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By the use of xenon-133 and a scintillation camera with digital data stor
age and processing system, a topographic relationship between ventilation 
distribution (P) and perfusion distribution (Q) was examined quantita
tively in two groups of normal nonsmokers and one of older smokers, all 
healthy. In addition, subjects with a variety of cardiopulmonary disease were 
tested. The fractional regional ventilation (VR) and regional perfusion (QR) 
were plotted against the V/Q ratio on a logarithmic abscissa for the normal 
subjects; both were distributed log-normally with a narrow standard devia
tion, and were dissociated slightly from each other. However, with smoking 
and with increasing age, the s.d. and the dissociation became wider, sug
gesting an impairment of gas exchange as estimated by alveolar-atrial gas-
pressure differences (A-aD), which were calculated by putting these topo
graphic relationships into a gas-exchange program in a computer. In various 
cardiopulmonary diseases a good correlation was found between the esti
mated A-aDo2 thus obtained and the actual A-aD0o derived from analysis of 
the blood gases. 
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The primary function of the lung is gas exchange, lung (4,5), most of the clinical studies with such 
which depends on the relative distribution of venti- systems have merely portrayed the distributions of 
lation and perfusion in the lung. The availability of ventilation and perfusion independently, with re-
radioactive gases and external detecting probes has gional mismatch appreciated only subjectively (6,7). 
given rise to the complex physiological concept of Accordingly, a critical evaluation of their use in pa-
ventilation-perfusion mismatch ( 7 ) , which is sig- tient care, to assess abnormal gas exchange within a 
nailed locally by the regional values of the ventila- lung, has yet to be undertaken. T o attain this objec-
tion/perfusion ratio (2,3). However, since these tive, a clue to the physiological interpretation from 
regional values are averaged within the field of each the topographical mismatch has to be formulated, 
individual probe, the range of the mismatch is to We have developed the concept of a "functional 
some extent averaged, instead of showing the actual image" to provide quantitative assessment of the rel-
range of ventilation-perfusion inequality. ative performance of various areas of an organ as 

Although the advent of scintillation cameras to
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permitted by the resolution capabilities of the imag
ing technic (8-10). Whereas we have attempted to 
construct various types of radioxenon imaging re
lated to regional lung function (11), our present 
concern is focused on a quantitative assessment of 
ventilation-perfusion mismatch from this type of pul
monary imaging. The quantitative ventilation-perfu
sion mismatch thus obtained evaluates the overall 
function of gas exchange in the lung by referring to 
the O2-CO2 diagram (1). This is compared with the 
results derived from actual blood-gas findings to see 
whether this type of presentation could be useful for 
quantitative physiological evaluation, bearing in mind 
the inherent constraints of the imaging procedure of 
a scintillation camera whose resolution and detecting 
capabilities are progressively restricted by source 
depth. 

MATERIALS AND METHODS 

Nine male volunteers provided a normal control 
group: five aged 21-25 yr and four aged 30-34; 
none of these had a history of tobacco smoking. In 
addition, there were four male volunteers, aged 3 5 -
49, who smoked more than a package of cigarettes 
per day. None of the foregoing had a history or 
symptoms suggestive of respiratory disease. The se
lection of these groups was intended to present the 
most subtle gas-exchange impairment due to smok
ing and aging in otherwise normal subjects. In addi
tion, fifteen patients having a variety of cardiopulmo
nary diseases were randomly selected for the present 
investigation. There were seven patients with chronic 
obstructive pulmonary disease, four with mitral ste
nosis, three with lung cancer, and one with an atrial 
septal defect. All patients underwent arterial blood 
gas analysis within 48 hr of the radioxenon study. 
The arterial vs. alveolar oxygen difference (A-aD0o) 
was calculated as the difference between the mean 
alveolar partial pressure of oxygen (PAO2)> computed 
from the ideal alveolar air equation, and the meas
ured P 0 2 in all patients. 

