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A B S T R A C T Using radioactive xenon, we meas-
ured the regional distribution of pulmonary ven-
tilation and blood flow in six normal men, whose
ages ranged between 65 and 75 yr. The measure-
ments were made in the standing position. The
static volume-pressure relation of the lungs was
also measured in five of the subjects. The results
indicate that by comparison with normal young
men: (a) Blood flow to the upper lung zones was
increased, although it still remained predominant
in the lower zones. (b) Ventilation distribution
during a vital capacity inspiration was similar to
that seen in young subjects. (c) In five of the six
elderly subjects, however, the distribution of ven-
tilation in the resting tidal volume range was not
preferential to the lower zones as it was in young
men. This was probably caused by airway closure
in the lower lung zones. The elderly subjects thus
exhibit during normal tidal volume breathing a
ventilation distribution pattern similar to that ob-
served in young subjects when breathing at low
lung volumes, i.e., near residual volume. This
difference is probably due to the combined effect
of the loss in elastic recoil of the lungs observed in
the elderly subjects and of a decreased resistance
to collapse of the aged airways. These findings
suggest that in the elderly subjects there is a sig-
nificant regional ventilation-perfusion impairment
during quiet breathing, which may explain in part
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the reported increase in alveolar-arterial oxygen
difference with advancing age.

INTRODUCTION

Recent studies with radioactive xenon have shown
that when a normal young subject takes a breath
from resting lung volume, ventilation is distributed
preferentially to the lower lung zones (1-4). This
behavior has been attributed to the combined effect
of (a) the "gradient" in pleural pressure down the
lung and (b) the static volume-pressure relation
of the lungs (4). A number of workers, using a
variety of techniques, have demonstrated that
there is a vertical "gradient" of pleural pressure,
with the more negative values at the upper parts
(5-8). As a result, at resting lung volume the
upper lung units are more expanded than those
in the dependent zones (4). Furthermore, the more
distended units at the lung top are situated on a
flatter (less compliant) part of their static volume-
pressure curve than the smaller units at the bottom.
Therefore, when a breath is taken from functional
residual capacity (FRC), the difference in com-
pliance between the upper and dependent parts of
the lungs favors greater ventilation in the lower
lung zones.

If breathing takes place at low lung volume, i.e.
near residual volume, the distribution pattern of
ventilation is entirely different, the upper lung
units being better ventilated than those in the
dependent zones (4). This reversal of ventilation
distribution has been attributed to airway closure
(trapping) in the dependent lung zones (4, 9).
For closure to occur, pleural pressure must be
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greater than airway pressure (10). As lung vol-
ume approaches residual volume (RV), the pleural
pressure in the lower lung zones indeed exceeds
airway pressure, causing trapping in the dependent
lung zones. If then a small breath is inspired, the
trapped units in the lower lung regions do not re-
ceive any of the inspired air; consequently, the
inspired air is delivered predominantly to the up-
per lung regions.

In normal young subjects airway closure in the
dependent lung zones is present only at lung vol-
umes below the functional residual capacity (4,
9). With increased age, however, the lung volume
at which the airways close would be expected to
increase because the lungs of elderly subjects lose
elastic recoil (11). Hence, pleural pressure in the
lower lung zones will exceed airway pressure at
lung volumes higher in elderly subjects than in
young subjects. Furthermore, with aging the trans-
pulmonary pressure at which the airways begin to
close may be increased. Conceivably, therefore, in
old age lower zone airway closure may be present
even in the normal tidal volume range, and con-
sequently ventilation to the lower lung zones will
be reduced. Pulmonary blood flow, on the other
hand, presumably would remain preferential to
the lower lung zones, and thus the lower zones of
elderly subjects might have reduced ventilation in
relation to their perfusion. If so, the reported in-
crease in alveolar-arterial oxygen difference in
aged subjects (12, 13) might be caused, at least
in part, by a ventilation-perfusion impairment on
a regional basis.

To test this hypothesis we have used 133Xe to
measure the regional distribution of pulmonary
ventilation and perfusion in six subjects whose age
ranged from 65 to 75 yr. We also measured the
static volume-pressure relationship of the lung to
determine whether the elastic properties of the aged
lungs accounted for the ventilation distribution.

