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The cardiac response to exercise has long been
utilized as a means of characterizing normal and
abnormal ventricular performance. Nonetheless,
the normal behavior of stroke volume during stress
has remained controversial. Early studies demon-
strated that normal humans generally effect a rise
in stroke volume with exercise (1-3)-a response
not shared by the failing ventricle (4). More re-
cently, Rushmer has challenged this view and has
maintained that "stroke volume increases but little
during exertion, and rarely exceeds recumbent
control levels" (5, 6). Furthermore, it has become
apparent that the training of the individual, the
position of exercise, and the severity of the stress
itself influence the stroke volume response (6-8).
Mild exercise, performed in the supine position,
has proved to be a useful stress test in many
catheterization laboratories. When done in this
fashion, it is generally associated with mild and
inconstant increases in stroke volume by the
normal heart.

Further insight into the stroke volume behavior
may be gained by inspection of the direct determi-
nants of the stroke volume itself. Cardiac stroke
volume may be considered as the product of the
mean systolic ejection rate (MSER) and the
duration of systole. In this manner the dynamic
contractile effort is conditioned by time. Thus
for a given period of ejection, the volume of blood
delivered by the heart will be determined by the
rate of fiber shortening and the initial chamber
volume from which fiber shortening takes place.

* This work was supported by grants from the U.S.
Public Health Service (H-2637), the Massachusetts
Heart Association (390), and the Kriendler Memorial
Foundation. Presented in part at the Cardiopulmonary
Section of the National Meetings of The American Fed-
eration for Clinical Research and The American Society
for Clinical Investigation, April 30, 1961.

tInvestigator, Howard Hughes Medical Institute.

The present study seeks to examine the effect
of exercise on a readily determined parameter of
cardiac ejection, the mean systolic ejection rate.
Studies were carried out in normal human sub-
jects, in patients with left ventricular failure, and
in patients with valvular heart disease.

MATERIALS ANDMETHODS

Rest and exercise studies were performed on 64 sub-
jects. A control group composed of 26 subj ects in-
cluded 18 normal individuals and 8 patients with mild
heart disease. This latter group included 5 patients with
mild mitral stenosis (valve area greater than 2.5 cm2), 1
with patent ductus arteriosus (pulmonary-systemic flow
ratio, 1.2/1), 1 with hyperkinetic heart syndrome (9),
and 1 with mild pulmonary hypertension of unknown
etiology (pulmonary arterial pressure, 34/18 mmHg).
The failure group comprised 15 cases and consisted of
7 patients with arteriosclerotic heart disease, 2 with
hypertensive heart disease, 3 with left ventricular failure
of unknown etiology, and 1 each with myocarditis, patent
ductus arteriosus, and coarctation of the aorta. All pa-
tients in this group had in common clinical evidence of
left ventricular failure and pulmonary capillary pressures
of greater than 12 mmHg at rest, or greater than 17 mm
Hg during exercise, or both. No cases of aortic valve
disease were included in this group. A third group of
11 patients had severe mitral stenosis (valve area less
than 1.2 cm') without evidence of left ventricular failure.
A small group of 6 patients with pure aortic stenosis
without left ventricular failure, as judged from pulmo-
nary capillary pressures of less than 12 mmHg at rest
and during exercise, was also studied. Six near-normal
individuals were studied before and after the intravenous
administration of atropine (1.0 to 1.4 mg) and have been
previously reported in part (10) ; 3 had functional sys-
tolic murmurs, 1 had a diastolic murmur of aortic in-
sufficiency without major change in blood pressure, 1
had mitral stenosis, and 1 had mild mitral insufficiency.

