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Fleg, Jerome L., Frances O’Connor, Gary Gersten-
blith, Lewis C. Becker, Jon Clulow, Steven P. Schul-
man, and Edward G. Lakatta. Impact of age on the cardio-
vascular response to dynamic upright exercise in healthy
men and women. J. Appl. Physiol. 78(3): 890-900, 1995.--—To
examine whether age differentially modifies the physiological
response to exercise in men and women, we performed gated
radionuclide ventriculography with measurement of left ven-
tricular volumes at rest and during peak upright cycle exer-
cise in 200 rigorously screened healthy sedentary volunteers
(121 men and 79 women) aged 22—86 yr from the Baltimore
Longitudinal Study of Aging. At rest in the sitting position,
age-associated declines in heart rate (HR) and increases in
systolic blood pressure occurred in both sexes. Whereas rest-
ing cardiac index (CI) and total systemic vascular resistance
(TSVR) in men did not vary with age, in women resting CI
decreased 16% and TSVR increased 46% over the six-decade
age span. Men, but not women, demonstrated an age-associ-
ated increase of ~20% in sitting end-diastolic volume index
(EDVD), end-systolic volume index (ESVI), and stroke volume
index over this age span. Peak cycle work rate declined with
age ~40% in both sexes, but at any age it was greater in men
than in women even after normalization for body weight. At
peak effort, ejection fraction (EF), HR, and CI were reduced
similarly with age while ESVI and TSVR were increased in
both sexes; EDVI increased 35% with age and stroke work
index (SWI) rose 19% in men, but neither was related to age
in women; and stroke volume index did not vary with age in
either sex. When hemodynamics were expressed as the
change from rest to peak effort as an index of cardiovascular
reserve function, both sexes demonstrated age-associated in-
creases in EDVI and ESVI and reductions in EF, HR, and
CI. However, the exercise-induced reduction in ESVI and the
increases in EF, CI, and SWI from rest were greater in men
than in women. Thus, age and gender each have a significant
impact on the cardiac response to exhaustive upright cycle
exercise.

gender; cardiovascular performance

THE CARDIOVASCULAR RESPONSE to aerobic exercise is
influenced by many factors, including the nature of the
exercise stimulus itself (5, 20, 22); the posture in which
exercise is performed (23); and constitutional variables
such as age (19, 21, 24, 27, 36), gender (13, 21, 34, 36),
fitness level (13), and cardiovascular health (10, 26).
Although there is general agreement that women have
lower peak exercise capacity than men even after ad-
justment for body size (9, 15), considerable uncertainty
persists concerning the effect of gender on ventricular
volumes, heart rate (HR), blood pressure, and derived
hemodynamic variables during exercise. Much of this
uncertainty may arise from differences in the popula-
tions studied, including varying age ranges, exercise
habits, and prevalence of undetected cardiac disease.
Prior studies across limited age ranges have found a
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lesser augmentation of left ventricular (LV) ejection
fraction (EF) from rest to peak exercise in women than
in men (1, 14, 17). Recently, Spina et al. (32) demon-
strated that women, in contrast to men, did not in-
crease their stroke volume in response to exercise
training. This finding suggests that the mechanisms
for enhancement of cardiac performance during aerobic
exercise may differ between the sexes. However, the
impact of age on any such gender differences in cardiac
performance is unknown.

The present investigation was designed to examine
gender differences in the LV responses to peak upright
cycle exercise, with use of radionuclide ventriculogra-
phy, in a large group of healthy community-dwelling
volunteers carefully screened to exclude latent coro-
nary artery disease. Because a major goal was to deter-
mine whether age differentially modified the physiolog-
ical response to exercise in males and females, we en-
rolled individuals across a broad age range. To
minimize the confounding effects of widely varying ex-
ercise habits across age and between sexes, we ex-
cluded subjects who regularly engaged in endurance
training activities (=3 times/wk) and whose peak aero-
bic capacity exceeded our normal age-adjusted mean
values by >1 SD. Finally, multivariate analyses were
performed to assess the independent contributions of
age, gender, and work capacity on exercise hemody-
namics.

METHODS

Participants for this study were recruited from the Balti-
more Longitudinal Study of Aging (BLSA), a community-
dwelling group of volunteers aged 21-96 yr (30). The sample
is well educated; predominantly white; and engaged primar-
ily in scientific, professional, or managerial positions. These
individuals undergo extensive physiological, psychological,
and clinical testing at the Gerontology Research Center in
Baltimore for 2%, days biennially. Criteria for inciusion for
this study were as follows. 1) No clinical evidence of cardio-
vascular disease. 2) Absence of cardiovascular medication. 3)
Normal resting electrocardiogram. 4) Normal electrocardio-
gram response to peak treadmill exercise, performed using a
modified Balke protocol and read according to Minnesota code
criteria (28). 5) If aged =40 yr, a normal peak exercise thal-
lium test, performed using standard methodology after peak
treadmill exercise performed as described above (8). 6) No
regular participation in endurance cxercise training (e.g.,
running, cycling, swimming), defined as =30 min of such
activity =3 times/wk. 7) Resting EF =0.50 and no segmental
wall motion abnormality either at rest or during exercise on
the gated blood pool scan.

