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SUMMARY The left ventricular response to haemodynamic stress was compared in 17 normal young
(mean 29 years) and 11 normal old (mean 68 years) men. Echocardiographic measurements of left
ventricular end-diastolic dimension, left ventricular end-systolic dimension, and velocity of circum-
ferential fibre shortening were made at rest and during 30 mmHg increases in systolic blood pressure
induced by handgrip exercise or phenylephrine infusion. At rest there was no age difference in heart
rate, left ventricular end-diastolic dimension, left ventricular end-systolic dimension, or circumferential
fibre shortening. Both handgrip and phenylephrine induced significant changes in these indices in both
age groups but no age difference in the responses could be elicited. In order to eliminate the influence
of beta-adrenergic drive, the measurements were repeated during propranolol block. While there was

no age difference in ventricular response during beta-blockade at rest, phenylephrine infusion during
beta-blockade induced greater increase in left ventricular end-diastolic dimension in the elderly group
(2.3 i 0-6 mm) compared with the young group (0.1 ± 0 5 mm, P < 0.01). This increase in the elderly
group occurred despite a significantly smaller decrease in heart rate than in the young group. The
normal aged human heart performs as well as a young heart at rest and during beta-blockade but has a
greater reliance on beta-adrenergic drive during haemodynamic stress.

Previous studies have shown the usefulness of
M-mode echocardiography in assessing left ventri-
cular function during handgrip exercise (Stefadouros
et al., 1974) and phenylephrine infusion (Redwood
et al., 1974; Hirshleifer et al., 1975) in normal and
diseased hearts. Earlier studies from this and other
laboratories (Sj6gren, 1971; Gardin et al., 1977;
Gerstenblith et al., 1977) have also shown the
feasibility of using this technique to detect age
changes in ventricular function and dimensions.
Therefore, it appeared that echocardiography could
be used as a noninvasive method of determining the
effects of aging on the ability of the left ventricle to
respond to haemodynamic stress.

Previous studies suggest that the old heart
functions as well as the young heart under normal
conditions but may have a diminished response
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under some severe stress conditions (Weisfeldt et al.,
1971b; Lee et al., 1972; Gerstenblith et al., 1976;
Abu-Erreish et al., 1977). Since the ventricular
response to stress is mediated in part by beta-
adrenergic stimulation, age differences in response
to a mild stress might be manifested only after beta-
adrenergic blockade. To test this hypothesis, the
left ventricles of a normal population of elderly and
adult men were subjected to mild haemodynamic
stresses induced by isometric handgrip exercise or
phenylephrine infusion both before and during
beta-blockade. Left ventricular response was
measured by echocardiography.

Methods

POPULATION
The study population consisted of 17 young adult
(18 to 34 years) and 11 old (60 to 80 years) male
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volunteers from the Baltimore Longitudinal Study
on Aging. These volunteers are examined in detail
at 1i to 2-year intervals. Criteria for inclusion as
part of the study were as follows: no history of
cardiopulmonary disease, normal physical examina-
tion, normal pulmonary function tests for age,
normal resting electrocardiograms, resting blood
pressures of less than 150/90 mmHg, no use of
medications known to affect cardiac function, and
negative maximal treadmill exercise test.' During
the course of the study, among individuals fulfilling
these criteria, those with echocardiograms of
sufficient quality (see below) constituted the study
population. All were physically active but none
could be considered to be a well-trained athlete.

PROCEDURE
After obtaining informed consent a peripheral
intravenous line was placed in an antecubital vein.
The subjects were studied in the semisupine posi-
tion in a darkened room. Standard chest monitor
electrocardiographic leads were placed, and heart
rates were measured from the QRS complex and
recorded by a cardiotachometer. Indirect brachial
blood pressures were obtained and recorded on the
analogue channel of the echocardiogram by means
of an ultrasonic probe and a cuff sphygmomano-
meter connected to a Sanborn P23Db transducer.
Echocardiograms were recorded at end-expiration
from a SKI Ekoline placed at the third or fourth
intercostal space. The output was recorded on a
Honeywell 1856 optical oscillograph. The echo-
cardiograms were recorded first by locating the
anterior mitral valve leaflet and then directing the
transducer inferolaterally until distinct echoes from
the endocardial surfaces of both the left ventricular
septum and posterior wall were obtained. Left
ventricular dimensions were measured in the region
where the posterior mitral valve apparatus was
observed (Feigenbaum, 1973). Throughout the
sequence of studies described below the transducer
was held in place on the subject's chest to minimise
the chance of measurement error caused by
transducer placement.
The subjects were asked to perform a brief

maximal voluntary isometric handgrip contraction.
A resting echocardiogram was obtained while heart
and blood pressure were simultaneously recorded on
the analogue channels. The subjects were then
asked to perform a sustained isometric handgrip
contraction at 30 per cent of maximal handgrip