METHODS

Six elderly men, all of whom were former hospital em-
ployees, volunteered as subjects for this study after the
nature and purpose had been explained to them. None
of these men had a history of chronic cardiac or respira-
tory disease; physical, electrocardiographic, and radio-
logical examinations showed no significant abnormalities.
Their physical characteristics and pulmonary function
data are given in Table I. Vital capacity and expira-
tory reserve volume were measured in the standing posi-

tion with a 9 liter Collins spirometer. Residual volumes
were measured in subjects sitting upright in a body
plethysmograph (14) and were slightly above the pre-
dicted normal data which had been derived from gas dilu-
tion measurements. Residual volume (which remains the
same in sitting as in standing position) was added to the
vital capacity and to the expiratory reserve volume to
obtain the standing total lung capacity and the functional
residual capacity. The maximal midexpiratory flow rate
(MMFR) was slightly reduced in subjects P.G. and L.C.,
but the mean for the group as a whole was close to the
predicted value. Four of the subjects had been cigarette
smokers for considerable periods of time, and two had
been nonsmokers. However, the group has been considered
homogeneous since on the basis of pulmonary function
tests and subsequent ventilation distribution data there
was no reason to distinguish between the two nonsmokers
and the four smokers. (As will be mentioned later, sub-
ject F.D., who had been a moderate smoker for 40 yr,
had pulmonary function data which suggested that his
lung had aged less than those of other subjects.)

Ventilation distribution was studied by the method de-
scribed by Dollfuss et al. (9). Seven scintillation counters
were positioned behind the right lung in a vertical line.
These counters were fitted with rectangular lead colli-
mators 14 cm long, with a frontal slit 2 cm high and 10 cm
across. Counter positions relative to lung top were de-
termined from chest radiographs. All measurements were
made in the standing position. After careful positioning
in front of the counters, the subject expired to residual
volume (RV) and was switched into a spirometer cir-
cuit containing room air. He then inspired to total lung
capacity (TLC) over a period of about 10 sec. At some
preset inspiratory volume a 2-4 ml bolus containing
about 1 mc of 'Xe was automatically delivered into the
inspirate near the mouth. Breath was held at full in-
spiration until stable count rates over the chest were
achieved (6-8 sec). The subject then performed a maxi-
mal expiration over a 10-15 sec period, while AXe ac-
tivity (count rate) in expired gas was continuously mea-
sured with a scintillation counter placed near the
mouth. We recorded the output from this counter (fed
through a digital rate meter with a counting interval of
0.05 sec) together with expired volume on an X-Y re-
corder. Six to nine bolus experiments were performed
on each subject, varying the lung volume at which the
bolus was inhaled. After each maneuver 'Xe was washed
out of the lungs until chest count rates had returned to
background levels. Then the subject breathed again into
a closed spirometer circuit containing a trace amount of
1"Xe in the air. At equilibration, the ratio of intra-
pulmonary mXe concentration to external chest count rate
was determined at TLC for each counter. This mea-
surement enabled the external count rate to be converted
to concentration of AXe in each region, as described
previously (2, 4). In these experiments the total lung ca-
pacities of the subjects were different, and the amount
of 'TMXe inspired in each test varied. To facilitate compari-
son the results are expressed as a percentage of the con-
centration that would have existed had the inspired
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TABLE I
Physical Characteristics and Results of Pulmonary Function Tests of Six Elderly Subjects

FEVo.75D
Age Height Weight Tobacco V'C FRC RV TLC ME X40 MMFR I)lCO PehiAx

yr cm kg liter % liter/ literi 11 of CO CM 1120
mil sec per mini,/

mnmn Hg
E.B. 70 165 77 None 4.1 3.6 2.7 6.8 49 66 1.5 20.3 20.0

(3.1) (3.2) (2.2) (5.3) (45) (70) (2.5) (10.6)

L.B. 70 162 73 20/day 3.3 3.4 3.1 6.4 39 82 2.9 19.1 28.0
X 50 yr (3.1) (3.2) (2.2) (5.3) (45) (70) (2.5) (10.6)

K.D. 75 178 89 Nonie 3.9 2.8 2.3 6.2 51 104 3.4 15.1 25.0
(4.1) (3.9) (2.6) (6.7) (42) (83) (2.8) (10.()

