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Alterations of Ventilation to Perfusion Ratios Distribution
Associated with Successive Clinical Stages of

Pulmonary Emphysema *

CLAUDELENFANTt ANDWILLIAM R. PACE, JR.

(From the Institute of Respiratory Physiology, Firland Sanatorium, and the Departments of
Medicine and Physiology, University of Washington School of Medicine,

Seattle, Wash.)

Studies reported by Briscoe and co-workers
(1) and Finley (2) have demonstrated the blood
gas abnormalities of patients with pulmonary
emphysema to be mainly the result of impaired
distribution of the ventilation to perfusion
(VA/Q) ratios throughout the lung. Finley
provided no information about the differences in
clinical severity of his subjects, however, and
Briscoe and co-workers apparently studied
patients representing only one stage of the dis-
ease according to the classification of Baldwin,
Cournand, and Richards (3). Thus, neither
study established the actual nature of changes
in VA/Q distribution that develop as the disease
progresses. Unanswered is the question of
whether there occurs an increase of range,' of
dispersion, or of both. Yet it is important to
know what modifications develop as the disease
worsens, because knowledge of these progressive
changes may lead to a better understanding of
the basic physiological impairments occurring
with age (4, 5). This paper is a report of experi-
ments that were made in an attempt to assess
the nature of the differences in VA/Q distribution
present in three groups of subjects selected ac-
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cepted June 7, 1965.

This work was supported by the National Institutes of
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Institute of Respiratory Physiology, Firland Sanatorium,
1704 N.E. 150th St., Seattle 55, Wash.

1 As used in this discussion, the terms "over-all,"
"range," "dispersion," and "frequency distribution" are
defined as follows: "over-all" refers to the whole lung (e.g.,
VAT/QT is the over-all VA/Q; "range" is the interval be-
tween the highest and the lowest figures; "dispersion" is
the variation in size occurring among the various items
constituting the series, and "frequency distribution" is
defined as an arrangement of numerical data according to
size.

cording'to the clinical severity of their pulmonary
emphysema.

Methods
Subjects

Twenty-two hospitalized patients have been studied.
Upon physical examination, they all had symptoms and
findings consistent with some degree of obstructive
bronchopulmonary disease. All had chronic coughs and
some shortness of breath. Some had pulmonary fibrosis
in addition to emphysematous changes, and most of them
had tuberculosis when they were studied, or had had this
disease at some time in the past. In this study the sub-
jects were classified into three groups on the basis of the
severity of their clinical symptoms and the impairment of
spirometrically measured ventilatory function.

Group I comprised six patients who did not complain of
shortness of breath at rest, but who became dyspneic with
moderate exertion and had maximal expiratory flow
(MEF) rates greater than 180 L per minute. Whereas
some of the subjects in this group had numerical values
for MEF, or maximal breathing capacities (MBC) that
were borderline or even normal, these patients had forced
expiratory spirograms that demonstrated slowing of the
expiratory flow in some portion of the tracing. Group II
was composed of nine patients, each with recurring symp-
toms while resting, and each suffering from enough dyspnea
to prevent any prolonged physical activity. The maximal
breathing capacities of these patients varied from 34 to
76 L per minute, with a mean value of 55; mean MEF
measurement for this group was 113 L per minute, and all
but one member had MEF values between 70 and 120.
Group III comprised seven patients with crippling breath-
lessness, MBCbetween 13 and 52 L per minute, and MEF
between 50 and 100 L per minute. These patients were
confined to bed most of the day and capable of only
minimal physical activity.

The ages, body surface areas, and available results of
routine ventilatory testing for these patients are recorded
in Table I. Progressive incapacity is accompanied by a
corresponding increase in obstructive and restrictive
ventilatory defects.

Procedure

The day before the experiment, the patient received a
preliminary detailed explanation from the investigators
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TABLE I

Statistical and basic respiratory data for all subjects

Body Comparison Maximal Comparison Maximal
Subject surface Vital to predicted* breathingt to predicted* expiratory

no. Age area capacity value capacity value flow

years M2 L % L/min % L/min
Group I

1 53 1.75 3.97 105 91 90 240
2 50 2.16 4.00 88 360
3 44 1.67 4.50 115 340
4 60 1.45 1.96 59 80 100 180
5 50 2.16 5.86 144 320
6 46 1.96 3.20 72 220

Mean- 50 1.86 3.91 97.2 276.7
at 1.30 30.8 73.1

Group II
7 53 1.96 3.16 83 61 53 100
8 65 1.74 1.60 48 39 43 100
9 49 1.76 3.39 90 75 69 100

10 56 1.54 1.85 50 41 46 120
11 53 1.96 3.16 83 61 53 100
12 74 1.50 3.38 109 76 106 200
13 47 1.56 2.83 82 50 65 120
14 72 1.67 1.88 55 34 41 70
15 41 1.60 3.33 85 58 56 110

Mean 57 1.70 2.73 76.1 55 59.1 113.1
a 0.70 19.4 14.3 19.0 33.7

Group III
16 43 1.71 1.96 51 21 19 60
17 60 1.63 1.93 52 27 30 90
18 56 1.59 1.82 52 21 23 80
19 55 1.80 3.12 70 52 50 100
20 57 1.24 1.06 41 13 25 50
21 56 1.54 2.40 65 34 39 80
22 63 1.85 3.40 93 39 39 100

Mean 56 1.62 2.24 60.6 29.6 32.1 80
af 0.74 16.0 12.2 10.2 17.7

* The predicted values of vital capacity and of maximal expiratory flow were established from the standard values,
given in reference 6.

t The maximal breathing capacity was not available for all the subjects of group I.
T = standard deviation.

who would carry out the procedure. After an arterial
puncture, the subject was seated in a comfortable chair.
His nose was occluded with a nose clamp, and a rubber
mouthpiece was fitted into his mouth and checked for
leaks. The mouthpiece was connected to a two-way plastic
valve, having a 30-ml dead space.