Gated cardiac blood pool scans. After informed consent
was obtained, gated blood pool scans were obtained after
blood pool equilibration of red blood cells labeled with techne-
tium-99m (12 mCi/m? body surface area) as previously de-
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TABLE 1. Treadmill VOg ... by age decade

Men Women

Age

Decade n Mean = SD n Mean + SD
20s 13 43.829.41 11 34.1+5.0
30s 30 40.3+7.6 17 31.5+4.9
40s 12 33.5+4.9 12 29.4+3.4
50s 25 35.7+6.6 13 27.1+54
60s 26 30.4x8.2 12 25.7+4.4
70s 14 30.2:5.6 7 18.0+2.4
80s 3 23.225.8 2 21.2*1.3

n, No. of subjects. VO, e, 0Xygen consumption (inml-kg™' min™?)
at peak effort. P < 0.0001 for age decade and for gender by 2-way
analysis of variance.

scribed (18, 27). The camera was placed in a position to best
define the ventricular septum, usually the 40° left anterior
oblique view, with the subject at rest in the supine peosition,
at rest 15 min after assumption of an upright seated position,
and during upright bicycle exercise. Images were acquired
with a high-sensitivity parallel-hole collimator attached to a
standard Anger camera interfaced with a commercial Nu-
clear Medicine computer system. Data were acquired on a
magnetic disk (64 X 64 matrix, 1.9X zoom). Exercise was
begun on an electronically braked cycle ergometer at 25 W
and was increased in increments of 25 W every 3 min. Images
were acquired during the last 2.5 min of each period. Brachial
arterial cuff pressures were measured at the end of each
exercise period, and a 12-lead electrocardiogram was re-
corded each minute. All participants exercised to exhaustion
without cardiac symptoms.

LV volumes were determined by standard methods (18,
27). Briefly, end-diastolic count rate was obtained from a
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large manually drawn region of interest and was corrected
for background activity with the use of a region of interest
drawn lateral and inferior to the LV in the end-systolic frame.
Attenuation correction was determined individually in each
subject by the use of an opposed static view to measure the
attenuation distance from a chest wall marker to the count
center of the LV, assuming that the linear attenuation coeffi-
cient was equal to that of water. A blood sample was drawn at
the end of exercise, counted with the same camera-collimator
system used for the scintigraphic study, and corrected for
time delay between the scintigram and the counting of the
blood sample. In a subset of 26 subjects, venous hematocrit,
measured at rest and at peak effort, increased only minimally
with exercise (1.7 + 1.2%), and this change was unrelated to
age in both men and women. LV end-diastolic volume was
obtained from the ratio of the attenuation-corrected end-dia-
stolic count rate from the gated study to the count rate per
milliliter from the sample of venous blood drawn 5-10 min
after the completion of exercise. EF was calculated by a semi-
automated algorithm after background subtraction. End-sys-
tolic volume was calculated from the measured EF and end-
diastolic volume. Ventricular volumes calculated by this
method have been validated against invasive measure-
ments (18).

Statistical analyses. Data analysis was performed using
conventional statistical software (SAS) (29). In both sexes,
least squares linear regression analyses of all exercise vari-
ables vs. age were performed at rest seated, at 50% of peak
workload, and at peak effort. To characterize age differences
in cardiac reserve, similar linear regression analyses were
performed on the change in each exercise variable from rest
to peak effort. Variables examined included HR; systolic, dia-
stolic, and mean blood pressures (SBP, DBP, and MBP, re-
spectively); LV end-diastolic, end-systolic, and stroke volume
indexes (EDVI, ESVI, and SVI, respectively); stroke work
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FiG. 2. Effect of age decade on left ventricular (LV) volume in-
dexes [end-diastolic volume index (EDVI), stroke volume index (SVI),
and end-systolic volume index (ESVI)] at rest (A) and peak exercise
(B) in males (m) and females (D). T Significant age regressions within
gender at rest or peak effort. P values indicate gender differences by

analysis of variance. Regression equations and gender comparisons
by covariance analysis at peak effort are given in Table 2.

index (SWI); EF; cardiac index (CI); and total systemic vascu-
lar resistance (TSVR). Additional characteristics, i.e., peak
cycle work rate, treadmill maximal oxygen consumption at
peak effort (V05 max), weight, body mass index, and 24-h uri-
nary creatinine excretion (an index of muscle mass; 11) were
also regressed across age in each of the sexes. Age-gender
interactions were examined by covariance analysis. Physical
activity habits for nine aerobic and semiaerobic activities
were derived from a detailed activity questionnaire and were
summed and expressed as total minutes per day. The nine
activities included brisk walking, running, swimming, bicy-
cling, tennis, golf, sit-ups, vigorous calisthenics, and weight
lifting. Total minutes per day spent on these activities was
regressed on age for each sex and was also examined as a
determinant of exercise hemodynamic parameters in multi-
variate analyses.

To examine the effect of gender on the hemodynamic re-
sponse to progressive effort, we also compared young men
(aged <40 yr) with young women and older men (aged >60
yr) with older women across relative work rates by repeated-
measures analysis of variance. Finally, the independent ef-
fects of age, gender, and peak cycle work rate on each hemo-
dynamic variable at rest and at peak effort were determined
by multiple regression analysis. For all analyses, a two-tailed
P value of <0.05 was required for significance. All values are
expressed as means * SD except as noted.

