrated is extreme, it is 

not uncommon for function parameters obtained from anesthetized models 

to show ventilatory depression with reduced frequency, tidal volume, and 
21 50 94 marked respiratory acidosis. ' ' 

Table 3. Dogs in deep surgical anesthesia with 
sodium pentobarbital. 

Sign 

Respiratory rate (breaths/ 
min) 

Exhaled minute volume (ml/ 
kg/min) 

Arterial pH 
Arterial carbon dioxide ten-

sion (Torr) 
Arterial oxygen tension 

(Torr) 
Standard bicarbonate (mEq/ 

liter) 
Heart rate (beats/min) 
Systolic pressure (Torr) 
Oxygen consumption (ml/kg/ 

min) 

Value 

5.3 ± 0.37 

98.4 ± 9.15 

7.25 ± 0.019 
53.0 ± 2.13 

71.1 ± 5.29 

20.2 t 0.45 

141.5 ± 1.99 
150 ± 3.61 

6.8 

·~lean dose of the drug administered with no 
preanesthetic medication. Data are the mean 
values for 14 dogs± 1 S.E. of the mean. 
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Methohexital sodium (Brevane) has a short duration and there is a 

quick recovery, but may be accompanied by muscular tremors and violent 
74 excitement which detract for the usefulness of the drug. Dogs are 

usually ambulatory 30 minutes after administration. 

However, by combining Brevane· with acetylpromazine maleate ·(Ace-

promazine), a smaller dosage is requ£red and the recovery is still quick 

but quite smooth with no tremors and little or no excitement. 

Acetylpromazine (Acepromazine) is a potent neuroleptic agent with 

low toxicity. It is a member of the group of phenothiazine derivatives 

that have been used extensively for sedation and preanesthetic medication 

in a variety of anilnals. As a group, phenothiazine derivatives are 

notorious for their hypotensive action and in many species, their incon-
128 sistent effect. Phenothiazines produce variable changes on cardio-

vascular parameters. A close relative of Acepromazine, promazine produces 

minimal hypotension and tachycardia, with a rise back toward control 

levels within 20 minutes. 128 Some derivatives show a decrease in 

respiratory rate, and increased tidal volume but specific information 

for Acepromazine is not available. 

Like other tranquilizers, phenothiazine derivatives potentiate the 

respiratory, cardiovascular and anesthetic effects of all barbiturates. 

When used in combination with short acting barbiturates, the return time 

of the right·ing reflex is reduced by 60%. The opposite effect occurs 

when used with ultra-short acting barbiturates like Brevane where hypnotic 
127 effects can be more than doubled. 

Atropine sulfate is an anticholinergic (parasympatholytic) drug 

which is most frequently used to reduce secretions from the respiratory 
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tract and salivary glands and to inhibit the effects of vagal stimu-
74 128 lation on the cardiovascular .and respiratory systems. ' 

In the dog, it produces a decrease in heart rate at lower doses 
128 

(0.006 mg/kg) and a progressive increase as the dose increased. . The 

initial cardiac slowing may be due to central parasympathomimetic 
5S activity on the vagal nucleus. With the larger, more commonly used 

doses, atropine produces an increase in heart rate by blocking the 

effects of the vagus on the sinoatrial node.SS 

Atropine will effectively block bradycardia and helps prevent laryn-
74 128 gospasm upon tracheal intubation. ' Contrary to former belief, 

atropine does not block laryngeal skeletal muscle responsible for 

laryngospasm, but does. depress respiratory tract secretions that can 

precipitate spasm.SS This effect is especially appreciated when bar-

biturates are used since during induction there is increased likelihood 

of laryngospasm, bronchospasm, and other undesirable respiratory effects 

due to increase in the sensitivity of the larynx and trachea to vagal 
128 stimulation. 

Besides atropine's inhibitory action on glandular secretions of 

respiratory tract, oral and nasal cavities, it causes relaxation of 

bronchial and tracheal smooth muscle, resulting in bronchodilation. 

In man and dog atropine causes an increase in both anatomical and 

physiological dead space.118 However, recent studies in the dog 

indicate that this increase in dead space has little clinical signif-

icance with no significant alteration in blood gases. 124 -
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Influence of Age, Sex, and Weight on 

Pl\lmonary Function 

Lung volume changes in aging humans have been extensively 

investigated. There is an increase in residual volume and in functional 

"d 1 . . h l" 1 h . 1 1 "t 17,37,49,115 resi ua capacity wit itt e c ange in to ta . ung capaci y. 

Changes in lung mechanics with age have also been reported. The elastic 

properties of the human lung indicate a shift of the lung pressure-

volume curve progressively to the left, indicating an increase in lung 
. 16 37 compliance. ' Airway resistance has been found to increase with age 

16 in man. 

In contrast to the large number of reports on man, there are few 

reports on lung volumes and the mechanical properties of the lungs of 

dogs in relation to age changes. Prior to anyone investigating age 

effects in the dog, static· compliance and airway resistance changes with 

age were examined in the rabbit. 24 

The first report that took age into consideration when measuring 
so .Pulmonary function was Hamlin and Smith. However, these investigators 

found only one significant effect of age on respiratory function; com-

pliance increases with age. Although this agrees with compliance changes 

in man ;:ind· in rabbit, this has since been contradicted in dog. 81 • 111 • 112 

Mauderly observed a significant decrease in compliance with increase 
81 in age. Robinson and Gillespie found decreased lung compliance in 

older dogs bl\t were unable to show a significant decrease in chest wall 

compliance. 111 
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With increasing age, an increase in the ratios residual volume/ 

totai lung capacity (RV/TLC) and functional residual capacity/total lung 
111 112 capacity (FRC/TLC) have been reported. ' The increased FRC/TLC 

appeared due to both a loss of lung elastic recoil in dogs over 1500 

days of age and an increase in the resting volume of the thoracic cage. 

The RV/TLC in young dogs was determined by the mechanical limitations of 

the thoracic cage while in old dogs it was determined by factors within 
111 the lungs. By examining lung volume ratios, the effect of varying 

112 body weights on lung volumes was eliminated. The changes in volume 

ratios in older dogs are similar to those seen in aging people, but in 
112 the dog they cannot be explained by increase lung compliance. 

It is reported that young dogs have higher ventilation, larger 

resting lung volume, and consume more o2 per kilogram than do older 
81 dogs. This is probably reflected in the higher metabolic rate known 

to exist in young growing animals than in adults. 81 • 128 

81 A slightly lower diffusing capacity was observed in older dogs. 

This is similar to the age-related change in diffusing capacity reported 

in man. 16 

One report indicates that blood gas partial pressures change with 

age. Although none of the changes are significant from age group to 

group, young dogs had lower arterial pH and increased arterial co2 
81 tension with no change in o2 tension among the groups. 

With such few reports available, many of the changes in lung f unc-

tion with age are unexplained at this time. Of the studies done, there 

was no concern of possible age and weight interactions, rate of breathing, 

and inspiratory and expiratory rate of flow. 47 
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Weight 

Stahl utilized power law formulas based on weight to predict various 

diff . d . f 1 130 respiratory parameters in erent sizes an species o mannna s. 

Predictions based on equations in animals have been found to lack accuracy 

and errors as great as 100% may occur since animals differ in other 

30 respects than merely size. Surprisingly, prediction formulas are 

less accurate predicting respiratory function parameters within species 

h h . 30 t an t ey are across species. 

In the dog, lung volumes increase with the weight of the 

. 140,50,104 1 d i 'h h anima . Lung comp iance is reporte to ncrease wit t e 

h f h d 31,42,104 weig t o t e og . Several investigators have reported a highly 

. 42 81 significant correlation between body weight and lung compliance . ' 

• In man, useful formulas have been developed that allow expected 

respiratory parameters to be calculated on the basis of height and age 

16 115 of the patient, and a constant. ' 

Unfortunately, no reports of size and age interaction effects on 

pulmonary function in the canine are available. 

Sex 

Differences in respiratory function in human males and females 

have been demonstrated. 16 • 17 • 37 •49 • 115 

Hamlin and Smith report a significant difference in minute volume 

50 and tidal volume/kg body weight between male and female dogs. No 

explanation for this difference is given, but it is noted that the 

female dogs are of similar weight as the males but are significantly 

50 younger. This demonstrates the necessity of examining the influence 

of age, sex, weight, and possible interactions on respiratory function . 
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METHODS AND MATERIALS 

Pulmonary function studies were performed on thirty mongrel dogs 

randomly selected from an animal colony. The animals were grouped 

according to age and sex. 

Two sex classes were considered; intact females and males. Although 

accurate histories were not available for all dogs in the colony, each 

was closely examined and palpated for evidence of prior surgery. Any 

animals suspected of not being intact were omitted from the study. 

The two sex classes were further divided into three age groups. 

Group 1 were young dogs, less than a year of age. The second group were 

young adult dogs, one to five years of age, and the third group were 

aged animals, at least eight years old. The groups were divided according 

to the presence of deciduous and permanent teeth, cusp wear, occlusal 

surfaces, and colony records. 

The animals ranged in weight from 8.2 to 21.4 kg, Some randomness 

was sacrificed to assure that each class contained animals of variable 

weights. 

Experimental Protocol 

Acetylpromazine maleate (Acepromazine, Ayerst Laboratory, 0.05 mg/lb) 

was .administered subcutaneously forty-five minutes prior to initiating 

function testing. The tranquilized animals were then given an intravenous 

injection of atropine sulfate (Atropine, Burns-Biotee Laboratory, 

0.05 mg/lb), and then sedated with methohexital sodium (Brevane, Elanco 

Products Co., 1.25 mg/lb) intravenously. 



51 

The animals were quickly placed into the supine position and the 

laryngeal area sprayed with a topical anesthetic (Cetacaine, Cetylite 

Industries, Inc.). The animals were then intubated with an appropriate 

endotracheal tube (9 unn - 11 unn) and recording initiated. 

Inspiratory and expiratory velocity was measured with a Fleisch #0 

pneumotachograph having a linear response to 27 L/minute. A St~tham PMS 

differential pressure transducer was connected to the pneumotachograph 

and recordings were made on a four channel Beckman Type R dynograph re-

corder. Tidal volume was determined simultaneously by electronic inte-

gration of the flow signal. Compliance, resistance, and flow-volume 

loops were simultaneously produced by a Hewlett Packard 7035B X-Y 

recorder. 

Intraesophageal pressure, an estimate of intrapleural pressure 

changes, was measured by a catheter latex balloon system. The balloon, 

4.0 cm long and 1 cm in diameter, containing approximately 3 ml of 

water, was sealed over the end of a polyethylene catheter. The catheter 

was connected to a Statham P23Db pressure transducer and pressure changes 

recorded on the Dynograph. Attempts were made to place the balloon 

catheter in the same relative area of each dog, the lower middle third 

of the esophagus. If too much cardiac interference appeared on the 

recording, attempts were made to minimize this by adjustment in balloon 

position. 

Values for tidal volume (channel 4), respiratory rate, inspiratory 

and expiratory velocities (channel 3), and esophageal pressure (channel 2), 

were obtained directly from the recording. Heart rate was measured directly 

from channel 1 EKG recording, lead II. These are demonstrated in Figure 3. 
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Lung compliance was determined as the ratio of tidal volume to the 

difference in intrapleural (intraesophageal) pressure at end inspiration 

and end expiration at the instants of no airflow during breathing. Lung 

compliance was also determined by measuring directly from the pressure-

volume loop plotted by the X-Y recorder. Airway resistance was calculated 

dividing maximum expiratory velocity by the esophageal pressure difference 

between points of end inspiration and end expiration. This method 

compared favorably to resistances obtained directly from the X-Y resis-

tance loop. (See Figure 4) 

Arterial blood samples were obtained by femoral arterial puncture. 

The femoral triangle was shaved and swabbed with 70% alcohol, the femoral 

artery palpated, and a 20 gauge one inch needle attached to a 5 cc 

plastic syringe inserted into the artery. Confirmation of arterial 

source was made by the entrance of bright crimson blood into the syringe 

with little or no traction applied. The dead space in the syringe was 

completely filled with a heparin solution (1000 units/ml). After three 

to five milliliters of blood was obtained, the syringe was sealed with a 

rubber cap, any air bubbles excluded, and placed in an ice bath prior to 

analysis. Pressure was applied to the groin area after puncture in 

order to minimize subcutaneous extravasation. 

Blood gas analysis was performed on a IL513 analyzer. P0 , Pco , 
2 2 

and pH measurements were automatically printed out on a IL315 ticket 

printer. HC03-, BE, and co2ct. were compiled by analyzing existing 

informa'tion and were included on the.printout. 
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Two other blood parameters, PCV and hemoglobin concentration were 

determined, using micro hematocrit centrifugation and cyanomethemoglobin 

methods. 

Recording Periods 

Recordings were obtained from three different test periods. Although 

recording was initiated shortly after administration of Brevane, these 

recordings were not statistically evaluated, 

The initial recording (period 1) occurred when respiratory rate 

appeared to reach and stabilize at normal levels (18-24 breaths/minute). 

This occurred routinely three to four minutes after Brevane administration. 

