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Summary. The purpose of this study was to meas- 
ure the changes and rates of adaptation of left 
ventricular volumes at the onset of  exercise. Eight 
asymptomatic subjects, in whom intramyocardial 
markers had been implanted 3--6 years pre- 
viously during aortocoronary bypass surgery, ex- 
ercised in the supine position at a constant work- 
load of 73.6 W for 5 min. Six also exercised first 
at 16.4 W, and then against a workload which 
progressively increased by 8.2 W every 15 s. Car- 
diac volumes were measured by computer assisted 
analysis of  the motion of the implanted markers. 
In the constant workload test, cardiac output 
increased rapidly from 5.7 _+ 1 ra in-  1 to 
10.3_+ 1.9 1 min-~ by 2 rain and then increased 
more slowly to 10.8+2.01min -1 by 5min. The 
cardiac output increase was mainly due to an in- 
crease in heart rate from 68_+ 12 beats rain-~ to 
120+16 beats min -~ with minimal changes in 
stroke volume. The time constant for the early in- 
crease in cardiac output was 45 s and for heart 
rate, 35 s. With progressively increasing work- 
loads, there was an almost linear increase of heart 
rate and cardiac output, but these increased at a 
slower rate than during the early phase of the con- 
stant load exercise test. In conclusion: (i) rapid 
changes in cardiac output during supine exercise 
were produced by changes in heart rate; (ii) 
changes in stroke volume provided minor adjust- 
ments to cardiac output; (iii) the end-diastolic 
volume was almost constant. 
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Introduction 

Because of the technical difficulties in measuring 
cardiac volumes, there is little information on 
how cardiac volumes adapt with the increased 
cardiac output at the start of  exercise (Cerretelli et 
al. 1966; Jones et al. 1970; Raynaud et al. 1973; 
Rochester et al. 1960; Stein et al. 1978). This in- 
formation is, however, of  importance for our un- 
derstanding of the kinetics of the adaptation to 
exercise. Furthermore, it is of  practical impor- 
tance for planning exercise protocols and for in- 
terpreting the volumes obtained by such steady 
state techniques as radionuclide equilibration, 
blood-pool imaging. At Stanford University Med- 
ical Center a group of patients have had intra- 
myocardial markers implanted at the time of aor- 
tocoronary bypass surgery which allows the sub- 
sequent analysis of  left ventricular volumes non- 
invasively by computer assisted fluoroscopy (In- 
gles et al. 1975). These measurements can be done 
beat by beat and thus allow an assessment of dy- 
namic adaptations of volume. The purpose of this 
study was therefore to measure changes in cardiac 
output and some of its determinants --  end-dias- 
tolic volume, end-systolic volume, heart rate, and 
velocity of circumferential fiber shortening during 
the first few moments of constant load supine ex- 
ercise. Subjects also exercised against a progres- 
sively increasing workload to determine whether 
the changes in volume and rate of adaptation are 
affected by the pattern of workload increases. 
These subject had no symptoms of ischemic heart 
disease at the time of study, nor did they have 
wall motion abnormalities on ventriculography, 
but by virtue of their previous aortocoronary by- 
pass procedure, they cannot be considered to be 
completely normal. However they provide a 
unique opportunity to obtain repeated, accurate, 
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noninvasive 
umes. 

measurements  of  ventr icular  vol- 

Methods 

Patients. The study populat ion consisted of 8 males, aged 44 to 
61 years, in whom myocardial tantalum markers had been im- 
planted 3--6  years previously during aortocoronary bypass 
surgery as has been previously reported (Daughters et al. 
1977; Ingles et al. 1975). Subjects were asymptomatic and were 
not taking any cardiac medication. No subjects had significant 
left ventricular wall motion or valvular abnormalities and the 
mean ejection fraction in the supine position was 48+4% 
(range 43--53) (Table 1). They had sedentary lifestyles; none 
were actively engaged in any fitness program. 

Exercise protocol 

Constant workload. Subjects lay supine at rest for at least 
10 rain with their feet on the pedals of an electrically braked 
cycle ergometer. At a signal, they pedalled against a workload 
of 73.6 W. This workload was chosen so that  it would be a 
moderate stress for our subjects. Fluoroscopic recordings of 
three consecutive cardiac cycles were obtained at 15 s, 30 s, 
one minute, and thereafter at one minute intervals for 5 rnin. 
Recordings were obtained with held normal inspiration. Care 
was taken to ensure that the subject's diaphragm and abdomen 
were relaxed, so as to avoid the Valsalva maneuver. 

