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There are conflicting reports concerning the ef-
fects of aging on mechanical properties of the
human respiratory system (1-4). The present
study was undertaken to collect additional in-
formation pertaining to the relationships between
normal aging and lung mechanics. Besides the
mechanics measurements, data are reported for
lung volumes, intrapulmonary gas mixing, and
ventilatory capacity.

METHODS

Nineteen subjects over 60 years old were selected who
a) were free from complaints referable to cardiac, pul-
monary, or neuromuscular systems; b) had normal
physical examinations; and c) demonstrated normal
chest roentgenograms and electrocardiograms. These
men constitute group I subjects. Similar criteria were
applied in selection of 13 men under 40 who comprised
group II. Eight older men and six of the younger were
cigarette smokers. Physical characteristics of the two
groups are shown in Table I.

Spirograms were recorded with a 13.5 L Collins 1
spirometer from which all valves had been removed. A
closed-circuit, constant-volume, helium (He) -dilution
method was used to measure the functional residual ca-
pacity (FRC) in seated subjects. Lung compartments
and their ratios were calculated. Intrapulmonary distri-
bution of inspired gas was evaluated by the N2 single-
breath test (5).

The dynamic lung compliance (Cdyn) was determined
by the methods of Mead and Whittenberger (6).
Mouth-esophageal pressure gradients were detected by a
differential pressure transducer.2 The signal was am-
plified and displayed on the horizontal axis of a cathode-
ray oscilloscope a (CRO). Flow rates were measured
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with a pneumotachograph,4 and tidal volume was obtained
by electronic integration of the flow signal. Flow, or
volume, or both, were exhibited on the vertical axis of
the CRO. From simultaneous displays of mouth-
esophageal pressure and volume signals, pressure-volume
loops were recorded. An electronic subtractor circuit
was employed to obtain Cdy. (7). Each compliance
value recorded represented the mean of at least 10 de-
terminations. Cdyn was measured under three separate
sets of conditions: (a) normal quiet breathing, (b) at
tidal volumes equivalent to normal breathing but with
increased respiratory frequency, and (c) at tidal volumes
about twice normal and relatively slow frequency. The
static transpulmonary pressure gradient achieved during
sustained full lung inflation, referred to as maximal in-
spiratory pressure (MIP), was also recorded for each
subject.

TABLE I

Physical characteristics of subjects

Group I Group II

Mean age, yrs. 76 (60-82) 33 (28-40)
Mean height, in. 66 (64-73) 68 (66-76)
Mean weight, Wbs. 166 (117-226) 169 (140-191)
Mean body surface area, ma 1.89 (1.55-2.26) 1.92 (1.75-2.17)

Number 19 13

The volume of thoracic gas (VTG) and airway resist-
ance (R) was determined with a body plethysmograph
(8), employing techniques described by Comroe, Botelho,
and DuBois (9). Resistance was measured at airflow
velocities of 1 L per second for several levels of lung
inflation. Airway conductance (I/R = C) was com-
puted according to Briscoe and DuBois (10). Total lung
resistance was not measured.

RESULTS

Lung compartments, ventilatory function, in-
trapulmonary gas mixing (Table II). Vital ca-
pacity (VC) and inspiratory capacity (IC) were
significantly larger in the younger men (p < .01),
whereas FRC, residual volume (RV), and resid-
ual volume/total lung capacity ratios (RV/TC
x 100) were significantly greater (p < .001) in
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the old men. Differences between mean total lung
volumes in the two groups were not statistically
significant. Ventilatory capacity (MBC) and
maximal midexpiratory flow rate (MMF) (13)
were decreased in older subjects. The distribu-
tion of inspired gas, evaluated by the single-breath
nitrogen test, was less uniform in older men than
in younger ones.