Patients were examined in a sitting position. A 
scintillation camera with a diverging collimator 
viewed the whole of both lung fields from behind. 
Approximately 10 mCi of xenon-133 gas were ad
ministered in a slow single inspiration from the level 
of the functional residual capacity to the level of 
resting inspiration. This was achieved by inhaling 
500 ml of air from a rubber bag containing the tracer 
gas through a narrow side tube attached to a mouth
piece. The patient then held his breath while the 
ventilation distribution (V) was obtained by the re
cording camera. He next rebreathed the gas within 
a closed spirometer circuit for 3-4 min, the equili
brated gas distribution being considered to represent 
the volume distribution (V) in the lung. He contin
ued breathing at resting tidal level until an adequate 
total count had been collected. With the subject 
seated in the same position, approximately 5 mCi 
of Xe-133 in solution were injected intravenously. 
The initial distribution in the lung then represented 
the perfusion distribution ( 0 ) , recorded during a 
breath-hold with open glottis at the level of resting 
inspiration. 

These camera images were processed by a digital 
computer, point by point, in a 40 X 40 word matrix 
(10). The ratio of ventilation to perfusion ( V / 0 ) 
was displayed in the form of an isocontour image 
with ten levels, as shown in Fig. 1. Before the cal
culation, the functional contour of each lung was 
determined by cutting off a region having less than 
20% of the maximum activity of the equilibrated 
image (V)—i.e., the lower two levels of the isocon
tour image were excluded as representing nonrespira
tory radioactivity. The total counts in the V and Q 
lung fields were then equalized to provide normal
ization, and a smoothing program involving nine-
element bounding was applied (8,10). 

Since an actual ventilation/perfusion ratio (VA / 
Qc) cannot be known in the absence of data re
garding pulmonary capillary blood flow (Or) and 
alveolar ventilation (VA), we have adopted a value 
of 0.85 as normal for the ratio V A /0 r , in accord-
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V Q V / Q 
F I G . 1 . Processed radioxenon imaging of pulmonary ventilation (V) and perfusion (6), from which ventilation/perfusion ratio (V/6) 

was constructed. Normal subject in upright position. 
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F I G . 2 . Illustrating relation between 
imaging and O2-CO2 diagram. 

50 100 
Po2 mmHq 

ance with the computer model proposed by West 
(12), This figure is believed to indicate that oxygen 
intake and C0 2 output lie within normal limits in 
the steady-state condition. Accordingly, each ele
mental value in the V/Q image was multiplied by 

Mean = 0.79 

LogSD = 0.23 

Skew= -0.14 

0.2 2.0 5.0 VQc 

V6c 

F I G . 3 . Fractional distributions of ventilation (VR) and perfu
sion ( 6 R ) with respect to ventiJation-perfusion ratio { V A / Q C ) , with 
logarithmic scale, in young nonsmokers. 

0.85. From the data in the ventilation (V) and per
fusion (Q) images, and the resultant regional 
Vn/Of- image, distribution functions were plotted 
for the three groups of normal subjects. The graphs 
are derived from histograms in which the horizontal 
scale covers the range of V A /0c from 0.2 to about 
3 in ten steps, the increments being ratios rather 
than differences. Thus the scale is logarithmic, with 
the right-hand edge of each bar about 30% higher 
than its left-hand edge (0.2 X 1-310 « 3). The or
dinate for a given bar is the fraction of the total pul
monary radioactivity (V or Q as the case may be) 
that lies within that bar's range. These "fractional 
contributions" are then plotted (as percentages)— 
VR as a fraction of V, and Qu as a fraction of Q. 

At any given lung region, the relations between 
VR and VA/QC, and between QR and VA /Q r , can be 
used to estimate overall gas-exchange efficiency, 
calculating the differences, for 0 2 and C02 , between 
alveolar and arterial pressures—that is, A-aD()o and 
A-aDro2—by a computer (12) (Fig. 2). 

RESULTS 

Distribution of ventilation/perfusion ratio of nor
mal lung. Processed images from a normal subject in 
the upright position are shown in Fig. 1. The effects 
of gravity on the lung (13) are evident in the V and 
Q images, and an inverted gravitational pattern (de
creasing toward the base) is seen in the V/Q image. 