The subject first inspired an argon-free gas in which the
fractional concentrations of 02 and N2 were comparable
to those in room air. After an adaptation period of 10
minutes, the expired gas was collected while a sample of
arterial blood was being withdrawn. The inspired gas was
then changed to a mixture of 90% 02 and 10% N2 with
no argon. The subject breathed this mixture for 11 to 15
minutes before samples of arterial blood and expired gas
were again collected simultaneously. The subject then
resumed breathing the gas mixture simulating room air;
the final blood and gas samples were simultaneously
collected 10 to 15 minutes later,

Throughout the entire procedure, the concentrations of
expired CO2 and N2 at mouth level were continuously
monitored with an infrared CO2 analyzer and a nitrogen
meter, both of which were calibrated with standard gas
mixtures before and after each experiment. The concen-
tration of 02 at any moment was calculated as the differ-
ence between 100% and the sum of the CO2 and N2
concentrations. Expiratory flow and integrated volume
were constantly monitored with a Godart pneumotacho-
graph. In some experiments the pressure at mouth level
was recorded during inspiration and expiration in order to
calculate the resistance of the system. The resistance
never exceeded 0.2 cm H20 per L per second.

Beckman O2 and Severinghaus CO2electrodes were used
to measure Po2 and Pco2 of the collected samples of ar-
terial blood and expired gas. The samples were tested
within less than 5 minutes after collection. A delay of 5
minutes could cause approximately 2 mmHg underestima-
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VENTILATION TO PERFUSION RATIOS IN EMPHYSEMA

tion of arterial oxygen pressure (PaO2) during room air
breathing, and about 14 mmHg lowering of 02 tension of
the high FIo22 samples; the overestimation of Paco2 result-
ing from this short a wait would be insignificantly small (7).
The electrodes were calibrated with tonometered samples
of blood immediately before and after each analysis. All
measurements were made at 37.5° C.

A portion of each blood sample was kept anaerobically
until the end of the experiment, when it was analyzed for
PN2 with a Beckman CG2A gas chromatograph. The
nitrogen concentration in a mixed expired sample was

calculated as the difference between 100% and the sum of
the 02 and CO2 concentrations.

For the determination of alveolar-arterial differences
(A-aD) in gas tensions, and for plotting the washout and
washin, the concentrations of end tidal expired gas were

assumed to represent the gas concentrations in the alveoli.
The amount of N2 eliminated from the tissues while the
subject breathed 90%02 was determined according to the
data of Robertson, Siri, and Jones (8), corrected for the
subject's weight.

Calculations

Total alveolar ventilation. Alveolar ventilation (VA)
was determined as the product of the total expired ventila-
tion (VE) and the ratio of CO2 concentration in expired
gas to that in end tidal gas, according to the equation:
VA = VE(FECo2/FACO2). The results in Table II are

expressed in conditions BTPS.3
Washout and washin curves. The method originally

described by Briscoe and Cournand (9) was used in a

slightly modified form. On semilogarithmic paper, time
was expressed along the linear abscissa, and the values of
alveolar N2 concentration minus alveolar N2 concentration
at infinity were expressed along the logarithmic ordinate
according to the equation: (FAt- FA,)/(FAo - FA,)
= e-kt, where FA0, FAt, and FAX are, respectively, the
measured N2 concentrations before the study, at time t
during the study, and after infinite time, and k is equal to
the ratio of alveolar ventilation to lung volume (VA/VL).

The washout and washin curves for each subject were

analyzed into three exponential components, corresponding
to the lung compartments having different ventilatory
rates. The component representing the compartment
having the poorest ventilation was easily derived in the
usual manner. Occasional difficulty was encountered in
differentiating the best ventilated and the intermediate
compartments, principally with curves for subjects from
group I.

The ventilation of each compartment was calculated
from the equation: VAi/VA = FAiO/FAT0, and the alveolar
ventilation per unit of lung volume from the equation:
VAi/VLi = M/2.3. In these equations, VAi and VA are,

respectively, the alveolar ventilation per minute of any

compartment and of the whole lung; VLi is the volume in
milliliters of that compartment, FAi0 is the nitrogen con-

centration in the same compartment at time zero; FAT is

2 Fractional concentration of 02 in inspired gas.

I Body temperature, pressure, saturated with water.

the mixed alveolar nitrogen concentration; M is the
number of units of time in which a single exponential
function falls to Xof any previous value, and 2.3 is log. 10.

The volume of each compartment was determined from
these equations, and the total lung volume (VL) was
computed as the sum of the volumes of all compartments
(VLi + - -VL.). For simplicity the three compartments
will be designated hereafter by the numbers 1, 2, and 3,
referring, respectively, to the most ventilated, the inter-
mediately ventilated, and'the least ventilated compart-
ments, in relation to their volumes.

Determination of Q. Assessment of the distribution of
blood flow within the three compartments required several
assumptions, each of which will be discussed in turn.

a) VA/Q is assumed to be the same throughout (i.e.,
not distributed within) each of the compartments identified
from the N2 washout data. This assumption is necessary
if the number of compartments is to be kept within
manageable limits.

b) VA/Q is assumed to be lower in compartments with
less ventilation per unit volume. In any case where this
is not true, our interpretation is not valid. In the patients
studied in these experiments, however, the washout data
indicate that those parts of the lung with lowest VA/VL
ratios constitute a significantly large fraction of the total
lung volume, accounting for 71%of the functional residual
capacity (FRC) in group III and 46% in group I. Our
assumption, then, is that such a large part of the lung must
be perfused by a substantial portion of the cardiac output.
Hence, since its ventilation is so much less than that of
other parts of the lung, this larger compartment must have
the lowest VA/Q. Although this assumption will be
reviewed in detail in the Discussion, it must be kept in
mind that these compartments, so defined, have no spatial
significance whatsoever. The technique used in our ex-
periments considers units with the same functional prop-
erties from all over the lung as grouped together in each
compartment. The findings, therefore, of regional func-
tion studies (10-11), which, by contrast, group together in
variable proportions units with different characteristics,
do not refute our assumption.

c) A-aDN2 is considered as being determined exclusively
by the group of low VA/Q units. This assumption is not
entirely accurate, since the better ventilated spaces also
make a small contribution; where the assumption is
invalid, the resulting error would minimize the ventilation
to perfusion ratios of the slow spaces.

d) A-aDco2 is assumed to be determined exclusively by
the group of units with the highest VA/Q. If this postulate
is not valid, the estimates of the VA/Q in the better
ventilated spaces are maximal values.

e) Total blood flow is assumed to be S L per minute, and
the same in all subjects. Deviations from this estimate
by 30% in either direction were found to cause no appreci-
able difference in results from this system of interpretation.