FRC, determined by the He method in a

seated subject, corresponds to VTG measured with
the plethysmograph at the end of quiet exhala-
tion. FRCand VTG determinations were in close
agreement in each group. The maximal discrep-
ancy between volumes measured by these two dif-
ferent techniques in a given subject was less than
350 ml. For this report, He determinations were

used to compute lung compartments and TC.
FRCand RV measurements are larger than those
usually recorded (14-17) because subjects were

seated rather than supine during the determina-
tions.

Respiratory mechanics (Tables III, IV). Three
arbitrary sets of conditions were utilized during
measurements of Cdyn. The first determinations,
designated Cdyn(a), were made during normal
quiet breathing. During these performances,
group II subjects exhibited slower frequencies
and slightly smaller mean volumes than group I.
Mean Cdyn(a) for group I was significantly higher
than for group II.

The effect of increased frequency on Cdyn values

TABLE II

Lung compartments, ventilatory function, and
intrapulmonary gas mixing*

Group I vs.
Group I Group II Group II

VC, L 4.39 i 0.55t 4.96 4 0.47 3.05$
IC, L 3.13 0.37 3.61 A 0.28 3.931
FRC, L, (He) 4.47 0.80 3.26 i 0.31 5.17§
VTG (mid-position), L, 4.60 0.91 3.50 0.42

plethysmograph
RV, L 2.88 0.56 1.97 0.46 4.6§
TC, L 7.32 0.85 6.89 0.61 1.57

RV/TC X 100 39 ±t 5 28 i 6 4.62§
MBC, L/min 122 i 25 207 i 21 10.1§
MMF, Llsec. 2.88 0.65 4.41 i 0.31 7.67§
Change in N2% 2.3 0.8 1.34 0.4 4.15§

VE 750-1,250

* VC = vital capacity; IC = inspiratory capacity; FRC = func-
tional residual capacity; VTG = volume of thoracic gas; RV = residual
volume; TC = total lung capacity; MBC= ventilatory capacity;
MMF maximal mid-expiratory flow rate; VE = expired ventilation.
Standard symbols (11); statistical methods (12).

t Mean + standard deviation.
p <.01.

1p <.001.

TABLE III

Respiratory mechanics measurements

Group I vs.
Group I Group II Group II

Dynamic compliance, Cdyn, L/cm H20
(a) 0.26 4 0.08* 0.19 4 0.04 3.04§

VTT = 729 VT = 670
f$ = 20 f = 16

(b) 0.20 +0.08 0.17 :1 0.06 1.16

VT = 603 VT = 704
f=41 f =41

(c) 0.33 ± 0.07 0.23 4 0.03 2.81§
VT = 1,174 VT = 1,437
f=14 f =1

Static transpulmonary pressure
Full lung inflation, MIP, cm H20

174-5 2843 7.1011
Airway resistance, R, cm H20/L/sec

(Plethysmograph)
Measured at 1.8 i 0.5 1.1 ± 0.3 4.5011
VTG = FRC¶

Conductance/volume (C-V) ratio
0.14 ± 0.04 0.23 4 0.03 5.881!

* Mean ± 1 SD.
t Mean tidal volume (VT) for Cdyn determination in milliliters.
t Mean respiratory frequency (f), breaths per minute.
1p <0.01.
lip < 0.001.
¶ VTG = volume of thoracic gas; FRC = functional residual ca-

pacity.

was examined, Cdyn(b). Tidal volumes were vol-
untarily maintained at or near those employed
for spontaneous breathing, and frequency was
doubled. During these tests, mean frequencies in
both groups were the same, but the mean tidal
volumes in group I were 14.5 % smaller than in
group II. Differences of mean Cdyn(b) between
groups were not significant.

Finally, the influence of large tidal volumes
and normal or slow frequencies in CdY0 was ana-
lyzed, Cdyn(c). The older men achieved signifi-
cantly larger mean Cdyf(C) values than did the
younger ones.