F.D. 66 166 78 10/day 3.5 3.4 2.5 6.0 63 112 3.7 21.2 34.0
X 40 yr (3.1) (3.2) (2.2) (5.3) (48) (72) (2.5) (11.8)

P.G. 67 170 73 5/day 3.5 4.1 3.2 6.7 31 63 1.5 21.0 23.0
X 45 yr (3.4) (3.5) (2.3) (5.8) (48) (75) (2.6) (11.5)

L.C. 65 173 76 30/day 3.4 3.2 2.4 5.8 49 9( 1.9 13.2
X 40 yr (3.8) (3.7) (2.5) (6.2) (49) (79) (2.7) (12.0)

Mean 68.8 169 77.6 - 3.6 3.4 2.7 6.3 47 86 2.5 18.2 26.0
(3.4) (3.4) (2.3) (5.8) (45) (75) (2.6) (11.1)

Abbreviations: VC, vital capacity; FRC, functional residual capacity; RV, residual volume; TLC, total lung capacity;
ME, closed-circuit helium equilibration index; FEVO.7, X 40, indirect estimate of maximal breathing capacity obtained
by multiplying the 0.75 X sec forced expiratory value by 40; MMFR,maximal midexpiratory flow rate; DLCO, steady-
state CO diffusing capacity of the lungs; PelMAX, static transpulmonary pressure at full inspiration. The predicted
normal values of pulmonary function tests (15) are in parentheses beneath the measured values.

xenon been distributed uniformly within the lungs (2).
Since all measurements were made at TLC, this ratio
reflects ventilation "per alveolus" as described by Anthoni-
sen and Milic-Emili (16).

The regional distribution of perfusion was determined
by rapidly injecting 1-2 mc of `Xe dissolved in 5 ml of
saline through a polyethylene catheter inserted into an
antecubital vein. The injections were made at FRC,
while the subject held his breath with open glottis until
stable chest count rates were recorded (about 15 sec).
This was followed by maximal inspiration of room air,
and the subject held his breath at TLC until stable
chest count rates were obtained (about 10 sec). Duplicate
measurements were made in each subject. The results are
expressed as distribution of perfusion "per alveolus,"
calculated according to the method of Anthonisen and
Milic-Emili (16).

Measurements of the static volume-pressure relation-
ship of the lungs were made on all subjects except L.C.
with the esophageal balloon technique previously de-
scribed (17). Both inflation curves from RV and defla-
tion curves from TLC were measured.

RESULTS

Ventilation distribution. Fig. 1 illustrates the
regional distribution of six boluses delivered at
different lung volumes in subject L.B. When the
bolus was inhaled at low lung volumes (O and
11 %o VC), the regional 133Xe concentration in-
creased up the lung with a maximum at a distance
of about 10 cm from lung top; at 21%o VC the
differences in regional 133Xe concentration became
less marked; at 36%o VC the 133Xe concentration in-
creased progressively from lung top to bottom,
the distribution being essentially the same whether
the bolus was given at 36%o VC or at higher vol-
umes. Similar distribution patterns were obtained
in all subjects studied. The average results in the
six elderly subjects are shown in Fig. 2A, where
the regional 133Xe concentration is plotted against
the lung volume at which the bolus was inhaled
(expressed as per cent of TLC). Results are pre-
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FIGURE 1 The percentage of the vital capacity (% VG) at which the
bolus was inhaled is shown for each curve. If the distribution of the
bolus had been uniform throughout the lung, the regional concentra-
tion would have been 100% in all regions. Subject L.B.

sented for three different lung regions (5, 15, and
25 cm from lung top). When the bolus was inhaled
at RV, most of it was distributed to the upper parts
of the lungs, as shown by the higher 133Xe con-
centration in these regions. Between RV and 65%
TLC, the proportion of the bolus distributed to the
lower lung zones increases, reflecting progressive
opening of closed airways in these regions (4, 9).
Above 65 %TLC, the regional 133Xe concentration
was shown to be virtually independent of the lung
volume at which the bolus was inhaled, indicating
that at 65% TLC all airways became open (4, 9).
This lung volume will be referred to as the opening
volume. It should be noted that in the six elderly
subjects the FRC, which averaged 54%yo TLC,
was below the opening volume (Fig. 2 A), whereas
in young subjects the FRCwas above the opening
volume (Fig. 2 B). The data in Fig. 2 B were ob-
tained on a group of five subjects whose age
averaged 35 yr (range: 29-42), whose FRCaver-
aged 50%o TLC, and in whom the opening volume
averaged 45%o TLC (9).

