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Effects of isometric exercise and increased arterial
impedance on left ventricular function in severe
aortic valvular stenosis12
NAJAM AWAN, LOUIS A. VISMARA, RICHARD R. MILLER,
ANTHONY N. DEMARIA, AND DEAN T. MASON
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Since critical aortic stenosis imposes severe obstruction to cardiac outflow, the peripheral vascular determinants
of left ventricular impedance in this condition remain uncertain. Thus, the systemic arterial and left ventricular
haemodynamic responses to acute circulatory interventions were evaluated during cardiac catheterisation in
10 patients with severe aortic stenosis (valve area 040cm2/m2). Sustained isometric handgrip exercise
increased systemic vascular resistance to 1278 dynes s cm-5 and arterial blood pressure to peak systolic
143 mmHg (mean 94), which were significantly (P<0-01) greater than control (systemic vascular resistance
1110; BP peak systolic 122; BP mean 80). Isometric handgrip exercise was also accompanied by concordant
changes in left ventricular pressures (P<0-01) of peak systolic from 191 to 213 mmHg and end-diastolic
from 16 to 23 mmHg; cardiac output (5.62 l/min) and peak systolic left ventricular aortic gradient
(69 mmHg) were unchanged (P> 0 05). In 7 of these patients intravenous phenylephrine infusion (2.7 to
6 0 vg/min) produced the following responses similar (P>0005) to isometric handgrip exercise: increases
(P<0-01) in systemic vascular resistance to 1549, BP to peak systolic 150 and mean 97, and left ventricular
pressures to peak systolic 211 and end-diastolic 22 (P< 0 02) without alterations in cardiac output or peak
systolic LV-aortic gradient; isometric handgrip exercise was accompanied by an increase (P<0-01) in
contractile state indices (peak dp/dt 1882 to 2580 mmHg/s; Vmax 4-28 to 6-43 circ/s) and rise in heart rate
(72 to 82 bpm) while these variables remained constant (P> 005) with phenylephrine. Therefore, aug-

mentation of arterial resistance increased left ventricular impedance resulting in abnormalities of cardiac
haemodynamics despite the presence of pronounced valvular obstruction. These observations are of potential
importance in the pathogenesis of sudden death in severe aortic stenosis and provide therapeutic insight in
emergency medical management of ventricular dysfunction in this condition.

Recent investigations have emphasised the im-
portance of vascular impedance in the regulation of
left ventricular function (Mason, 1973; Miller et al.,
1975; Williams et al., 1975). Thus decrease in
systemic arterial resistance with a variety of peri-
pheral vasodilator agents has been shown to enhance
pump performance in patients with cardiac dys-
function with coronary heart disease, valvular and
ischaemic mitral regurgitation, and aortic valvular
regurgitation (Majid et al., 1971; Franciosa et al.,
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1972; Chatterjee et al., 1973; Chatterjee and Swan,
1974; Cohn et al., 1974; Miller et al., 1975, 1976a,
b). In these clinical settings afterload reduction
results in improved left ventricular performance by
increasing depressed ejection fraction and raising
effective stroke output concomitant with lessened
myocardial oxygen requirements. However, since
severe valvular aortic stenosis poses a fixed obstruc-
tion to left ventricular ejection which might
obviate the cardiac response to peripheral circula-
tory changes, the relation between ventricular func-
tion and systemic vascular dynamics in this condi-
tion is unknown. Therefore, to evaluate the control
and determinants of left ventricular performance
in aortic stenosis, the present study was undertaken
to assess the haemodynamic response to acute rises
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in arterial impedance in this form of systolic pres-
sure overload.

Subjects and methods

PATIENTS
The data for this study were obtained from 10
consecutive patients with isolated critical valvular
aortic stenosis undergoing diagnostic cardiac
catheterisation and coronary arteriography. All
patients were without angiographic evidence of
other valvular dysfunction, coronary arterial ob-
struction, or segmental ventricular dyssynergy.
There were 8 men and 2 women whose ages ranged
from 43 to 72 years (mean 58 years). Clinical
symptoms included cerebral ischaemia, 6 patients;
cardiac decompensation, 3 patients; and angina
pectoris, 7 patients. Functional classification by the
criteria of the New York Heart Association was
Class I, 5 patients; Class II, 3 patients; and Class
III, 2 patients. All patients voluntarily gave in-
formed consent for the present study.