On the basis of these assumptions, the value of Q0 was
obtained by determining the blood flow necessary to pro-
duce the measured A-aDN2, when the alveolar ventilation
was equal to VA3, as derived from the N2 washout curve.
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TABLE III

Ventilation*

Subject VA/VAT VL/VLT VA/VL
no.

Compartment VAT 1 2 3 VLT 1 2 3 VAT/VLT 1 2 3

mI/min % ml % ml/ml/ m/mil/min
min

Group I
1 4,572 36.7 54.3 9.0 2,959 11.2 49.3 39.5 1.88 5.11 1.70 0.35
2 6,380 30.6 52.6 16.8 3,804 7.5 38.3 54.2 1.68 6.85 2.30 0.52
3 4,473 38.1 39.7 22.2 3,599 10.4 39.6 50.0 1.24 3.43 1.24 0.52
4 4,741 49.6 31.4 19.0 3,548 10.1 26.4 63.5 1.34 6.52 1.59 0.40
5 7,275 43.2 46.4 10.4 4,484 16.7 45.9 37.4 1.62 4.18 1.64 0.45
6 4,430 34.4 58.6 7.0 3,144 9.5 35.8 34.7 1.41 5.11 1.48 0.28

Mean 5,311 38.7 47.2 14.1 3,589 10.9 42.6 46.5 1.52 5.20 1.66 0.42
a 1,107 5.9 9.3 5.5 491 2.8 9.3 10.2 0.22 1.20 0.32 0.09

Group II
7 5,636 57.0 26.5 16.5 3,680 13.3 22.9 63.8 1.53 6.57 1.77 0.40
8 5,075 49.2 42.2 8.6 3,094 17.5 39.8 42.7 1.64 4.60 1.74 0.33
9 5,673 49.2 45.8 5.0 3,556 13.6 63.1 23.3 1.58 5.75 1.75 0.34

10 6,023 38.9 39.6 21.5 6,471 7.9 25.7 66.4 0.93 4.60 1.44 0.30
11 5,207 53.0 25.3 21.7 4,976 9.2 24.0 66.8 1.05 6.05 1.10 0.34
12 4,869 46.9 29.2 23.9 4,449 12.8 20.2 67.0 1.10 4.00 1.59 0.39
13 4,370 41.4 38.6 20.0 4,375 7.4 34.4 58.2 1.00 5.61 1.12 0.34
14 5,943 39.7 40.4 19.9 5,895 8.2 33.4 58.4 1.00 4.89 1.22 0.34
15 4,635 45.0 33.6 21.4 4,342 9.4 33.5 57.1 1.07 3.98 1.07 0.40

Mean 5,266 46.7 35.7 17.6 4,538 11.0 33.0 56.0 1.21 5.11 1.42 0.35
a 548 5.8 7.1 6.1 1,266 3.2 12.3 13.6 0.27 0.86 0.28 0.03

Group III

16 5,277 42.4 38.4 19.2 5,342 7.6 25.6 66.8 0.98 5.47 1.48 0.28
17 3,823 52.0 27.0 21.0 4,817 8.2 26.5 65.5 0.79 5.11 0.81 0.25
18 4,416 50.5 26.5 23.0 6,585 4.0 16.9 79.1 0.67 6.00 1.05 0.20
19 4,720 54.7 23.9 21.4 5,754 9.2 22.6 68.2 0.82 4.84 .87 0.25
20 3,262 53.1 29.7 17.2 4,805 9.5 12.7 77.8 0.68 3.83 1.58 0.15
21 4,900 51.7 33.5 14.8 5,910 13.7 16.0 70.8 0.83 3.07 1.74 0.18
22 4,318 42.6 33.8 23.6 6,522 6.4 22.3 71.3 0.66 4.42 1.00 0.22

Mean 4,388 49.6 30.4 20.0 5,676 8.3 20.4 71.3 0.77 4.68 1.21 0.22
627 4.6 4.7 2.9 677 2.8 4.84 4.89 0.11 0.92 0.34 0.13

p I-II NS 0.02 0.05 NS 0.10 NS 0.10 NS 0.05 NS NS 0.10
p II-III 0.01 NS 0.10 NS 0.05 0.02 0.02 0.01 0.001 NS NS 0.02
p I-III 0.10 0.01 0.001 0.05 0.001 NS 0.001 0.001 0.001 NS 0.05 0.01

* Ventilation (VA), lung volume (VL), and ventilation to lung volume ratio (VA/VL) for the total lung (T), and for each Compartment.

It is obvious from Equation 1,

Qa A-aDN2
QT PA3N2 - PAN2' 1

that Q3/QT will be smallest if there is no active ventilation,
since then PA3N2 would be as high as it can possibly become.
On the other hand, PAIN2 decreases as ventilation increases,
so that Q3/QT increases as a function of the increasing
ventilation.

It is not possible to calculate PAIN2 directly from the
actual ventilation of the low VA/Q units, because measure-
ment of V02 is required for the alveolar ventilation equa-
tion. Therefore, the Q3 corresponding to VA3 was calcu-
lated by a somewhat more laborious process. First, the
value of Q3/QT at an arbitrarily selected value for PA3N2
was determined by substituting the latter and the known
values of A-aDN2 and PAN2 in Equation 1. Then, the
difference in 02 content between the mixed venous blood
and the capillary blood of VL3 was estimated from the

02-C02 diagram, in order to determine the 02 consumption
of this particular group of units. With this information,
a value for VAs that would correspond to the arbitrary
value of PAIN2 could be calculated from the alveolar air
equation. Repeating these steps with a series of decreas-
ing values for PA3N2 provided a plot of QO versus VA3, from
which we could select a value of Q3 corresponding to the
actual value of VA3.

By a somewhat simpler process, Q1 was calculated from
A-aDcO2. The partial pressure of CO2 in VL1 (PAiCO2) was

calculated according to Equation 2,

VA1 A-aDCO2
VAT -PacO2- ACO2

[2]

The CO2content of the capillary blood from compartment
1 was determined from the 02-CO2 diagram, on the
assumption that the blood from this compartment would
be fully saturated with 02. Then Q' was calculated from
the equation, Q1 = VA1 X PAICo2/0.863(CVCo2 - CalCO2).
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(CvCo2 = venous concentration of C02; Ca'C02 = arterial
concentration of CO2 in compartment 1.)