"The test was formed at a speed of3 - 5 mph, treadmill elevation
was increased 3 per cent every 2 minutes until the subject
asked for the test to be stopped because of extreme fatigue.
In most cases the heart rate exceeded 90 per cent of the sub-
ject's age-specific predicted maximal heart rate.

contraction without performing a Valsalva ma-
noeuvre. Echocardiograms were recorded at end-
expiration when systolic blood pressure rose
30 mmHg above the resting value. After a period of
recovery, phenylephrine (2-2 mg/min) was infused
and heart rate, blood pressure, and the echocardio-
gram were recorded when systolic blood pressure
again rose 30 mmHg above the resting value.

Later on the same day the studies were performed
during beta-adrenergic blockade. To test the level
of beta-adrenergic blockade, we determined the
rapid intravenous dose of isoprenaline which caused
a reproducible increase of 25 bpm in heart rate above
baseline. Baseline heart rate was determined by
averaging the highest resting sinus rate before drug
injection and that during a placebo injection with
normal saline given in a double-blind fashion. Beta-
adrenergic blockade with propranolol 015 mg/kg
i.v. was produced and the efficacy of the blockade
shown in each subject by giving a challenge of iso-
prenaline at the dosage which previously produced
a 25 bpm increment in heart rate. The block was
considered adequate if there was no more than a
2 bpm increment in heart rate in response to the
challenge dose. In every case this dose ofpropranolol
produced adequate blockade. Once the beta-
blockade was verified, the echocardiograms were
repeated at rest and during handgrip and phenyl-
ephrine interventions.

DATA REDUCTION
From the echocardiograms, measurements of left
ventricular end-systolic dimension (LVSD), and
end-diastolic dimension (LVDD) were made. The
ejection phase indices of velocity of circumferential
fibre shortening (VCF) and posterior wall velocity
(VPW) were calculated (Hirschleifer et al., 1975).
The Fig. shows a typical tracing with the measure-
ment points illustrated. Left ventricular end-systolic
dimension was measured at the peak excursion of
the posterior endocardial wall and was the distance
from the endocardium to the most posterior portion
of the left interventricular septum. Left ventricular
end-diastolic dimension was measured at the R
wave of the QRS complex and was the distance
between the left septal and posterior endocardial
surfaces. Circumferential fibre shortening was cal-
culated as (LVDD-LVSD)/(LVDD x LVET)
where LVET was the left ventricular ejection time
measured from the onset to the peak of posterior
wall motion as described in our earlier study
(Gerstenblith et al., 1977). Posterior wall velocity
was calculated as the maximum excursion of the
posterior wall divided by left ventricular ejection
time. For each intervention the averages of 3 non-
consecutive beats at end-expiration were used for
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Fig. A typical echocardiogram of the left ventricle. Left ventricular end-diastolic dimension (LVDD),
left ventricular end-systolic dimension (L VSD). and ejection time (LVET) were measured as indicated.

analysis since it was shown previously in this
laboratory that this number was sufficient for
accurate and reproducible results. In a few cases,
however, only 2 beats during an intervention were of
sufficient quality for analysis. All echocardiograms
were measured independently by 2 observers. There
was no qualitative difference in the results obtained
by either observer so that the results reported herein
are those of 1 observer (FY).
The effects of the interventions were assessed by

expressing the results as increments from the base-
line values. The phenylephrine results are expressed
as increments from the respective prehandgrip base-
line since preliminary measurements demonstrated
that after handgrip the ventricular dimensions

rapidly returned to the same baseline values as

before handgrip. All results are expressed as mean

± SEM. Statistical analysis was performed by using
paired and unpaired t tests and analysis of variance
where appropriate.