RESULTS

Anthropometric variables. One hundred twenty-one
men and 79 women fulfilled the screening criteria and
had technically adequate rest and exercise gated blood
pool cardiac studies. Both sexes were broadly distrib-
uted across age (men: 22-85 yr, mean 51.2 = 16.8 yr;
women: 22-86 yr, mean 48.0 = 16.9 yr). Average
weight and body surface area were greater in men than
in women (80.7 * 12.5 vs. 63.6 = 9.9 kg and 1.98 =
0.17 vs. 1.69 = 0.14 m?, respectively; each P < 0.0001).
Although body weight declined 10% (r = —0.21, P <
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0.02) and surface area declined 7% (r = —0.26, P <
0.01) over the six age decades in men, neither variable
was significantly related to age in women. Total body
muscle mass, as indexed by 24-h urinary creatinine
excretion, was greater in men than in women (1,501 *
355 vs. 925 = 212 mg; P < 0.0001) and declined with
age in both sexes (men: r = —0.27, P < 0.01; women:
r = —0.46, P < 0.002). Similarly, VOgmax Was also
higher in men than women (35.8 = 8.7 vs. 289 + 6.3
ml-kg ' min~!; P < 0.0002) and declined with age in
both groups (men: r = —0.57, P < 0.6001; women: r =
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FIG. 3. Hemodynamic variables indicative of left ventricular per-
formance plotted by age decade at rest and at peak effort in males
(m) and females (00). SBP, systolic blood pressure. * Significant gender
differences for individual decades, adjusted for multiple comparisons.
t Significant age regressions within gender at rest or peak effort. P
values indicate gender differences by analysis of variance.
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FIG. 4. Relationship between peak cycle work rate and age in
males (m) and females (1) before (A) and after (B) adjustment for
body weight. + P < 0.001. Peak work rate was higher in men both
before and after weight adjustment (both P < 0.0001 hy analysis of
variance). * Significant gender differences (P < 0.05) for specific age
decades after Bonferroni adjustment for multiple comparisons.

—0.67, P < 0.0001), as shown in Table 1. In all individu-
als, VO max was within 1 SD of the sex-specific limits
for each age decade derived from a prior BLSA study
(7). Total physical activity time per day was nearly
identical in men and women (34.0 = 4.8 and 37.3 = 4.0
min/day, respectively) and declined weakly but nonsig-
nificantly with age in both men (» = —0.16, P = 0.14)
and women (r = —0.22, P = 0.09). Thus, physical activ-
ity was well maintained with age in this population.
No age-gender interactions were observed for any of
these variables.

Resting hemodynamics. Results of the age-associated
changes for hemodynamic variables in the sitting posi-
tion before exercise are given in Figs. 1-3, plotted by
age decade. In both sexes HR (Fig. 14) declined signifi-
cantly and SBP (Fig. 1B) and MBP (data not shown)
increased with age; women demonstrated higher HR
and lower SBP than did men across the age span. CI
(Fig. 1C) declined 16% from the third through eighth
decades in women and TSVR (Fig. 1D) increased 46%
in women, but neither variable was age-related in men.
Resting EDVI, ESVI, and SVI (Fig. 2A) increased
~20% across age decades in men but not in women,
resulting in gender differences in resting EDVI and
ESVI that were most prominent in later decades. Rest-
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ing indexes of LV systolic pump performance are shown
in Fig. 3. EF was not age related in either sex but was
consistently higher in women across age decades (Fig.
3A). SBP/ESVI, an index of myocardial contractility,
increased 37% with age in women but did not change in
men (Fig. 3B), whereas SWI showed an age-associated
augmentation in both sexes (Fig. 3C).

Peak cycle exercise capacity. As anticipated, the peak
work rate achieved during upright cycle exercise was
higher in men than in women (148.6 + 36.5 vs. 101.9
+ 27.4 W; P < 0.0001) and declined significantly with
age in both sexes (men: r = —0.65, P < 0.0001; women:
r = —0.68, P < 0.0001; Fig. 4A). The decline averaged
~36% in men and 42% in women across the six de-
cades. After normalizing peak work rate for body
weight, the age decline was still present (men: r =
—0.55, P < 0.0001; women: r = —0.61, P < 0.0001; Fig.
4B). The ratio of peak cycle work rate in watts to VOg .y
in liters per minute for each individual was not age
related in either men (r = 0.08) or women (r = 0.10),
indicating similar effects of age on aerobic capacity dur-
ing treadmill and cycle exercises.

Exercise hemodynamics at peak effort. Age regres-
sions and mean values of hemodynamic variables at
peak effort are listed in Table 2. Per decade plots
of these variables are shown in Figs. 1-3. Peak HR
declined ~25% across the age span in both sexes (Fig.
1A). Although DBP and MBP at exhaustion increased
significantly with age in both sexes (data not shown),
peak SBP (Fig. 1B) increased with age only in women.
All arterial pressures were higher in men than
women by covariance analyses. CI at exhaustion de-
creased with age in both sexes by ~25% across the
age span (Fig. 1C). TSVR at exhaustion (Fig. 1D) rose
significantly with age in both sexes, although the in-
crease was steeper in women than in men (56 vs.
30%). A 35% age-associated augmentation of EDVI
over the six decades was observed in men but not in
women at peak effort (Fig. 2B). ESVI at peak effort
with age in both sexes nearly tripled in men and dou-
bled in women across the six decades. However, SVI
was maintained across age in both sexes. EF (Fig.
3A) and SBP/ESVI (Fig. 3B) demonstrated a similar
age-associated blunting in both sexes. SWI rose 19%
with age in men but not women (Table 2) and was
higher in men than women across decades (Fig. 3C).
Concordance between age regressions (Table 2) and
per decade analyses (Figs. 1-3) was generally quite
strong.