Concentration of 183Xe in expired air. We re-
corded the concentration of 133Xe in the expired
gas after each bolus experiment as a function of
expired volume. All such records showed the three
phases in expired gas concentrations previously
recognized (18): dead space gas (I), mixed
alveolar and dead space gas (II), and alveolar gas
(III). In addition, in every experiment we found
a definite and abrupt change in the slope of the
so-called "alveolar plateau" toward the end of ex-
piration when the bolus was inhaled near residual
volume or above 65%o TLC, i.e. when the regional
differences in chest concentration of 133Xe were
most pronounced, as shown in Fig. 2A. This
phase was previously noted in inert gas studies
(19, 20) and in radioactive xenon studies on
young subjects by Dollfuss et al. (9) who termed
it phase IV. Results obtained in subject L.B. fol-
lowing a bolus given at 0%7o VC and one at 75%o
VC are illustrated in Fig. 3. The corresponding
regional concentrations preceding the expirations
can be seen in Fig. 1. When the intrapulmonary
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FIGURE 2 Results from regions at vertical distance (D) of 5, 15, and 25 cm from
lung top are shown. Residual volume (RV) and functional residual capacity
(FRC) are indicated. A: average results of 40 bolus experiments on six elderly
subjects of present study; B: average results of 40 bolus experiments on five young

subjects by Dollfuss et al. (9). Arrows indicate opening volumes.

concentrations were greatest towards the apex

(i.e. following bolus introduction at RV), phase
IV at first showed an increase in 133Xe concentra-

tion followed by a slight decrease as RV was ap-

proached (Fig. 3 A). On the other hand, phase IV
demonstrated a progressive decrease when the pre-

ceding regional intrapulmonary concentration of
133Xe was highest in dependent lung zones, i.e., fol-
lowing bolus introduction at 75% VC (Fig. 3 B).
In both instances we can see that the junction
between phases III and IV occurs at about the
same lung volume, as it did in all bolus experi-
ments in this subject. Similar results were obtained
in all subjects. Dollfuss et al. (9) attributed the
terminal change in concentration of the "alveolar
plateau" (phase IV) to closure of airways, which
starts in the most dependent parts of the lungs and
moves upwards progressively as RV is approached.
Thus, the lung volume corresponding to the junc-
tion between phases III and IV represents the
lung volume at which the airways start to close.
This volume will be referred to as the closing vol-

urne. Table II lists this volume for each subject. In
any one individual the closing volume showed little
variation from one bolus experiment to another,
regardless of the lung volume at which the bolus
was inhaled. As shown in Table II, the closing
volume was greater than FRC in all subjects ex-
cept F.D. In young subjects, on the contrary, the
closing volume was always well below FRC (9).

TABLE II
Closing Volumes and Functional Residual Capacities of Six

Elderly Subjects

Functional Residual
Subject Closing Volume Capacity

%VC %TLC %VC %TLC

E.B. 29 57 22 53
i.B. 27 63 9 53
K.D. 33 58 13 46
F.D. 24 55 26 56
P.G. 32 65 26 62
L.C. 32 61 24 55

Mean 30 60 20 54
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FIGURE 3 Relationship between l'Xe concentration in expired air (counts/0X05 sec) and ex-
pired volume (% VC) following an inspiratory vital capacity manoeuvre during which a bolus
of 1"Xe was inhaled at 0% VC (A) and at 75%o VC (B). At about 27% VC the count rate
demonstrated a marked increase in A and a decrease in B. The oscillating pattern of the record
is due to the random nature of radioactive decay and to cardiogenic artefact. Arrows indicate
closing volume. Subject L.B.