Total accumulative counts per frame of the origi
nal images of V, V, and Q were more than 50,000, 
and in each element the maximum counts were over 
100. The V/Q image was constructed by a simple 
division of these two original images, and the s.d. 
percentage for the quotient, after applying the ele
mental bounding, was found to lie between 5 and 
10%. (Counts less than 20% of maximum activity 
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VA/Oc ratio for the mean OR was 0.79, and that for 
the mean VR 0.83, so that the two distributions are 
dissociated slightly, with that for VK shifted toward 
the right. 

The average statistical moments of these distribu
tion functions for the older nonsmokers are shown 
in Fig. 4, upper panel. The mean for VR was 0.86 
and for OR 0.79; the dispersion in terms of log s.d. 
was 0.27 for VR and 0.25 for OR; and the skewness 
was —0.10 for VR and —0.08 for OR- These findings 
are not significantly different from those of the 
younger group, although they show slightly wider 
dissociation between the OR and VR distributions and 
slightly higher values of the second moments. On 
the other hand, those of older smoker group (lower 
panel) revealed more dissociation between the means 
of these distributions (the mean being 1.10 for the 
VR and 0.83 for the O R ) , and wider dispersion (log 
s.d. for VR = 0.30 and for 0 R = 0.31) than other 
normal groups. They also deviated towards a higher 
value of V A / 0 C for VR and lower value for OR, the 
skew being 0.53 for VR and —0.44 for OR. 

Along with the changes of these moments in each 
group, the computer values of A-aD0<> and A-aDCo2 

became numerically increased, as is seen in Table 1. 
The A-aDo., advanced from 6.9 mm Hg in the young 
nonsmokers to 14.3 in the older smokers, while the 
A-aDro, increased numerically from —0.18 in the 
first group to —1.03 in the last. 

Distribution of ventilation or blood flow with re
spect to ventilation-perfusion ratio in various cardio
pulmonary diseases. Table 1 also gives the findings 
from a similar processing of the 15 patients selected 
for a variety of cardiopulmonary diseases. In gen
eral, the mean of these two distribution functions 
dissociated with wider dispersion and a high degree 
of skewness, depending on the nature of the disease. 
In order to derive the functional implications of these 
distribution functions, A-aD0o and A-aDro„ were 

TABLE 1. 

Young nonsmokers 
(n=5) 

Older nonsmokers 
(n = 4) 

Smokers 
<n = 5) 

Patients 
(n = 15) 

MEANS OF 

Mean 
s.d. 
Mean 
s.d. 
Mean 
s.d. 
Mean 
s.d. 

A-aD ESTIMATED 
O F 

A-aDo2 

— 
— 
— 
— 
— 

16.1 
5.2 

FROM BLOOD GASES AND FROM VARIOUS PARAMETERS 
DISTRIBUTION FUNCTION 

Computer 

A-aDo2 

6.9 

± 3 . 9 
9.3 

±4 .5 
14.3 

±4 .6 
14.0 

±7 .4 

A-aDco2 

—0.18 
±0.22 
—0.39 
±0.43 
— 1.03 
±0.46 
— 1.11 
±0.65 

V R -

Mean 

0.83 
±0.03 

0.86 
±0.04 

1.10 
±0.04 

1.02 
±0.13 

OF V A /Q C 

Distribution function 

V A / Q C 

Log s.d. 

0.25 
±0.03 

0.27 
±0.03 

0.30 
±0.05 

0.44 
±0.12 

—0.J 2 
±0.07 
—0.10 
±0.09 
+0.53 
±0.31 

0.00 
±0.47 

of Y A / Q C 

QB __ 

Mean 

0.79 
±0.02 

0.79 
±0.02 

0.83 
±0.03 

0.80 
±0.07 

V A / 6 C 

Log s.d. 