The second group of recordings (period 2) were made less than two 

minutes after period one. At this time, compliance, resistance, and 

flow-volume loops were'made. During period two, femoral artery blood 

samples were obtained. The dog at this time was able to maintain sternal 

recumbency, eyes were open, but exhibited no movement. 

The third group of recordings (period 3) began shortly after the 

blood sample was taken and proceeded until the dog began to resist the 

endot:c:acheal tube or esophageal balloon or made attempts to move from 

the table. 

Comparison of the data obtained from these three periods provides 

valuable information as to determining the extent of respiratory depres-

sion present in this model. 

Other Procedures 

Ten dogs were selected from the colony on the basis of their temper-. 

ment and, response to handling. The dogs were restrained in lateral 

recumbency, the groin area swabbed with alcohol, the course of the 
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femoral artery palpated, and femoral puncture performed. Respiratory 

rate during the sampling period was recorded. Care was taken to handle 

the blood samples obtained from these unanesthetized dogs in the same 

way that earlier samples were handled and blood gas analyses was performed. 

An initial attempt of infiltrating the femoral triangle area with 

Lidocaine prior to puncture seemed to--irritate the animals more than 

the arterial puncture itself. The blood gas values are_ compared in the 

subsequent section. 

Statistical Analysis 

The thirty animals were divided into groups according to age and 

sex; three age cla~ses and two sex groups. Age, sex, and weight were 

considered as main effects (independent variables) and each respiratory 

parameter was a d'ependent variable. 

The initial analysis of the data was based on the statistical 

assumption that every value of each dependent variable could be deter-

mined from contributions due to (1) a population mean of the variable 

under consideration, (2) an effect of animal age classification, (3) an 

effect of the sex of the animal, (4) an effect of age by sex interaction, 

(5) a quantitative change in the dependent variable as a function of 

animal weight, i.e. a regression of the dependent variable on body 

weight, and (6) inherent experimental variability (error). 

In statistical notation, the model was in the form: 

yijk ~ µ + Ai + sj + ASij + b(x-x) + Eijk" 

Yijk represents the value of' the dependent variable for a dog of 

i'th age, j'th sex and x-x weight. µrepresents the true mean of the 

dependent variable population among dogs of all ages, sex, and weights. 
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The regression coefficient (b), represents the change observed- in the· 

dependent variable with each unit of change in body weight. Error, or 

E, represents a measure of experimental error. 

Accordingly, a series of analyses of variance were computed for 

each dependent variable to partition the total sums of squares of devia-

tions from the means and determine the-variance contributions due to 

each main effect (age, sex, age by sex, and the regression of the 

dependent variable on weight). These analyses permitted use of the F 

test to determine whether the various independent variables significantly 

influenced the values of the dependent variables, or were merely reflec-

tions of experimental error. 

The results of this initial analysis permitted independent variables 

that failed to have significant effects on dependent variables to be 

removed, increasing the power of the tests of significance for the 

remaining main effects. 

Simple statistics (means, range, standard deviation) were performed 

on each of the respiratory parameters (dependent variables) and on 

individual groups. Tests of least significant difference Cisd) was 

applied to treatment means where specific treatment comparisons :were 

planned. 
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RESULTS 

The first part of this section is devoted to simple statistics. 

The means, ranges, and standard deviations of each of the respiratory 

parameters based on all thirty animals regardless of age, sex and weight 

for each specific measurement period are shown in Table 4. Tables 5-7 

are comparisons of means according to sex group and age class. These 

means were tested for significance using Fisher's Protected Least Signif-

icant Difference (LSD), this being applied only if the F-test demon-
124 

strates significance. 

A matrix of significant correlations of coefficients is shown in 

Table 8. The level of significance (p<0.05, p<0.01, p<.0.001) is 

indicated. 

Table 9 is a comparison of means of selected respiratory parameters 

for each of the measurement periods. 

The next part of this section contains ANOVA procedures and graph-

ical illustrations of the effects of age, sex and weight on each of the 

respiratory parameters. The model used for the ANOVA procedure was pre-

viously discussed. The initial analysis of variance indicated that with 

none of the dependent variables (respiratory parameters) did the con-

tributions due to either sex or the age by sex interaction approach 

significance. On this basis the data was reanalyzed with .the effects 
' 

of sex and age by sex interaction pooled into the experimental error, 

thus increasing the power of the test of significance for the remaining 

independent variables; the effects of age and the regressions of the 

dependent variable values on weight. 
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The initial analysis, including age, sex, age by sex interaction, 

and regression with weight for each dependent variable is shown in the 

A tables. The B tables are those with insignificant main effects removed. 

Graphical illustrations of each respiratory parameter versus 

body weight are presented. The first graph of each section represents 

the linear regression (best line) fit for all observations, while the 

second graph demonstrates the three linear regression (best line) fits 

for each of the age groups. The means for each parameter in the three 

measurement periods were tested for significant differences. Only the 

means for MV1 and MV3 were found to be significantly different(p<0.05). 

As a result, all the other period means for each parameter could be 

grouped together increasing the number of observations (n) upon which 

simple linear regression analyses were performed. 

Graphical analysis provided the further suggestion that the re-

gression coefficient values for the regressions of the dependent variables 

on body weight were influenced by the age group considered, evidence of 

interactions which were not tested for significance by the analysis of 

variance procedures. On this basis, simple linear regression analyses 

were performed on the data from each age group of animals and for each 

of the dependent variables. The analyses provided the linear regres-
A I\ 

sion equations ·of the form; Y = a + bx. Y represents the estimate ' of 

the dependent variable, a is the intercept of Y at x (Wt) equal to zero, 

and b is the rate of change (slope) in the dependent ~ariable per unit 

change of weight. 

The linear regression analyses provided estimates of mean and 
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regression coefficient variances so that confidence bands could be drawn 

around the plots of the linear regression (best line) fits. 

Other 'investigators.30, 129 have suggested that the allometric 

(log-log) relationship is the most appropriate for expressing relation-

ship of respiratory variables to body weight. However, when attempts 

were made to express the data of the present study in log-log, less sig-

nificant correlation coefficients were obtained. Graphically, log-log 

plots were found to be less efficient. As a result, allometric rela-

tionships are not utilized in this paper. 

A parameter key with explanations of subscripts, abbreviations and 

units of measure utilized in the various figures and tables is shown 

below. 

PARAMETER 

Weight 
Heart rate 
Respirato:r:y rate1* 
Tidal volume1 
Minute volume! 
Expiratory Velocity! 
Inspiratory velocity! 
Esophageal pressure1 
Lung compliance! 
·Airway resistance1 Work/Kg1 
Work/minute/Kg1 
Respiratory r~te2 
Tidal volumez 
Minute volume2 
PQ2 
Pco2 
pH 
Hemoglobin 
Hematocrit 
Respiratory rate3 
Tidal volume3 
Minute vOlume3· 
Esophageal pressur~3 
Expiratory velocity3 
Lung compliance3 
Airway resi~tance3 
~o~k/Kg3 
Wotk/minute/Kg3 

ABBREVIATION UNIT 

(Kg) 
(beats/min) 
(brea tbs /min) 
(ml) 
(ml/min) 
(L/min) 
(L/min) 
(cm u2o) 
(ml/cm H20) 
(cm·H2D/L/sec) 
(g.-mfKg) 
(g.-m/min/Kg) 
(breaths/min) 
(ml) 
(ml/min) 
(mmHg) 
(mmHg) 
(pH) 
(g./100 ml) 
(percent) 
(breaths/min) 
(ml) 
(ml/min) 
(mmHg) 
(L/min) 
(ml/cm H20) 
(cm HiO/L/sec) 
(g.-m{Kg) 
(g, -m/min/Kg) 

*The subscripts identify the specific time periods during 
which each parameter was measured. ~ose marked with.a 1 
as in Fi indicate a period 1 measurement. Fz is a period 2 
measurement and F3 was measured during period 3. 
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Simple Statistics 

Mean values for the various respiratory parameters, along with 

their ranges and standard deviations, are presented in Table 4. The 

subscripts on certain parameters represents the time period in which 

the measurement was taken. Most of the values recorded or calculated 

need no explanation. An estimate of respiratory work was obtained by 

two separate calculations. Pressure x volume have the same dimensions 

as work (force x distance), therefore respiratory work was calculated 

by multiplying tidal volume by the maximum esophageal pressure change. 

Since tidal volume has been demonstrated to be a weight dependent 

respiratory parameter, it is necessary to place work on a body weight 

basis. The first calculation, Work/Kg, is an estimate of the respiratory 

work/breath/Kg of body weight. Because respiratory rates are not 

constant in all dogs, it is necessary to multiply the result of the 

first calculation by respiratory rate to obtain an estimate of the 

respiratory work/minute for each dog. Although this is not as exacting 

as pressure-volume loop integration techniques, it does allow the 

effects of age, sex and weight on respiratory work to be evaluated. 

Table 5 is a comparison of age group means. Superscripts represent 

means that are significantly different as tested by the Fisher's Pro-

tected .Least Significant Difference. These levels of significance are 

at the p(0.05 level. ?ld dogs have significantly lower tidal volumes 

and minute volumes than young or adult dogs. Part of this difference 

can be attributed to the lower weights of the aged dogs. Dynamic lung 

compliance and airway resistance means were also found .to be significantly 
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different between age groups. Compliance is significantly lower in the 

aged dogs compared to the other two groups and airway resistance is 

significantly greater. These significant differences in age groups 

means are in evidence through the three testing periods. Airway re-

sistance, the ratio of change in esophageal pressure to expiratory 

velocity, is greater in aged dogs primarily because esophageal pressures 

in the aged animals are significantly larger than the other two groups. 

The sex group me~ns are shown in Table 6. Only one significant 

difference was demonstrated between male and female dogs; Pco2 was 

significantly lower in females than in males. This difference is un-

explained. Comparisons of means indicate that respiratory function 

is not significantly influenced by sex in the canine. This fact is 

further demonstrated in ANOVA procedures. 

Table 7 demonstrates the extent of variability within the age but 

sex groups. Because of the small number of observations involved, no 

significant differences are indicated within the three age by sex 

groups. 

Table 8 is a matrix of statistically significant coefficients of 

correlation. Most Of these correlations need not be explained but 

several are less obvious. Weight is correlated to tidal volume, minute 

volume, inspiratory velocity and expiratory velocity at the p(0.001 

level. Weight and compliance are correlated at the p(0.025 level. This 

correlation coefficient is much lower than reported by other in-

vestigators. 40, 81, 104 

All ventilaiion parameters (volumes and velocities) were highly 

correlated with each other and were also significantly correlated with 

,_ 
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compliance. Compliance is negatively correlated with airway resistance 

and this relationship is explained by age effects in a subsequent 

section. The expected negative correlation in blood gas tensions is 

demonstrated and they also correlate in the appropriate directions with 

minute volume. 

Additional correlations not displayed in this table are shown in 

the graph section for each parameter. 

Table 9 is a comparison of means from the three sample periods. 

Period 1 measurements were taken within two to four minutes of induction. 

Period.2 measurements were recorded to coincide with blood sampling and 

occured within several minutes of the first period. The final recording 

period was initiated shortly after the femoral blood sample was taken 

and recording continued until the dog actively resisted the measurement 

procedures. Although mean values for MV1 and MV3 were the only signi-

ficantly different means for the three periods, some interesting trends 

are demonstrated. Frequency, tidal volume, minute volume, work/min/Kg 

body weight and lung compliance consistently increase across the three 

periods (periods 1-3), however·, only minute volume means· were signifi-

cantly different (p<0.05). Conversely, esophageal pressure and air-

way resistance consistently decrease 'during the same time periods. The 

physiological implications of these trends are discussed in the subsequent 

section. 