Right heart catheterization was performed in all pa-
tients. Cardiac output was measured by the direct Fick
method, and brachial artery and pulmonary capillary pres-
sures were recorded by means of a Statham P-23D
strain gauge on a Sanborn direct recorder at paper speeds
of 25 to 50 mmper second. Heart rate, pressure, and
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systolic ejection period per beat were measured on the In 4 patients with aortic insufficiency and congestive
brachial artery pressure pulse, recorded simultaneously heart failure, not included in the above-mentioned group,
with cardiac output. Respiration was not controlled, but total as well as effective stroke volumes were determined.
the duration of systole rarely varied by more than 0.01 In each instance aortic regurgitant data were derived
second during phasic respiration. Multiple measurements hydraulically from necropsy material (11). In 2 of these,
of the systolic ejection period were made, and the aver- the aortic regurgitant valve area was measured cine-
age value over at least two respiratory cycles was de- matically with the heart on a McMillan pump. In the
rived. In those cases with atrial fibrillation the average other 2 with fixed, heavily calcified aortic leaflets, the
was derived from a minimum of 12 complexes. Those valve area was planimetered directly at necropsy. These
cases in which the systolic ejection period was not clearly data were utilized to back-calculate regurgitant and total
defined on the arterial pressure pulse were excluded from stroke volumes during the rest and exercise studies (11)
the study. On five occasions pullbacks from the ascend- and thus, total as well as effective MSERwas derived.
ing aorta to the brachial artery revealed no measurable
difference in the duration of the systolic ejection period. RESULTS
Regardless of this consideration all measurements of the
systolic ejection period were made under identical con- 1. Normal and failing left ventricles
ditions, and each patient served as his own control.
Stroke volume was calculated by dividing the cardiac The rest and exercise data for control and fail-
output by the heart rate. In the absence of atrial fibril- ure groups are shown in Tables I and II. Dur-
lation, the standard error of the stroke volume in our ing exercise total body oxygen consumption rose
laboratory is 9 per cent. Effective MSERwas derived from 142 to 326 cc per minute (155 per cent) in
as the effective stroke volume per m' divided by systolic the control group and from 154 to 341 cc per mm-
ejection period, and is expressed as cubic centimeters per
second of systole per m2. For the expression total MSER, ute (122 per cent) in the failure group. Heart
total stroke volume is substituted for effective stroke rate increased from 85 to 117 (38 per cent) in the
volume. controls and from 83 to 108 (35 per cent) in the

All measurements were made between the third and failure cases. Effective stroke volume increased
fifth minutes of supine leg-raising exercise sufficient to .
raise total body oxygen consumption two- to threefold vanaverage of1 per cent in thenairt
over the resting value. Rest observations were made 15 and fell by an average of 2 per cent in the failure
minutes after the stress period. group, while the systolic ejection period fell by

TABLE I

Control group

Mean sys- Left ventric.
Stroke Systolic ejec- tolic ejec- syst. mean Total body 02

Subjects Heart rate volume tion period tion rate press. consump.

Age Sex BSA Rest Exer. Rest Exer. Rest Exer. Rest Exer. Rest Exer. Rest Exer.

yrs M2 beats/min cc/beat/M2 sec/beat
1 RM 42 f 1.68 90 134 45 43 0.24 0.20
2 TM 45 m 1.82 111 150 30 37 0.20 0.20
3 jC 28 f 1.28 82 97 55 76 0.27 0.28
4 PR 27 f 1.50 70 78 51 52 0.29 0.28
5 BH 32 f 1.40 92 120 44 51 0.27 0.28
6 RL 53 m 1.65 91 118 41 52 0.28 0.26
7 PA 29 f 1.58 68 104 34 38 0.27 0.25
8 CL 37 f 1.27 74 86 51 64 0.30 0.26
9 JL 43 m 2.05 104 134 21 23 0.22 0.20

10 RF 18 m 1.96 57 72 48 72 0.30 0.27
11 DB 18 m 1.78 88 114 45 55 0.24 0.24
12 WB 46 m 1.99 83 92 31 35 0.25 0.25
13 RD 13 m 1.72 83 122 21 38 0.32 0.30
14 RH 36 m 1.88 69 126 39 42 0.30 0.26
15 RHu 37 m 1.89 75 92 49 48 0.24 0.24
16 LK 22 f 2.28 65 138 50 51 0.31 0.22
17 LO 21 f 1.76 102 135 40 45 0.22 0.17
18 VP 32 f 1.42 88 108 32 66 0.26 0.26
19 AR 16 f 1.50 109 164 37 34 0.23 0.18
20 JT 23 f 1.43 105 140 45 45 0.22 0.18
21 MM 31 f 1.65 90 120 48 59 0.29 0.26
22 RM 57 m 1.54 90 120 53 48 0.26 0.22
23 JC 40 f 1.52 83 122 44 45 0.28 0.24
24 YA 40 f 1.62 70 100 56 56 0.30 0.28
25 WP 17 m 2.04 68 80 50 69 0.26 0.27
26 FD 60 f 1.60 100 170 17 24 0.21 0.17