Mean Cdyn decreased significantly when respir-
atory frequency was doubled in group I subjects.
No comparable change occurred in group II.
Slow, deep breathing produced a rise of mean
Cdyn in the older men. Cdyn(c) was larger than
either Cdyn(a) or Cdyn,(b) in group I subjects. For
group II subjects, Cdyn(.) was not different from
(a) but was greater than (b) .5

5 Tests of these differences are based on determination
of a "least significant difference" using pooled estimates
of variance (12).
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TABLE IV

Regression relationships of maximal static transpulmonary pressures in group I subjects*

Standard error
Relationship Linear regression of slope Correlation

.MIP and VC MIP = 18.22-0.187VC 2.22 -0.02
MI P and Cdyn (a) MIP = 22.02-17.76Cdyn(a) 14.18 -0.28
MI P and RV/TC MIP = 27.35-0.253 RV/TC 0.21 -0.28
MIP and FRC MIP = 27.76-2.41 FRC l.Olt -0.50

* MIP = maximal inspiratory pressure; VC = vital capacity; Cdyn(a) = dynamic lung compliance at normal quiet
breathing; RV/TC = residual volume/total lung capacity ratio; FRC = functional residual capacity.

t Slope significantly different from zero at 5 %level.

Transpulmonary pressure gradients at full lung
inflation (MIP) were larger (i.e., more nega-
tive) in the young men, and differences between
groups were highly significant. The validity of
an MIP value depends upon the subject under-
standing the test and co-operating to the best of
his ability. Each value reported was reproducible
on several occasions. Pressures were recorded
and measurements taken after pressure tracings
had been stable for 4 seconds. Table IV records
regression equations defining relationships be-
tween MIP and several other measurements for
group I subjects. The slope of regression be-
tween MIP and FRC is the only one significantly
different from zero.

Mean R, determined in the plethysmograph at
VTG equivalent to FRCand 1 L per second flow,
was higher in the older subjects. The calculation
of airway conductance (1/R) and its relationship
to VT(I-conductance/volume ratio (C/V) -per-
mits comparisons l)etween individuals or groups.
C/V ratios in group I were significantly smaller
than in group II, and there was no overlap le-
tween the groups.

DISCUSSION

CdYln during spontaneous respiration was sig-
nificantly greater in the older subjects than in
the younger ones. This alteration in compliance
may account for all of the alterations in respira-
tory mechanics, lung compartments, and intrapul-
monary mixing that we and others have ol)serve(l
in sul)jects of advanced age.

The dimensions and spatial relationships of
terminal and respiratory bronchioles, alveolar
dlucts, and alveoli are maintained, in part, by inter-
lacing fibers of the lung elastic matrix. At any
level of lung inflation, the elastic tensions devel-

oped within the lung matrix decrease as the com-
pliance rises. Airways of comparable size and
structure, being subjected to smaller radial ten-
sions, are therefore less distended in lungs with
higher compliance. This results in smaller intra-
luminal diameters of these airways and increased
resistance to flow through them, compared to less
compliant lungs at comparable inflation volumes
(18, 19). An inverse relationship thus exists be-
tween compliance and airflow resistance in lungs
at any given inflation volume.

It is suggested that alterations in the elastic
matrix, causing increased compliance in the older
men, are distributed unevenly, perhaps at random,
through the lungs. Their lungs may be con-
sidered as being composed of populations of units
(acini or lobules) with nonuniform pressure-
volume characteristics. In such organs, the alve-
olar volume into which tidal breaths are dis-
persed can vary with respiratory rate, tidal vol-
time, anld lung inflation. During rapid breathing,
groups of units may not be fully functional be-
cause of long time constants and C(dy, decreases
(20). Rapid respiratory frequency did not pro-
duce a significant change of CdY0 in our younger
men, nor has Cd,11 been reported by others to vary
with respiratory frequency in young normal sub-
jects (20, 21). Conversely, in lungs with high
compliance, slow, deep respiration permits the
tidal volume to be distriutited to a larger volume,
and C,,.,, rises. This is suggestive of and com-
patil)le with "recruitment of units" (21, 22). A
similar but smaller chanige was present ill the
young men. This phenolnenon has been reported
ill normal individuals (23 ) andl subjects with
chronic diffuse obstructive airway diseases (24,
25). It is concluded that all observed differences
of Cd~n measurements between the two groups in
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the present report can be accounted for by the
presence of focal areas of increased compliance
and decreased conductance in the lungs of older
men. As Mead wrote (26), Cd,-i1 values are in-
fluenced by lung compliance, lung inflation, respir-
atory rate, and airflow resistance.