Table 4. Silllple Statistics 
STANDARD 

PARAMETER RANGE(DISTRIBUTION LIMITS) MEAN DEVIATION 

Weight (kg) 13.18 (8.18 - 21.36) 13.9363 3.8490 
Heart rate 1 88 (116 - 204) 15!L 7333 23.0530 
Respiratory rate l(breaths/min) 26 (14 - 40) 22.3333 5.6283 
Tidal volume l(ml) 170 (100 - 270) 163.9000 38.0538 
MiI}ute volume 1 (ml/min) 4440 (2040 - 6480) 3623.6666 1122. 8390 
Expiratory velocity 1 (L/min) 12.50 (15 - 2.75) 20.2133 2.8375 
Inspiratory velocity~ (L/min) 16. 50 (7 .so - 24) 12.3633 3.5888 
Esophageal pressure~ cm H

3
o) 3.88· (3.40 ~ 7.28) 4.9300 1.1600 

Lung compliance 1(mI cm H ) 30. 72 (18.77 _;· 49.49) 34.4310 7. 4116 
Airway resistance1(cm H23/L/sec) 14.38 (10.10 - 24.48) 14.7814 3.4185 

_Work/Kg1(g.-m/Kg) 0.08(0.0267-0.01086) 0.0607 0.0209 
Work/min/Kg1 (g.-m/min/Kg) 2.04(0.5642-2.6076) 1. 3338 0.4381 
Respiratory rat,:r (breaths/min) 26 (14 - 40) 24.1666 6.1143 "' l.n 
Tidal volume2 ( ) 170 (100 - 270) 163.6667 43.3926 
Minute volume2 (ml/min) 4440 (2040 - ·6480) 3915.6000 1371.1673 
P02 (mm Hg) 31. 40 (74. 80 - 106. 20) 89.8767 9.2069 
Pco2 (mm Hg) 21.20 (34.90 - 56.10) 43.8900 5.8017 
pH 0.16 (7.294 - 7.457) 7.3465 0.0544 
Hb (g/100 ml) 12.10 (8.3 - 20.4) 13.8100 2.2620 
PCV 20.1 (26.0 - 46.1) 34.9233 4.6386 
Respiratory rat:t (breaths/min) 26 (14 - 40) 24.4700 5. 3158 
Tidal volume3 ( ) 200 (llO - ~10) 170. 7333 48.6663 
Minute volume (ml/min) 5044 (2156 - 7200) 4126.0667 1308.1913 
Expiratory veiocity 3 (L/min) 12.5 (15.00 - 27.50) 20.4467 2.8344 
Esophageal pressure~(cm H

3
o) 4.62 (2.72 - 7.34) 4.7440 1.2941 

Lung compliance3(ml cm~ ) 47.35 (18.82 - 66.17) 37 .4117 10.3797 
Airway resistancej(cm H23tL/sec) ll.73 (8.666 - 20.402) 14.0274 3. 8114 
Work/Kg3 (g. -1\1/Kg, 0' 08 (0. 0272-0 .·1065) 0.0595 0.0202 
Work/min/Kg3 (g.~m/min/Kg3 ) 1. 7216(0'.6587-2.4803) l.4;1.45 0.4821 
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Table 5. Age Group Means +Standard Deviations 

PilNIETElt 

vr<Ks> 

BT RT1 

F1(breaths/min) 

V~1(ml) 

liv1 (ml/min) 

VEl(L/min) 

v~ (L/min) 
. 1 

P11. (cm a:zo> 
s_ (ml/ cmH2o) 

1 
RA (cmH20/L/sec) 

1 
WK/K&1 (g.-m/Kg) 

WK/min/Ks1 

F2 (breaths/min) 

vr
2

(ml) 

KV 2 (ml/min) 

Po:! 

Pco2 
pH 

Hb (g/100 ml) 

PCV (percent) 

F 3 (breaths/min) 

V73 (ml) 

Mv 3 (ml/min) 

PE3 (cmH20) 

VE3 (L/min) 

CL3 (ml/cmH20) 

RA3 (cmH20/L/sec) 

llK/Kg3 ( g .-m/K•l 

WK/min/K&3 

N•l4 -
YOUNG 

14.77±3.61 

162. 86±22. 92 

24.14±7.32 

"168.57±40.12a 

3979.36±1283.Zla 

20.48±3.06 

12.73±4.30 

· 4.S!ttl.17• 

37.1::!:_6.53• 

13.53f4.35• 

o.05;t0.02ab 

"1.22j:0.40 

2,5.64;t7 .33 

167. 71±50.04a 

4264.00±1794. 768 

88.54±9.88 

44.1!!!:5. 76 

7. 3f!!:O. 05 

13.9~2.46 

33.2~.24 

25. 7!!!:6.51 

174.2!!!:54.13 8 

4446.4'.!!:1614. 73a 

4. 31!!:_1. 32 a 

20. 7Q!:.3. 02 

40.9~10.17 8 

12. 6'.!!:3.16" 

0.05±0-02 
a 

I.3():!:0.48 

H•ll 
ADULT 

14.23±3.91. 

153.64±24. 73 

20.82±3.15 

11j. 45±35. 4J> 

3611.54±898. 71b 

20.62±2.14 

12.84±_2.80 

5.04.±0.98 

34.8~.95b 

14. 6::!:_2. 09b 

0.07j:0.028 

l.37j:0.57 

23.27_±4. 77 

171.64±38.53b. 

3893.64±727. 66b 

90.0Q!:8.89 

43.94±6.13 

7.3~.05 

13.8~1.81 

37 .l'.!!:5.30 

22.2"1±4.ll 

183.0Q!:43.29b 

4022.11!!:.904. 09 

4.8'.l!:l.17 

20.87±2.10 

38.81!!:_7.69b 

13.8~2.8ob 

o.oi;::o.02 
b 

l.3!J±0.47 

10.95±3.57 

158.4<>±.22.0l 

20. 60±2. 96 

129°8o±18.37ab 

2654.4G;t390.058 b 

18.60±3.50 

10.30:!:2.64 

5.68±1..298 

24. l:tt.5. 3o•b 

18.6if±4.34ab 

o.01±<>.02b 

l.33j:0.48 

22.00±4.84 

134.8Qt22.97ab 

2988 ;4Qt986. 63 ab 

93.31!!:8.-Bl 

42.94±6.38 

7.34±0.04 

13.4(!!:2.95 

34.8~1.88 

25.6(!!:2.19 

133. 8'!!:28. 25 ab 

3457. 6'!!:970. 84 a 

5.6'.l!:l.20.a 

18.8~3.63 

24.l~.06ab 

18.4~4. 1oab 

0.07.::'J.Ol 
. ab 

1. 79±0.38 

Superscripts represent significant difference (p<0.05). 
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Table 6. Sex Group Means +Standard Deviations 

M•l6 H•l4 
PA11AMETER M "i 

wr 13. 30;t3. 88 14.66_t3.81 

HT RT1 155. OO;t22 • 65 163.00_t23.59 

r1 (breaths/min) 22.25_t3.97 22.43±7 .23 

VT (ml) 159.6J;t40.13 168. 78±36.37 
1 

MV1 (ml/min) 3551.19:f:1133.93 3706.50_tll46.74 

VEJ. (L/min) 20.03;!:3-56 20.42_tl. 79 

v1 (L/min) 12.21o:t4.20 12.50_t2.93 
1 

PE ccm11io> 
l' 

4.89J:l.40 5.0l_t0.83 

~ (ml/cmH2o). 34.33;!:8.25 34.54_t6.62 
1 

RA1.(cmH20/L/sec) 14.74_t3.80 14. 83z3. 06 

1iK/Kg1 (g.-m/Kg) o.nfi:tll.n25 n.~6±'J.Ol6 

"i!C/min/Kg1 (g.-m/min/Kg) l.40_t(). 594 l.2!;;:".319 

F 2(breaths/min) 24.3~.32 23.93;!:7. 76 

VTi(ml) 165.5'!!;49.12 161.57_t37.51 

MV2(ml/min) 4030.3~1527.46 3784.43;!:1211.29 

Po2 (mmHg) 89.23;!:10.36 90.61=!:8.00 

•co2CmmHsl 45.9~6.709 41.5J±3.42" 

pH 7.3i!t0.05 7.33±0.04 

Bb (g./lOOml) 14.1~2.61 13.4~1.81 

PCV (percent) .34. 3!!!:3. 59 35.5~5.68 

r 3 (breaths/min) 25. 3J;t,4 .14 23.51!!:,6.43 

Vr3Cmll 163.2~52.50 179. 21!t,44. 21 

Mv3'ml/min) 4127 .2~1457 .56 4124. 7~1168.88 

'83 (cmH20) 4.5!1';1.44 4.9~1.11 

VE3 (L/min) 20.21!!:3.50 20.63;!:1.91 

CL3 (ml/ cmH20) 37 .4'1!-12.05 37 .3'!t_8.27 

aA3 (cm H20/L/ sec) 13.6'1!:4.12 14.4'!t_3.53 

liK/Kg3(g.-m/kg) 0.06_t0.025 0.06_t0.014 

liK/min/Kc3 (g.-m/min/Kg) 1.44.±0.574 1.38±0.375 
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Table 7. Age-Sex G:J:"OUp ~eans 
H•9 H•5 N•3 H•8 .. , H•l 

PilAllETER YOUNG .ADULT AGl!D 
M p K p K 1i' 

wr 15.05 14.27 11.48 15.26 10.73 ll.82 

BT 1171 155.56 176.00 152.00. 154.25 156.00 168;00 

P1 (breaths/min) 23.56 25.20 19.33 21.38 21.50 17.00 

VT1(ml) 175.11 156.80 149.67 182.37 132.25 120.00 

KV l (ml/min) 4096.78 3768.00 2905.33 3876.38 2808.00 2040.00 
• 
VEl(L/min) 20.92 19.66 19.73 20.95 18.25 20.00 

V1 (L/min) 13.27 11.76 11.67 13.28 10.38 l0.00 
1 

p El (cmH20). 4.54 4.70 5.12 5.01 5.50 6.39. 

tz_1 Cml/cmH2oJ 39.36 34.76 30.93 36.38 25.57 18. 77 

RAi (cmH20/L/sec) 12.88 14.69 15.30 14.37 18.50 19.18 

WK/K.lt1 (~.-Iii/kg) .0.054 0.054 0.074 0.062 n.n6A n.n,;5 
WK/min/Kgl 1.253 1.169 1.720 1.11~ 1.1191 1.102 
F2 (breat~/min) 26.11 24.80 20.67 24.50 23.25 17.00 

VT2(ml) 176.44 152.00 168.67 172. 75 138.50 120.00 

KV 2 (ml/mi'!) 4617. 78 3627.00 3341.33 .4100. 75 3225.50 2040.00 

Po2 88.36 88.86 84.53 92.04 94. 73 88.00 

Pco2 46.27 40.42 50.03 41.66 42.22 45.80 

pH 0 7.37 7.35 7.34 7.33 7 .34 7.34 

Hb(g/lOOml) 14.49 12.98 14.20 13.67 13.22 14.10 

PCV 33.83 32.10 35.90 37 .58 34.52 36.20 

F 3Cbreaths/min) 26.55 24.40 22.00 22.38 25,00 28.00 

Vt3(ml) 179.44 165.00 152.00 194.62 135.25 128.00 

Kv3Cml/min) 4697. 77 3994.00 3350.67 4274.00 3426.00 3584.00 

l'E3ComH20,l 4.24 4.55 4~62 4.91 5.33 6.80 . ' 

Vi;:3 (L/min) 21.16 19.86 20.00 21.20 18.50 20.00 

Ct3 (ml/ cmH20) 43.12 36.94 36.08 39.91 25.81 18.82 

RA3 (cmH20/L/sec) 11. 81 14.09. 13.58 13.91 17 .91 20.40 

WK/Kg3 (g.-m/kg) 0.051 0.053 O.Q66 ~.064 , 0.06~ 0.074 
WK/min/k~3 1.321 l.24A 1.431 1.370 1.7?.6 2.062 



WT 
HR1 
Fl 
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Pc~ .. 
pH ~ 

Table 8. Matrix of Statistically Significant Coefficients of Correlation* 

WT l!Rl Fl 

l.00 
LOO 0.38 
0.38 1.00 

0.69 
0.71 0.57 
0.49 
o. 77. 

0.40 

0.85 
o.ss -.]8 

O.S8 0.43 
-.43 

.. 

*r?0.35 p<0.05 
r?.0,43 p<0.01 
r?0,52 p<0,001 

VTl MVl v E1 

0.69 o. 71 0.49 

•. 0.57. 
. l.00 0.69 0.66 

0.69 LOO 0.62 
0.65 0.62 1.00 
0.80 0.82 0.77 
0.48 o.46 
0.47 , 

0.46 
0.87 0.61 O.S5 
0.56 0.80 0.43 

-.39 -.40 

Vll PEl CL1 RA1 F2 VT2 MV2 Po 
2 

0.77 0.40 0.55 0.58 
-.43 

0.85. 0.44 
0.80 0.48 0.50 0.87 0.56 
0.82 0.46 0.61 0.80 
0.77 0.46 0.55 0.43 
l;oo 0;46 0.71 0.66 , 
0.46 1.00 -.so 0.75 0.40 

-.so i.oo -. 63 0~42 0.37 
0.75 -.63 1.00 -.38 

.39 1.00 0.57 
0.71 0.40 6.42 1. 00 0.70 
o. 66 . 0.37 0.57 0,70 1.00 0.41 

0.41 J.00 
-.40 -.39 -.38 -,64 

Pco pH 
2 

-.39 
-.40 
-.40 
-.38 

-.38 
-.64 
1.00 -.50 
-.49 1.00 
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Table 9. Means From Three Sample Periods 

Parameter Period 1 Period 2 

F (breaths/min) 22.33±5.63 * 24.17±6.11 

VT (ml) 163. 90±38. 05 163.07;t43.39 

MV (ml/min) 3623.67±1122.848 3915. 60:':1371.17 

PE (cmH20) 4.94±1.16 4.87;tl.27 

c,. (ml/cmH20) 34.4J:t7.41" 35.81±8.16 

RA ,(cmH20/L/sec) 14. 78±3.41 14.5<J:t3.53 

WK/Kg 0.06±().02 O.Ofi:!:0.02 

WK/min/Kg 1. 33±-0.44 1.39±-0.44 

8Superscript indicates significant mean difference (p(D.05). 