Blood flow to compartment 2 was assumed to be the
difference between the total blood flow and the sum of
perfusion of the other two compartments: Q2 = QT

-(Q +Qa).

Results

Blood gases (Table II). Significant differences
in mean values for Pao2 and Paco2 for the three
groups occurred when the subjects were breath-
ing the mixture simulating room air. Although
not as significant, similar differences were ob-
served between the mean values for A-aDO2,
A-aDco2, and A-aDN2. After the change to 90%
02, the A-aD increased for all gases, as would be
expected. The magnitude of this increase
seemed to be closely related to the size of A-aD
in the first phase of the experiment. Therefore,
significant differences in the mean values for
A-aDO2, A-aDcO2, and A-aDN2 persisted.

Alveolar ventilation. The values for the total
alveolar ventilation listed in the first column of
Table III are means for the alveolar ventilation
derived for the sampling period before the be-
ginning and at the end of the nitrogen washout.
In all subjects, the actual ventilation varied
throughout the washout. Consequently, in view
of the effect of ventilation on the N2 clearance
curve and the slope of the three components
derived from it, the mean value for ventilation
was felt to be that most suitable for deriving
other data.

The mean values of VAT for groups I and II
were identical, whereas this value was signifi-
cantly lower in group I I I, which consisted of
hypercarbic patients. Ventilation was unevenly
distributed to the three compartments in all
subjects. In all three groups, compartment 3
received the lowest proportion of VAT, although
this fraction was highest for group III and lowest
for group I. Compartments 1 and 2 together
always received the greater share of ventilation.
In group I subjects, however, the ventilation of
compartment 2 was greater than that of com-

partment 1. By contrast, patients in groups II

and III had more ventilation of compartment 1

than of compartment 2.
Lung volume. Table III shows a noteworthy

increase in total lung volumes of patients,
progressing from group I through group III.

Change in these values is apparent between each
group and the next, in contrast to alveolar
ventilation, for which the mean values of groups
I and II were identical.

The poorly ventilated compartment was the
largest of the three in all subjects, and its size
increased progressively from group I through
group III. Compartment 2 was the next largest
in size in all groups, but its size progressively
decreased from groups I through III, correspond-
ing to the increase in volume of compartment 3.
Compartment 1 was the smallest in all three
groups, and its proportional relationship to the
total lung volume was the same in all groups.
Its absolute size, however, became progressively
greater from group I through group III, in
parallel with the increase in total lung volume.
These relationships explain the paradoxical dis-
tribution of VA to the different compartments in
the subjects of the three different categories, and
also demonstrate the necessity for considering
VA in relation to VL.

Turnover rate. The alveolar turnover rate for
the whole lung was lower by a significant amount
for each successive group from I through III.
In group II this decrease was a function of the
increase in lung volume. Between groups II and
III, changes in VA as well as in VL were in the
direction of leading to a lower VA/VL.

In all groups, the alveolar units in compart-
ment 2 had a nearly normal turnover rate.
Furthermore, in groups I and II, the turnover
rate in compartment 2 (VA2/VL2) was similar to
that of the whole lung (VAT/VLT). The dis-
crepancy between VA2/VL2 and VAT/VLT in
group III resulted from an excessively large
number of poorly ventilated units in these
patients. The significance of this factor will be
discussed later.

The turnover rate of compartment 3, which
was the lowest in all three groups, decreased
progressively, although moderately, from group
I through group III. The amount of this de-
crease from one group to the next was lessened,
however, by the progressive augmentation of the
compartmental ventilation (VA3), which oc-
curred even though the total ventilation (VAT)
diminished progressively. The turnover rates
of compartment 1 were not significantly different
in the three groups.
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TABLE IV

Perfusion*

Subject Q/QT Q7VL VA/Q
no. ____ ___

Compartment 1 2 3 QT/VLT 1 2 3 VAT/QT 1 2 3

%, ml/ml/min mi/milti/l/nl// ml/,inin ml/,nl /miz
Group I

1 2.8 64.8 32.4 1.69 0.43 2.22 1.38 0.91 11.94 0.76 0.25
2 6.4 54.4 39.2 1.31 1.12 1.87 0.95 1.28 6.09 1.23 0.55
3 11.5 53.2 35.3 1.39 1.56 1.86 0.98 0.89 2.95 0.67 0.56
4 13.1 46.5 40.4 1.41 1.82 2.49 0.90 0.95 3.58 0.64 0.44
5 14.6 62.2 23.2 1.11 0.97 1.51 0.69 1.45 4.29 1.08 0.65
6 11.4 65.0 23.8 1.59 1.92 1.85 1.08 0.89 2.66 0.80 0.23

Mean 10. 57.7 32.3 1.42 1.30 1.97 1.00 1.06 5.25 0.86 0.45
a 4.1 6.8 6.8 0.19 0.52 0.31 0.21 0.22 3.19 0.22 0.15

Group II
7 17.7 37.3 45.0 1.36 1.82 2.20 0.96 1.13 3.62 0.80 0.41
8 13.4 56.6 30.0 1.62 1.24 2.30 1.13 1.01 3.73 0.76 0.29
9 14.8 64.8 20.4 1.41 1.53 1.44 1.23 1.13 3.75 0.80 0.27

10 5.0 41.0 54.0 0.77 0.49 1.24 0.64 1.20 9.40 1.16 0.48
11 12.4 42.6 45.0 1.00 1.36 1.78 0.68 1.04 4.45 0.62 0.50
12 4.3 34.1 61.6 1.12 0.37 1.90 1.03 0.97 10.65 0.84 0.33
13 13.6 49.4 37.0 1.14 2.12 1.64 0.73 0.87 2.65 0.68 0.47
14 8.5 52.3 39.2 0.85 0.88 1.33 0.57 1.19 5.54 0.92 0.60
15 12.7 51.3 36.0 1.15 1.55 1.76 0.72 0.93 3.29 0.61 0.55