CARDIAC CATHETERISATION
Each of the patients underwent diagnostic right
and retrograde left heart catheterisation without
systemic premedication. All left ventricular pressure
recordings were obtained using the high-fidelity
micromanometer-tip catheter (Millar Instruments,
Inc., Houston, Texas) possessing a frequency re-
sponse of 20 kHz. The first derivative of left ven-
tricular pressure (dp/dt) was obtained by an electro-
nic differentiator with a linear amplitude response
above 500 Hz. Lead II of the external electro-
cardiogram was recorded. Cardiac output was
measured in duplicate by the indicator dilution
technique using indocyanine green dye injected into
the left ventricle with brachial arterial sampling.
The brachial artery phasic and mean pressures,
obtained by the No. 18 Longdwell needle, were
shown to be the same as the central aortic pressures
in each patient. Systemic arterial pressure was re-
corded using the Statham P23Db transducer which
enabled frequent measurements of the transaortic
valvular gradient. The aortic valve area, calculated
by the Gorlin formula (Gorlin and Gorlin, 1951),
was the same in each individual using either the
simultaneous left ventricular-brachial artery or left
ventricular-ascending aortic pressure gradients.

ISOMETRIC HAND GRIP
All patients were familiarised with the handgrip
dynamometer (Asimow Engineering Co., Los
Angeles, California) and its utilisation before
catheterisation. After the recording of control
haemodynamic data, the patients exerted maximum

instantaneous force on the dynamometer which was
followed by sustained grasp at 30 per cent of their
peak handgrip exertion for a total period of 5
minutes. Normal ventilation was maintained during
the isometric exercise period with avoidance of the
Valsalva manoeuvre. All cardiocirculatory measure-
ments were repeated during the final minute of
sustained static exercise.

PHENYLEPHRINE INFUSION
After the cessation of isometric exercise, haemody-
namics promptly returned to the control state,
which were allowed to be maintained for at least an
additional 10 minutes. Subsequently in 7 of the 10
patients phenylephrine was administered intra-
venously (range 2 7 to 6.0 ,ug/min; mean 3*0 ,ug/min)
to reproduce the same rise in systemic arterial
pressure as occurred during isometric handgrip
exercise. Patients were stabilised at this increased
level of systemic arterial pressure by constant
phenylephrine infusion for 5 minutes, during the
final minute of which cardiac and systemic haemo-
dynamics were again assessed.

HAEMODYNAMIC MEASUREMENTS
The following values were measured or calculated
during the periods of control, isometric exercise,
and phenylephrine infusion: cardiac index; stroke
index; left ventricular stroke work index (Snell and
Luchsinger, 1965); systemic vascular resistance
(Miller et al., 1975); and tension-time index
(Sarnoff et al., 1958). Further, left ventricular force-
velocity relations were calculated from 5 consecutive
contractions using the high-fidelity recordings of
ventricular pressure and simultaneous dp/dt at 5 ms
intervals during isovolumic systole (Mason et al.,
1971). Contractile element velocity (Vce) was de-
termined by the Maxwell three component muscle
model and the Vmax contractility index was
estimated by extrapolation of the Vce-developed
pressure curve to zero load by means of a poly-
nomial regression equation (Mason et al., 1970).
In addition, left ventricular peak dp/dt (Mason,
1969) was obtained. All data and the interventions
were carried out before contrast angiography.
Student's t test for paired data was used for analysis
of statistical significance.

Results

CONTROL HAEMODYNAMICS
Control haemodynamic data are presented in the
Table. All patients had critical aortic stenosis as
indicated by pronounced transvalvular gradients
(average peak systolic 69mmHg; range44to 123) with
severe reduction of aortic valve area index (average:
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Table Cardiocirculatory changes during isometric exercise and phenylephrine infusion

Patients HR SBP DBP MBP SV SI CO CI LVEDP LVSP LVSWI SVR GRAD Vmax dp/dt

JK -Control 70 113 52 75 69 37 4-4 2-6 16 157 77 1291 44 3-68 1900
ISH 78 132 70 91 69 38 5-4 3-0 27 180 78 1288 48 8-06 3400
PH 65 119 63 80 66 36 4-3 2-3 17 165 68 1413 46 3-73 1600

CG -Control 84 105 55 71 66 36 5-6 2-8 15 158 71 961 53 3-51 1500
ISH 84 123 62 83 63 32 5-4 2-7 31 173 74 1181 50 7-78 2000
PH 60 140 68 85 61 31 3-7 1-8 31 190 75 1751 50 3-77 2000