*Mean value +Standard Deviation 

Heart Rate and Respiratory Rate 

Period 3 

24.46;t5.32 

170.73;t48.67 

4126.07±1308.19" 

4. 74;tl.29 

37 .41±10.38 

14.02;t3.81 

0.06±().02 

L4l;t0.48 

Analysis of variance tables for the cardiopulmonary parameters 

heart rate and respiratory rate are shown (Tables lOA & B and llA & B). 

Age, sex, age by sex interaction and weight "have no effect on either 

heart rate or resiratory rate. Further analyses, eliminating sex 

and age by sex interactions (Tables lOB and llB ) demonstrated that 

age and weight do not significantly effect heart rate and respiratory 

rate. Because the independent variables age and weight do not signifi-

cantly effect the dependent variables heart rate and respiratory rates, 

gtaphical illustrations of these relationships are not necessary. 
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Tab!<' JOA ANALYSIS OF VARIANCE TABJ;F., RF.C:RF.SSJ<lN C:OBFFICJl~N'l'S, ANll STA1'1STICS OF FIT FOR 
DEPENDENT VARIABLE HEART RATE 

SOURCE DP SUH OF SQUARES HEAN SQUARE F VALUE PROB > F 

RE:gression 6 22128. 38045198 354. 73007533 0.61421 o. 7184 
Error 23 1328J.48621li69 577.54287690 
Corrected Total 29 15411.86666667 

SOURCE DF PARTIAL SS F VALUE PROB > F 

Age 2 748.73081268 0.64820 0.5336 
Sex 1 498.90039770 0.86383 0.3623 
Age*Sex 2 534.70143658 0.46291 0,6404 
Wt 1 134. 23600753 0.23243 0.6343 

Table lOR 
SOURCE DF SUM OF SQUARES HEAN SQUARE F VALUE PROB > F 

Regression 3 622.50323790 207.50107930 0.36479 0.7815 
Error 26 14789.36342877 568. 8216 7034 
Corrected Total 29 15411.86666667 

SOURCE DF P[\RTIAL SS F VALUE PROB > F 

Age 2 501·.17797941 0.44054 o·.6537 
Wt 1 98.09631149 0.17246 0.6813 

Table llA. ANALYSIS OF VARIANCE TABLE, REGRESSION COEFFICIENTS, AND STATISTICS OP PIT FOR 
DEPENDENT VARIABLE RESPIRATION RATE! 

SOURCf; DF SUM OF SQUARES MEAN ~QUARE F VALUE PROB'> F 

Regression 6 130. 95340312 21. 82556719 0,63727 0.7010 
Error 23 787. 71326355 34.24840267 
Corrected Total 29 ·91a. 66666667 

SOURCE DP PARTIAL SS F VALUE PROB > F 

Age i 93.16387063 1.36012 0.2760 
Sex 1 1.15292302 0.03366 0.8560' 
Age*Sex 2 27.94649496 o.40800 0.6748 
Wt 1 10. 85062534 0.31682 0.5790 

Table llB 
~OURCE DF SUM OF SQUARES HEAN SQUARE F VALUE PROB > F 

Regression 3 99.03907309 33.13002436 1.04723 0.3893 
Error 26 819.62759357 Jl.5~413821 

Corrected Total 29 918. 6666666 7 

SOURCE DF PARTIAL SS F VALUE PROB > F 

Age 2 69.98391712 1.11001 0.3455 
Wt 1 12.92305578 0.40994 0.5276 
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Tidal Volume 

Analysis of variance tables (Tables 12A & B and 13A & B) for tidal 

volume1 (period 1) and tidal volume3 (period 3) are shown. Age, sex, 

and age by sex interaction do not significantly influence an animal's 

tidal volume. The weight effect is statistically significant at the 

p'(0.0001 level even before insignificant main effects (sex and age by 

sex interaction) are removed. 

There were no significant differences between the mean tidal 

volumes of the three measurement periods (Table 9). As a result, 

tidal volumes for all dogs for each of the three measurement periods 

were grouped together. Figure 5 is a graphical illustration of tidal 

volumes vs. body weight in all dogs for all three periods. The 

corr.elation coefficient (r), regression equation, regression line, and 

five percent confidence intervals are shown. The correlation coefficient 

(r = 0.7189) is highly significant (p(0.01). The independent variable 

age was not shown to significantly effect tidal volume. Figure 6, a 

plot of tidal vs body weight for each of the age groups illustrates 

the insignificant age effects. The r values are all highly significant 

(p<O.Ol) but the slopes and intercepts of the regression lines for· the 

three age groups are not significantly different. 
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Table 12A ANALYSIS OF VARIANCE TABLE, REGRESSION CDE~FICIENTS, AND STATISTICS OF.FIT FOR 
DEPENDENT VARIABLE TIDAL VOLUME} 

SOURCE DF SUM OF SQUARES MF.AN SQUARE F VALl!E PROB > F 

Regression 6 22659. 11~219166 3776.53203194 4.49227 0.0040 

Error 23 19335.50780834 840.67425254 
Corrected Total 29 41994. 70000000 

SOUR.CE OF PARTIAL SS F VALUE PROB > F 

Age 2 1715.12165265 1.02009 0.3779 
Sex 1 . 237.11994997 0.28206 0.6004 
Age*Sex 2 842. 94432072 0.50135 0.6174 
Wt 1 12003.47274722 14. 27839 0.0010 

Table 12B 
SOURCE OF SUM Qr. SQUARES HEAN SQUARE F VALUE PROB > F 

Regression 3 21573.85880907 7191.28626969 9.15601 0.0004 

Error 26 20420.84119093 785.416968~8 

Corrected Total 29 41994.70000000 

SOURCE OF PARTIAL SS F VALUE PROB > F ... 2 1716. 35400752 .1.09264 0.3512 
Wt 1 14450. 114653~3 18.39802 0.0002 

Table 13A ANALYSIS OF VARIANCE TABLE, REGRESSION CO~FFICIENTS 1 AND STATISTICS OP FIT FOR 
DEPENDt:NT VARIABLE TIDAL VOLUME3 

SOURCE OF SUM OF SQUARES HEAN SQUARE F VALUE PROB > F 

Regression 6 47812.04961860 7968.67493643 8.78120 0.0001 
Error 23 20871.81104807 907. 4 7030644 
Corrected Total 29 68683.86666667 

SOURCE OF PARTIAL SS F VALUE PROB > F 

••• 2 1440. 42813048 0.79365 0.5321 
Sti 1 198.17159698 0.21838 0.6447 
Age*Sex 2 333.35633856 0.18367 0.8344 
Wt l 34483.03017416 37.99907 0.0001 

Table 13B 

SOURCE OF SUM OF SQUARES MF.AN SQUARE F VALUE PROB > F 

Regression 3 47363.28302120 15787. 76100707 19.25284 0.0001 
Error 26 21320.58364546 820.02244790 
Corrected Total 29 68683.86666667 

SOURCE OF PARTIAL SS F VALUE PROB > F 

••• 2 1488.80267080 0.90778 0.5815 
Wt 1 38711.'07349740 47.20733 0.0001 
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Figure 5. Tidal volume vs. body weight iri 
all dogs. 
r = 0.7189 Y = 50.99 + 8.23(Wt) 
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eaeh age group. 
Young; r = 0.6249 Y = 46.31 + 0.39(Wt) 
Adult; r = 0.5354 Y = 92.34 + 5.83(Wt) 
Aged; r = 0.5786 Y = 90.81 + 3.83(Wt) 
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Minute Volume 

Analysis of variance tables for minute volume1 (Table 14A & B) and 

minute volume3 (Table 15A & B) are shown. Body weight was found to be 

the only independent variable to significantly influence minute volume. 

The effect of weight on MV is highly significant (p<0.0001) in both 

periods analyzed (p~riods 1 and 3). 

A comparison of minute volume means for the three measurement 

periods (Table 9) indicated that significant mean differences existed 

(p(0.05). Mean MV1 was not different from MVz but did significantly 

differ from MV3• This necessitated separate graphical treatment of 

the three treatment periods. Figure 7 illustrates minute volume vs body 

weight for all ages during Period 1. The r value of 0.6295 is highly 

significant (J?<0.01). The regression equation, regression (best fit) line 

and confidence interval bands are demonstrated. Although ANOVA procedures 

did not reveal significant age effect on minute volume, Figure 8 

illustrates minute volume1 vs body weight in the three separate age 

groups. Only the r value for the young dogs (r = 0.9045) is statistically 

significant(p<0.01). 

Figure 9 illustrates MV3 vs body weight for all ages. The r value 

is highly significant (p(0.01). Figure 10 is a plot of MVj vs body weight 

for each age group. All three .of the r values are highly significant 

(p(0.01) but the slopes and intercepts of the three regression lines are 

not significantly different illustrating that age .does not significantly 

effect minute volume. 
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Table 14A ANALYSIS OF VARIANCE TABLE, REGRESSION COEFFICIENTS, AND STATISTICS OF FIT FOR 
DEPENDENT VARIABLE MINUTE VOLUME1 

' SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > F 

Regression ,6 20505100.78776580 3417516.79796097 4.89519 0.0026 
Error 23 16057157.87890089 698137.29908265 
Corrected Total 29 36562258.66666668 

SOURCE DF PARTIAL SS F VALUE PROB > F 

Age 2 1964222.32527330 l.40676 0.2646 
Sex 1 362925.47894036 0.51985 0.4782 
Ag~*Sex 2 927056.30066318 0.66395 0.5286 
Wt l 11158284.21832126 15.98294 Q,0006 

Table 14B 
SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > F 

Regre!'Jsion 3 194 765 74. 32858600: 6492191.44286200 9.87944 0.0003 
Error 26 17085684.33808068 657141.70531080 
Corrected Total 29 36562258.66666668 

SOURCE DF PARTIAL SS F VALUE PROB > F 

Age 2 1295912.73478445 0.98602 0.6115 
Wt , 1 13006348.80347769 19.79230 0.0001 

Table 15A ~ALYSIS OF VARIANCE TABLE, REG_RESSION COEFFICIENTS, AND STATISTICS OF FIT FOR 
DEPENDENT VARIABLE MINUTE VOLUME3 

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > F 

RegreSsion 6 29825522.98731323 4970920,49788554 5. 77312 0.0011 
Error 23 19804048.87935344 861045.60345015 
Co_rrected Total 29 49629571.86666667 

SOURCE DF PARTIAL SS F VALUE PROB > F 

Age 2 246837 .·68871780 0.14334 0.8673 
Sex 1 220758.01356546 0.25738 0.6174 
Age*Sex 2 275276.89855051 0.15985 0.8537 
Wt 1 22563613:34286875 26.20490 0.0001 

Table 15B 
SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > F 

Regression 3 28994882.93792764 9664960.97930921 12.17799 0.0001 
Error 26 20634688.92873903 793641.88187458 
Corrected Total 29 49629571.86666667 

SOURCE DF PARTIAL SS F VALUE P~OB ~ .F 

Age 2 5563433.55206763 0.35497 0.7093 
Wt 1 25205087.33619602 31. 75877 0.0001 
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Figure 7. Minute volume1 ys. ·body weight 
in all dogs. 
r = 0. 6295 Y = 559:. 28 + .212 .• 65 (Wt) 
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Inspiratory Velocity 

Analysis of variance tables· (Tables 16A and B) for the.dependent 

variable· inspiratory velocity are shown. Weight is the only independent . .. 

variable with a significant effect on inspiratory velocity (p(O.OOOi). 

Figure 11 is a graphical illus·tration of inspiratory velocity1 

vs body weight for a'il dogs. The r value of 0.7696 is highly significant 

p<0.01). ·The five· percent confidence interva'.ls demonstrate.the little 

variability among observations.· Fig~re 12 is a plot of v11 vs body weight 

for the thr.ee _age groups. The r value for young dogs (0.8520) is highly 

significant (p('0.01) and the r value of r = 0.6929· for adult animals 

is also significant .. (p<0.05). Although the. slope and intercept of the 

regression for young dogs appear quite different from the other two 

age group lines, it does. not differ significantly. 