Mean 11.4 47.7 40.9 1.16 1.26 1.73 0.85 1.05 5.23 0.80 0.44
a 4.2 9.3 11.6 0.25 (.55 0.34 0.22 (1.11 2.69 0.16 0.10

Group III
16 6.3 43.3 50.4 0.94 0.77 1.58 0.71 1.05 7.07 0.94 0.40
17 9.8 43.0 47.2 1.04 1.26 1.67 0.75 0.76 4.04 0.48 0.34
18 8.2 30.6 61.2 0.76 1.11 1.37 0.60 0.88 5.41 0.76 0.33
19 18.3 25.3 56.4 0.87 1.71 0.97 0.72 0.94 2.82 0.89 0.35
20 2.8 28.0 69.2 1.04 0.31 2.28 0.92 0.65 12.46 0.69 0.16
21 2.8 34.0 63.2 0.85 0.17 1.80 0.76 0.98 18.25 0.96 0.23
22 9.3 37.1 53.6 0.77 1.12 1.27 0.57 0.86 3.95 0.78 0.38

Mean 8.2 34.5 57.3 0.89 0.92 1.56 0.72 0.88 7.71 0.78 0.31
or 4.9 6.5 7.2 0.11 0.50 0.39 0.11 0.12 5.22 0.15 0.08

p I-II NS 0.05 0.10 0.05 NS NS NS NS NS NS NS
p II-III NS 0.01 0.01 0.02 NS NS NS 0.01 NS NS 0.01
p I-III NS 0.001 0.001 0.001 NS 0.05 0.01 0.10 NS NS 0.05

* Perfusion (Q), perfusion to lung volume ratio (Q/VL), and ventilation to perfusion ratio (VA/Q) for the total lung (T), and for each compart-
ment.

Blood flow. Since the total blood flow was

assumed to be the same in all subjects, only the
distribution of Q to the different compartments is
shown in Table IV. Blood flow to compartment
1 did not differ significantly from one group to
another. The mean values for compartment 2,
however, progressively decreased while those for
compartment 3 correspondingly increased. This
increase in Q of compartment 3 is similar to the
increase in VA to that compartment. As in the
case of VA, however, these variations in Q must
be considered in relation to the volumes of the
different compartments.

Ratio of perfusion to lung volume. The fourth
column in Table IV shows QT/VLT decreasing
progressively from group I through group III.

This is the direction in which this ratio would be
expected to change, corresponding to the pro-
gressive increase in VLT. The Q/VL in com-
partments 2 and 3 tended to decrease from group
I to group II I. The two components of the
ratio, however, changed in a dissimilar fashion
in the different compartments. In compartment
3, both Q and VL increased progressively from
group I through group III, but the increase of VL
was greater than that of Q. In compartment 2,
Q decreased progressively, as did VL2, but the
latter decrease was less rapid. There was
practically no difference in Q1/VL1 in the suc-
cessive groups, in spite of the increase in VL1.

Ventilation to perfusion ratio. The average
over-all VA/Q decreased between groups I and
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I I I. As indicated in Table IV, the VA/Q
differed in the three compartments. In all three
groups, VAT/QT was higher than either VA2/Q2
or VA3/Q3. Between groups, there were only
insignificant changes in VA1/Q1 and VA2/Q2.

Discussion

Comparison of Tables I and II shows a good
correlation between the degree of ventilatory
impairment and the disturbances of Po2 and
Pco2 in the arterial blood. This agrees with the
generally accepted concept that disordered blood
gas tensions are, in this type of patient, a
reflection of the impairment of the ventilation
to perfusion ratios distribution throughout the
lung. To estimate whether the changes in the
frequency distribution of VA/Q resulted from an
increase of range, or of dispersion, or of both, it
was necessary to divide the lung into a manage-
able number of uniform compartments and then
to derive the compartmental ventilation and the
compartmental perfusion.

Most of these data depend largely on the rate
of nitrogen washout, which was estimated from
the end tidal values of nitrogen. Particularly
in diseased subjects, these values for N2 may not
represent the mixed expired alveolar gas. Thus,
as pointed out by Briscoe and associates (1, 9),
although the slope of the straight line into which
the semilogarithmic plot is analyzed is not
affected by which gas concentration is plotted
(mixed expired, end tidal, or forced expiratory),
the intercept of those straight lines with the
ordinate, and their derivatives, are. Conse-
quently, the values of VA/VL given for each
compartment in Table II, which depend only on
the slope of the line, are reliable. On the other
hand, the use of end tidal values leads to over-
estimation of VA3/VAT, and to underestimation
of VAl/VAT and VA2/VAT. For this reason, the
derived values VA1, VA2, VA3, VL1/VLT, VL2/VLT,
VL3/VLT, and VLT are also in error. Yet no
effort was made to correct these determinations,
whose values, as they stand, lead to minimizing
the dispersion of VA/Q distribution.

Although VA/VL should not be influenced by
the nature of the gas concentration used in the
semilogarithmic plot, other factors might have
affected our findings. Torres, Huang, and Lyons
have reported an almost instantaneous decrease

of lung compliance, accompanied by increased
venous admixture when pure 02 is inspired (12).
These findings and Briscoe and Cournand's
observation (13) of increased perfusion to the
poorly ventilated compartment during 02 breath-
ing suggest that some alveoli collapse throughout
the period of oxygen breathing.

If N2 washin follows the N2 washout, a change
in the slope for compartment 3 should reveal any
increase that occurred in the number of closed
alveoli when the subject began breathing 90%
02. Quadrant D of Figure 1 compares the
values of VA/VL in each compartment, measured
from the N2 washout and washin plot. Although
there is an important scattering, no significant
difference could be estimated between the two
methods. These findings are consistent with
results obtained by Briscoe and associates (1),
plotted in quadrant C. The regression lines
between the two sets of data are not different,
just as there is no variance in quadrants A and B
showing the same kinds of data obtained from
patients and normal subjects breathing an 02
concentration no different from that of room
air (9). This evidence, in addition to other data
(14), strongly refutes the concept that a high 02
concentration in the inspired gas causes an im-
mediate change in the number of closed or
collapsed alveoli.