Results

The baseline resting values before and during beta-
blockade for heart rate, systolic blood pressure, left
ventricular end-diastolic and end-systolic dimen-
sion, circumferential fibre shortening, and posterior
wall velocity for the two age groups are listed in
Table 1. There was no statistically significant
differences between the two age groups in any of

Table 1 Left ventricular performance and dimensions in old and young men at rest

Group Age N Heart Systolic blood LVDD LVSD VCF VPW
(y) rate/min pressure (mm) (mm) (circ/s) (cm/s)

(mmHg)

Before beta-blockade
Old 68-5 + 2 11 66-0 2-7 129 1-5 52-0 1-5 31-5 1-5 1-42 ± 005 4-75 ± 020
Young 29-6 ± 1 17 69-5 1-7 124 2-3 50 4 ± 08 30 5 ± 09 1-48 0-06 5 50 0-18
P (O vs Y) < 0 001 NS NS NS NS NS NS

During beta-blockade
Old 68-5 ± 2 11 56-0 2-5* 133 ± 4-7 50 7 1-4 32-7 1-5t 1-15 + 0.05* 3-71 ± 0.11*
Young 29-6 ± 1 17 61-1 ± 1-8* 122 ± 1-5 500 ± 10 33-1 + 0-8* 1-16 i 004* 3-81 ± 0-13*
P (O Vs Y) < 0-001 NS NS NS NS NS NS

* P < 0-01, t P < 0 05 compared with the value before beta-blockade when expressed as increments from the preblockade value.
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Table 2 Effect of handgrip exercise on left ventricular performance and dimensions

Group AHeart ASystolic blood ALVDD ALVSD AVCF /VPW
rate/min pressure (mm) (mm) (circls) (cm/s)

(mmHg)

Before beta-blockade*
Old 6 ± 1-4t 30 ± 2-5t 1-0 ± 0-8 1-5 ± 0-8 -0-15 0-09 -0-14 0-34
Young 12 ± 2-2t 28 ± 201t 0-3 ± 0-4 1-8 ± 0-5t -0-05 0-07 -0-29 ± 0-31
P (O vs Y) < 0-05 NS NS NS NS NS

During beta-blockade*
Old 4 ± 0-8t 32 ± 2-7t 2-0 ± 0-6t 3-1 ± 0-8t -0-11 0-05* -0-20 ± 0-14
Young 10 ± 1-5t 27 ± 1-4t 1-6 ± 0-8 2-3 ± 0-5t -0-07 0-05 -0-03 ± 0-13
P (O vs Y) < 0-01 < 0-05 NS NS NS NS

*Numbers are differences between the intervention and its corresponding resting value listed in Table 1. A positive difference indicates an
increase.
t P < 0 01, i P < 0-05 when expressed as increments from the corresponding resting value.

Table 3 Effect of phenylephrine infusion on left ventricular performance and dimensions

Group AHeart ASystolic blood ALVDD ALVSD AVCF AVPW
rate/min pressure (mm) (mm) (circls) (cm/s)

(mmHg)

Before beta-blockade*
Old -16 ± 4-0t 34 ± 3-0t 0-3 ± 0-5 2-0 ± 0-6t -0-33 ± 0-05t§ -1-10 ± 0-31-t§
Young -19 ± 1-6t 28 ± 1-4t 0-2 ± 05 1-6 ± 0-5t -0-26 ± 005t1S -1-23 ± 024t§
P(O vs Y) NS NS NS NS NS NS

During beta-blockade*
Old -8 ± 1-6t 33 ± 1-2t 2-3 ± 0-6t 2-4 ± 0-7t -0-13 ± 0-03t -0-42 ± 0-15*
Young -19 ± 1-6t 31 ± 1-8t 0-1 ± 0-5 1-0 ± 0-3* -0-15 ± 0-03t -0-52 ± 009**
P (O vs Y) < 0-01 NS < 0-01 NS NS NS

*Numbers are differences between the intervention and its corresponding value listed in Table 1. A positive difference indicates an increase.
t P < 0-01, t P < 0-05 compared with the corresponding resting value.
S P < 0-05, ** P < 0-01 compared with the corresponding change during handgrip listed in Table 2.