In the six elderly subjects the opening volume,
which averaged 65% TLC, was slightly higher
than the closing volume, which averaged 60%o
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FIGURE 4 Solid lines: individual results on six elderly
subjects; broken line: average results on six young sub-
jects (16). If the distribution of perfusion "per alveolus"
had been uniform throughout the lung, its value would
have been 100% in all lung regions.

TLC. A similar difference was observed by Doll-
fuss et al. in young subjects.

Perfusion distribution. Fig. 4 shows the rela-
tionship between perfusion "per alveolus" and
vertical distance down the lung in the six elderly
subjects. Average results obtained on six young
subjects by Anthonisen and Milic-Emili (16) are
also shown for comparison. In all the older sub-
jects, perfusion "per alveolus" to the upper lung
zones was increased.

Static volume-pressure relations of lungs. Fig.
5 illustrates the average static volume-pressure
relations of the lungs obtained in the elderly sub-
jects (A) together with similar data obtained on
five subjects whose age averaged 35 yr (range:
29-42) (B). The latter were the same individuals
used by Dollfuss et al. (9) in their 133Xe bolus
studies. Results obtained during lung deflation
from TLC and inflation from RV are presented.
Plotted on the curves are the opening and closing
volumes. It can be seen that in the elderly subjects
the static recoil pressures at any given lung volume
were lower than in the younger individuals. This
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finding agrees with the result of previous studies
(11).

DISCUSSION

In all six elderly subjects of the present study
the regional distribution patterns of inspired 133Xe
boluses and the expired 133Xe concentration pat-
terns were basically similar to those observed by
Dollfuss et al. (9) on younger men. In line with
our predictions, however, we found that in the
elderly subjects the closing and opening volumes
were consistently higher than in the younger in-
dividuals. This discrepancy results in part from
loss of elastic recoil with age (Fig. 5). This loss,
however, is not the sole cause of the increase in
closing and opening volumes observed in the
elderly subjects. If loss in lung elastic recoil were

the only cause of the increased closing and opening
volumes with age, the transpulmonary pressures
at which the airways open and close would be the
same in both old and young subjects. This, how-
ever, is not the case. Indeed, using the results of

FIGURE 5 Average results on five elderly sub-
tv- jects of present study (A) and on five young

subjects of Dollfuss et al. (9) (B). Closing andopening volumes, and RV and FRC are indi-
cated.

the present study, a rough estimate of the trans-
pulmonary pressure at which the airways begin
to close (closing pressure) can be made as follows.
As shown in Fig. 5, the static transpulmonary
pressure at the closing volume amounts to 3.7 cmi
H2O in the elderly and 2.5 cm H2O in the young

subjects. These pressures, as determined with the
esophageal balloon method, reflect the transpul-
monary pressures near the mid-level down the
lungs (8). Accordingly, assuming a vertical lung
length of 30 cm and a vertical pleural pressure

"gradient" of 0.25 cm H2O/cm descent (21), it
can be calculated that in elderly subjects the trans-
pulmonary pressure at the closing volume in the
most dependent lung zones is close to zero whereas
in the younger individuals the corresponding value
is - 1.25 cm H20.1 Thus, according to these esti-
mates, the closing pressure is about zero in elderly
subjects and about - 1.25 cm H20 in younger

1 A negative transpulmonary pressure indicates that
pleural pressure exceeds airway pressure.

Distribution of Ventilation and Perfusion in Elderly Subjects

-J

I-L

w

-J

z

-J

87



individuals. The latter value is in close agreement
with the results of Cavagna et al. (10) who re-
ported that in animals the airways begin to collapse
at a trallslpullnonary pressure of - 2 cm HIO.
Similarly, the opening pressure (the transl)ul-
monary pressure at the base of the lung at the
opening volume) can be estimated to be 4.5 cm
H20 in the elderly and 1.8 cm H20 in the younger
subjects. The latter value agrees with the results
of Burger et al. (unpublished observations). Al-
though these estimates of absolute closing and
opening pressures are only tentative because the
magnitude of the vertical pleural pressure "gradi-
ent" is not precisely known, the difference between
opening and closing pressure is presumably valid.
This difference amounted to 4.5 cm H20 in the
elderly and 3.0 cm H20 in the younger subjects.