Table l~AANALYSIS OF VARIAWc;:E TABJ.E, REGRESSION COEFFICIENTS, AND STATISTi:cs·op FIT FOR 
DEPENDENT VARlAB~E INSPI.RATORY VELOCITY l 

SOURCE DF SUK OF SQUARES HEAN SQUARE F VALUE PROB > i! 
Regression '. 6 229.13585676 38.18930946 ~;08557 0.0009 Ei-ior 23 144.33380991 6.27538304 
COrr~cted'Total 29 373.46966667 

SOURCE DF . PARTIAL SS F VALUE PROB > F 

Age 2 4.42611685 0.35266 0.7112 
Sex i 5.37233763 0.85610 0.3644 
Age*Sex 2 O. ll867818 ,. 0.00946 0.9914. Wt I 190.46735676 30. 35151 0.0001 

Table 16B 

SOURCE DF SUK OF SQUARES HEAN SQUARE F VALUE · PROB >" .F 

Regress.ion 3. 222. 22240445 74.07413482 12.73364 0.0001 Error • 26 151, 24_726221 5.81720239 
Correct~d T,Otal 29 . 373.46966667 

somict DF PARTIAL SS ~ VALUE PROB :I' F 
. AgO 2 . l 057774590 0.13561 0.8738 Wt I . 196. 6liA76376 ll.Z91AS o.JHIQl 
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Figure 11. Inspiratory velocity1 vs body 
weight in all dogs. ' 

r = 0.7696 Y = 2.37 + 0.72(Wt) 
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Expiratory Velocity 

Analysis of variance tables for the dependent variable expiratory 

velocity are shown (Tables 17A & Band 18A & B). The independent variables 

age, sex, and the first order interaction of age by sex do not influence 

the expiratory velocity of a dog. However, body weight does significantly 

effect expiratory velocity (p(0.05), 

Figure 13 is a graph of the expiratory velocity of all dogs for 

measurement periods 1 and 3 versus body weight. The correlation coeffi-

cient (r = 0.4956) is h~ghly significant (p( 0. 01). Figure 14 illustrates 

expiratory versus body weight for each of the age groups for the two 

measurement periods (period 1 and 3). The correlation coefficients for 

the yound dogs (r = 0.5829) and aged dogs (r = 0.7659) are highly 

significant (p(0.01). Graphically, the slopes and intercepts of the 

regression lines for adult dogs appears to be different from the 

other two age groups. However, the correlation coefficient for the 

adult group is quite low (r = 0.0731). Therefore, the regression (best 

fit) line could actually be drawn anywhere on the graph. This does not 

permit comparison of this line with the other two age groups. As a 

result, the regression lines are not significantly different. 
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Table l 1AftIW.YSIS 01 VARL\RCE TABLE, RECllESSION COEFPICIENTS, AND STATISnCS OF rtT POR 
DEPENDENT VARIAB_LE EXPlllA'lORY VELOCITY 1 

SOURCE DF SUM OF SQUARES MEAN SQUARE P VALUE PROB'> P 

Regression 6 64.11855167 10.68642528 1.45114 0.2382 
Error 23 169.37611500 7.36417891 
Corrected Total 29 233.49466667 

SOURCE DF PARTIAL SS F VALUE PROB > F 

••• 2 1.33867726. 0.09089 0.9129" 
Sex l 0.05763661 0.00783 0.9303 
Age*Sex 2 3.91021444 Q.26549 0.7722 
Wt l 37.56810722 5.10147 Q,0337 

Table 17B 

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > F 

Regression 3 59.36793658 19.78931219 2.95487 0.0502 
Error 26 174.12673009 6.69718193 
Corrected Total 29 233.49466667 

SOIJBC! Dr PARTIAL SS 1 YAWE PROB > 1 ... 2 2.56999.584 0.19187 0~8279 

Wt l 43.61820498 6 • .51292 0.0169 

Table !SA ANALYSIS OP VARIANCE TABLE, REGRESSION COEF_FICIENTS, AND STATIS'llCS OF PIT FOR 
DEPENDENT VARIABLE EXPIRA'l'ORY VELOCITY3 

SOURCE DF SUM OF SQUARES HEAN SQUARE F VALUE PROB > F 

Regression 6 65.42141924 10.90356987 1.49655 0.2231 
Error 23 167.57324743 7.28579337 
Corrected 'l'otal 29 232.99466667 

SOURC! DP PARTIAL SS I' VALUE PROR > F 

••• 2 1.71502440 0.11770 0.8891 
Sex l 0.00012541 0.00002 0.9966 
A@:e*Sex 2 3.35786941 0.23044 o. 7982 
Wt 1 38.53875257 5.28958 0.0309 

Table 18B 
SOURC! DP SUM OF SQUARES KEAN SQUARE F VALUE PROB > F 

Regression 2 60.89890667 20.29963556 3.06684 0.0448 
Error 26 172.09576600 6.61906769 
Corrected· Total 29 232.99466667 

SOllOCE DF PARTIAL SS F VALU! PROB > F ... 2 2,84464762 0.21488 0.8100 
Wt 1 44.44605818 6.71485 0.0155 
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Figure. 13. Expiratory velocity vs 
weight for all dogs. 

r = 0.4956 Y = 15.24 + 0.37(Wt) 
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Esophageal Pressure 

The analysis of variance tables for the dependent variable 

esophageal pressure are shown in Table 19A & B and 20A & B. 'l'he independent 

variables age and weight are shown to significantly effect esophageal 

pressure (p<0.05). After removing the insignificant independent 

variables sex and age by sex interaction, age and weight have highly 

significant (p<o. 01) on PE (Table 20B). 

Table.9 has shown that the three pressure means are not significantly 

different form each other. Therefore, Figure 15 represents a graph of 

esophageal pressure vs body weight for all dogs and all three measurement 

periods. The r value of 0.3164 is highly significant for the body weight 

and pressure correlation. Figure 16 is a graphical illustration of 

esophageal pressure vs body weight for each age group for the three 

testing periods. ANOVA procedures (Tables 19 & 20) have demonstrated 

significant age effects on pressure. However, graphically this relation-

ship is not readily apparent. The r value for young dogs (r = 0.5607) is 

highly signif:i,cant ( pC0.01) and the correlation coefficient for thl'! 

aged animals is also significant at the p~0.05 level. Because the 

correlation coefficient for adult dogs is not statistically significant, 

the regression line could actually be drawn anywhere on the graph, there-

fore, the slopes and intercepts of the three regression lines cannot be 

demonstrated to be significantly different. 
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Table 19A.. ANALYSIS OF VARIANCE TABLE, REGRESSION COEFFICIENTS, AND STATISTICS op' FIT FOR 
DEPENDENT VARIABLE ESOPHAGEAL PRESSURE1 

! ' 

SOURCE DF SUH OF SQUARES MEAN SQUARE P VALUE PROB > F 

Regression 6 6.92929442 1.15488240 1.86784 0.1297 
Error 23 14.22085225 Q.61829792 
Corrected T9tal 29 21.15014667 

SOURCE DF PARTIAL SS F VALUE PROB > F ... 2 4.t.6152405 J.60791 0,0423 
Sex I 0.02832517 0.04581 0.8324 
Age•Sex 2 0.84566847 0,68387 0.5188 
Wt I 4.09576442 6062426 0.0170 

Table -·---~ 

19B 

SOURCE DF SUM OF SQUARES HEAN SQUARE F VALl)E PROB > F 
Regression 3 6,08256915 2.02752305 3.49861 0.0291 
Error 26 15.06757752 0.57952221 
Corrected Tot81 29 21.15014667 

SOURCE DF PARTIAL SS P VALUE PROB > P ... 2 4.49973573 3.88228 0.0326 
Wt I 3.64699910 ·6.29311 n.n1A1 

Table 2 QA ANALYSIS OF VARIANCE TABLE, REGRESSION COEFFICIENTS, AND STATISTICS OF Flt FOR 
DEPENDEN'l' VARIABLE E~OPHAGEAL PRESSURE3 

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > r 

RegTession 6 21.57727181 3.59621197 3.06441 0.0234 
Enor 23 26.99144819 1.17354123 
Corrected Total 29 48.56872000 

SOURCE DF PARTIAL SS F VALUE PROB > F ... 2 12.88888252 5.49145 0.0112 ... 1 0.78007072 o. 66472 0.4233 
Age*Sex 2 1.97114145 0.83983 o.5521 
Wt 1 13, 28555404 11.32091 0.0027 

Tahle 20B_ 

SOURCE DF SUH OF SQUARES MP.AN SQUARE F VALUE PROB > P 

Regieaaion 3 19.18177391 6.39392464 5.65700 (l,0043 
Er rot' 26 29.38694609 1.13026716 

·Corrected Total 29 48.56872000 

spuRCB DF PARTIAL SS P VALUB PROB > l ... 2 12.73013472 5.63147 0.0093 
Wt 1 13~12702482 11.61409 0.0022 
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weight in all dogs. 
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Lung Compliance 

Analysis of variance tables for the dependent variable lung 

compliance are shown (Tables 21A & Band 22A & B). ANOVA procedures 

demonstrate that sex, age by sex interaction and weight do not signifi-

cantly effect lung compliance. The independent variable age does 

significantly effect this parameter (p<0.01). This effect is expected 

since several investigators have reported lung compliance to be reduced 

in aged dogs.81,111 However, the failure of weight to significantly 

influence compliance is surprising, especially since compliance has 

as components tidal volume and esophageal pressure which both have 

previously been shown to be significantly effected by body weight. 

Figure 17 demonstrates the best fit regression line for lung com-

pliance vs. body weight on all dogs for all three measurement periods. 

Although the r value (0.3927) is highly significant (p<.0.01), this 

correlation coefficient is much less than reported by other investigators. 

With the absence of the strong correlation, it is anticipated that 

ANOVA procedures would be unable to find a significant weight effect 

on compliance. 

Figure 18, a graph of body weight vs compliance for each age group, 

demonstrates that the regression lines for young and adult dogs run al-

most parallel. However, none of the r values for the individual age 

groups are significant. This is indicative of the variability within 

age groups, especially the aged group where the slope of the regression 

line is basically zero, making it imposssible to graphically illustrate 
\ 

the significant age effect. 
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Table 21AAHA.LYS18 or VARIANCB. TABLE. REGRESSION COEFFICIENTS, AHD STA'l'ISTICS OP PIT FOR 
DEPENDENT VARIABL~ COKPLIANCE1 

SOURCE DF SUH OF SQUARES HEAN SQUARE P VALUE PROB > P 

Regression 6 865.43124048 144. 238.54008 4.55933 0.0037 

Error 23 727.62656552 31.63593763 
Corrected Total 29 1593.05780600 

SOURCE DF PARTIAL SS F VALUE PROB > F 

••• 2 466.56204974 7 .37392 Q,0036 
Sex l 23.32379957 Q.73726 o. 3994 
Age•Sex 2 123.47282320 1.95146 0.1634 
Vt I 20.11624005 Q.63587 0.4334 

Table 21B 

SOURCE DF SUM OF SQUARES HEAN SQUARE F VALUE PROB > P 

!egression J 723.15665428 241.05221809 7.20468 0.0014 
!rror 26 869.90115172 JJ.45773660 
Corrected Total 29 1593.05780600 

SOURCI DF PARTIAL SS P VALUB PROB > P ... 2 475.88686808 7.11176 0.0037 
Wt l 47.36719935 1.41573 o.2449 

Ta Ji le 2;!A, ANALYSIS.or VAllIANCE TABLE,,.REGllESSIOH COEFFICIENTS, AND STA'IISTICS OP FIT POR 
DEPENDENT VARIABLE COHPLIANCE3 

SOlllCI DF SUH OP SQUARES lllWI SQUARE r VALUE PROB :.. P 

Re ere es ion 6 1344.92500225 224.15416704 2.89717, o.o:i95 
Error 23 1779.50861442 77 .36993976 
Corrected Total 29 3124.433~1667 

SOURCE DF PARTIAL SS F VALUE PROB :.. F 

••• 2 610.79636539 3.94725 0.0327 
Sex 1 66.09544438 0.85428 0.3649 
Age,.Se::ii: 2 82.52183536 0.53329 o.5988 
Vt 1 111.53853475 1.44163 0.2421 

- --·-----Table 22B 
SOURCE Dr Suii OF SQUARES MEAN SQUARE P VALUE PROB :.. l 

Regr~ei:lion J 1187.84717981 395.94905994 5.31589 o.oos1 
Error 26 1936.58643685 74.48409373 
Corrected Total 29 3124. 43361667 

• 
SOIJRCE DF PAR'I'IAL" SS P VALUE PROB :.. 7 ... 2 661.07732372 4.43771 0,0215 

Wt 1 148.42532730 1.99271 0.1699 
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-Figure 17. Lung compliance vs body weight 
in all dogs. 

r = 0.3927 Y = 22.92 +.0.93(Wt) 
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Airway Resistance 

Analysis of variance tables for the dependent variable airway 

resistance are presented (Tables 23A & Band 24A & B). The independent 

variables sex, age by sex interaction and weight do nbt significantly 

influence airway resistance in the dog. However, a highly significant 

relationship between age and airway resistance does exist. After sex 

and age by sex interaction effects were removed, age is found to have 

a highly significant effect on airway resistance (p< 0;01). The 

absence of body weight effect on resistance is vividly illustrated 

in Figure 19, a graph of body weight versus airway resistance for all 

dogs over the three measurement periods. The correlation coefficient 

is actually negative (r = -0.0339) as it is for aged dogs in Figure 20. 