these variables before beta-blockade. During beta-
blockade the decreases in heart rate, circumferential
fibre shortening, and posterior wall velocity and the
increase in left ventricular end-systolic dimension
in each group were significant (P < 0-01) compared
with the corresponding preblockade values. Even in
the presence of beta-blockade there was no
evidence of an age-associated change in left ven-
tricular function in the resting state.
The effects ofhandgrip exercise before and during

beta-blockade are presented in Table 2. The
numbers listed are increments from the respective
baseline values with a positive increment represent-
ing an increase. This intervention caused an increase
in left ventricular end-systolic dimension (P < 0-01)
before and during beta-blockade but there was no
age difference in this response. Handgrip caused
heart rate to increase significantly in both age groups
with the young group having a greater increase than
the old group both before and during beta-blockade.
Handgrip induced no other age differences in
ventricular response.
The effects of phenylephrine infusion before and

during beta-blockade are shown in Table 3. The
results are again expressed as increments from the

corresponding baseline values. This intervention
caused a significant decrease in the ejection indices
both before and during beta-blockade. However,
there was no age difference in these responses.
Accompanying the decrease in ejection indices were
increases in left ventricular end-systolic and end-
diastolic dimension. The increase in left ventricular
end-systolic dimension was not statistically different
between the two age groups. During beta-blockade
the increase in left ventricular end-diastolic dimen-
sion in the old group was significantly greater
(P < 0.01) than in the young group. It should be
noted that the left ventricular end-diastolic dimen-
sion increased more in the old than in the young
group during beta-blockade despite less slowing of
heart rate.
By comparing the corresponding portions of

Tables 2 and 3 one can assess the differing effects of
the two afterload interventions. Handgrip increased
heart rate whereas phenylephrine decreased heart
rate both before and during beta-blockade. The old
group had less of a heart rate response with handgrip
before beta-blockade and with both handgrip and
phenylephrine during beta-blockade. The ejection
indices were decreased by phenylephrine but not
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by handgrip both before and during beta-blockade.
The differences in all the ejection indices between
the interventions was significant (P < 0 05) before
beta-blockade whereas only posterior wall velocity
in the young group showed a difference (P < 0.01)
during beta-blockade. However, for each interven-
tion before and during beta-blockade there was no
significant age difference in the ejection indices. The
ventricular cavity systolic dimension increased with
each intervention but there was no age difference in
the change and there was no quantitative difference
in the change induced by either intervention before
or during beta-blockade.
The ventricular diastolic cavity dimension in-

creased with each intervention only in the old group
during beta-blockade but there was no quantitative
difference in the change induced by either interven-
tion. The change in left ventricular end-diastolic
dimension with phenylephrine resulted in a signifi-
cantly greater increase in the old compared with the
young group. In the old group the beat-to-beat
variance in left ventricular end-diastolic dimension
was compared with the variance resulting from phe-
nylephrine. The phenylephrinebeat-to-beat variance
was 21 (P < 0 001) for 1, 39 df. Thus, the signi-
ficant change in left ventricular end-diastolic
dimension in the old group could not be accounted
for by beat-to-beat variation.

Discussion

M-mode echocardiography has been shown to have
significant variations when a subject is studied at
different times. Gibson and Brown (1973) and
Stefadouros and Canedo (1977) showed that in-
dividual variations of up to 11 mm in left ventricular
end-diastolic dimension could be recorded, and
ascribed some of this error to slight differences in
transducer placement and angulation. In the present
study, however, this limitation of the method should
not apply since the transducer was not moved from
the subject's chest throughout a series of interven-
tions. Moreover, estimates of the beat-to-beat
variation in left ventricular end-diastolic dimension
were made by Gibson and Brown (1973) who found
a root mean square error of 1-6 mm. The previous
study from our laboratory (Gerstenblith et al., 1977)
using the same techniques as in the present study
showed a coefficient of variation in left ventricular
end-diastolic dimension of 2 per cent (roughly 1 mm
in this group of subjects). Thus, variation is signi-
ficantly less on a beat-to-beat basis than in interval
studies. Since beat-to-beat variations would be
expected to be random, the small (2-3 mm) but
highly significant age difference in left ventricular
end-diastolic dimension found in this study is all the
more impressive. Comparable magnitudes of

changes in left ventricular end-diastolic dimension
during phenylephrine were also found by Redwood
et al. (1974) and Hirshleifer et al. (1975) (3 3 mm
and 2-5 mm, respectively).