Exercise hemodynamics across relative work rates in
age-matched gender subsets. To examine possible gen-
der differences in the hemodynamic response at rela-
tive work rates from rest to peak effort in age-matched
subsets, we compared men and women in both younger
(<40 yr) and older (>60 yr) age groups (Figs. 5 and
6). In younger individuals, HR increased more steeply
across work rates in men than in women (Fig. 5A). SBP
(Fig. 5C) and DBP and MBP (data not shown) were
higher across relative work rates in young men. CI
(Fig. 5E), cardiac volume indexes (Fig. 64), and EF and
TSVR (data not shown) were similar in young men and
women across relative degrees of effort. Young men
demonstrated a steeper increase in SBP/ESVI and a
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TABLE 2. Hemodynamic parameters at peak effort: linear regression on age

Males Females

Parameter Intercept Slope r P Intercept Slope r P
HR 208.1 -1.02 —-0.74 0.0001 194.6 -0.77 -0.63 0.0001
SBP* 194.9 0.23 0.15 NS 160.0 041 0.29 0.01
DBP* 87.4 0.21 0.24 0.01 78.1 0.29 0.33 0.004
MAP* 124.9 0.19 0.21 0.02 105.0 0.34 0.41 0.0003
CI 11.5 -0.05 -0.38 0.0001 11.2 -0.05 -0.43 0.0001
TSVR* 5.19 0.05 0.41 0.0001 4.44 0.09 0.51 0.0001
EDVI 57.7 0.38 0.36 0.0001 66.4 0.12 0.14 NS
ESVI+ 2.35 0.29 0.49 0.0001 8.22 0.14 0.29 0.008
SVl 56.3 0.07 0.10 NS 58.1 -0.02 ~0.03 NS
EF 93.2 —0.28 -0.50 0.0001 86.9 —~0.15 —-0.29 0.009
SBP/ESVI* 30.2 -0.28 -0.43 0.0001 21.9 -0.17 -0.34 0.004
SWI* 10,600.4 37.2 0.20 0.04 9,593.0 14.5 0.10 NS

ClI, cardiac index (I - min~?

- m?); DBP, diastolic blood pressure (mmHg); EF, ejection fraction (%); EDVI, end-diastolic volume index

(mVm?); ESVI, end-systolic volume index (ml/m?); HR, heart rate (beats/min); MAP, mean arterial pressure (mmHg); SBP, systolic blood
pressure (mmHg); SVI, stroke volume index (ml/m?); SWI, stroke work index (mmHg - ml : m™?); TSVR, total systemic vascular resistance

(mmHg - 1% -
interaction at P < 0.05.

larger SWI across progressive work rates than did their
female counterparts (data not shown).

The comparison of men and women >60 yr differed
in some respects from the results seen in younger sub-
jects. HR (Fig. 5B) was higher across relative work
rates in older women, and SBP (Fig. 5D) rose more
rapialy in older men. All cardiac volume indexes (Fig.
6B) averaged 5-10 ml/m® higher in older men than
women across these relative work rates, maintaining
their tendency for larger volumes observed at rest.
Neither EF nor SBP/ESVI responses (data not shown)
differed statistically between sexes with progressive
exercise. Older men demonstrated larger CI (Fig. 5F)
and more pronounced reductions in TSVR than did
older women with progressive effort. SWI was signifi-
cantly higher across work rates in older men due to
their greater SBP and SVI responses (data not shown).

Figures 2 and 6 and Table 2 indicate that, with ad-
vancing age, men make greater use of the Frank-Star-
ling mechanism than women do both at rest and during
exercise. To further illustrate this point, SVI was plot-
ted as a function of EDVI in younger and older men
and women at rest and across common external work
rates. In subjects <40 yr old (Fig. 7A), this relationship
followed a nearly identical pattern in both sexes. For
individuals >60 yr old (Fig. 7B), however, it is evident
at rest and for any given work rate that the data points
for men lie upward and rightward to those for women.
Furthermore, a comparison of Fig. 7, A and B, plotted
with identical axis scales, indicates that the coordi-
nates for older women during exercise resemble those
for both younger groups, whereas those for oclder men
lie upward and rightward of the other three groups.
Thus, whether examined across relative effort levels or
fixed external work rates, older men utilize the Frank-
Starling relationship to a greater extent than do older
women, which is a gender difference not present in
young adults.