It is of interest to note that although the differ-
ences between opening and closing pressures are
large in both old and young individuals, the differ-
ences in opening and closing volumes are relatively
small (Fig. 5). These differences are due to the
static volume-pressure hysteresis of the lungs, i.e.,
the greater inflation pressures at any given lung
volume necessarily result in decreased opening vol-
ume. Clearly, in the absence of hysteresis there
would be a much larger discrepancy between the
opening and closing volumes.

Our results indicate that in elderly subjects both
the opening and closing pressures are increased.
These differences between young and old are pre-
sumably valid for the reasons stated above. For
opening pressure this difference averaged 2.7 cm
H20 and for closing pressure 1.2 cm H20. This
change with age indicates that loss of lung elastic
recoil is not the sole cause of the increase in open-
ing and closing volumes; the increase in opening
and closing volumes with age is due in part to
increased opening and closing pressures, respec-
tively.

The reasons for the increased opening and clos-
ing pressures of the aged airways must remain
speculative in light of present knowledge. The
pressure required to open a closed airway will
depend on the interaction of several factors, such
as: (a) The diameter of the airway involved and
the surface tension of the liquid lining it. From
the Laplace relationship, the smaller the diameter
and the greater the surface tension, the larger will

be the opening pressure. (b) The airway wall
could conceivably operate either to open the air-
way or to close it. Cavagna, Stenimler, and Dubois
(10) have shown that, ili the intact aninmal, the
airways resist closure until the transpulnionary
pressures are negative, i.e., they teln(l to recoil
outward. One might expect the smooth muscle
tone in the airways to operate in the opposite direc-
tion. Olsen et al. (22) however found that the
bronchi resist collapse more when the smooth mus-
cle is constricted. It thus seems likely that the air-
way wall would operate to reduce rather than to
increase the opening pressure. (c) The manner in
which pleural pressure is transmitted to the outer
wall of the airway via the elastic elements of the
lung also affects the opening pressure. Similar con-
siderations apply to the increase in closing pres-
sure. Clearly, it is impossible at present to make
any definite conclusions concerning which factors
change with age.

In five out of six elderly subjects airway closure
in dependent lung zones was present at FRC,
whereas in young subjects it occurs only at lung
volumes well below FRC (9). Furthermore, our
results indicate that in the elderly subjects during
lung inflation lower zone airway closure persists
up to lung volumes of about 65%o TLC; the dif-
ference between the latter volume and FRC aver-
ages about 1 1%TLC (= 700 ml). Since in sub-
jects of similar age the resting tidal volume
averages about 380 ml (23), it follows that in most
elderly subjects some of the del)endent lung units
are closed either throughout or during part of the
resting breathing cycle; hence ventilation is not
distributed preferentially to lower lung zones as
in normal young men.2 In only one of our elderly
subjects (F.D.) was airway closure absent at
FRC; hence the distribution of resting ventilation
was preferential to the lower lung zones. It is of
interest to note that this subject had greater static
lung recoil pressures than the rest of the group.

The presence of lower zone airway closure dur-
ing resting ventilation in the elderly subjects is

2 Some airways may attain the opening pressure at the
beginning of inspiration, while others may only open
towards the end of inspiration, i.e., when pleural pres-
sures are most negative. Similarly, some airways may
reach the closing pressure at the beginning of expiration
while others will close only towards the end of expiration,
i.e., when pleural pressures are most positive.
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significant not only because of its effect on regional
distribution of ventilation, but also because it
helps to explain the results obtained previously
with inert gas methods. Sandqvist and Kjellmer
(24), using a single breath method, reported in-
creased unevenness of ventilation with age. First
they had the subject inspire 1 liter of oxygen from
FRC, and then they measured the difference in
nitrogen concentration between expired volumes
of 750 ml and 1250 ml. It should be noted that
while in young subjects both of these points would
be within phase III of the "alveolar plateau," in
the elderly at least the second point (which is be-
low FRC) would fall within phase IV. Thus we
see that the N2 concentration difference measured
must increase in the aged subjects. Similarly, the
fact that in elderly subjects airway closure is pres-
ent in the tidal volume range may also explain in
part the reported decrease with advancing age in
mixing efficiency (25) and delay in nitrogen clear-
ance (26-29). In elderly subjects resting ventila-
tionl takes place in the range of lung volumes at
which the extent of airway closure varies with
lung volume (Fig. 2). Therefore, the regional dis-
tribution of ventilation would also be affected by
relatively small changes in tidal volume and/or
preinspiratory volume which may occur with
changes in posture, apprehension, etc. This prob-
ably explains the considerable variability of the re-
sults reported in elderly subjects with inert gas
methods. It should also be noted that in the range
of lung volumes at which airway closure is present,
the distribution of inspired gas is markedly af-
fected by speed of inspiration (Anthonisen, unpub-
lished observations). By contrast, at lung volumes
at which airway closure is absent, ventilation dis-
tribution appears to be much less dependent on the
breathing pattern. Finally, the presence of lower-
zone airway closure during resting tidal ventilation
in the elderly subjects would lead to the exclusion
of some alveolar gas from inert gas dilutions used
in measuring the FRC. Indeed, we measured the
FRC in the elderly subjects using the closed cir-
cuit helium dilution method and found that the
average FRC measured with this method was
about 0.3 liters lower than the corresponding value
obtained with the body plethysmograph.