JR -Control 90 156 55 88 54 31 4-8 2-8 11 217 92 1411 61 3-88 1475
ISH 100 164 65 99 47 27 4-7 2-7 14 228 79 1627 64 9 47 2300
PH 90 170 70 102 45 26 4-5 2-6 13 225 75 1756 55 4-01 2800

SG -Control 73 130 50 75 62 32 4-5 2-4 18 214 85 1280 84 3-77 1600
ISH 100 157 63 93 64 33 6-2 3-4 36 245 94 1167 88 5-84 1800
PH 70 166 79 110 76 40 5-3 2-8 28 250 114 1554 84 4-27 1100

VM-Control 60 115 70 85 93 52 5-6 3-1 23 195 122 1171 80 4-48 2000
ISH 70 142 80 100 80 45 5-6 3-2 30 222 117 1385 80 4-84 2300
PH 54 125 76 90 85 48 5-6 2-6 22 205 120 1513 80 4-45 2160

MA-Control 70 170 72 107 101 53 7-1 3-7 17 230 153 1171 60 3-61 2660
ISH 76 189 79 112 76 40 5-8 3-0 17 246 124 1503 57 5 99 3660
PH 70 200 85 117 84 44 5-9 3-1 26 260 140 1545 60 4-62 2330

AE -Control 60 108 60 76 83 41 5-4 2-7 15 160 81 1168 52 4-20 2160
ISH 72 136 80 92 76 37 5-5 2-7 20 190 87 1294 54 5-80 2740
PH 60 130 75 95 93 46 5-6 2-7 20 183 102 1314 53 4-43 2290

LP -Control 70 110 62 78 85 46 6-4 3-4 14 173 99 913 63 6-98 2100
ISH 78 132 73 90 74 40 5-9 3-2 16 194 95 1149 62 7 00 2300

VD -Control 60 105 55 74 80 39 5-2 2-6 13 171 84 969 66 4-64 1600
ISH 70 136 71 93 69 33 4-8 2-3 17 204 86 1404 68 5-88 2800

GS -Control 84 108 56 75 86 47 7-2 4-2 20 231 134 766 123 4-10 1830
ISH 90 120 70 85 89 48 8-0 4-4 18 243 148 790 123 3-60 2000

Average ±SEM
Control 72 122 5) 80 78 41 5-62 3 03 16 191 100 1110 69 4-28 1882

±3 ±7 ±3 ±3 ±5 +3 ±029 ±0-18 ±1 ±10 ±9 ±63 ±7 ±0-32 ±116
ISH 82 143 71 94 71 37 5-73 3-06 23 213 98 1278 69 6-43 2580

±4* ±7* ±2* ±3* ±4t ±2* ±0 30 ±0-18 ±2* ±9* ±8 ±73* ±7 ±0.54* ±194*
PH 67 150 74 97 73 39 4 99 2-56 22 211 99 1549 61 4-18 2040

±4 ± 10* ±3* ±5* ±6 ±3 ±0-32 ±0-16 ±2t ± 13* ±10 ±61* ±6 ±0-13 ±204

Abbreviations: ISH, isometric handgrip exercise; PH, phenylephrine; HR, heart rate, beats/min; SBP, systolic blood pressure (mmHg);
DBP, diastolic blood pressure (mmHg); MBP, mean blood pressure (mmHg); SV, stroke volume (ml); SI, stroke index, ml/m'; CO, cardiac
output, 1/min; CI, cardiac index, 1/min per m'; LVEDP, left ventricular end-diastolic pressure (mmHg); LVSP, left ventricular peak systolic
pressure (mmHg); LVSWI, left ventricular stroke work index, g m per m'; SVR, systemic vascular resistance, dynes s cm-5; GRAD,
peak systolic left ventricular-aortic gradient (mmHg); Vmax, circumferences/s; dp/dt, maximum rate of isovolumic left ventricular pressure
rise (mmHg/s); *P < 0 01; t, P < 0-02.