0.23 
±0.02 

0.25 
±0,02 

0.31 
±0.04 

0.38 
±0.11 

Skew 

—0.14 
±0 .06 
—0.08 
±0.07 
—0.44 
±0.21 
—0.10 
±0.43 
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Non-smoker 

Smoker 

*R Mean = 0.86 
Log SD = 0.27 
Skew = -0.10 

QR Mean =0.79 
LogSD=0.25 
Skew =-0.08 

0.2 

'R Mean = 1.10 
Log SD = 0.30 

Skew = • 0.53 

Qpj Mean = 0.83 
Log SD= 0.31 
Skew =-0.44 

-vA/Qc 

5.0 
VA/QC 

FIG. 4 , Fractional distributions of VR (circles} and OR (dots) 
with respect to V R / 6 C in the older (ages 30-34) nonsmokers (upper 
panel) and in older (ages 35^49) smokers (lower panel). 

were eliminated from the V image as previously de
scribed. ) 

Distribution of ventilation or blood flow with re
spect to ventilation-perfusion ratio in normal sub
jects. In order to obtain a functional, quantitative 
interpretation for ventilation-perfusion mismatches, 
and thus to estimate the gas-exchange function of the 
lungs, we have examined our three normal groups 
(Figs. 3 and 4) regarding their VR-VA/0o and 
0 R - V A / 0 C relations. 

As shown in Fig. 3, plots of the OR & VR distri
butions against logarithm of V A /0c in five young 
nonsmokers can be fitted approximately by a log-
normal distribution function with little dispersion 
(log s.d. for 0 R = 0.23 and that for Vu = 0.25) 
and with little skewness (third moment being —0.14 
for OR and —0.12 for VK) . Thus both distributions 
are virtually symmetrical along the VA /QC axis. The 
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Ventilation (V) 
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r VA/QC 

5.0 

FIG. 5 . Images providing V / 6 , and the distributions of fractional V"R (dashed line) end QR (solid fine) as a function of V A / 6 C in 
a patient with bronchogenic carcinoma. 

LiiiiiiiiiiiiiiiiiiiliiiiiiiiiiiM 
tf/Q 

Perfusion (Q) 

^ V A / Q C 
5.0 

F I G . 6 . Images providing V7Q, and the distributions of fractional V"R (dashed line) and 6 B (solid line) as a function of V A /6c in 
a patient with chronic obstructive pulmonary disease. 
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calculated by putting the scintigraphic data into the 
gas-exchange program and comparing the results 
with those obtained from actual blood-gas measure
ments. 

Study of the ventilation/perfusion images suggests 
that ventilation-perfusion mismatches tend to fall 
into two main types. One presents regions with high 
V/Q ratio where a considerable fraction of ventila
tion (VK) distributes towards the high VA/Oc re
gions; the other presents regions with low V/Q where 
a considerable fraction of perfusion ( O R ) distributes 
towards low VA /0o regions. A case with broncho
genic carcinoma at the right intermediate bronchus 
illustrates the former type in the right lower lobe, as 
shown in Fig. 5; the A-aDn., and A-aD r n , estimated 
from these distributions gave 16.5 mm Hg and 
— 1.94 mm Hg, respectively, indicating the presence 
of a dead-space effect with a wide carbon dioxide 
difference. Figure 6 illustrates the second type, a 
case with chronic obstructive disease of both lower 
lung regions; alveolar-arterial gas differences were 
estimated to be 29.3 mm Hg for oxygen and —0.86 
mm Hg for carbon dioxide, indicating the presence 
of a physiological shunt effect with a wide oxygen 
difference. 

To investigate the effect of a graded change of the 
distribution function on overall gas-exchange effi
ciency, we have listed in Table 2 the differences 
between the means for the VR and QR distributions 
( 0 K - V R ) as a measure of the dissociation between 
these two. We also list the logarithmic s.d. of the QR 

distribution (log s.d. of QH) as a plausible index for 
the presence of a physiological shunt effect (14). 
These were compared with ideal alveolar A-aD0o, 
which showed a probable positive correlation with 
0R-VR (r = 0.401, p < 0.25) and with log s.d. of 
OK (r = 0.443, p < 0.1). This indicates that the 
distributions themselves might provide a rough index 
for the evaluation of overall gas exchange. However, 
as shown in Table 2, a significant correlation (r = 
0.924, p < 0.001) was found between A-aD0„, as 
calculated from the topographical relationship, and 
that found by actual blood-gas measurements (Fig. 
7). It appears, therefore, that the scintigraphic type 
of pulmonary study may provide a good functional 
resolution, in quantitative terms for a ventilation-
perfusion mismatch. 