Average 33 1.69 85 117 41 48 0.26 0.24

Standard deviation i 5 14 15 16 0.018 0.021

cc/sec/M2 mmHg cc/min/M2
186 218 112 138 142 324
151 187 137 163 149 400
205 271 88 88 168 252
175 186 115 128 169 302
164 184 91 123 114 282
145 198 93 110 137 355
124 152 86 100 96 260
171 248 98 110 134 279
94 115 120 144 120 279

160 268 93 99 119 288
190 229 100 120 128 361
125 140 104 121 149 277
97 126 88 118 172 194

128 162 117 147 153 480
203 199 130 130 164 316
161 232 108 146 151 615
181 267 117 127 170
123 254 106 130 138 317
161 189 120 140 147 368
204 250 105 125 149 334
167 227 96 105 i11 347
203 218 88 115 171 410
155 186 63 85 145 323
185 201 126 116 111 314
190 256 128 135 171 282
81 141 135 175 114 312

159 204 106 125 142 326

39 52 16 11 22 78
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9 and 7 per cent in the two groups, respectively.
Pulmonary-capillary pressures rose from 6 to 9
mmHg in the controls and from 18 to 32 in the
failure cases.

In Figure 1, rest and exercise mean systolic
ejection rates, in cubic centimeters per second per
m2, are individually plotted for all patients in the
control and failure groups. The effective MSER
rose during exercise in 25 of the 26 control subjects
(average rise, 28 per cent). In the failure group,
on the other hand, effective MSERdid not rise sig-
nificantly. In the majority, little change was found
and in no instance did MSERdiffer by more than
+ 11 per cent of the resting value. The group
differences are significant (p < 0.001).

Figures 2 and 3 demonstrate the magnitude and
direction of change of the two measured param-
eters that enter into the mean systolic ejection
rate calculation. In these quadratic graphs, per-
centile changes in stroke volume and in systolic
ejection period are shown for each subject in the
two groups. Deviation from the 450 line to the
left and upward indicates a rise in MSER. In the
controls (Figure 2) the largest rises in stroke vol-
ume were associated with the greatest increases in
MSER.

CONTROLS

340

300

(NMSER)

Mean
Systolic
Ejection

Rate

CHF

260k

2201-

180 -

1401-

too0

r

r

0

EX
156 ± 66

bv
REST EX REST

Averages 159±39 204 ±52 155±64

p0 O.001

FIG. 1. MEAN SYSTOLIC EJECTION RATES IN CUBIC

CENTIMETERSPER SECONDOF SYSTOLE PER M, AT REST AND

DURING EXERCISE IN CONTROLSAND IN PATIENTS WITH

CONGESTIVEHEARTFAILURE (CHF). An overlap in values
of three subjects is seen at the ejection rate of 162 to 167
cc per second.
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FIG. 2. PERCENTILE CHANGES IN STROKE VOLUME
(SV) ON THE ORDINATE AND IN SYSTOLIC EJECTION PE-

RIOD (sep) ON THE ABSCISSA ARE PLOTTED FOR ALL PA-
TIENTS IN THE CONTROLGROUP. The solid arrow repre-
sents the mean vector for the group. Deviation from the
450 interrupted line in a leftward and upward direction
indicates a rise in mean systolic ejection rate; (109)
represents a point off the chart.
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FIG. 3. PERCENTILE CHANGESIN STROKEVOLUME(SV)
AND SYSTOLIC EJECTION PERIOD (sep) DURING EXERCISE IN
CONGESTIVE HEART FAILURE PATIENTS. See legend for
Figure 2.

with no change in systolic ejection period, obviously
approaching methodologic accuracy.

The influence of the magnitude of the heart rate
response on the MSERis examined in Figure 4.

Nine of the 26 control subjects (35 per cent)
did not show a significant rise in stroke volume on
effort. In eight of these nine subjects, however,
systolic ejection period decreased out of propor-
tion to stroke volume, indicating that MSERin-
creased as with the other control subjects. When
this smaller group of nine cases, with no change
or with a fall in stroke volume, is compared with
the failure series, the difference in mean systolic
ejection rate response is still significant, with a p
value of < 0.001.