The procedure used to calculate blood flow
was based on the several postulates stated previ-
ously and also on the use of the end tidal values
of the expired gases as the alveolar gases. The
case against such a method is strong in patients
with disease likely to cause or increase sequential
emptying of the lung. As shown by Marshall,
Bates, and Christie (15), during the course of an
expiration there is an important increase of CO2
and a decrease of 02 in the expired gases. In
our subjects, who were quietly breathing, in
opposition to forced or prolonged expiration,
monitoring of the expired CO2 and N2 also re-
vealed a consistently ascending slope for both.
The rates of change were more pronounced in
patients of group III, compared to those of
patients in groups I and II. However, the final
value in CO2 and 02, as calculated from the
difference between the total pressure and the sum
of Pco2 and PN2, remained within reasonable
limits. The means for the subjects of groups
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I, II, and III were, respectively, for Pco2, 35.4,
34.5, and 41.8 mmHg, and for Po2, 103.1, 104.9,
and 100.6 mmHg. Although we recognize that
the choice of the end tidal sample as representa-
tive of the alveolar gas is arbitrary, we feel that,
in these patients, it may have been not greatly
different from the mixed alveolar gas. Also, it
must be remembered that, in our computation,
the alveolar gas tensions are used only in deter-
mining the alveolar-arterial differences. Since
the changes in perfusion among the three groups

of subjects result from the changes in the A-aDCO2
and A-aDN2, the role of the alveolar values must
be established in comparison to the role of the

arterial values. It is evident from Table I I
that most of the changes in A-aD from group I
to group III come from the differences in the
arterial blood gas tensions among the three
groups, rather than from the variations in the
end tidal values. Yet, insofar as the method
used to select the alveolar gas tension is, to a

certain extent, incorrect, it follows that PACO2
is overestimated, and A-aDcO2 is underestimated.
This leads to a minimal VA/Q in the better
ventilated compartment in relation to its volume.
Similarly, PAN2 is overestimated and A-aDN2 is
underestimated, resulting in a maximal value
of VA/Q in the third compartment.
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The assumption that the compartmental dis-
tribution of VA/Q parallels the distribution of
VA/VL is partly substantiated by the demon-
stration that, when the lung is analyzed into two
compartments, the compartment with the lower
turnover rate (VA/VL) also has the lower VA/Q
(1, 2). The assumption here, then, is that
VA/Q will continue to vary in the same direction
as VA/VL,. when the lung is further subdivided
into three compartments.

Actually, some of our data corroborate this
hypothesis. If the units with the lowest VA/VL
are also the units with lowest VA/Q, VA3/VL3
should be related to the arterial gas tension of 02,
N2, or C02, since the alveoli with a low VA/Q
contribute the most to the alteration of gas
tensions of the mixed arterial blood. Figure 2
demonstrates such a relationship between PaO2
and VA3/VL3, indicating that those lung units
with the poorest ventilation in relation to volume
must also have the lowest VA/Q.

Thus, evidence seems to confirm the assump-
tion that compartment 3, being the same as the

80.

70.

second compartment described in the work of
others, has the lowest values for both VA/VL
and VA/Q.

Somewhat greater difficulty is encountered,
however, in attempting to corroborate the
hypothesis that, since VA1/VL1 > VA2/VL2, the
relationship VA1/Q1 > VA2/Q2 must also be
true.

One might hope to demonstrate the existence
of a relationship similar to that between the
arterial gas tension and VA3/VL3 between the
alveolar gas partial pressures and VA1/VL1, if
compartment 1, which had the highest ventila-
tion to lung volume ratio, also had the lowest
Q/VL. It would seem, from the shape of a
VA/Q line plotted on the 02-CO2 diagram, that
the PACO, would be the alveolar gas partial
pressure to consider. Plotting VA1/VL1 against
PAcO2 failed to significantly demonstrate such a
relationship, however, and a plot of PACo, versus
VA2/VL2 was equally inconclusive. This failure
does not negate the hypothesis, however, since
the values of VA1/VL1 in the three groups of sub-
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jects may have been too close together to permit
graphic demonstration of such a relationship.

Probably the best support for the belief that
the units with the highest VA/Q units occur in
compartment 1 is the following reasoning. The
existence of abnormally high A-aDCO2 makes it
necessary to assume that, in these subjects, the
scattering of Pco2 throughout the whole lung
is greater than normal, and that, therefore, there
are units in their lungs with VA/Q that is higher
than normal. The proportion of units with this
high VA/Q must be relatively quite small, how-
ever; otherwise, CO2elimination would be more

efficient than it is, because more blood would be
flowing through better ventilated units. Thus,
it seems most unlikely that the units with the
highest VA/Q occur in compartment 2, which is
larger than compartment 1.

Other investigators who studied the relation-
ship between VA/Q and VA/VL in the anatomical
divisions of the lung have found a high VA/Q
and a low VA/VL in the upper lobe and a low
VA/Q and a high VA/VL in the lower lobe (16,
17). These results might appear to weaken our

assumption regarding the parallel distribution of
VA/Q and VA/VL to the compartment, and also
to contrast with the data we used to corroborate
it (1, 2). The reasons for such a discrepancy lie
in the differences in the approaches; a func-
tionally defined compartment of any organ con-

taining many units does not necessarily refer to
an anatomical grouping of those units. With
models it is possible to show that this paradoxical
disagreement between the anatomically and
functionally defined divisions of the lung depends
upon the respective volume of each lobe, the
absolute ventilation of each lobe, and the fact
that the lobes are not uniform but contain both
low and high VA/Q units in different proportions.
Thus the contradiction in these findings is
actually only apparent, and the two concepts
can be true at the same time.

The assumptions regarding the types of VA/Q
units causing A-aD for N2 and CO2 have two
implications that may be questioned. First it is
implied that PN2 is the same in all units having
a VA/Q higher than, or equal to, the mean VA/Q,
whereas Pco2 is identical in all alveoli having a

VA/Q lower than, or equal to, the mean VA/Q.
Only under such conditions could A-aDN2 result

entirely from the low VA/Q units, and A-aDCO2
be caused exclusively by the high VA/Q units.
As is evident from Rahn and Farhi's discussion
(18), this is not exactly the case, although it can
be shown that A-aDN2 reflects primarily the
presence of alveoli with low VA/Q ratios,
whereas A-aDCo2 describes alveoli with high
VA/Q ratios. The second implication is that
VA/Q of the middle compartment (VL2) is not
different from the mean VA/Q, and, therefore,
does not contribute to arterioalveolar differ-
ences. This postulation, too, may not be en-
tirely correct. The middle compartment is not
absolutely uniform and, consequently, must con-
tribute to some extent to the A-aD. Insofar as
this postulate is incorrect, Q will be overesti-
mated in VL1 and VL3, and underestimated in
VL2. However, such an error tends to minimize,
rather than exaggerate, the physiologically
significant findings of this study.