In Figure 20 the correlation coefficients for young dogs (r = 0.1081), 

adult dogs (r = 0.3904), and aged dogs (r = -0.0574) are all insignif-

icant. Although graphically (Figure 20) the differences in the re-

gression lines for the three age groups appear to be different, the 

observation is not statistically substantiated since these regression 

(best fit) lines can actually be drawn anywhere on the graph. This 

figure does demonstrate that the airway resistance in aged animals is 

consistently higher than either young or adult dogs over the body weight 

distribution limits. 
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Table 23A 1AllALYSIS OF VARIARCE TABLE, REGRBSSI6N COEFFICIENTS, AND STATISTICS OP FIT Poa 
DEPENDENT VARIABLE RESlSTANCEl 

SOURCE DF SUK OF SQUARES MEAN SQUARE F VALUE PROB > F 

Regression 6 116.70272142 19.45045357 2.01313 0.1048 
Error 23 222.22124795 ' 9. 66179339 
Corrected Total 29 338.92396937 

SOURCE DF PARTIAL SS F VALUE PROB ;i. F 

Age 2 72.63730205 3.75900 0.0377 
••• l o.43~62409 0.04498 0.8339 
Age*Sex 2 13.99009927 0,72399 0.5004 
Wt l 7.35143556 0.76088 0.3921 

Table 23B 
SOURCE DF SUH or SQUARES MEAN SQUARE F VALUE l'ROB > F 

Regression 3 100.53129615 33.51043205 3.65477 Q.;'0249 
Error 26 238.39267322 9 .16894897 
Corrected Total 29 338.92396937 • 

SOURCE DF PARTIAL SS F VALUE PROB > P ... 2 97. 76844474 5.33150 0.0114 
Wt l 3.94188332 0.42992 0.5178 

·Table 24A ANALYSIS or VARIANCE TABLE, REGRESSION COEFFICIENTS, AND STA?ISTICS OF FIT FOR 
DEPENDENT VARIABLE RESISTANCE3 

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > F 

Regression 6 171.41483678 28.56913946 2.62972 0.0429 
Error 23 249.87120842 10.86396558 
Corrected Total 29 421.28604520 

SOURCE DF PARTIAL SS F VALUE PROB > F 

••• 2 120.83080241 5.56106 0.0107 
Sex l 7.64835281 0.10401 0.4101 
Age*Sex 2 13.03187415 o.59978 0.5619 
Wt l 25.74632926 2.36988 0.1373 

Table 24B 

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PROB > F 

Regression 3 146.78399190 48.92799730 4.63431 0.0101 
Error 26 274.50205330 10,55777128 
Corrected Total 29 421.28604520 

' SOURCE DF PARTIAL SS F VALUE. PROB > F ... 2 146.54015522 6.93992 0.0041 
Wt l 23.00829203 2.ugis O.llli 
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Figure 19. Airway Resistance vs 
weight in all dogs. 

r =-0.0339 Y = 14.84 - 0.03(Wt) 
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Figure 20. Airway Resistance vs body weight 
in each age group. 

Young; r = 0.1081 Y = 10.69 + 0.17(Wt) 
Adult; r = 0.3904 Y = 10.66 + 0.25(Wt) 
Aged; r =~0,0574 Y = 19.32 - ·0.07(Wt) 
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Respiratory Work 

Analysis of variance procedures were not initiated for the 

mechanical parameter, respiratory work. Methods for calculating this 

parameter have been previously explained. 

In the simple statistics section-of the results, significant 

means differences (p(0.05)were found between the Wk/Kg1 means. ·The 

young dogs values were significantly less than the other two groups. 

Graphical illustrations (Figure 21) indicate that respiratory 

work is not influenced by the weight of the animal. The r value 

(r = -0.0350) substantiates this. In figure 22, the regression 

lines appear to be significantly different. However, even though 

the slopes and intercepts appear to be different, the r values are 

all insignificant, and as a result,statistically the lines are not 

different. 

The other work parameter, Wk/min/Kg, was shown to also be 

age influenced. The aged dogs had significantly higher work values 

than the adult and young groups as shown in Table 5. Although 

this parameter is not graphically analyzed, correlation coefficients 

for Wk/min/Kg were significant (p<0.05) for the body weight and 

respiratory work relationship. 
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Blood Gas Analysis 

Femoral arterial blood samples were taken from 10 unanesthetized dogs. 

These serve as controls for comparisons of samples taken from dogs during 

the function measurement procedures. Respiratory rates, blood gas tensions, 

and pH are :shown in the table below with means and standard deviations 

indicated. Further, the means and standard deviations for the experi-

mental group is presented for comparison. 

Table 25. Blood Gas Analysis in Control Group 

Respiratory Rate PO Pea pH 

24 105.7 30.1 7.359 
20 94.1 36.2 7.335 
22 89.5 40.1 7 .363 
24 103.4 35.1 7.321 
26 92.5 37.1 7 .362 
22 97.3 34.3 7.362 
21 85.6 40.3 7.360 
20 90.4 39.1 7.402 
24 101.2 32.4 7.391 
24 93.3 34. 6 7.330 

x = 22.70 95.30 35.93 7.350 
S.D.= +0.63 +2.05 +1.05 +0.008 

Blood Gas Analysis in Experimental Group 

x = 24.16 
S.D.= +0.61 

89.88 
+9.20 

43.89 7 .346 
+5.80 +o.054 



97 

Anova Result Summary 

The following is a simple table indicating which independent 

variables .significantly effect the various respiratory parameters. 

· The X represents a significant effect. 

Table 26. Analysis of Variance Sulllmary Table 

Parameter Age Sex Weight 

Resp ir.a tory Rate 

Heart Rate 

Tidal volume x 
Minute volume x 
Inspiratory velocity x 
Expiratory velocity x 
Esophageal pr.es sure x x 
Lung Compliance x 
Airway Resistance x 

·pH 

P02 

Pea x 
2 
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DISCUSSION 

Introduction 

The purpose of this investigation was to examine and evaluate the 

influences of sex, age and weight on respiratory function in the canine. 

Mean values, ranges, standard deviations, and significant correlations 

as well as the effects of each of the independent variables. on respira-

tory function as determined by analysis of variance procedures have 

been presented. 

The Respiratory Model 

In the introduction of this paper, it was emphasized that prior to 

attempting a study of respiratory function, two major experimental 

design features must be considered. The first is that a respiratory 

model must be selected that will permit pulmonary function parameters 

to be measured that could be useful for eventual comparison with clinical 

values. It is desirable to obtain values that can be associated with 

an awake, normal dog and serve as base-line values for which to compare 

parameters of clinically ill, pulmonary disease dogs. The second con-

sideration is that the design of the investigation must allow for an 

effective evaluation of the influences of age, sex and weight on function 

and permit appropriate statistical analysis. 

Taking into account these two design considerations, it is apparent 

that the nature of the respiratory model dictates the state of the 

respiratory system of the animal at the time of function measurements, 

and this in turn determines how effectively the effects of age, sex and 
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weight on these pulmonary measurements can be evaluated. 

It has been demonstrated that the respiratory system is probably 

the system most readily deranged by preanesthetic and anesthetic 

t 104,109,132 h A · i d Br · agen s. T ree agents; cepromazine, atrop ne, an evane 

were administered to each dog prior to function measurements. Because 

experimental design did not permit measurement of pulmonary function 

irt normal awake dogs, it is necessary to use as controls function measure-

ments obtained by other investigators utilizing similar methodology in 

unanesthetized dogs. In addition to comparisons with reported parameters, 

there are several cardiopulmonary parameters that were measured during 

the course of the current study that can serve as indicators of anesthetic 

influence. 

Barbiturates, even in sedative dosages, have been shown to signifi-

cantly influence the respiratory system.74•119 •127 Brevane, an ultra-

short acting barbiturate, follows the pattern established for other 

barbiturates except that its action is of shorter duration; a:; the depth 

of anesthesia increases, respiratory minute volume changes from an initial 

increase during stage I to a definite decrease in stage III. This pro-

gressive decrease is attributed initially to a decreased respiratory 

frequency with adequate tidal volume, to an actual decrease in tidal 

volume in the surgical plane of stage III. 74 •127 In the current in-

vestigation, the respiratory frequency dropped to low levels of 12 

breaths/minute in several dogs shortly after administration of :Brevane, 

bu.t generally the initial frequency was in the range of 15-17 breaths/ 

minute. This initial period cif reduced frequency was quite transient 
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with rates returning to levels of 18-24 (F = 22) within three to four 

minutes after brevane administration. Tidal volume appeared adequate 

at this time and there was not a noticeable increase in tidal voluine 

ascertained during the course of the three measurement periods. 

A comparison of the means of the function parameters over the 

three measurement periods was shown previously (Table 9, page 70). No 

significant differences were shown to exist between mean frequency 

and tidal volume for each parameter over the three periods. In both 

cases there was a trend for an increase in frequency and tidal volume 

as the measurement periods progressed. However, the slight increase 

in both of these parameters is manifested by a significant increase 

in minute volume from period 1 to period 3 (p(0.05). Although this 

tends to indicate an initial.respiratory depression was present in the 

model, comparisons with the values obtained by other investigators is 

necessary before any valid conclusions can be drawn. 

Table 2·7 is a comparison of ventilation parameters reported by 

other investigators using techniques similar to this investigator. It 

is immediately apparent that two models are represented in the table; 

dogs anesthetized with barbiturates and unanesthetized dogs. The 

values from the present study included in the table are .those measured 

during the initial period (period 1), within two to four minutes of 

administration of brevane. Frequencies in unanesthetized dogs range 

from 13 to 2440,81,104,136 with a suggested breathing optimum of 22.134 

The mean frequency (F = 22). in the present study compares favorably with 

these reported parameters and is considerably higher than those reported 
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. d d 21,50,94 in anesthetize ogs. 

Over a wide range of body weights, dog lung volumes are proportional 

to body weight·.111 Although dividing lung volumes by body weight over 

such a small weight range is a questionable technique, an index of 

ventilation/Kg body weight is gained, crudely eliminating weight effects 

to facilitate comparison (Table 27). 

Table 27. Comparison of Ventilation Parameters 
Reference Weight Anesthesia Frequency Tidal volume VT/Kg Minute volume MV/Kg 

Presel)t 13.94 Brevane 22 164 11.72 3623 259.90 

21 12.60 Pentobarb 21 144 11.42 3100 246.03 

40 18.60 none 13 309 16.61 3878 208.49 

50 19.10 Pen to barb 13 203 10.68 2819. 144.15 

81 9.10 none 20 186 20.43 3720 408.79 

81 .10.90 none 19 170 17.00 3230 296.33 

. 94 Pentobarb 11 180 

104 9.10 none 24 220 24.17 

136 none 22 149 

In dogs anesthetized with pentobarbital, the VT/Kg range was 10 to 

12 ml/Kg and in unanesthetized dogs the range was from 16 to 24 ml/Kg. 

The 11.72 ml/Kg observed in the present work falls into the range for 

anesthetized animals. However, to consider either frequency or tidal 

volume separately can lead to misinterpretations; minute volume is more 

representative of actual ventilation. When placed on a body weight basis, 

hypoventilation is apparent in some anesthetized models.SO In the 

present study,. the value of 259.90 ml/min/Kg is somewhat low compared 
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to the majority of the unanesthetized values but still signficant hypo-

ventilation is not demonstrated. Further, if the mean minute volumes 

for the other two measurement periods (Period 2 and 3) were placed on 

a body weight basis, they would establish themselves well within the 

group of parameters obtained with unanesthetized models. Therefore, 

on the basis of volume comparisons, only slight respiratory depression 

is indicated in the present model. 

This depression can further be assessed by blood gas analysis. 

Arterial blood gas tensions and pH when combined with alveolar ventilation 

has long been recognized as the best method of evaluating ventilation 

efficiency. 37 Values for blood gas tensions and pH obtained in this 

study can be compared to those of other investigators in Table 28. 

Table 28. Arterial Blood Gas Tensions and pH 
Reference Anesthetic Po2 PC02 pH 

Present Brevane 89.87 43.89 7.346 

Present none 95.30 35.93 7.354 

35 none 89.10 36.70 7.414 

40 none 94.00 31.50 7.430 

104 none 73.70 36.00 7.440 

127 Pentobarb 71.10 53.00 7.250 

There are few reports of blood gas analysis in anesthetized dogs. When 

compared to the unanesthetized values in the table, the PCOz in the 

present study is elevated. In the control group of animals run in this 

study (Tables 25 & 28) PCOz values were comparable to those reported in 

the awake animal. 35•40 •105 
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The elevated Pco2 and the acidotic pH (7.346) appear to substantiate 

the respiratory acidosis that is characteristic of barbiturate anesthesia. 

Compared to values in the literature, 35 •40,l04 both the experimental and 

control groups in the present study are acidotic. However, previous 

blood gas analysis in this laboratory routinely produced values for pH 

in the 7.34-7.38 range in both unanesthetized and anesthetized dogs. 

The arterial pH is quite sensitive to sampling and storage effects,105 

but in this study suggested sampling procedures were carefully and con-

sistently followed and determinations were routinely performed within 

10 minutes of sampling. Sources of error in blood gas measurements 

have been reported to include; (1) characteristics of the polargraphic 

measuring system (especially the membrane neutralized to cover the 

electrode), (2) change in blood P02 prior to· measurement, (3) and prop-

erties in the blood which might alter.the measured tension.110 How-

ever, the existence of these errors in the present study is slim. As 

as result, arterial blood gas tensions and pH measurements in this 

laboratory strongly suggest that the pH of the arterial blood is slightly 

more acidic than the 7. 38-7. 42 that is normally reported. 134 Further 

examination of this area is necessary. 

To this point, arterial blood gas tension and pH parameters, as 

well as depressed minut,e/volume/Kg body weight, indicate that respiratory 

function is depressed. The amount of this depression is difficult to 

quantify, but it is important to be aware of 'the many physiological 

mechanisms that can be altered by this depression. 