DISCUSSION 

The introduction of new radiographic technics 
such as computerized tomography will substantially 
alter the types of diagnostic study that we do in our 
nuclear medicine laboratories. A single imaging study 
will have to be replaced with radiotracer procedures 
that give functional information on each organ sys-

TABLE 2. CORRELATION COEFFICIENTS BETWEEN 
PARAMETERS OF DISTRIBUTION FUNCTION 
OF VA/C}C AND IDEAL ALVEOLAR A-oDo2 

Computer 

A-aDo2 

r 0.924* 

* p < 0.001; see Fig. 7 
T P < 0 . 1 . 
* p < 0.25. 

Distribution Function of VA/6C 

Log s.d. of 6 K QB — VH 

0.443t 0.401* 

tem. However, since such functional visualization 
represents merely the relative contribution of some 
portion of an organ to its overall functional integrity, 
it must be interpreted, if possible, in terms of de
sired physiological quantities. For example, since dif
ferent ventilation/perfusion ratios are known to de
fine various combinations of partial pressures of 
oxygen, carbon dioxide, and nitrogen (1 ) , and thus 
to indicate different inputs and outputs of these gases 
at every functional unit of the lung, it is quite rele
vant for this topographical unevenness to be inter
preted as an index of the gas-exchange function of 
the lung. Although poor resolution in a single pro
jection of the present method may limit sophisticated 
analysis, this type of approach seems worth trying. 

While measurements using radioactive gases with 
external detecting probes have demonstrated the ven
tilation/perfusion unevenness topographically, most 
of studies (15,16) have failed to correlate well with 

Ideal 
alveolar 
A - a D ^ 

30 -

20 

10 - • / 
/ r = 0.924 

/ Computer 

iS 2^ 30 A ' a D ° 2 

F IG . 7. Correlation between A-Do.> calculated from the pulmo
nary imaging (abscissa) and from actual blood-gas values (ordinate). 
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overall impairment of lung function, indicating that 
several combinations of external detecting probes 
are not likely to resolve adequately the regional dis
tribution of the ventilation/perfusion mismatch. 
Using six single probes over each side of the chest, 
Dawson et al. (17) assessed A-aD0., based on the 
regional ventilation/perfusion mismatch. Their calcu
lation used almost the same procedures as ours here, 
referring to the 0 2 -C0 2 diagram, and they found a 
better—though not statistically significant—correla
tion between the estimated and actual values of 
A-aDo2. Although the nonhomogeneity of ventila
tion/perfusion ratio between large lung fields tended 
to be somewhat greater when overall gas exchange 
was more severely impaired, they concluded that 
most of the ventilation/perfusion unevenness was be
tween lung units too small to be detected with large 
single probes. Our method, with its more detailed 
topographical information from a 40 X 40 matrix, 
does provide reasonable results and the computer 
system completes the tedious analysis with ease 
within several minutes. 