In general, when changes in stroke volume oc-
curred in the heart failure group there was an as-
sociated parallel change in systolic ejection period.
Thus, little change in mean systolic ejection rate
occurred, regardless of change in stroke volume
(Figure 3). Two failure patients showed a rise
in MSERas great as 10 per cent. In one of
these, effective stroke volume was inordinately
low and the percentile rise in ejection rate reflected
an absolute increment in stroke index of 3 cc

100

80s

%Change

Mean

Systolic
Ejection

Rate

60p

401

20p

- 20-

*0

0

o o
0 O

0,

.

0

20 40 60 80

% Increase Heart Rate

FIG. 4. PER CENT INCREASE IN HEART RATE DURING

EXERCISE IS PLOTTED AGAINST THE PER CENT CHANGEIN

MEAN SYSTOLIC EJECTION RATE. Note that no relation-
ship is apparent.
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TABLE III

Miscellaneous subject groups

Mean sys- Left vent.
Stroke Systolic ejec- tolic ejec- syst. mean Total body 02

Subjects Heart rate volume tion period tion rate press. consump.

Age Sex BSA Rest Exer. Rest Exer. Rest Exer. Rest Exer. Rest Exer. Rest Exer.

Mitral stenosis
1 AT 25 m 2.06 78 120
2 BK 23 f 1.35 72 140
3 JF 37 m 1.88 91 141
4 EL 57 f 1.47 103 120
5 AH 47 m 1.84 107 130
6 EM 58 f 1.62 102 126
7 HN 47 f 1.72 76 97
8 GR 30 f 1.40 106 147
9 NS 55 f 1.74 100 128

10 GT 31 m 1.72 76 112
11 HM 39 f 1.40 91 143
Average 41 1.65 91 128
Standard deviation i 10 7

Aortic stenosis
1 WD 42 m 1.90 84 120
2 ED 50 m 1.76 68 90
3 CD 22 m 2.20 77 80
4 SP 45 m 1.94 79 91
5 BH 54 m 1.58 86 95
6 FM 45 f 1.43 70 86

Average 43 1.80 77 94

Standard deviation :1 6 6

Atropine
1 ES 29 f 1.50 63 96*
2 DM 24 m 2.08 62 87*
3 LT 21 m 1.75 82 100*
4 GT 42 m 1.95 62 90*
5 DH 21 f 1.57 80 108*
6 BK 31 f 1.72 70 102*

Average 28 1.76 70 97
Standard deviation i 4 6

45 37 0.28
50 34 0.29
23 22 0.21
25 30 0.20
24 26 0.18
21 17 0.20
25 34 0.30
20 20 0.27
28 35 0.24
26 34 0.22
27 22 0.26
28 29 0.24
1 1 8 0.028

38 29 0.39
39 38 0.31
54 50 0.34
44 46 0.32
30 35 0.28
34 31 0.32
41 39 0.33
14 14 0.018

0.23 160 163 94 133
0.23 173 148 78 85
0.19 109 118 104 112
0.20 126 150 95 138
0.17 136 158 96 116
0.22 105 79 87 131
0.29 83 118 111 118
0.19 74 106 101 114
0.23 117 152 170 195
0.20 119 172 107 112
0.20 104 i11 108 136
0.21 120 136 105 126
0.021 36 40 13 18

0.34
0.29
0.34
0.34
0.27
0.30
0.31
0.013

98 87
124 130
158 149
139 137
109 129
106 106
124 124
41 37

151 378
246 258 134 233
329 215 161 213
168 183 183 315
207 276 122 273
167 169 127 294
203 220 146 284

21 26 23 59

47 29* 0.34 0.30* 206 147* 92 94*
30 20* 0.36 0.34* 85 58* 110 115*
33 23* 0.31 0.30* 106 77* 105 98*
25 15* 0.36 0.32* 69 47* 120 118*
33 27* 0.32 0.28* 103 99* 115 1 10*
26 19* 0.34 0.29* 75 65* 108 107*
32 22 0.34 0.30 94 71 108 107

4 5 0.02 0.019 3 19 7 10

* Atropine.