Cardiovascular reserve. To assess cardiovascular re-
serve, i.e., the ability to augment cardiovascular perfor-
mance from resting levels in men and women, we per-
formed regression analysis on the change in each hemo-

min). P values are for age regressions within each sex. Covariance analysis: * gender difference at P < 0.05;  age-gender

dynamic variable between seated rest and peak effort
(Fig. 8). HR reserve (Fig. 84) declined with age in both
sexes, but the rate of decline was greater in men than
in women. Blood pressure reserve was not age related
in either sex but was greater in men than in women
across the age span (data not shown). EF (Fig. 8C),
SBP/ESVI (data not shown), and CI (Fig. 8D) reserve
and the reduction in ESVI from the resting level (Fig.
8B) were blunted with age in both sexes, with men
demonstrating greater EF, SBP/ESVI, CI, and ESVI
reserve (i.e., greater reduction in ESVI) at any age. SVI
(Fig. 8B), SWI (Fig. 8E), and TSVR (Fig. 8F) reserve
were unrelated to age; however, SWI reserve was
higher in men than in women across age. EDVI reserve
(Fig. 8B) is similar in men and women, with each sex
augmenting EDVI almost 2 ml/decade from rest to peak
effort. Thus, the gender differences in the absolute
EDVI-age relationship at peak exercise (Table 2 and
Fig. 2) and in the SVI vs. EDVI relationship in Fig. 7B
are attributable to a greater resting heart size in older
men than in women. It is also noteworthy that the age-
associated increase in TSVR at peak exercise (Fig. 1D)
was abolished in both sexes when expressed as the
change from rest (Fig, 8F).

Multivariate determinants of resting and exercise he-
modynamics. To examine the independent effecis of
age, gender, and exercise capacity (i.e., peak cycle work
rate achieved) on hemodynamic responses at rest and
during exercise, multiple regression analyses were per-
formed using the entire sample. The multivariate anal-
ysis generally confirmed the results of the prior univar-
iate analyses.

Resting. When gender and age were controlled,
greater exercise capacity was associated with lower
resting HR and borderline higher resting EDVI and
borderline lower resting SBP/ESVI (Table 3). After
adjusting for exercise capacity and gender, resting HR
declined with age, whereas SBP, EDVI, SVI, SWI and
TSVR showed age-associated increases. After control-
ling for exercise capacity and age, women demon-
strated lower resting SBP and MBP but higher EF
than did men. Significant age-gender interactions
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FIG. 5. Effect of gender on heart rate, systolic
blood pressure, and cardiac index in 41 men and 31
women <40 yr old (left) and in 40 men and 21 women
>60 yr old (right) across relative work rates from
rest (relative work rate = 0) to peak effort (relative
work rate = 1). A and B: heart rate increases more
steeply with increasing effort in young men than in
young women, whereas older women have higher
heart rates across relative work rates than older
men do. C and D: in both age groups, systolic blood
pressure rises more rapidly in men than in women
with increasing effort. E and F: cardiac index in-
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were present for EDVI and ESVI, consistent with
larger resting cardiac volumes in older men than in
older women. Age-gender interactions were also found
for SBP/ESVI, CI, and TSVR. When total physical ac-
tivity time was substituted for cycle exercise capacity
in the model, no resting hemodynamic variable was
significantly related to this variable, independent of
age and gender.

Peak effort. At peak effort (Table 3), after controlling
for gender and age, greater exercise capacity was asso-
ciated with higher peak HR, SBP, SVI, CI, and SWI
and a lower TSVR. When the effects of gender and
exercise capacity were controlled for, the effect of age
on hemodynamics during exercise was more striking
than that at rest. Thus, exercise blood pressures, SVI,
and SWI all showed age-associated augmentation,
whereas HR, EF, and SBP/ESVI declined with age. At
maximum effort, after controlling for age and peak
workload, men demonstrated lower HR and CI but
higher blood pressures than did women. Age-gender
interactions were observed for EDVI, ESVI, and TSVR,
paralleling those seen at rest. As observed at rest, total
physical activity time was not a significant determi-
nant of any peak exercise hemodynamic variable, inde-
pendent of age and gender. Results similar to those of
the multivariate analysis were obtained in an addi-
tional analysis (data not shown) in which hemody-

namic variables were compared at rest and peak effort
in men and women matched for age and peak achieved
cycle work rate. To examine whether the age-associ-
ated increase in peak exercise EDVI in men but not
women was related to gender differences in the rela-
tionship between peak HR and EDVI, we performed a
multiple regression analysis to determine the effect of
HR on EDVI, independent of age in both sexes. In men,
peak HR correlated inversely with EDVI (r = —0.40; P
= 0.02); in women, however, peak HR was not related
to EDVL

Estrogen status as a determinant of rest and exercise
hemodynamics. To determine whether supplemental
estrogen administration might alter the hemodynamic
response to exercise, we compared the six premeno-
pausal women receiving oral contraceptives with their
age peers not taking these drugs. No differences in
hemodynamics between the two groups were observed
at rest, at peak effort, or in cardiovascular reserve (all
P > 0.2). Similarly, the 10 women >60 yr receiving
estrogen replacement therapy were compared wit
their unmedicated age peers. At rest and at peak effort,
all hemodynamics variables were similar in the two
groups. Only the change in ESVI from rest to peak
effort differed between groups, decreasing 5.9 = 3.5 ml/
m? in unsupplemented women vs. 1.0 = 4.2 ml/m? in
estrogen users (P < 0.02).
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DISCUSSION

The major findings in these carefully screened men
and women of a broad age range were as follows. 1)
Both sexes demonstrated parallel declines in peak cycle
work rate with age, although men had higher exercise
capacity than women did across the age spectrum even
after normalization for body weight. 2) Men but not
women experienced age-associated increases in cardiac
volumes at rest, across relative work rates, and at ex-
haustion. 3) Peak pump performance, whether defined
by CI, EF, or SBP/ESVI, declined similarly with age in
both sexes; however, SVI at exhaustion was not age
related. Neither the administration of exogenous estro-
gens nor the level of daily caloric expenditure on physi-
cal activity appeared to have a significant influence on
these hemodynamic findings. 4) Cardiovascular reserve
declined at similar rates with age in men and women
except HR reserve, which declined more rapidly in men.