Progressively increasin9 workload. Subjects first lay supine for 
10rain with their feet up and then pedalled for 4 m i n  at 
16.4 W. Thereafter the workload was increased every 15 s by 
8.2 W until the subject stopped from fatigue. Left ventricular 
volumes were recorded (again, using three-beat samples) at 
rest, 3 min, 4 rain and 15 s, 4 min and 30 s, 5 min, and then at 
one minute intervals until the end of exercise. A final record- 
ing was obtained just before the subject stopped exercising. 
Six of the 8 subjects who had completed 5 min of constant 
load exercise completed this protocol. 

Data reduction and analysis. Left ventricular volumes were as- 
sessed by computer assisted analysis of fluoroscopic motion of 
surgically implanted midwall markers as previously described 
(Ingles et al. 1975). Each patient had seven intramyocardial 
markers implanted 5 mm from the epicardial surface; one at 

Table 1. Patient data 

Pa- Age Time EF 
tients (years) Post- (% EDV) 

surgery 
(years) 

N 51 5 47 
H 48 3 47 
M 60 6 53 
W 44 3 48 
L 54 3 46 
C 61 6 43 
R 54 6 43 
K 43 4 52 
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the apex, and six at equidistant points from the apex to the 
base along the anterolateral and inferior margins of the left 
ventricle to outline the left ventricle in the 30 ~ right anterior 
oblique projection. Two markers were attached to aortic ad- 
ventitia to delineate the position of the valve. Left ventricular 
volumes were measured throughout  the cardiac cycle using a 
computer-assisted analysis of the motion of the left ventricular 
markers displayed by cinefluoroscopy at 30 frames s -~ and 
recorded on a video disc recorder. 

For each measurement, three beats were analyzed. For 
each beat, end-diastolic volume and end-systolic volume were 
taken as the largest and smallest ventricular volumes respec- 
tively. Left ventricular volumes were calculated by the single 
plane area-length method after correction of the marker coor- 
dinates for magnification of the radiographic system. A regres- 
sion equation relating angiographically determined ventricular 
volume (V) to simultaneously measured volume using the 
marker technique (Vm) is: V=0.99 Vm --  29.4, r=0.97.  The in- 
tercept (29.4ml) represents the average volume of myocar- 
dium within bounds delineated by the markers in the endocar- 
dium. 6,7 Stroke volume for each beat was calculated as the 
end-diastolic volume minus the end systolic volume. The aver- 
age stroke volume for the 3 beat sequence was then multiplied 
by the heart rate to obtain cardiac output. The normalized 
mean circumferential shortening (Vcf) in circumferences per 
second (cs -~)  during ejection was calculated as the mean 
shortening rate of the average normalized diameter from end- 
diastole to 167 ms after the occurrence of the maximum end- 
diastolic diameter (Daughters et al. 1977). 

Calculations. For each subject, the time dependence of the re- 
sponses of cardiac output, heart rate and Vcf during the con- 
stant load workload were characterized by fitting an exponen- 
tial of the form 

y = a ( 1 - e - ' / ~ ) +  y o 

(using the least squares method) to the five data points ob- 
tained during the first two minutes of exercise (Linnarsson 
1974) where a is the amplitude of the final change in y, t is the 
time, r is the time constant and Y0 is the initial value of the 
variable. We then calculated the average r of the 8 subjects. 

Repeated measures were analyzed by a non-parametric  
analysis of variance. Data are presented as mean +_ SD. 

Results 

Constant workload 

Table 2 gives the mean and s tandard  deviat ion for 
each variable at rest and at 15 s, 30 s, 1, 2, 3, 4, 
and 5 min of  constant  load exercise. Mean  car- 
diac ou tpu t  increased f rom the control  value of  
5 .7+  1.7 I rain -1 to 10 .8+2.0  1 min -1 at 5 min. Of  
the total  increase,  33% occur red  by 15 s, 69% by 
one min and 90% by 2 min. Between 2 and 5 min 
there  was a small fur ther  rise f rom 10.3_+2.0 
l m i n  -1 to 10.8+2.0  l m i n  -~ (p<0.05) .  The in- 
crease in cardiac ou tpu t  was mainly due  to the in- 
crease in hear t  rate which rose f rom 6 8 +  12 to 
120 + 16 beats m i n -  1 (p < 0.001); 38% of  the total 
increase occur red  by  15 s, 67% by 1 min and 
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87% by 3 rain. A 13% increase in heart rate oc- 
curred between 3 and 5 min. 