Previous measurements of regional distribution
of perfusion on young subjects have shown that

blood flow is absent in the uppermost parts of the
lung when the subject is at rest (16). The present
results indicate that in the elderly subjects the
upper parts of the lung are better perfused than in
the young individuals. This increase in apical blood
flow is presumably due to a rise in pulmonary ar-
tery pressure with age which is probably associated
with increased lower zone vascular resistance re-
sulting from loss of elastic recoil of the lungs (30).

From regional ventilation and perfusion data it
is possible to estimate the regional ventilation-to-
perfusion distribution, i.e., the regional V/Q. Be-
cause of the marked influence of small changes
in tidal volume and/or FRC on ventilation dis-
tribution in our elderly subjects, their regional
V/Q distribution must be critically dependent on
their breathing pattern; and hence V/Q could not
be adequately. described by a single number. In-
deed, a small increase in tidal volume and/or 'FRC
will result in an increased V/Q in the dependent
lung zones. Our results, however, indicate that in
elderly subjects during resting ventilation the V/Q
in the dependent lung zones must be considerably
lower than in young individuals. This is probably
one of the factors causing the observed decrease in
arterial oxygen tension in aged subjects (12, 13).
It should be noted that in all of our elderly sub-
jects the perfusion to the upper parts of the lungs
was increased. This increased regional perfusion
somewhat reduces the degree of V/Q abnormality
which would otherwise be greater. Also, it should
be noted that although results obtained with ex-
ternal counters reflect the over-all V/Q distribu-
tion of different lung regions, these results fail to
detect differences that may exist within each re-
gion. Since the lower lung zones of elderly subjects
presumably contain both open and trapped units
during quiet breathing, the V/Q abnormality (and
hence the impairment of gas exchange) may well
be greater than the present technique has revealed.

Airway closure in lower lung zones during
resting breathing has been observed in obese sub-
jects (31) in whom it probably also contributes to
increased alveolar-arterial differences in oxygen
tension. In the obese subjects, however, the in-
crease is caused by reduction in FRC resulting
from obesity, rather than by a loss in the elastic
recoil properties of the lungs. Clearly, in terms of
regional distribution of ventilation and perfusion
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FIGURE 6 Solid lines: individual results on six elderly subjects.
Broken line: average results on seven subjects whose age averaged
35 yr (range: 29-35) (4).

in the lungs, the effects of loss of elastic recoil and
of obesity are additive, and one would expect to
find larger A-a 02 differences in elderly obese
pIatieilts thaii in elderly slim subjects.