The recent availability of accurate noninvasive meth-
ods for measuring LV performance has allowed gender
differences in resting and exercise hemodynamics to be
probed. Early studies using exercise radionuclide ven-
triculography were limited to the determination of EF
and qualitative wall motion (3, 4). Several laboratories
have subsequently shown that cardiac volumes can be
accurately measured during vigorous exercise with this
techrique (6, 31, 36). The radionuclide methodology
used in the current study avoids geometric assumptions
regarding ventricular shape and calculates an individu-
alized attenuation coefficient for each subject (18).

Our laboratory (18) and others (31, 33, 36) have vali-
dated cardiac volumes from this technique with those
from cardiac catheterization at rest and during exer-
cise. Although the correlations of radionuclide and
catheterization LV volumes has been very high in these
studies (r = 0.9), standard errors of the estimates
(SEE) were generally large. For example SEE for ESV
in our laboratory was 33 ml between these techniques;
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FIG. 6. Left ventricular (V) volume indexes across relative work
rates from rest to peak effort in young (aged <40 yr; A) and older
(aged >60 yr; B) males (solid lines) and females (dashed lines). A:
analysis of covariance shows no significant interaction or overall
difference in cardiac volumes between young men and women. B: in
older group, all cardiac volume indexes are consistently larger in
men across relative work rates, indicating greater reliance on Frank-
Starling mechanism to augment cardiac index.
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stolic volume index in younger (aged <40 yr; A) and older (aged >60
yr; B) males (m) and females (O) across common external work rates.
Values are means + SE. A: there is no gender difference in young
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workload through 75 W, achieved by 39 of 40 men and 17 of 21
women, points for older men lie upward and rightward to those for
older women, indicating greater utilization of Frank-Starling mecha-
nism in older men. Nos. 25125, work rate in watts.

however, when individuals with regicnal wall motion
abnormalities were excluded, as was done in the pres-
ent study, SEE was reduced to only 11 ml. As suggested
by Rabinovitch et al. (25), count-based radionuclide
measurement of LV volumes are probably best suited
for group analyses and cases in which an individual
serves as his or her own control, which are the uses
employed in our study. Nevertheless, any factor that
introduced a systematic error related to age or gender
in these radionuclide measurements of LV volumes
could bias the results. Our laboratory has found similar
high correlations of radionuclide and catheterization
LV volumes in men and women across an age range of
25-76 yr (18). Furthermore, exercise-induced hemo-
concentration, a possible source of error in calculating
cardiac volumes during exercise, was minimal and was
unrelated to age or gender. Finally, it must be empha-
sized that even the “gold” standard of catheterization-
derived cardiac volumes has significant technical limi-
tations and variability.

Prior radionuclide studies have shown minimal gen-
der differences in resting hemodynamics (1, 14, 34), al-
though gender differences with aging, i.e., age-gender
interactions, were not specifically examined. In the pres-
ent study a prominent gender difference observed at
seated rest was that EDVI and SVI increase with age
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FIG. 8. Linear regression analysis
of cardiovascular reserve capacity (de-
fined as value of a given variable at
peak effort minus value at rest) as func-
tion of age in males (solid lines) and
females (dashed lines). Significant age
relationships within gender: *P <
0.05; ** P < 0.01; ¥* P < 0.001. P val-
ues indicate gender differences by co-
variance analysis.
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in men but not women. As resting HR declined with age
in both sexes, the augmented SVI in older men pre-
vented an age-associated decline in resting CI, whereas
in women a substantial decline in CI and an increase
in TSVR occurred between the third and ninth decades.
The lower resting HR in men than women may be re-
lated to the men’s higher aerobic capacity and peak work
rate (Table 3) even though all men and women in the
present study were sedentary by clinical criteria. It is
therefore likely that differences in aerobic capacity
within a typical ambulatory non-endurance-trained pop-
ulation influence hemodynamic profile at rest in a direc-
tion similar to that caused by endurance training. Dur-
ing exercise at relative work rates from rest to exhaus-
tion, HR increased more rapidly in women than in men
regardless of age, and this difference in HR widened
with increasing work rate (Fig. 5, A and B). The accentu-
ated HR response across relative exercise levels in
women suggests a specific effect of gender on HR due

0 20 40 60 80

100
AGE (years)

in part to women’s higher resting HR. Furthermore, the
HR reserve (Fig. 84) declined less steeply with age for
women than for men. Multivariate analysis also demon-
strated a strong independent gender effect on peak HR.
Balady et al. (2) and Sullivan et al. (34) have also ob-
served higher HR across fixed external work rates in
women than in men during leg and arm cycle exercises,
respectively, although they did not stratify their sub-
jects by age. In the latter study (34), which used an
exercise protocol identical to ours, peak HR was higher
in women than men, as was CI at higher fixed work
rates. The higher HR in older women across relative
work rates might be viewed as a compensatory mecha-
nism for their smaller cardiac volumes.