It is apparent that there is no relationship, in either myocardial failure, two groups of subjects with
the control or failure cases, between the degree of valvular stenosis were studied (Table III).
tachysystole and the change in effective mean sys- Mitral stenosis. While stroke volume rose in
tolic ejection rate induced by effort. Further in- only five of the eleven subjects during effort, mean

formation with regard to the effect of tachycardia systolic ejection rate increased in nine (average
alone on the MSERwas obtained in six patients rise, 13 per cent). Of the two subjects in whom
given intravenous atropine (Table III). Atropine mean systolic ejection rate did not increase, one

produced an average rise in heart rate of 39 per was in marked right ventricular failure. The dif-
cent, a fall in stroke volume of 31 per cent, and a ference in MSERresponse between the mitral
decrease in systolic ejection period of 9 per cent. stenosis group and the congestive failure group is
In each instance the MSERfell (average decrease, significant (p = 0.03).
24 per cent). Thus, tachysystole alone, as pro- Aortic stenosis. Only two of the six subjects
duced by atropine, is associated with a decrease in this category effected a rise in mean systolic
rather than with a rise in the mean rate of left ejection rate with effort, despite the absence of ele-
ventricular ejection. vated left ventricular diastolic pressures. The

average MSERfor this group did not change with

2. Mechanical obstruction to blood fiow exercise.

A single patient with classical constrictive peri-
In an effort to compare the effect of mechanical carditis demonstrated a 32 per cent rise in MSER

obstruction to blood flow with that of primary during similar effort.

1054

cc/sec/m2 mmHg cc/min/m2

153 455
148 298
154 402
143 322
163 290
154 286
99 288

153 291
127 331
124 434
130 305
142 237
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TABLE IV

Change of effective mean systolic ejection rate (MSER) and
total MSERin patients with aortic regurgitation *

Patient: 1 2 3 4

Effective stroke volume, R 31 41 59 50
cc/beat E 36 37 42 40

Total stroke volume,t R 68 145 110 77
cc/beat E 68 79 73 66

Systolic ejection period, R 0.28 0.23 0.32 0.35
sec/beat E 0.28 0.18 0.28 0.32

Effective MSER, R 111 178 184 143
cc/sec E 127 206 150 125

Change, % +14 +16 -18 -12
Total MSER, R 243 630 344 220

cc/sec E 243 440 261 206
Change, % 0 -30 -24 -6

* R =rest; E =exercise.
t Includes aortic regurgitant plus effective stroke volume.

3. Valvular regurgitation

Since valvular regurgitation can affect the mean
systolic ejection rate calculation, an effort was
made to assess the changes in total mean systolic
ejection rate in selected patients with aortic in-
sufficiency during exercise. In four patients with
aortic insufficiency and left ventricular failure,
aortic reourgitant dsat- dlerivedl hvdlrauilicallv from
necropsy material in each case

AORTIC INSUFFICIE
Case 1.

REST E X.

0 Effective MSER

FIG. 5. AORTIC INSUFFICIENCY A

FAILURE (CHF). MSER= mean

The effective and total MSER's duri
for Patients 1 and 2 of Table IV.

used to back-calculate total as well as effective
stroke volumes and mean systolic ejection rates
during the rest and exercise studies (Table IV).
Two of these cases demonstrated an increase in
effective (or "forward flow") MSERduring ef-
fort (Figure 5). However, as regurgitant stroke
volume decreased more than effective stroke vol-
ume during exercise, total MSERfell in one case
and remained unchanged in the other. In the re-
maining two cases, both total and effective MSER
fell during the exercise period. Thus, as aortic
regurgitant stroke volume generally decreases on
effort with a decrease in diastolic filling period
per beat and insignificant changes in aortic valve
diastolic gradient, the abnormal MSERresponse
to effort in congestive failure becomes apparent,
particularly when total rather than effective ejec-
tion rates are examined. It is clear how effective
cardiac output can rise in aortic insufficiency with-
out a change in cardiac contractility, simply by
the mechanical reduction in regurgitation.

DISCUSSION

(vide supra, were
GThe present studies indicate that under condi-

-(vid supra), were tions of stress, the nonfailing human left ventricle

-NCY WITH C HF predictably effects a rise in mean systolic ejection
Case 2. rate, irrespective of changes in stroke volume.