Hypoventilation is a common complication of general anesthesia.132 
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Brevane, like any general anesthetic, can depress the respiratory chemo-

receptors. and thus ventilation. 74, 119, 127, 132 The ventilatory response 

to hypercarbia is depressed and varies in intensity with the anesthetic 

level. The depth of anesthesia in the present study produced a marginal 

acidosis, slightly elevated Pc02 and s.lightly low P02 values. Although 

the arterial blood gas tensions are only slightly altered, this is 

indicative of gas exchange complications. The relatively normal minute 

volume makes it questionable if gas exchange disturbances can be.totally 

attributed to decreased alveolar ventilation. Other considerations in-

elude increased venous admixture and changes in dead space. 

Tbe depressed arterial P02 can be in part attributed to an increase 

in venous admixture which commonly occurs during anesthesia. Although 

the mechanism remains unclear, venous admixture can result from "shunt-

like" effects caused by perfusion of poorly ventilated alveoli or per-

fusion of alveoli where diffusion is impaired.109 It has been suggested 

that ventilation to perfusion mismatching (V/Q)is a probable cause of 

. d i d . h . 11, 98 
1ncr~ase venous a m xture. uring anest .esia. Finley et al. attributes 

spontaneous collapse of lung area as being responsible for poor gas 

exchange during anesthesia, resulting in increased venous admixture. 36 

In the present study, -tidal volumes were lower than those reported 

in awake·dogs.40,81,104 Since minute ventilation was not significantly 

reduced as compared to reported values,4.0,81,104 the dogs were breathing 

at normal .frequencies but at a more shallow depth than would normally 

be expected. Low tidal volumes encourage airway closure which affects 

exchange either by creating poorly ventilated regions or by leading to 

cessation of ventilation if opening volume exceeds end-inspiratory 
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lung volume.20,7i A significant decrease in right to left shunting has 

been reported in dogs mechanically ventilated with positive end-expira-

tory pressure,l09 apparently eliminating much of the venous admixture 

related to or caused by airway closure. Although "closing volume" is 

an attractive explanation for the altered gas exchange in this study, 
109 valid experimental proof for its contribution to hypoxemia is lacking. 

Piiper and associates, on the basis of experiments with anesthetized 

dogs, concluded that unequal distribution of diffusion to perfusion was 

the main factor involved in altered gas exchange during anesthesia.108 

Other workers have found that there are no significant changes in 

diffusion capacity in anesthetized dogs.109 The possibility that CO 

and Oz transfer may be carrier mediated in the human lung has been re-

ported .134 However, the role of facilitated transfer and anesthetic 

influences on this transfer in the dog has not been proposed. 
' 

Still other mechanisms that could be responsible for the altered 

arterial blood gas tensions in the study include an increase in alveolar 

dead space. Impaired elimination of COz during anesthesia with an in-

crease of arterial tension of 2-4 lllDlHg is reported.109 The mechanisms 

underlying this change are related to an increase in alveolar dead 

space. 99 The anatomic dead space is also affected during anesthesia 

by preanesthetic agents and is significantly increased by atropine.118 

It is further altered by the position of the head and neck. In man 

an extended neck and protruded jaw can double· the anatomic .space but 

effects in canine have not been examined. 

Mismatching of ventilation to perfusion can occur if pulmonary 

blood distribution does not match with the distribution of ventilation. 
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The bulk of the evidence suggests that regional distribution of pulmonary 

blood flow remains primarily gravity dependent during anesthesia.l09 The 

sternal position of .the dogs in this study should encourage blood flow 

to be normally distributed, suggesting that intrapulmonary gas distri-

bution changes would be responsible for mismatching of ventilation to 

perfusion. FRC measurements are necessary to determine distribution changes. 

Functional residual capacity measurements are routinely performed in 

the canine, unfortunately, FRC was not determined in the present study. 

FRC is reduced during anesthesia in man in the recumbent position37,109 

and is decreased in the anesthetized dog.32,39,40 Mechanisms are not 

clear, but it is suggested that a change in chest wall mechanics is 

responsible. Westbrook found a right shift of the chest-wall P-V curve 

shortly after induction of anesthesia, indicating changes in chest wall 

properties. Gas trapping has also been suggested for the change in 

FRcl09 as has the position of the patient during the actual measurement. 

Gillespie placed dogs in three different body positions and was unable 

to demonstrate significant differences in FRC in unanesthetized dogs 

but did demonstrate a significant decrease during anesthesia.39 One 

can conclude that anesthesia apparently alters intrapulmonary gas dis-

tribution and that this can be partly explained by a decrease in FRC. 

Respiratory mechanics are directly responsible for intrapulmonary 

gas distribution. It follows then that any altered distribution seen 

during anesthesia could be the result of changes in pulmonary mechanics. 

In the present study, lung mechanics, specifically lung compliance and 

airway resistance, were measured shortly after administration of 
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brevane until the dog began res.is ting measurement procedures. It is 

reported that these parameters are altered during anesthesia and can 

disturb an animal's ventilation and gas exchange efficiency.39,40,132 

If the three measurement periods are considered for dynamic lung com-

plianne (Table 9, page 70), the three compliance means were not 

significantly different. However, there was a trend for an increase 

in c1 as the measurement periods progressed. Again, this increase is 

so small that it is necessary to compare the values of the present 

study with reported parameters in order to assess these measurements. 

Table 29 is a comparison of the present values with those reported 

in the literature. 

Table 29. Reported Values for Dynamic Lung Compliance 
(DC1 ) and Airway Resistance (RA) 

Reference Weight Anesthesia 

Present 13.94 Brevane 38 14.0 

2 10-15 Pen to barb 51 

10 9-16 Pehtobarb 84 

21 12.6 Pentobarb 40 

31 5-13.8 none 46 

40 18.6 none 97 1.3 

81 6.6-13.6 none 53 13.0 

83 none 75 8.6 

104 9.1 none 48 10.4 

130 Pentobarb 30-75 0.6-3.7 

136 12. 0 Pentobarb 38 14.0 
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The dynamic lung compliance value of 38 ml/cmH20 in the present 

study is lower than reported values regardless of the anesthetic state 

of the dog. This strongly indicates that another mechanism other than 

anesthetic effects is responsible for this low value. This is discussed 

in more detail in the subsequent section. 
31 Lung compliance does decrease during anesthesia. This decrease 

starts shortly after induction with the largest portion of the decrease 

coming within the first 10 minutes after induction.BB The mechanisms 

responsible for this decrease are for the most part not understood. 

Anesthetics or premedicants may have a direct pharmacological effect on 

lung compliance, possibly by constriction of alveolar ducts or respira-

tory bronchioles but this has never been demonstrated, However d- tubo-

curarine has been shown to decrease lung compliance, presumably by 

.releasing histamine. 109 Airway closure may reduce lung compliance 

through the reduction in the number of distensible units accessible 

to ventilation, but again, this is only conjecture at this time.l09 

Mead and Collier observed progressive atelectasis and a decreased lung 

compliance in dogs, observing atelectatic regions in the dependent ... 

lungs on post mortem following extended periods of anesthesia.BB Further, 

it has been demonstrated that there is a disproportionately large re-

duction in lung compliance than in lung volume in anesthetized dogs.15,77,BB 

This suggests that another mechanism, a change in surface tension in the 

lung unit may be contributing to the reduction in compliance. Possible 

causes include changes in lung air configurations, 109 high transpulmonary 

pressures that result in abnormal surface tension in the lungs, or direct 

effect of anesthetics on surfactant. Lipid soluble anesthetics, such 
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as halothane and chloroform, can change surfactant in excised, unperfused 

dog lungs. 109 ·The possibility of intravenous agents having a direct 

effect on surfactant has not been examined. 

As a result, the low compliance values of the present work could 

be attributed to anesthetic effects, but the possible ·mechanisms involved 

could be any number of those discussed. Among these mechanisms, the 

depressed tidal volume of this model does allow for airway closure to 

play a role, but at this time, this phenomenon is only conjecture. 

Table 9 does indicate a gradual increase in compliance from induction. 

However, since it has been demonstrated that the major po.rtion of the 

compliance reduction in anesthesia occurs during the initial minutes 

after induction, one would expect greater difference between mean com-

pliance values from period 1 to period 3 if the compliance was initially 

reduced. The possibility that compliance was reduced for the duration 

of the testing periods is unlikely since the dogs were awake and alert 

for the final two measurements, certainly not in the stage of anesthesia 

where lung mechanics are normally altered. 

The other mechanical parameter, airway resistance, is inversely 

related to lung volume and presumably this is also true of regional 

resistance in the lungs. Airway resistance increases during general 

anesthesia.42,74,113,124,132 Whether this increase is due to altered 

lung volumes during anesthesia or due to a direct pharmacological 

action of the anesthetic and preanesthetic agents on bronchial or 

bronchiole diameter is not certain. Atropine, a common preanesthetic 

agent that was used in this study, decreases airway resistance in 

anesthetized dog~ but this is not clinically noticeable.128 The values 



110 

for airway resistance reported in the literature are quite variable. 

Only part of this variation can be attributed to the difference in 

anesthetized and non-anesthetized animals, the rest is attributed to 

different measurement procedures. The RA of 14 cmHzO/L/sec in the 

present study is higher than any reported. Anesthetic influence could 

be responsible for a part of this, but this value does not appear 

34 different from those reported by Dubin and others in unanesthetized 

dogs.81,104 Different measuremen~ techniques are believed responsible 

for the differences in resistance values. 

Several times during the course of this discussion, .the effects 

of preanesthetic agents on lung function has been mentioned. Acepromazine, 

a phenothiazine derivative, was found to be necessary to eliminate the 

tremors and excitement that accompanies brevane utilization, besides 

reducing the necessary dosage of barbiturate considerably. Although 

phehothiazine derivatives are notorious for hypotensive effects, no 

significant effects on pulmonary function are reported in dog with ace-

promazine. 

Atropine was used in this study to reduce secretions of the 

respiratory tract and salivary glands and to inhibit effects of vagal 

stimulation on the cardiovascular and respiratory systems. Attempts 

to intubate dogs and application of the topical anesthetic to the 

laryngeal area was futile without having the animal atropinized. There-

fore, the side effects of atropine on the cardiopulmonary system must 

be recognized. Atropine was quite effective in blocking the effects 

of the vagus on the sinoatrial node, for the mean heart rate shortly 
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after administration of atropine was 158 beats/minute. Atropine also 

decreases airway · resistance through its action on bronchial and 

bronchiolar tone, and a similar mechanism explains its influence on 

dead space. Increases in dead space of 55% is reported by atropinization 

of dogs during spontaneous respiration.118 Although acepromazine is 

also an autonomic depressant, its effects on dead space and resistance 

are not known. 

The increase in dead space in the atropinized dog could possibly 

be the explanation of the mild respiratory acidosis present in the 

present model. Certainly this dead space increase contributes to 

altered gas exchange since alveolar ventilation = F (tidal volume -

dead space). With minute volumes being moderately depressed, a signi~~ 

icant increase in dead space could decrease effective alveolar 

ventilation just enough to cause a mild acidosis. 

Regardless of the mechanisms responsible, the amount of respiratory 

depression due to anesthetic and preanesthetic agents cannot be 

quantified in this model. No matter what the extent of this depression, 

the respiratory system does not appear to be responding to these 

disturbances. This could either indicate that only slight, insignificant 

depression is present, or this could indicate that some of the system's 

ability to intricately respond to slight changes in blood gas tensions 

has been lost. Apparently, without simultaneous unanesthetized controls 

to compare, these questions cannot be answered. 

Whatever the amount of depression, the primary concern in this 

study is to decide whether this depression affects the ability to evaluate 
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age, sex and weight influences on respiratory function. 

In most domestic animals, no statistics are available demonstrating 

a sex or specific age relationship to barbiturate. The exceptions 

are the extremes, the very young and the very old, but dogs falling 

into these two groups were not used in the current study. The 

administration of a fixed dose cif barbiturate on a body weight basis 

produces marked variation in response. Each animal's body has dif-

ferent proportions of body fat and muscular structure.126 

One can conclude that the anesthetic and preanesthetic agents do 

confound the evaluation of age, sex and weight on function, but that 

this effect appears to affect all animals involved in a similar manner. 

Very few parameters for the 30 dogs are completely different from the 

mean indicating that all animals are in similar experimental conditions. 

Therefore, this model does lend itself to an examination of the effects 

of age, sex and weight on pulmonary function. 

Age, Sex And Weight Effects 

It is again convenient to separate the various parameters measured 

into three categories to facilitate discussion; (1) ventilation 

parameters, (2) lung mechanics, and (3) blood gas analysis. 

Ventilation parameters; tidal volume, minute volume, and inspiratory 

and expiratory .velocity are reported.to be correlated to body weight.30,48 

The findings of the present study is ·in agreement in that all these 

parameters were found to be correlated to weight at the p'0.0001 level. 

ANOVA procedures examined the effects of the independent variables age, 

sex, weight and the first order interaction of age by sex on ventilation 
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parameters. The sex of the animal, animal age, and the age by sex inter-

action had no significant effect on ventilation parameters. Differences 

among dogs can solely be attributed to weight differences. Therefore, 

if nomograms of these parameters were made, the sex and the age of the 

dog would not have to be considered, only the weight of the dog must be 

known. 