The greater utilization of the Frank-Starling mecha-
nism in older men than oider women across submaxi-
mal work rates is illustrated by their higher cardiac
volumes values in Figs. 6 and 7. In comparing Fig. 7,
A and B, it is noteworthy that these EDVI and SVI
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TABLE 3. Multivariate determinants of hemodynamic variables at rest and peak effort
PWR Age Gender Age X Gender
Parameter Jés P yél P B P Yil P
Resting
HR —-0.07 0.007 -0.33 0.0001 0.90 NS NS
SBP —-0.02 NS 0.29 0.0003 —8.03 0.008 NS
DBP 0.01 NS 0.09 NS 3.18 NS NS
CI —0.0003 NS -0.001 0.08 0.83 0.02 -0.01 0.0
TSVR —0.01 NS 0.02 0.01 —~3.59 0.07 NS
EDVI 0.07 0.07 0.32 0.02 13.6 0.04 -0.28 0.02
ESVI 0.03 NS 0.13 NS 4.54 NS -0.14 0.03
SVI 0.04 NS 0.12 0.03 2.15 NS NS
EF —0.0001 NS 0.01 NS 3.77 0.01 NS
SBP/ESVI —-0.01 0.08 -0.03 NS -2.3 0.03 0.05 0.02
SWI 2.49 NS 30.7 0.0003 —-195.3 NS NS
At peak effort

HR 0.22 0.0001 -0.64 0.0001 9.85 0.002 NS
SBP 021 0.005 0.57 0.0001 -16.0 0.003 NS
DBP ~0.05 NS 0.18 0.03 —~7.59 0.01 NS
CI 0.03 0.0001 —-0.02 NS 0.98 0.006 NS
TSVR -0.04 0.0001 0.008 0.0001 -2.91 0.003 0.04 0.02
EDVI 0.08 0.07 0.49 0.0001 14.4 0.05 -0.28 0.04
ESVI -0.0007 NS 0.29 0.0001 5.92 NS —0.15 0.04
SVI 0.08 0.01 0.14 0.03 1.56 NS NS
EF 0.03 NS -0.18 0.0001 2.1 NS NS
SBP/ESVI 0.01 NS -0.22 0.0001 -2.15 NS NS
SWI 29.2 0.0006 63.4 0.0001 —-624.7 NS NS

B for gender and age X gender interactions are defined as 0 for men and 1 for women. PWR, peak work rate. NS, not significant.

values in the older men also exceeded those of both
younger groups, as found in our earlier study in a pre-
dominantly male cohort (27). Although they did not
measure absolute cardiac volumes or compare gender
responses, Mann et al. (19) also observed higher end-
diastolic counts in older than younger men across fixed
external submaximal cycle work rates. The lack of a
gender difference in cardiac volumes across fixed work
rates in the study of Sullivan et al. (34) may reflect the
relative youth of their subjects (mean age 38 yr, with
very few individuals >60 yr).

At exhaustive effort, just as at rest in our study,
EDVI increased with age in men but not in women.
ESVI, however, increased with age in both sexes, and
SVI was not age-related in either sex. There was no
gender difference in peak exercise EF, which declined
with age in a similar manner in both sexes. Younis et
al. (36) observed age-associated increases in EDVI and
ESVI and declines in EF, HR, and CI similar to our
present results but found no gender difference except
for a greater EF response in men. These results differ
from those of Higginbotham et al. (14), who observed
a 30% increase in end-diastolic counts from rest to peak
effort in a small sample of women aged 32-68 yr but
no change in men of similar age during a peak upright
cycle protocol similar to our own. They observed no
gender difference in stroke counts because of a greater
EF response of the men. However, a more recent study
by these investigators in a larger cohort aged 20-70
yr revealed no gender difference in either LV volumes
or EF at peak effort (34), which is similar to the present
findings. A major difficulty in making such gender com-
parisons over a wide age range without considering age
as a covariate is the complex interaction among age,

gender, and fitness. In Fig. 7, for example, EDVI and
SWI are similar in young men and women across fixed
external workloads, whereas the older men have larger
EDVI and SWI than older women do. The higher EDVI
in older than younger men may be mediated at least
in part by the age-associated decline in peak HR. It is
unclear from the current results why the predictable
inverse relationship between HR and EDVI at exhaus-
tion was observed in men but not in women.

Our study demonstrated that women exhibit a
higher resting EF than men do across the age span but
a similar EF at peak effort. Thus, women displayed a
lesser augmentation of EF from rest to peak effort than
do men, consistent with several prior studies (1, 14, 17,
34). Our results extend this finding across a very broad
age range in highly screened subjects, indicating that
at any age the increase in EF reserve with exercise is
lower in women. Because of the age-associated decline
in EF augmentation in both sexes, this physiological
finding has practical diagnostic implications: if a nor-
mal exercise EF response is defined by an increase =5
points from rest, ~50% of normal women >60 yr old
but only ~30% of older men will be misclassified as
abnormal (7).