Finally, it was assumed that the total blood
flow for all subjects was identical and also that
it was not affected by the severity of the disease.
The choice of 5 L per minute is obviously
arbitrary, but this is an admissable figure, since
no subject had signs of circulatory or cardiac
failure at the time of the experiment. Actually,
in the method of computation used, differences in
total blood flow would not greatly affect its
distribution throughout the three lung com-
partments, nor would it markedly change the
increase in dispersion of Q from group I to group
III. On the other hand, the values of Q/VL
and VA/Q would be affected, since they are
calculated from the absolute values of Q. If
total blood flow were higher than 5 L per minute,
Q/VL would be higher and VA/Q would be lower
than calculated. A lower than estimated blood
flow would have the opposite effects. It is not
clear from the literature whether there is any
considerable change in blood flow in emphy-
sematous patients before cardiac decompensa-
tion. Some published data (19, 20) indicate a
decrease in cardiac output, another study (21)
indicates no differences from normal, and a third
group of data (22, 23) indicates a slight increase.
In any event the selected condition, no change in
Q, has the effect of minimizing the variations in
function within the lung. In addition, it can be
readily shown that any variation of Q not
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TABLE V

Comparison of present data for group III with values calculated in other studies

No. of lung
compart- Range*

Author and reference no. ments VL1 VL2 VL3 VAi/Q1 VA,/Q2 VAS/Q3 VA/Q

Briscoe and associates (1) 2 33.6 66.4 2.24 0.23 10.0
Finley (2)t 2 32.0 68.0 1.78 0.30 6.5
Klocke and Farhi (24) 2 0.18
Briscoe and Cournand (13)t 2 0.25
Group III,

present experiments 2 28.7 71.3 1.87 0.31 6.0
3 8.3 20.4 71.3 1.71 0.78 0.31 22.0

* Range in VA/Q is expressed by the difference between VAI/Q, and VA3/Q3.
t The results for VA/Q are relative values (% VA/% Q).
t Results of the urinary nitrogen method.

exceeding 30% will not invalidate the final
conclusions.

Table V lists the data available in the litera-
ture related to VA/Q in a two compartment
representation of the lung; these values are,

wherever possible, correlated with the size of the
compartment. The mean values for group III
in the present study are included. This group

alone was selected, because these subjects had a

symptomatology that compared with that of the
patients in the other reports. To make com-

parison easier, our results have been tabulated
twice; they were analyzed into both two and
three compartments. On the basis of the two
compartment system, the range and absolute
values of VA/Q in the various studies are re-

markably similar. Our three compartment rep-

resentation differs greatly, however, because of
the discrepancy in the magnitude of the high
VA/Q units. This difference demonstrates the
importance of dividing the lung into as many

compartments as possible in attempting to
estimate accurately the functions of various
parts of the lung. This increased subdivision
becomes especially necessary if subjects with
different clinical stages of emphysema are to be
compared.

As shown in Table II, deepening hypoxia and
hypercapnia develop as emphysema worsens.

Such disturbances probably result from several
different mechanisms.

Table IV shows that, with increasing severity
of disease, there is a lowering of the over-all
VA/Q and a slight increase of the range of VA/Q.
The change in over-all VA/Q is actually minimal
and may be explained as a direct consequence of

the hypoventilation resulting from progressive
obstruction of the airways. A lowering in the
over-all VA/Q can explain hypoxia and even-
tually hypercarbia, but certainly not the exist-
ence of A-aD if the VA/Q, regardless of its
absolute value, is uniform throughout the lung.
Therefore, an estimate of the alveolar and
arterial concentrations of gas is important in the
determination of the scattering of VA/Q in the
lung. The range of VA/Q increased only be-
tween groups II and III; this change resulted
from a decrease in VA/Q in compartment 3 and
a tendency for VA/Q in compartment 1 to
increase in those patients with most advanced
disease. As a result, the interval between the
highest and the lowest VA/Q is twice as high in
group III as in the first two groups of patients.
Undoubtedly, these changes contribute in part
to the production of hypoxia and hypercarbia
and partly explain the alveolar-arterial differ-
ences in 02, C02, and N2. There must be some
further cause for the A-aD, however, since
hypoxia deepened and the A-aD increased be-
tween groups I and II without any demonstrable
change in range of VA/Q. Furthermore, it can
be shown that the moderate increase in variance
of VA/Q occurring in group III does not account
entirely for the augmentation in the size of the
A-aD. These modifications in the sizes of the
different groups of lung units occurring during
the course of the disease (Table III) would
indicate that, with progression of the clinical
disorder, there is an initial increase in the number
of low VA/Q units, which is followed by a further
increase in size of the low VA/Q compartment
and a simultaneous lowering of VA3/Q3. Some-
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what comparable changes occurred in the group
of high VA/Q units but were not as apparent,
because this compartment is much smaller. Its
absolute volume increased, however, between
each patient group, even though its VA/Q
increased only between groups II and III. Two
changes in the frequency distribution curve of
VA/Q occurred, in addition to the increase in
range. First, the shape of the curve was
affected; the skewness increased, because more
units were scattered away from the mean in
both directions. As a result, the dispersion also
increased (Figure 3).

Although the range of VA/Q is much larger
in our experiments than it was in those done by
Briscoe and associates (1), a relative compensat-
ing underperfusion of the poorly ventilated group
of units appeared in our subjects as well as theirs.
As pointed out by these authors, this factor is
an important means of maintaining the VA/Q
dispersion within relatively narrow limits,

thereby preventing further desaturation of
arterial blood. This underperfusion occurs be-
cause the increase in size of compartment 3 as the
disease progresses is relatively greater than the
increase in blood flow to these poorly ventilated
units. Obviously, greater perfusion of this
compartment would result in a lower VA/Q, and,
in turn, a lower Po2 and a higher Pco2 in the
capillary blood leaving these units. This state
would result in an increase in both hypoxia and
the A-aDo2. An overventilated, or high VA/Q,
compartment need not be present to explain the
A-aD for 02 and N2, since most of the variance
in Po2 appears between the normally ventilated
second and poorly ventilated third compartments.
The addition of the first, or highly ventilated,
compartment to the compartmental analysis
causes only a moderate increase in the range of
Po2 and PN2.