Additional evidence for increased lung com-
pliance in the older men is afforded by the static
transpulmonary pressures measured at full in-
flation. Since total lung volumes were not sig-
nificantly different between the two groups, com-
parable transpulmonary pressures should be
generated by lungs with similar elastic recoil.
The observed differences indicate that less elastic
tension occurred in the older subjects, so their
lungs were more compliant. It may be argued
that this measurement could be influenced by
thoracic bellows strength. Subjects with mus-
cular dystrophy and chest wall weakness, how-
ever, produced normal values for this test (27).
Overt thoracic bellows weakness was not present
in our elderly men. Milic-Emili, Glauser, and
Mead (28) analyzed artifacts in the determination
of transpulmonary pressure at full lung inflation
by the technique employed here. Our data are
considered satisfactory for comparison because
identical balloons and procedures were used in all
subjects. The effects of intrathoracic gas volume
on balloon volumes and esophageal elastance are
considered equivalent because mean total lung
volumes were not different for the two groups.
One factor that may have affected the measure-
ment, changes of esophageal compliance with age,
was not evaluated.

The larger FRCvolumes in the older men con-
stitute further evidence for increased lung com-
pliance in that group. Similar pulmonary re-
tractile forces affect both FRC and MIP values,
and it is interesting to note a significant negative
correlation between these measurements (Table
IV).

If the postulated relationships between com-
pliance and airway diameters are valid, ventila-
tory measurements influenced by airway con-
ductance should be lower in the elderly. The
lower MBCand MMFvalues and the smaller
C/V ratios observed support the basic thesis.
Focal areas of altered compliance and conduct-
ance could produce abnormalities of intrapulmo-
nary mixing. The less even distribution of in-

spired gas in group I subjects is indirect evidence
for the presence of such regional changes in the
lungs of older men.

Pierce and Ebert (2) reported decreased elas-
ticity in the lungs of older subjects. Permutt
and Martin (3), using different techniques, ob-
served no significant change in static lung com-
pliance (CL) with age. Their older subjects did
not exhibit increased FRC volumes. However,
diminished elastic recoil at TC was found in older
people. Frank, Mead, and Ferris (1) also found
no differences in static CL in elderly subjects.
Again, their young subjects achieved greater
transpulmonary pressures at full lung inflation.
No consistent change of Cd,n with age was re-
ported. However, 72% of their subjects were
female. All subjects in the present study were
males. The possible influence of sex on aging
processes may be the basis for dissimilarities be-
tween our data and those of Frank and associ-
ates (1). Greifenstein, King, Latch, and Com-
roe (29) found intrapulmonary mixing to be
much more uneven in normal elderly males than
elderly females. Needham, Rogan, and McDon-
ald (1) make this comment: "It is interesting
to note how much more kindly the years treat
the women in respect to both VC and MBC."
Differing patterns of pulmonary disease observed
between males and females may be related to
the manner in which normal aging affects the
elastic properties of the lung for each sex.

SUMMARY

Mechanical properties of lungs in normal men
over 60 years old were compared to normal men
under 40. Dynamic lung compliance was sig-
nificantly greater in the older subjects. Trans-
pulmonary pressures at full lung inflation were
greater in the younger group. Airway resistance
was higher and conductance/volume ratios were
lower in the older men. Changes of pulmonary
physiological parameters with age in men may
be secondary to increased pulmonary compliance
in the elderly.
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