0 40 cm2 per M2; range: 0-25 to 0 49). There were (Fig. 1A). Further, as indicated in Fig. iB, in each
mild to moderate rises in left ventricular end- patient there was a close correlation between the
diastolic pressure in 9 of the 10 individuals (average rises in both the left ventricular and systemic
16 mmHg). Cardiac index was normal in all but one arterial systolic pressures during isometric exertion
patient in whom it was minimally decreased (r=0.94). Static handgrip resulted in a slight rise in
(average 3.03 1/min per m2). Left ventricular heart rate (P < 005) (Fig. 2A); stroke index de-
ejection fraction was greater than 60 per cent in 6 clined (P < 0'01) (Fig. 2B); while ventricular stroke
patients and above 40 per cent in the remaining 4 work remained unchanged (P < 0 05). These haemo-
subjects (average 62 per cent). dynamic changes were accompanied by a significant

rise in left ventricular end-diastolic pressure
ISOMETRIC HANDGRIP (P<0.01) (Fig. 2G) and a pronounced rise in the
The cardiocirculatory responses induced by sus- tension-time index (P<0 01) (Fig. 2D).
tained isometric exertion are shown in the Table.
Handgrip exercise resulted in significant rises PHENYLEPHRINE INFUSION
(P< 0-01) in systolic, diastolic, and mean systemic All haemodynamic data recorded after termination
arterial pressures. Since cardiac index remained of isometric exercise and immediately preceding
unaltered (P>0*05), total systemic vascular re- phenylephrine infusion were the same as those in
sistance rose substantially from 1110 to 1278 dynes the initial control period for each patient (Table).
sec cm-5 (P<0.01). There were concordant in- Phenylephrine administration provoked substantial
creases in the systemic arterial and left ventricular peripheral vasoconstriction as indicated by the
systolic pressures; thereby the peak systolic gradient augmentations in systemic blood pressure (P < 0 01)
across the aortic valve remained constant (P >0 05) and systemic vascular resistance (P < 0-01). Thereby
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this alpha-adrenergic agonist resulted in alterations
of peripheral circulatory dynamics which were
similar (P >0-05) to the systemic arterial response
provoked by isometric exertion. Complete data on
the cardiac response to phenylephrine infusion are
provided in the Table. Though the changes in left

Fig. 1 Left ventricular (LV)
response to isometric exertion (ISH)
in severe aortic stenosis. Panel A
indicates that no change occurred in
peak systolic left ventricular-aortic
(Ao) pressure gradient during ISH.
Panel B shows the relation between
increase in arterial and increase in LV
peak systolic pressure during ISH.
Thus, increased systemic arterial re-
sistance and blood pressure imposed
additional aortic impedance and
afterload burden on the left ventricle
despite the presence of critical aortic
stenosis.

A Systemic arterial
pressure (mm Hg)

ventricular pressures (peak systolic, end-diastolic,
and transaortic peak systolic gradient) did not differ
between phenylephrine and handgrip stress, the
response to the drug infusion was not associated
with alteration (P >0 05) in either heart rate or left
ventricular contractility indices.

A. Heart rate
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Fig. 2 Left ventricular response to ISH in aortic
stenosis. Panel A shows that static exertion provoked a

significant rise in heart rate. Since cardiac output
remained unchanged, stroke index decreased (Panel B).
The haemodynamic burden imposed by ISH on left
ventricular function is shown in the lower panels; left
ventricular end-diastolic pressure (LVEDP) (Panel C)
and tension-time index (Panel D) increased in all
patients.

Discussion

The present investigation emphasises the integral
relation between peripheral circulatory dynamics
and cardiac pump performance even in the presence
of aortic stenosis. Specifically our findings document
that an acute rise in systemic vascular resistance
accompanied by a rise in arterial blood pressure
imposes a substantial burden on left ventricular
function despite the presence of critical obstruction
to aortic outflow. Therefore, an important observa-
tion shown in the Table and Fig. 1 is that in aortic
stenosis left ventricular impedance is determined by
systemic arterial resistance as well as the fixed
valvular obstruction.

This investigation also provides an under-
standing of the cardiocirculatory changes which
occur with static exercise in critical aortic stenosis.
Though other studies have measured the cardiac
response to isometric exertion in a number of
clinical conditions (Lind and McNicol, 1968;
Lind, 1970; Helfant et al., 1971; Krayenbuehl et al.,
1972; Stefadouros et al., 1974), the effects of this
intervention in patients with aortic stenosis have
not been assessed previously. Since the haemody-
namic consequences of isometric exercise are in-
fluenced by the extent and duration of sustained
contraction, rather than the site or total mass of the
active skeletal muscle (Donald et al., 1967), the
isometric procedure used in this study provided a
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potent form of static stress (Lind and McNicol,
1967). In normal subjects sustained contraction
greater than 15 per cent of the voluntary maximum
has been shown to produce a consistent cardiac
response which includes a pronounced rise in
systemic arterial blood pressure, increased heart
rate, and raised cardiac output while the systemic
vascular resistance remains unchanged (Donald
et al., 1967). Though the exact mechanisms of these
cardiovascular changes have not been clarified,
studies by Lind and associates have implicated a
centrally mediated neurocirculatory mechanism by
which the high systemic arterial pressure provides
perfusion of the active skeletal muscle despite
mechanical compression of the vascular bed in the
involved musculature (Donald et al., 1967; Lind
and McNicol, 1967). Thus, the normal left ven-
tricle respor ds to isometric stress with an increase
in stroke work index using enhanced inotropic
activity while cardiac preload remains constant
(Stefadouros et al., 1974).