The time constant of adaptation of cardiac 
output was 45 _+ 10 s and for heart rate 35 + 5 s. 

At 15 s the change in stroke volume was varia- 
ble, but by one min, 7 of the 8 subjects showed 
small increases in stroke volume. At the end of ex- 
ercise, the mean increase in stroke volume of 8% 
was not significant. 

There was no change in the mean end diastolic 
volume during the 5 min of exercise, and only one 
subject had a substantial increase in end-diastolic 
volume and he started with the smallest end dias- 
tolic volume. The mean end systolic volume de- 
creased from 9 1 + 2 0 m l  to 86_+21ml at 2rain 
(p = NS) and to 83 _+ 19 ml at 5 min (p <0.02). 

The ejection fraction increased from 48_+ 4 to 
51 _+ 8% at 3 min (p = NS) and to 53 + 8% at 5 min 
(p < 0.05). The Vcf increased in a manner similar 
to cardiac output and heart rate from 0.62 + 0.20 
to 1.07-+0.30 c s -1 (p<0.01). Twenty-seven per- 
cent of this change occurred by 15 s, 60% one rain, 
80% by 3 rain and another 20% between 3 and 
5 min. The time constant for rise of Vcf was 33 s. 

The rapid frame speed of the video allowed us 
to obtain filling curves of the left ventricle by 
plotting the frame by frame volume against time. 
In all 8 subjects the maximal rate of filling in- 
creased; the mean rose from 503_+275 ml s -1 at 
rest to 881_+ 244 ml s -1 at the end of exercise 
(p<0.02). Besides the faster maximum rate of 
diastolic filling, in some subjects a more pro- 
longed period of rapid filling as well as earlier 
start to rapid filling also contributed to the in- 
crease in ventricular filling and produced it in a 
shorter time. Three examples are shown in 
Fig. 1. 

Progressively increasing workload 

The mean cardiac output, heart rate, stroke vol- 
ume, end-diastolic volume, end-systolic volume, 
and ejection fraction during the ramp test are 
shown in Table 3. The Vcf was excluded because 
of insufficient data. There were no significant dif- 
ferences between the resting heart rate, cardiac 
output and ejection fraction in the constant load 
and progressively increasing load exercise test for 
the 6 subjects who did both tests. However, the 
average stroke volume of 73_+ 19 ml was signifi- 
cantly lower (p<0.05) than the value before the 
constant load exercise test (85+20 ml) because 
the end diastolic volume was lower at rest before 
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Fig. l A--C. Three examples of frame by frame analysis (30 
frames s-  1) of left ventricular volumes during diastole from 3 
subjects. ES signifies end systolic volume. The ordinate is the 
instantaneous left ventricular volume and the abscissa is time 
in diastole; timing began with ES. The individual curves rep- 
resent single diastoles at rest or various times during exercise; 
the time of each curve is given with the symbols. The arrow 
marks the beginning of systole as determined by the R-wave 
on the ECG. A Control 30 s, 60 s, 120 s. This example shows 
how the filling is more rapid during exercise. B Rest, 30 s, 
60 s, 300 s of exercise. In this example, the filling was more 
rapid during exercise and contributed to a larger end diastolic 
volume. In the resting curve the atrial contraction gave a final 
augmentation of volume. C Rest, 30 s, 60 s, 300 s of exercise. 
The rate of filling was again increased in this subject during 
exercise and continued to the end of diastole. As in B, in the 
resting state the volume plateaued before a final augmentation 
by atrial contraction 

the progress ive ly  increasing work  test in 4 of  6 
subjects.  