The results of the present study are also of
interest in relation to a venerable question: What
limits maximal expiration in elderly subjects?
Two main mechanisms have been proposed: (a)
airway collapse in which the residual volume re-

flects the volume of gas trapped behind the col-
lapsed airways (32), and (b) nleturomuscular limit
in which the residual volume is determined by a

balance between the force developed by the expira-
tory muscles and the opposiiig forces, such as the
elastic recoil of the respiratory system and the
antagonistic activity of the diaphragm (33). In
young subjects both mechanisms are involved;
expiration in the dependent lung zones is limited
by airway closure, whereas expiration in the tipper

lung zones proceeds until a balance is reached
between the force of the expiratory muscles and

the opposing forces (4). Tn elderly subjects. on the
contrary, airway closure appears to limit expira-
tion throughout the lungs. Indeed, in the elderly
subjects, following an early bolus, phase IV first
showed an increase in 133Xe concentration and
then showed a decrease in concentration as RV
was approached (Fig. 3 A). The initial increase
probably reflects a rising level of airway closure
up the lungs and hence a predominant contribution
to the expirate from the upper and middle lting

zones where the '33Xe concentration is higher than

in dependent zones (Fig. 1). The terminal de-
crease in expired 133Xe concentration indicates that
as RVis approached airway closure has progressed
above the lung level of highest 133Xe concentration
(i.e. above about 10 cm from the lung top). Thus,
these results suggest that in elderly subjects ex-

piration may be limited almost entirely by airway
closure.3 In young subjects, on the contrary, Doll-
fuss et al. (9) observed that, following an early
bolus, the 133Xe concentration in phase IV rose

progressively until RV was reached. Since the
regional '13Xe concentration in young subjects was

also highest, about 10 cm from the lung top, the
results of Dollfuss et al. suggest that the airway
closure at RV in young subjects has not progressed
into the upper 10 cm of the lungs. These results
indicate that the maximal expiration of young sub-
jects is not limited entirely by airway closure.
These conclusions are supported by the findings of
Leith and Mead (34). They studied five healthy
subjects over the age of 40 yr and five under the

age of 35 yr. These subjects were seated within a

chamber, sealed about the neck, and instructed to

perform forced expiratory vital capacity ma-

3Following boluses inhaled at high lung volumes the
regional l"Xe concentration always decreased progres-
sively from lung bottom to top (Fig. 1). Accordingly, it
is not surprising that during subsequent expiration phase
IV demonstrated a continuous decrease in 18'Xe concen-

tration until RV was reached (Fig. 3 B), i.e., progres-
sive closure of airways up the lung during expiration
would be expected to result in continuous increase in ex-

pired 'SXe concentration even if the closure eventually
progressed up to the lung top.
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noeuvres. As flow either neared or reached zero,
the pressure in the chamber was abruptly raised to
40 cm H20. Little response was seen in the older
group, but flow rose sharply in the younger sub-
jects. This finding suggests that in the younger
group residual volume is, at least in part, deter-
mined by the balance between maximum expira-
tory muscle force and total recoil forces of the
respiratory system. Hence, if expiration is assisted,
lung volume can be reduced below RV. In contrast,
the smaller response to assisted expiration in the
older group suggests that in these subjects max-
imum expiration is limited mainly by airway com-
pression. To further test this hypothesis, using the
133Xe method previously described (4) we have
measured the regional RV/TLC ratios at various
vertical levels of the lungs in six elderly subjects.
The results are shown in Fig. 6, together with
similar data of seven young men (4). In the
seven young subjects, regional RV/TLC ratio
is considerably greater in upper than in lower
lung zones. This difference again suggests that in
upper zones maximal expiration is not limited by
airway closure. In the elderly group, on the other
hand, if maximal expiration is limited by airway
closure throughout the lung, regional RV/TLC
ratios ought to be more uniform. Indeed, in the six
elderly subjects the regional RV/TLC ratio was
found to be much more uniform than in the seven
younger subjects, as shown in Fig. 6.

The results of the present study are of general
interest in relation to the difficult problem of the
biology of aging. It is clear that ventilation dis-
tribution within the lung is affected by the changes
in the mechanical properties of the aging lung.
Although both histological and histochemical
changes have been reported in the aged lung (11)
the cause of these changes is not precisely under-
stood. However, it is interesting to note the in-
ternal consistency of the present data in respect to
subject F.D., who was the only elderly subject
in whom the airways began to close at lung vol-
umes lower than FRC. He not only had the great-
est lung elastic recoil pressures of the entire group
studied, but he also demonstrated values above
the predicted normal values in almost every aspect
of lung function measured (Table I). In other
words, for some unknown reason, in this man the
aging process of the lungs has probably been
slower than in the other individuals.
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