Our finding of preserved SVI across age in both men
and women at peak effort differs from the results of
several prior studies using cycle (12, 16) or treadmill
exercise (21). In the cycle ergometry studies of Granath
et al. (12) and Julius et al. (16), stroke volumes of older
men were reduced 14 and 10% and peak cardiac out-
puts were reduced 30 and 26%, respectively, compared
with younger men. Because these earlier studies pre-
ceded the availability of thallium scintigraphy, their
samples may have inadvertently included older indi-
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viduals with silent coronary artery disease, which in-
creases dramatically with age (8). Because these earlier
studies used invasive dye dilution techniques to derive
stroke volume, methodological differences may also ac-
count, in part, for the discrepancy between their find-
ings and our own. In addition, no screening for physical
conditioning status was employed in those prior stud-
ies. Deconditioning in some of their older subjects or
inclusion of younger subjects with vigorous exercise
habits might cause such a result, since deconditioning
is associated with reduced blood volume and stroke
volume as well as aerobic capacity, whereas endurance
training has opposite effects.

Studies using cardiac output estimates derived from
regression equations (15) and acetylene rebreathing
(21) during peak treadmill exercise have suggested age-
associated decreases in SVI in both sexes. Noteworthy
differences between those studies and ours are their
much higher peak HR, especially in the older subjects.
The higher HR attained during treadmill than cycle
exercise results in shorter diastolic filling periods,
which when coupled with the greater orthostatic stress
of walking vs. cycling might favor less use of the Frank-
Starling mechanism. Those studies also included very
few subjects >70 yr, which could have limited their
ability to detect age-associated cardiac dilatation dur-
Ing exercise.

Because the absolute level of any given hemody-
namic variable during exercise is determined in part
by the resting value for that variable, a useful concept
for examining the hemodynamic response to exercise
is that of cardiovascular reserve, i.e., the difference be-
tween the resting and peak exercise values. In the cur-
rent study, a major blunting of HR reserve with age
(~44% in men and 30% in women over 6 decades) was
solely responsible for the age-associated decline in CI
reserve, as the SVI reserve was unrelated to age; these
aging changes in reserve function, as well as the age-
associated increases in ESVI and decline in EF, resem-
bled those at peak effort. However, the EDVI response
to exhaustive exercise, expressed as the change from
rest, did not show a gender difference, as both sexes
exhibited similar age-associated LV dilatation from
rest to peak effort. Thus, the greater age-dependent
use of the Frank-Starling mechanism (i.e., higher
EDVI and SVI) in men than women at exhaustive effort
is primarily due to the older men’s greater use of this
mechanism at rest.

The age-associated increase in EDVI from rest to
peak effort in both sexes may be a compensatory mech-
anism for the diminished ability of the clder heart to
empty as completely as its younger counterpart, as evi-
denced by the smaller exercise-induced reduction in
ESVI and the resultant lesser augmentation of EF.
This increase in EDVI allows SVI reserve and peak
SVI to be successfully maintained across the adult age
span, at least through the eighth decade. Whether this
age difference in hemodynamics is due to reduced myo-
cardial reserve or to increased impedance to ejection in
older subjects (35) cannot be resolved from the present
data. Both myocardial reserve and aortic impedance
during exercise are modulated by [-adrenergic tone,
which declines with age (35). However, the afterload-
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incorporating ratio of SBP to ESVI exhibited an age-
associated decline at peak effort and in reserve function
virtually identical to that observed for EF, strongly
suggesting that the lesser emptying of the older heart
is due primarily to a reduction in contractile reserve.

Although the present results in men share several
similarities with our earlier results in a predominantly
male population (27), certain important differences are
evident. First, the decline in peak work rate with age
in the present study (36% between ages 25 and 80 yr)
is nearly twice the 21% decline noted previously (27).
Paralleling these results, the present decline in peak
CI of 27% between ages 25 and 80 yr was statistically
significant, whereas the 16% reduction in cardiac out-
put between these ages in the 61 subjects from our
earlier study was not. However, the ratio between the
age-associated reductions in exercise capacity and peak
CI is consistent between these two studies. Further-
more, the men in the current study exhibited a hemody-
namic profile of higher EDVI and ESVI and a nonsig-
nificantly larger SVI with age coupled with a 1 beat/
yr decline in peak HR, closely resembling our earlier
findings (27). Our previous study did not contain suffi-
cient women to compare with men across age. However,
examination of our earlier data at peak effort on 14
women suggests less augmentation of EF than in men,
an observation confirmed by the current results.

In summary, normative aging among sedentary
healthy individuals of both sexes was associated with
significant attenuation of peak aerobic capacity, HR,
EF, and CI and in the reductions in ESVI and TSVR
during exhaustive upright cycle exercise. SVI, however,
was well maintained across age in both men and
women. Older age and male sex were associated with
higher blood pressure responses to peak as well as sub-
maximal effort. EDVI increased with age only in men
both at rest and at peak effort. The relationship be-
tween SVI and EDVI was shifted upward and
rightward in older men at fixed external workloads,
providing evidence of their greater utilization of the
Frank-Starling mechanism to enhance exercise cardiac
performance. Women demonstrated a greater HR re-
sponse to exercise than men did across relative work
rates as well as a less prominent age-associated reduc-
tion in HR reserve. When hemodynamics were ex-
pressed as the change from rest to peak effort, both
sexes showed age-associated increases in EDVI and
ESVI and reductions in EF, HR, and CI. However, the
exercise-induced reduction in ESVI and the increase in
EF, CI, and SWI from rest were larger in men. These
results indicate gender differences in the mechanisms
for augmenting cardiac performance during upright ex-
ercise, particularly in older subjects.
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