The failing left ventricle, however, with compar-
able physical stress, appears unable to increase its
mean rate of ejection. Every attempt was made
in these studies to standardize the stress sustained
by both groups of patients. Total body oxygen
consumption was similar in the control and failure

7] groups. This similarity, however, is more ap-
parent than real, for as Huckabee and Judson (12)
have shown, congestive failure patients subjected
to mild exercise demonstrate an average anaerobic
metabolic rate of 30 per cent that of the total meta-
bolic rate, while in normal subjects this figure is
negligible (5 per cent). This suggests somewhat
greater total body stress in the failure as compared
with the control subjects. A comparable rise,
however, in pressure time per minute 1 indicated

REST EX that cardiac stress was similar in both the control

gTotal MSER
and failure groups (1,130 and 1,270 mmHg-sec-

Total MSER ond per minute, respectively).
kND CONGESTIVEHEART Similarly, while the increment in heart rate
systolic ej ection rate.

ing exercise are shown 1 Product of heart rate, systolic ejection period per
See text. beat, and left ventricular systolic mean pressure.
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attending exercise was an average of 7 beats per
minute greater in the control series, no relation-
ship between individual changes in mean systolic
ejection rate and heart response was found. This
was true of both control and failure groups. In-
deed, vagolytic tachycardia in resting subjects
was uniformly associated with a fall in both stroke
volume and mean ejection rate. In the electrically
paced human heart a similar decrease in stroke
volume was demonstrated with increasing rate by
Warner and Lewis, although they did not meas-
ure ejection rates (13). Therefore, the normal
mean systolic ejection rate response to stress does
not reflect changes in cycle length alone.

The problem of valvular regurgitation warrants
comment. True changes in mean systolic ejection
rate can be derived only when changes in the total
stroke volume of the ventricle are known. In the
case of aortic insufficiency, the hydraulic determi-
nants of backflow (regurgitant flow period and
aortic valve diastolic gradient) are easily meas-
ured. Thus, irrespective of regurgitant stroke
volume, percentile changes in regurgitation during
exercise may be calculated with accuracy (11).
When the regurgitant aortic valve area is known,
as in the cases reported herein after necropsy,
absolute changes in regurgitant stroke volume and
total mean systolic ejection rates may then be
derived.

As defined in the expression, mean systolic
ejection rate reflects only an average rate of flow
and provides no information concerning the in-
stantaneous rate of ejection. Aortic root velocity
has been studied in the normal subject by sev-
eral investigators (1-16) and, in general, maxi-
mal velocity is attained early in systole and is
maintained throughout the greater portion of the
ejection period. A small number of failure cases
studied by Barnett, Greenfield and Fox exhibited
lower velocity levels which were poorly sustained
(17). In both instances the shape of the velocity
curves was such that a derived mean velocity does
not introduce gross misinterpretations, as would
occur if the curves were asymmetrical or had
large negative complexes. Since only relatively
small changes in aortic cross-sectional area oc-
cur during the cardiac cycle, the instantaneous
ejection rate curve should have the same general
contour as that of the velocity curve. In similar

fashion, therefore, gross misinterpretation of left
ventricular ejection rate is not likely to be intro-
duced by the mean systolic ejection rate calculation.

The mean systolic ejection rate characterizes
only one aspect of cardiac contractility. If one
defines the contractile effort as the rate of fiber
shortening per unit of outflow pressure (left ven-
tricular systolic mean pressure) (18), it is pos-
sible to describe contractility if the following are
known: 1) mean systolic ejection rate, 2) left
ventricular systolic mean pressure, 3) diastolic
volume. While true changes in diastolic volume
are not known, some insight into gross directional
changes may be inferred from changes in left ven-
tricular diastolic filling pressures and stroke vol-
umes. The failure group exhibited a large in-
crease in left ventricular filling pressure at a time
when the average stroke volume fell slightly. De-
spite the fact that these dilated, hypertrophied
ventricles function on the steep portion of the ven-
tricular compliance curve (19), it is reasonable to
assume that the mean radius of the ventricular
chamber increased to some degree during exercise.
A distended ventricle need diminish its total mass
proportionately less than a nondistended one to
maintain a given stroke volume. It follows t'at
if a fiber shortens the same distance in the same
period of time, but from an initially larger volume,
stroke volume and mean systolic ejection rate
necessarily increase. However, as neither stroke
volume nor mean systolic ejection rate increased,
fiber-shortening distance must have decreased on
exercise. This could represent either a reduced
rate of fiber shortening or a considerable curtail-
ment of the duration of ventricular ejection with
essentially unchanged contraction velocity (fiber-
shortening rate). Our data show small reductions
in both systolic ejection period and stroke volume
in left ventricular failure during exercise. Hence,
while it is likely that fiber-shortening rate de-
creased in these hearts during stress, this cannot
be stated with certainty from the information
available.