This study shows that in a group of normal young
and normal old men, 30 mmHg haemodynamic
stress induced by phenylephrine increased left
ventricular diastolic cavity size in the old compared
with the young group only during beta-adrenergic
blockade. This increase in diastolic dimension in the
old occurred despite an equal decrement in the
ventricular ejection phase indices in both age groups
and despite less of a heart rate decrease in the old
group. Before beta-blockade there was no age
difference in ventricular response to haemodynamic
stress. Both before and during beta-blockade at rest
there were no age differences in heart rate, systolic
blood pressure, cavity dimensions, or ejection phase
indices. This ability of the aged myocardium to
maintain normal function except under extreme
stress is in agreement with previous results in iso-
lated muscle as well as intact ventricles in both
animal models and in man under diverse conditions
(Weisfeldt et al., 1971a, b; Lee et al., 1972; Gers-
tenblith et al., 1976; Abu-Erreish et al., 1977).

Since heart rate was not controlled in this study,
the effect of changes in heart rate on changes in
dimension and ejection indices could not be directly
taken into account. Previous studies have shown that
changes in heart rate per se may cause reciprocal
changes in the dimensions and parallel changes in
ejection phase indices (Smithen et al., 1972;
Hirshleifer et al., 1975). In this study the heart rate
responses to the two stresses were directionally
different, nevertheless there was an increase in
dimensions in all cases except one. Therefore, at
least a major portion of the change in dimension
could be attributed to the stress independent of the
changes in heart rate. In addition, since the heart
rate in the old group decreased less than the young
with phenylephrine during beta-blockade the age-
associated difference in left ventricular end-diastolic
dimension response was probably underestimated
by not matching heart rates. This diminished baro-
receptor response in the old compared with the
young group both before and during beta-blockade
is in agreement with the previous results of
Rothbaum et al. (1974) in rats and Gribbin et al.
(1971) in man.
One interpretation of the findings of this study is

that the aged heart is more dependent than the
young heart on sympathetic nervous system activity
to maintain function during stress. When the
sympathetic pathway was blocked, another com-
pensatory mechanism, namely use of the Frank-
Starling mechanism, was used by the old but not the
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young heart to respond to the stress. This diminu-
tion of stress response after beta-adrenergic
blockade has been previously shown by other
methods in normal and diseased hearts (Kahler et
al., 1962; Helfant et al., 1971) but has not hereto-
fore been examined in relation to the normal ageing
process. Inherent in this interpretation is the
assumption that differences in age do not cause the
change in the shape of the left ventricle, which
occurred in response to these interventions. Assess-
ment of this assumption awaits further investigation.
Another assumption that there was no age

difference in the disparity between indirect brachial
and central aortic pressures is well documented
(Kroeker and Wood, 1955; Rowell et al., 1968).
There are no data available that show an age

difference in this disparity. However, it might be
predicted that the disparity would be greater in the
old because of age changes in viscoelastic properties
(Learoyd and Taylor, 1966) and responses to vaso-
active drugs (Fleisch and Hooker, 1976) that would
alter the reflection characteristics of the vascular
system (Newman and Gosling, 1973). Thus, the
same rise in peripheral pressure would represent
less afterload in the old than the young and the age
difference seen would be an underestimation of the
true difference.
The quantitatively different response of the

ejection indices to handgrip and phenylephrine
suggest that during handgrip there is an increase in
sympathetic activity since the differences were
minimised after beta-blockade. This is not surpris-
ing since studies have shown that handgrip exercise
is mediated by both parasympathetic withdrawal
and increased sympathetic activity (Martin et al.,

1974). In addition, handgrip elicits a greater in-
crease in plasma noradrenaline level in elderly com-
pared with young men (Ziegler et al., 1976). Since
propranolol is a competitive beta-blocking agent,
the increased catecholamine level during handgrip
exercise during propranolol blockade may have
partially reduced the level of blockade achieved.
This would help to explain why phenylephrine but
not handgrip caused an age-associated increase in
ventricular cavity dimensions during beta-blockade.

In conclusion, this study demonstrates that there
is no age difference in performance of the normal
heart (1) at rest, (2) at rest during beta-adrenergic
blockade, or (3) during a haemodynamic stress of
30 mmHg rise in peripheral systolic blood pressure.

Only when haemodynamic stress is imposed during
beta-blockade does the old heart rely more on its
volume reserves than the young heart. Thus, we

postulate that the old heart is more dependent than
the young heart on sympathetic nervous system
control during stress.
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