To provide accurate definition of the quantitative 
ventilation or perfusion distribution with respect to 
the ventilation/perfusion ratio, Wagner et al. pro
posed a new analytical method to derive virtu
ally continuous distributions of ventilation/perfusion 
based on the steady-state elimination of six nonra
dioactive gases having different solubilities (14), 
Although accurate and reliable, this method does not 
seem to be practical or feasible for routine clinical 
examinations. In this respect, a noninvasive radio
active gas method may be more useful. In comparing 
their results with ours, we found a fairly good cor
relation. Both approaches are based on virtually a 
log-normal distribution function with little disper
sion, and reveal slight dissociation between the ven
tilation and perfusion distributions with higher ven
tilation/perfusion ratios, in young normal subjects. 
With both methods, the dispersions as well as dis
sociations of these distribution functions become 
wider with smoking and aging, indicating an increas
ing tendency for overall ventilation-perfusion mis
match, with understandable loss of gas-exchange ef
ficiency in the lungs. However, the nonradioactive 
method suggests that our method is still likely to 
underestimate the ventilation/perfusion mismatch, 
since the values for the dispersion of these distribu
tion functions, according to their method, were 
slightly broader than in ours (their mean log s.d. 
was 0.43 for the ventilation and 0.35 for perfusion 
in normal subjects). In spite of this probable under
estimate, the demonstration of excellent correlation 
between estimated and measured A-aD0l> supports 
the present approach as at least a semiquantitative 
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means for assessment of gas-exchange function in 
a diseased lung, since comparable data by other 
nonradioactive methods are not available at present. 

Our ventilation and perfusion measurements were 
made by a single administration during breath hold
ing in a static state, and these are known to vary 
with various physiological conditions such as lung 
volume and inspiratory flow rate. For this reason, 
other investigators prefer a steady-state or dynamic 
measurement at resting tidal breathing (18,19). How
ever, since the ventilation distribution, in the dy
namic method, is calculated by the rate of elimina
tion of a radioactive gas from the initial perfusion 
distribution, it is liable to be dominated by the per
fusion distribution as well as by background con
tributions from nonpulmonary tissues. Moreover, the 
statistical reliability of this type of image construc
tion is decreased by further processing (10), Ac
cordingly, we chose the static measurement, which 
favors the collection of many counts at once, and 
with less background contamination. 

With our present instrumentation, the most seri
ous problem facing the quantitative assessment of 
ventilation-perfusion mismatch must be the deteriora
tion of detector performance with depth. If the re
gional impairment of lung function follows mainly 
the segmental arrangement of the bronchovascular 
tree, the recording of lateral views might differentiate 
the segmental units better than the usual postero
lateral views. However, in order to obtain, with good 
resolution, quantitative three-dimensional distribu
tions of a radiotracer within the lung—surely a valu
able goal—new instrumentation such as the positron 
system for transaxial reconstruction tomography 
should be applied (20). With this new device an 
analytical approach, as presented here, would be
come more useful and pertinent. 

APPENDIX 

V = image of ventilation distribution in 
the lung after a single inhalation of 
Xe-133. 

V = image of volume distribution in the 
lung after rebreathing Xe-133 in a 
closed circuit. 

0 = image of perfusion distribution in the 
lung after i.v. injection of Xe-133. 

V / 0 = image of ventilation/perfusion ratio 
by point-by-point division of normal
ized image of V by 0 . 

A-aD = difference between an alveolar gas 
pressure and its tension in arterial 
blood. 

A-aDo2 — difference between alveolar oxygen 

Volume 19, Number 6 613 



ISHII, ITOH, SUZUKI, YONEKURA, MUKAI, AND TORIZUKA 

pressure and its tension in arterial 
blood (mm Hg). 

A-aD€o2 = difference between alveolar carbon 
dioxide pressure and its tension in ar
terial blood (mm Hg). 

V / A O C = ratio of alveolar ventilation to pulmo
nary capillary blood flow, which is 
calculated by multiplying V / 0 by 
0.85 according to the gas-exchange 
model proposed by West (72). 

VR = fractional value of regional ventila
tion in V image, corresponding with 
a specified range of V A /Q r . 

OB = fractional value of regional perfusion, 
corresponding with a specified range 
ofV A /O r , 

OR = mean of distribution function of QR 

plotted against a logarithmic scale of 
V R / 0 R ratio. 

O R - V R = difference between OR and VR. 
OR-VA/OO = fractional distribution of perfusion for 

perfusion and ventilation-perfusion 
ratio. 

VR-VA/QC = fractional distribution of ventilation 
for perfusion and ventilation-perfu
sion ratio. 
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