In the control group in whom left ventricular
filling pressures rose slightly, if at all, and stroke
volume increased in the majority, changes in mean
radius of the left ventricular chamber are less pre-
dictable. Unless exercise end-diastolic volume
increased markedly over resting values, the uni-
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form rise in mean systolic ejection rate during
exercise would indicate a rise in fiber-shortening
rate. In any event, fiber-shortening rate should
be greater in these nonfailing hearts than in the
failing ventricles. Rushmer, Smith and Franklin
have shown that both diastolic and systolic cardiac
diameters are reduced in the normal, exercising
dog (20). If these observation are representative
of the behavior of the normal exercising human
heart, then an absolute increase in fiber-shorten-
ing distance and contraction velocity occurs in
normal man during stress.

Fiber shortening is not the sole measure of con-
tractility, since the contractile effort may be mani-
fest as either fiber shortening, wall tension, or
both. Left ventricular systolic mean pressure
rose an average of 19 mmHg (+ 18 per cent) in
the control series and 27 mmHg (+ 24 per cent)
in the failure cases during exercise, and the pres-
sure time index increments in the two groups dif-
fered by less than 12 per cent (vide supra). Con-
sequently, the ability of the failing heart to gen-
erate pressure on effort is not impaired. In addi-
tion, when one considers the added wall tension
imposed on these hearts through dilatation (by
virtue of the law of Laplace), it appears that the
dilated, failing ventricle is forced to function in
a more nearly isometric fashion during stress.

One patient with clinically severe left ventricu-
lar failure (not included in the above group) was
studied after phlebotomy and found to have nor-
mal pulmonary-capillary pressures at rest and
during exercise. Mean systolic ejection rate at
this time rose normally (+ 20 per cent) during
effort. This preliminary observation supports the
concept that excessive rise in wall tension owing
to dilatation precludes a normal response of the
mean systolic ejection rate during stress. Con-
versely, with sufficient reduction in mean chamber
size and, therefore, in wall tension, the normal
mean systolic ejection rate response may be re-
stored. It is of interest that abnormal changes
in mean systolic ejection rate were also noted in
the aortic stenosis group without left ventricular
failure. Here again the contractile effort of the
ventricle is diverted from fiber shortening to
tension development. These observations are
consistent with studies by Hill (21) of the force-
velocity curves for isolated skeletal muscle strips

* in which velocity of shortening decreased as the
force was increased.

Obstructive mitral disease, on the other hand,
did not qualitatively alter the mean systolic ejec-
tion rate response of the normal ventricle to stress.
The normal and unburdened left ventricle in mitral
stenosis responds normally to the stimulus of ex-
ercise, even though the initial chamber volume is
limited by the inflow restrictions of obstructive
mitral disease. The rise in mean systolic ejection
rate in the mitral stenosis group, however, was
considerably less than that of the controls (Table
I), but did resemble those nine control patients in
whom stroke volume did not rise with exercise.

The possible influence of right ventricular fail-
ure on left ventricular ejection rate is as yet un-
known, and studies are currently in progress to
shed light on both this and the reversibility of the
fixed mean systolic ejection rate of the stressed,
failing ventricle.

SUMMARY

The effect of exercise on the mean rate of left
ventricular ejection was studied in 64 subjects
with normal and abnormal left ventricular func-
tion. The exercising, nonfailing left ventricle
consistently exhibited a rise in effective mean sys-
tolic ejection rate, with or without an increase in
stroke volume. The failing ventricle, on the other
hand, did not increase its rate of ejection during
stress. When changes in total systolic ejection
rate were examined, this defect in fiber shortening
could also be demonstrated in the failing hearts of
aortic insufficiency subjects. Obstructive mitral
disease did not qualitatively alter the normal re-
sponse of the left ventricle. Aortic stenosis pa-
tients without left ventricular failure, however,
were generally unable to effect a rise in mean sys-
tolic ejection rate on effort. It is suggested that
excessive rise in muscle wall tension during stress
imposed by virtue of dilatation in congestive fail-
ure, and by systolic hypertension in aortic stenosis
(through the force-velocity relationship), pre-
cludes the normal rise in mean systolic ejection
rate.