In contrast, our present investigation shows that
isometric exertion produces a deleterious effect on
left ventricular performance in patients with severe
aortic stenosis. Therefore, as indicated by the rise in
cardiac tension-time index and the other variables
related to myocardial energetics (Fig. 2), left
ventricular oxygen requirements were shown to be
considerably greater during handgrip exertion than
in the control period. The major factors responsible
for this rise in cardiac oxygen demands include the
augmentation in systemic vascular resistance and
arterial blood pressure combined with a faster heart
rate. Furthermore, the increase in cardiac preload
and the concomitant enhancement of the indices of
left ventricular contractility also principally con-
tributed to the greater myocardial oxygen needs.
Nevertheless, since cardiac stroke index declined
and ventricular stroke work failed to rise appro-
priately, static exertion resulted in impaired ven-
tricular performance and efficiency.
These haemodynamic changes are consistent with

previous studies of static exertion in patients with
ventricular dysfunction unrelated to aortic stenosis
(Amende et al., 1972). For example, the study of
patients with ventricular volume overload or
coronary artery disease by Amende and colleagues
showed that sustained handgrip was accompanied
by a significant rise in left ventricular end-diastolic
pressure without a change in stroke work index
(Amende et al., 1972). Similarly, this same re-
sponse was also observed in patients with heart
disease by Kivowitz et al. (1971). In addition,
these investigators were able to correlate the
isometric-induced haemodynamic abnormalities
with the severity of clinical functional impairment,

and thereby concluded that isometric handgrip
provided a simple haemodynamic assessment of left
ventricular contractile reserve.

Since isometric exertion provokes a number of
simultaneous cardiovascular responses (Donald
et al., 1967; Lind and McNicol, 1967; Amende
et al., 1972; Stefadouros et al., 1974), it was the
intent of the present study to evaluate further the
left ventricular response to acute isolated changes in
peripheral resistance in aortic stenosis. The dose
regimen of phenylephrine administered provided
peripheral alpha-adrenergic receptor stimulation
without direct pharmacological cardiac action
(Eckstein and Abboud, 1962; Kivowitz et al., 1971).
Infusion of this agent in 7 of our patients resulted
in a rise in systemic arterial pressure and vascular
resistance to levels that were similar to those pro-
voked by isometric exertion (Table). Haemody-
namic measurements during constant phenyle-
phrine administration indicated that the left ven-
tricular systolic pressure and transaortic gradient
responses were similar to those produced by hand
grip exercise. Thus, this pharmacological interven-
tion provides confirmatory evidence that ventricular
function in critical aortic stenosis is directly in-
fluenced by changes in systemic vascular impedance.

It is important to emphasise the potential
clinical implications of the haemodynamic responses
observed herein. Since isometric exertion caused
acute depression in ventricular performance in our
aortic stenosis patients, these data provide a
potential pathophysiological explanation for sudden
death which is a recognised clinical hallmark in this
condition and has been described during static
exertion (Schwartz et al., 1969). Thus, the com-
bination of increased myocardial oxygen require-
ments and reduced stroke index during isometric
exertion may result in further imbalance of the
already jeopardised myocardial oxygen supply-to-
demand relation, with resultant fatal ventricular
arrhythmias. Further, rapidly occurring death in
this clinical condition has also been attributed to a
progressive low output state which precedes
terminal arrhythmias (Schwartz et al., 1969). Since
even the isometric exertion of short duration con-
ducted in this study induced pronounced haemody-
namic impairment, it is possible that even more
severe static exertion might result in a deleterious
cycle of rising systemic impedance with consequent
failing cardiac output. Furthermore, the data also
provide important therapeutic insights for ad-
ditional evaluation. Since the present study
establishes the interrelation between left ventricular
and peripheral vascular dynamics in critical aortic
stenosis, reduction in systemic impedance by
pharmacological means may provide a temporary
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but potentially life-saving medical adjunct for im-
proving depressed cardiac performance which
could afford additional time for definitive surgical
therapy in this condition.
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