Consideration of the relationship between the
different factors leading to hypoxia makes it
apparent that the relative amount of perfusion
to a poorly ventilated compartment is as im-
portant as its VA/Q. This situation is some-
what analogous to the conditions associated with
hypoxia resulting from a true anatomical shunt;
the same level of unsaturation of the mixed
arterial blood can be attained with a large shunt
of moderately unsaturated blood as with a
smaller shunt of more desaturated blood.

A similar mechanism is involved in hypercarbia
and the A-aDCO2. Figure 4 shows that, between
groups II and III, the developing hypoventila-
tion was associated with an increased Pco2 in
alveolar gas, and, consequently, also in the mixed
arterial blood, since the over-all VA/Q had
decreased. However, the increased number of
very low VA/Q units obviously resulted in an
increase in the relative amount of blood from
these units being added to the mixed arterial
blood, thereby also contributing to the elevation
of Paco2. The importance of this factor is borne
out by the significant increase in PacO2 between
groups I and II, even though the subjects in these
groups had the same ventilation. A difference
between PAcO2 and Paco2 can be present only
if some alveolar units have a Pco2 that differs
considerably from that of the rest of the lung;
there is no other conceivable mechanism that
would produce an A-aDCO2. The actual Paco2
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is determined by the decrease in effective alveolar
ventilation and by the rate of blood flow to the
low VA/Q group of units, but the A-aDCo2 has
to be produced by a group of high VA/Q units
that cause PAcO2 not to increase as much as

Paco2. If the VA/Q in these units had not been
at the same high level in groups II and III, and
if the number of those units had not been larger
in group III, the A-aDco2 could not have in-
creased as greatly as it did, because there would
have been a greater increase in PAcO2.

As shown previously (25), the two factors
related to the value of the difference between
A-aDO2 and the sum of A-aDcO2 + A-aDN2 are

the true anatomical shunt, and the effect of the
02 dissociation curve. While subjects breathe
room air, the effect of the shunt component on

this value is small; the effect of the dissociation
curve is more important. The reverse is true
for high Fi02. The absence of any very sig-

nificant difference in the values of A-aDo2-
(A-aDco2 + A-aDN2) among subjects of all three
groups suggests that the size of the anatomical
shunt was probably the same in all. There
probably was no important increase in the range

of VA/Q, since a change would have occurred
only if the effect of the 02 dissociation curve had
increased.

The increase in A-aDo2 and A-aDN2 upon

changing from air to 02 breathing was not un-

expected, since it was due primarily to the low
VA/Q group of units (5). As a true steady state
obviously was not reached in so short a time, the
values obtained for these A-aD, which did not
remain constant, could not be considered as final
ones for the particular high Fio2 used (12).

There is no general agreement on the mech-
anism for the increase in A-aDcO2 consistently
observed to follow a change from breathing air
to breathing a gas providing a high Fio2. Some
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FIG. 5. COMPARISONOF CO2 PRESSURE IN MIXED

ARTERIAL BLOOD (PaCO2) DURING ROOMAIR BREATHING

WITH THAT DURINGTHE HIGH 02 BREATHINGPERIOD IN THE

PRESENT AND IN OTHER STUDIES. The open symbols
correspond to Paco2 lower than 45 mmHg, and the black,
Paco2 higher than 45 mmHg during air breathing (A from
reference 29, * from reference 1, from present series,
group III, A from reference 29, and 0 from present series,
groups 1 and II). The plain line with a 450 angle repre-

sents the line of identity; the dashed line is the calculated
regression line. The difference between those two lines
demonstrates that the increase of Paco2 with 02 breathing
is related to the original Paco2.

authors have suggested that this increase is
derived mainly from a change in VA/Q (26), or

from the number of high VA/Q units (14),
whereas others have postulated that it is a result
of the Haldane effect of the CO2 dissociation
curve (27). Comparison of the Paco2 and PACo2
before and after changing from low to high Fio2
indicates the source of the change of A-aDCo2
(28). In normal subjects and those with only
minimal disease, only a decrease in the PACo2
occurs (14, 26). In patients with advanced em-

physema and hypercarbia, however, this same

directional change in the PACo2 is accompanied
by an increase in Paco2 that is of much greater
significance (Figure 5). This difference might

be explained by a Haldane effect occurring when
these patients' blood (the largest portion of
which remains unsaturated while the patient
breathes room air) becomes saturated at the
higher Fi02.

Summary

The physiologic changes associated with the
progression of disease in chronic pulmonary
emphysema were examined in a comparative
study of the several factors related to respiratory
gas exchange in 22 patients at different stages of
this disorder. Factors considered included al-
veolar ventilation, lung volume, blood flow, and
the relationships of these to each other in a
three compartment system; the alveolar-arterial
differences of each of the three respiratory gases,
02, C02, and N2; and the distribution of the
ventilation to perfusion ratios (VA/Q) through-
out the lung.

Our findings confirm the fact that changes in
the distribution of ventilation to perfusion ratios
appear to be the factors mainly responsible for
progressive impairment of gas exchange in
patients with emphysema graded according to
ventilatory impairment. Although there is a
lowering of the over-all VA/Q that accompanies
worsening of the clinical signs, this is actually
probably not as significant in the production of
hypoxia and hypercarbia as the changes in dis-
tribution of units throughout the lung. These
changes include increases in the range of VA/Q,
skewness of the frequency distribution curve,
and dispersion. In other words, as the clinical
disease advances, there appears to be a decrease
in the number of alveolar units with a normal
ventilation to blood flow ratio as more and more
units move away from this category in both
directions; most become low units, while some
others are becoming high VA/Q units at the
same time.

The rate of blood flow, or percentage of total
blood flow, going to alveolar units with a low
VA/Q is equally as important to the production
of hypoxia and CO2 retention as the actual level
of low VA/Q ratio value.
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