ACKNOWLEDGMENT

The authors gratefully acknowledge the technical as-
sistance of Misses Roslyn Rosenberg and Judith Roussel,
and the secretarial aid of Mrs. Eunice Ward.

1057



LEVINE, NEILL, WAGMAN,KRASNOWAND GORLIN

REFERENCES

l. Dexter, L., Whittenberger, J. L., Haynes, F. W.,
Goodale, W. T., Gorlin, R., and and Sawyer, C. G.
Effect of exercise on circulatory dynamics of nor-
mal individuals. J. appl. Physiol. 1951, 3, 439.

2. Barratt-Boyes, B. G., and Wood, E. H. Hemody-
namic response of healthy subjects to exercise in
the supine position while breathing oxygen. J.
appl. Physiol. 1957, 11, 129.

3. Donald, K. W., Bishop, J. M., Cumming, G., and
Wade, 0. L. The effect of exercise on the cardiac
output and circulatory dynamics of normal sub-
jects. Clin. Sci. 1955, 14, 37.

4. Lewis, B. M., Houssay, H. E. J., Haynes, F. W., and
Dexter, L. The dynamics of both right and left
ventricles at rest and during exercise in patients
with heart failure. Circulat. Res. 1953, 1, 312.

5. Rushmer, R. F. Constancy of stroke volume in ven-
tricular responses to exertion. Amer. J. Physiol.
1959, 196, 745.

6. Rushmer, R. F. Postural effects on the baselines of
ventricular performance. Circulation 1959, 20,
897.

7. Wang, Y., Marshall, R. J., and Shepherd, J. T. The
effect of changes in posture and of graded exer-
cise on stroke volume in man. J. clin. Invest. 1960,
39, 1051.

8. Chapman, C. B., Fisher, J. N., and Sproule, B. J.
Behavior of stroke volume at rest and during ex-
ercise in human beings. J. clin. Invest. 1960, 39,
1208.

9. Gorlin, R., Brachfeld, N., Turner, J. D., Messer,
J. V., and Salazar, E. The idiopathic high cardiac
output state. J. clin. Invest. 1959, 38, 2144.

10. Gorlin, R. Studies on the regulation of the coro-
nary circulation in man. I. Atropine-induced
changes in cardiac rate. Amer. J. Med. 1958, 25,
37.

11. Gorlin, R., McMillan, I. K. R., Medd, W. E.,
Matthews, M. B., and Daley, R. Dynamics of the
circulation in aortic valvular disease. Amer. J.
Med. 1955, 18, 855.

12. Huckabee, W. E., and Judson, W. E. The role of
anaerobic metabolism in the performance of mild
muscular work. I. Relationship to oxygen con-
sumption and cardiac output, and the effect of con-
gestive heart failure. J. clin. Invest. 1958, 37,
1577.

13. Warner, H. F., and Lewis, D. H. Effect of in-
creased pulse rate on circulatory dynamics in nor-
mal resting man. Fed. Proc. 1960, 20, 131.

14. Spencer, M. P., and Denison, A. B., Jr. The aortic
flow pulse as related to differential pressure. Cir-
culat. Res. 1956, 4, 476.

15. Fry, D. L., Mallos, A. J., and Casper, A. G. T. A
catheter tip method for measurement of instantane-
ous blood velocity. Circulat. Res. 1956, 4, 627.

16. Porje, I. G., and Rudewald, B. Hemodynamic stud-
ies with differential pressure technique. Acta
physiol. scand. 1961, 51, 116.

17. Barnett, G. O., Greenfield, J. C., and Fox, S. M., III.
The technique of estimating the instantaneous aortic
blood velocity in man from the pressure gradient.
Amer. Heart J. 1961, 62, 359.

18. Rushmer, R. F. Cardiac Diagnosis, A Physiologic
Approach. Philadelphia, Saunders, 1955.

19. Mitchell, J. H., Linden, R. J., and Sarnoff, S. J. In-
fluence of cardiac sympathetic and vagal nerve
stimulation on the relation between left ventricu-
lar diastolic pressure and myocardial segment
length. Circulat. Res. 1960, 8, 1100.

20. Rushmer, R. F., Smith, O., and Franklin, D. Mecha-
nisms of cardiac control in exercise. Circulat. Res.
1959, 7, 602.

21. Hill, A. V. The heat of shortening and the dynamic
constants of muscle. Proc. roy. Soc. B 1938, 126,
136.

1058