Flow velocities measured in this study are seldom discussed in 

the literature, however, inspiratory and expiratory durations have 

proven useful as screening devices in ventilation disturbances. 16 •17 

They have been successfully used in the physiological assessment of 

allergic asthma in dogs and monkeys.94 In human pulmonary function 

testing, flow velocities are helpful when applied to flow volume 

studies and vital capacity maneuvers, but because 'these require 

voluntary breathing patterns, efforts to apply these tests to animals 

are without success. 

The strong correlation (p"-0.0001) that exists between weight and 

flow velocities is expected. Because frequency is not weight dependent, 

small and large dogs apparently breathe at the same frequency. There-

fore if no pathology is present, inspiratory and expiratory durations 

would be roughly the same in all sizes of dogs meaning that the only 

way a large dog is able to move the greater tidal volume at the same 

frequency necessary for proper ventilation, is by increasing flow 

velocity. 

The pulmonary mechanical parameters measured in this study, 

lung compliance, airway resistance, and respiratory work, can provide 
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a sensitive and reliable evaluation of the mechanical deficit present 

in pulmonary disease syndromes,31,104 Compliance values for the thirty 

dogs average 35.88 ml/cmH20 for the three periods. The values ranged 

from 18.77 to 66.17, but the standard deviation (8.00) indicates most 

of the values to fall between 27 and 42 ml/cmH20. These values were 

low compared to those reported in the literature (see Table 29). A 

definite decrease in lung compliance with anesthesia has been report-

ed.31,40 The compliance values that were recorded immediately after 

administration of brevane but not included. in the first period measure-

me~ts were little different from the mean compliance value for the 

first period. The increase in compliance with time from induction 

could be indicative of response to early depression, but this should 

not affect independent variable evaluation unless experimental 

treatment affected individual animals differently and this does not 

appear to be the case. 

Compliance is shown to be a weight dependent variable. Dynamic 

lung compliance, the ratio of tidal volume to the change in pressure 

is quantitatively influenced by either changes in tidal volume or 

pressure. In this study, it was demonstrated that when the tidal 

volumes for the 30 dogs are placed on a body weight basis, the tidal 

volume is less than reported for awake dogs. This could be responsible 

for the lower compliances reported here but this is dubious since 

there was only a minor reduction in tidal volume, However, the pressure 

value is critical in calculating dynamic lung compliance. In this 

study, the intrapleural pressure changes were measured by an esophageal 



115 

balloon. This is a proven safe and effective method of estimating 
31 40 41 91 104 intrapleural pressure changes. ' ' ' ' Some investigators 

use intraesophageal pressure changes directly in calculating lung 

compliance31 while others measure the difference between the pleural 

cavity and the mouth which is defined as transpulmonary pressure.17,21,40 

Transpulmonary pressure changes are normally less in raw value than 

esophageal pressure changes and as a result, if tidal volume remains 

constant, those methods that calculate compliance using transpulmonary 

pressure will obtain higher values for lung compliance. This perhaps 

better explains the low compliance values recorded in this study than 

does depressing effects of anesthetic and preanesthetic agents. 

However, the difference in methodology does not discourage an 

analysis of the three age groups and their lung compliance. Analysis 

of variance procedures indicate that the age of the animal has a signi-

ficant effect on lung compliance. In the canine, a decrease in lung _.,; 

compliance is associated with increased age.81,111,112 This 

relationship is further supported by comparisons of mean values for 

the three age groups. The mean compliance of the aged dogs (24.14) 

was found to be significantly lower (p(0.05) than the compliance 

means.of the young (40.91) and adult (38.86) dogs. ANOVA procedures 

further indicated that sex and the age by sex interaction do not 

influence compliance. It is surprising that these analysis procedures 

do not find weight to be a significant effect. This ·finding certainly 

indicates that it is important to not only consider an animal's weight 

when comparing compliance values, but also one must consider the 

animal's age. Therefore, the typical -nomograms that have been 
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constructed for compliance and body weight can be mis-leading. This 

study indicates that the age of the animal is in fact a more important 

determinant of lung compliance than is the animal's weight. For this 

reason, when nomograms are prepared, it is strongly recommended that 

age groups, however divided, be treated separately. 

Airway resistance is the ratio of the change in esophageal pres-

sure to the expiratory velocity. A mean value of 14.46 ciriH20/L/sec 

was found for the three testing periods. This value is high as com-

pared to other reported RA parameters.40,81,l04 Again, perhaps the 

method of measurement is more responsible for this elevated value 

than are anesthetic and preanesthetic effects. Using intraesophageal 

pressure changes instead of transpulmonary pressure will provide an· 

increased calculated airway resistance if velocity remains constant. 

The influence of anesthetic agents should lnot be overlooked. Airway 

resistance is increased during general anesthesia in the dog.109,123,132 

Further, atropine has been shown to decrease airway resistance,128,132 

counteracting some of the resistance attributed to anesthesia. The , 

use of the endotracheal tube system instead of the face mask or body 

chamber can alter resistance values, but the tube system, if ~p?ropriate 

sized endotracheal tubes are used, is actually a lower resistance system 

than the other two. Taking· these factors into consideration, the 

method of measuring the pressure parameter seems responsible for.the 

disparity that occurs b.etween the present study and the literature. 

However, because all animals in the present study, regardless of age, 

sex or weight were all measured in the same manner, the effects of 

these independent variables on airway resistance can be evaluated. 
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Airway resistance, like dynamic lung compliance, is a parameter 

that is significantly influenced by age (p<0.01). Sex, age by sex 

interaction, and body weight have little effect on resistance in the 

dog. This contradicts the findings of Crosfill and Widdicombe who 

found that resistance was a weight dependent parameter.21 Other 

investigators do not list airway resistance with the function parameters 

considered to be weight related.113,136 Figures 19 and 20 lend 

graphical support to this conclusion since the slopes of the regression 

lines are essentially zero. However, when comparison of clinically 

ill animals with normal parameters is being done, the age of the 

animal is a necessary consideration. 

The work of respiration is the final mechanical parameter that was 

analyzed. ANOVA procedures were not used for this variable, however, 

simple statistics and linear regression procedures work, as expressed 

in a Work/Kg basis, is not weight dependent. It should be emphasized 

that the values for work used in this study were not arrived at 

by integration of the pressure-volume curve. The Work/Kg is the 

product of tidal volume multiplied by esophageal pressure change and 

placed on a KG of body weight basis. Figure 22 indicates that an, 

age effect is possibly present, but because of the very low correlation 

of coefficients, no statistical conclusions can be drawn. Simple 

statistical analysis of means indicate that work is age d~pendent. The 

older animals consistently had higher work values than the other two 

groups(!"'0.05). There is a paucity of literature considering work 

as a possible parameter in evaluating ·disease conditions. 
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The final group of parameters, blood gas tension and pH, have been 

discussed in depth in regards to anesthetic and preanesthetic agent 

effects. ANOVA procedures revealed that none of the independent variables 

significantly influence these parameters. Mean comparisons did reveal 

a significant difference between male and female dogs. This difference 

cannot be explained. 

Model Limitations 

Anytime physiological procedures are used that do not have esta-

blished classical foundations, experimental obstacles are ini'tially 

encountered. The purpose of this study was to establish normal respiratory 

parameters in the canine and then to examine these parameters for the 

effects of age, sex and weight. A new respiratory model was selected; 

a tranquilized, atropinized, sedate animal was intubated and pulmonary 

function was measured. The model itself proved. to be a confounding 

factor in that parameters recorded did not simulate values expected for 

normal, awake dogs. However, this model did not show the severe respira-

tory depression that other investigators routinely encountered when 

using anesthetized dogs. The respiratory frequencies that sometimes 

are reduced to 4-6 breaths/minute in studiesSO were avoided in this 

model. Frequency variability was minimal with sixty-eight percent of 

the dogs having a frequency between 17 and 27 breaths/minute. 

Further, although the 30 observations compare favorably with the 

number used in other reports of normal parameters, many correlations 

were insignificant because of the inherent variability wiithin the 

thirty dogs. Comp1.icating factors contributing to this variability 
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include the fact that when selecting animals from an open colony, no 

control of breed was available and more importantly, little or no 

history on each dog was known. Ages and disease status were two cr.ucial 

factors that were not known. Judging from teeth characteristics, the 

adult group was much closer in age to the young dogs with the mean 

age of the 30 dogs being around 3 years of age. This can partially 

explain why the adult dogs and young dogs seldom demonstrated significant 

differences for the various dependent variables. 

The aged .group, only 5 in number, consistently showed the most 

variability for each of the parameters, often times showing negative 

correlations where population trends were going in the other direction. 

Part of the statistical problems ~ssociated with the aged group could be 

eliminated by increasing the number of observations. Originally 36 

dogs were involved in the experiment. Because of sampling problems 

or instrument problems, 'six dogs were ·dropped from the analysis keeping 

the parameters with equal numbers enhancing statistical testing. Of 

these six dogs dropped from the experiment, three were aged animals. 

All three demonstrated low compliances (mean compliance of 24.19) and 

high airway resistances (mean resistance 17.09). The addition of these 

dogs to the study could significantly influence the linear regression 

and ANOVA procedures. However, this may be a bit optimistic for several 

dogs within the aged group were very erratic in their response and 

provided so much variation that it is questionable if these dogs were 

in fact normal, healthy animals. Respiratory infections and canine 

distemper have been present in the open colony from time to time. Whether 

these dogs had suffered pulmonary pathology or had ever shown signs of 
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respiratory disease is not known. 

One further complication was the fact that mixed breeds were used 

in thi.s study. Other investigators use primarily beagles.40,104 The 

possibility that breed differences could be a confounding factor in 

determining pulmonary function parameters should be considered. Thoracic 

cavity an.d chest wall features that some breeds possess could influence 

respiratory function, especially the mechanical measurements. This is 

still another area that needs further investigation. 

The method of using esophageal pressure in computing lung compliance 

and resistance values is established, but this investigator feels that 

subsequent work should utilize transpulmonary pressure changes. The use 

~ of intraesophageal pressure for all animals in this study allows for 

age and sex group comparisons, but it does make comparisons with re-

ported parameters in the literature difficult. 

In several instances within this paper, the need for functional 

residual capacity measurements has been· demonstrated. FRC is a diagnostic 

parameter that is significantly altered in emphysema, asthma, cystic 

fibrosis and other restrictive and obstructive diseases. Further, FRC 

measurements are necessary for calculating specific compliance, a ratio 

of dynamic lung compliance and FRC that has proven to be more indicative 

of altered mechanical function than is dynamic lung compliance alone. 

One final limitation must be considered. This is not unique to 

the present repiratory model, but is present in all studies of respiratory 

function in animals; limitations of the functions tests themselves. Do 

the physiological tests applied to canine pulmonary function evaluation 

possess the sensitivity necessary to be of diagnostic value? Certain 
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investigators in the human pulmonary fields emphasize that even routine 

compliance measurement.s are of little diagnostic significance if they 

are not measured during voluntary breathing patterns.17,18 Admittedly, 

dynamic lung compliance and airway resistance parameters are not 

sensitive indicators of peripheral airway pathology unless the dis-

turbance is extensive. Hamlin and Smith studied respiratory function 

and measured airway resistance after introducing a 50% stenosis of 

the trachea and found that values for resistance did not differ 'signifi-

cantly from normal, causing them to question the confidence they 

had placed in their mechanics measurements.SO Although use of these 

function tests has not been reported in clinical conditions in 

evaluating naturally occurring disease, manipulative and -induced 

disease studies indicate that measurements of ventilation parameters, 

pulmonary mechanics, and blood gas analysis can provide a sensitive 

and reliable evaluation of respiratory deficit in pulmonary disease 

and can facilitate clinical diagnosis and evaluation of therapy. 

Applications of pulmonary function tests in combinations, emphasizing 

interrelationships between the various parameters is essential in 

canine studies, especially since the voluntary breathing patterns 

necessary in the more sensitive tests, will never be realized. 
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CONCLUSION 

The influence of age, sex and weight on pulmonary function in the 

sedate canine has been presented. The tranquilized, sedated, intubated 

respiratory model facilitated pulmonary function measurements without 

a severe compromise of !the normal physiological state of the respiratory 

system. 

Although the effects of the anesthetic and preanesthetic agents 

on respiratory function have been emphasized, their effects were unable 

to be quantified. However, it was determined that whatever respiratory 

depression was present in the model did not significantly interfere 

with the evaluation of the effects of the independent variables; age, 

sex, and weight on the various respiratory function parameters. 

In this study, sex did not influence the animal's respiratory 

function. The first order interaction of age by sex also had no signi-

ficant effect on any of the pulmonary measurements. The weight of the 

dog was found to significantly effect all respiratory parameters with 

the exception of airway resistance and lung compliance. The age of the 

animal was demonstrated to have a significant influence on esophageal 

pressure, dynamic lung compliance, and airway resistance. This effect 

makes it mand~tory to consider age of the animal. as well as his weight 

when evaluating selected respiratory parameters. 

Although the model's immediate clinical applicability is questionable, 

it is an easy and efficient method of evaluating respiratory function. 
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