After  3 rain of  exercise against  the min imal  
load 16.4 W, the card iac  ou tpu t  increased f rom 

the resting value o f  5 . 2 + _ l . 4 1 m i n - 1  to 
6 .8+  1.4 1 min  - l  with a m e a n  increase in hear t  
rate of  15 beats  min  -1,  (p<0 .01)  and  stroke vol- 
ume  of  4 ml (p = NS). Eject ion f rac t ion  increased  
in 5 of  6 subjects.  In  4 this was due to a decrease  
in end systolic volume.  Dur ing  the progress ively  
increas ing phase ,  the m e a n  cardiac  ou tpu t  rose to 
9.6 + 2.0 1 m i n -  1 at 8 min  which  was not  d i f ferent  
f rom the value the same subjects  r eached  af ter  
5 min  in the cons tan t  test, a l though  the lat ter  was 
not  des igned as a max ima l  test. No  signif icant  in- 
creases  in stroke vo lume  occur red  dur ing the pro-  
gressively increasing phase  of  exercise and  by the 
end  of  exercise,  the final s t roke vo lume  was lower  
in the progress ive ly  increasing test  than  in the 
cons tan t  load  test  in 5 o f  the 6 a l though  the m e a n  
d i f ference  was not  significant.  

The  hear t  rate and  card iac  ou tpu t  kinetics 
were  s tudied dur ing the progress ive ly  increas ing 
work,  test  by  measur ing  the interval  be tween  the 
t ime when  a work load  o f  7 4 W  was r eached  
(5.75 min)  to the t ime when  the same  hear t  rate or  
ca rd iac  ou tpu t  as in the cons tan t  l aod  test  was  
reached.  This value is called the " t ime lag" and  
should  be a p p r o x i m a t e l y  equal  to the t ime con- 
s tant  in a s imple  contro l  sys tem ( W h i p p e t  al. 
1981). The  m e a n  t ime lag for  hear t  rate  was 
49_+ 38 s (n = 6). In  5 out  o f  6 it was longer  than  
the t ime cons tant  for  hear t  rate in the cons tan t  
load  exercise test  (p = NS). 

The  lag t imes for  card iac  ou tpu t  dur ing  the 
progress ive ly  increasing work  test  were  also dif- 
ferent  f rom the t ime cons tan t  for  card iac  ou tpu t  
m e a s u r e d  in the cons tan t  load  test. Two  subjects  
did not  even achieve the same card iac  ou tpu t  in 
the progress ive ly  increasing work  test  as they did 
dur ing  the cons tan t  load  test and  there fore  the lag 
t ime could  not  be  ca lcula ted  (or could  be  consid-  
ered infinite). In  the o ther  4, the t ime lag was 
7 4 + 2 2  s which was larger  (p <0.01)  than  the t ime 
cons tan t  for  adap ta t ion  o f  cardiac  ou tpu t  in the 
cons tan t  load  test  o f  the same  subjects.  

Discuss ion  

The subjects  in this s tudy all had  p rev ious  aor to-  
co rona ry  bypass  p rocedures  but  at the t ime o f  the 
s tudy they had  no angina,  no evidence  o f  
i schemia  e lec t rocard iograph ica l ly  ei ther  at rest  or  
with exercise and  no wall  mo t ion  abnormal i t i e s  at 
rest  or with exercise.  H o w e v e r  la tent  co rona ry  dis- 
ease or  myoca rd i a l  scarr ing canno t  be  ruled out  
and  caut ion  should  appl ied  when  ex t rapo la t ing  
the da ta  to all no rma l  men.  
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Table 3. Mean data during ramp exercise test (n=6)  
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Rest (3 rain) Ramp 
16.4 W 

4.25 min 4.5 min 5 min 6 min 7 min a 
24.5 W 32.7 W 49.1 W 81.8 W 114.5 W 

Cardiac output 
(1/min) 5.2+ 1.4 6.8_+ 1.4" 7.3-+ h6* 7.5_+ 1.4" 
Heart rate 
(beats rain -~) 71 -+13 86 _+ 9* 91 _+10" 93 + 6* 
Stroke volume 
( m l x b  -~) 73 _+19 77 _+15 81 +18 79 -+15 
Ejection fraction 
(%) 47.1_+ 5.1 47.6+ 5.8 52.3_+ 5.4* 51.7+ 5.3* 
End-diastolic volume 
(ml) 138 _+55 155 +26 155 -+28 154 +27 
End-systolic volume 
(ml) 81 -+24 77 _+15 72 _+16 72 -+15 

8.0+ 1.4" 

100 _+ 10 

80 +15 

52.3 _+ 5.6* 

154 -+23 

68 _+ 19" 

8.4+ 1.5" 

105 + 10 

79 +15 

54.2_+ 6.7* 

147 _+26 

68 _+ 19 

9.6 +_ 2.0* 

113 + 8* 

82 + 19 

54.7+ 8.1" 

150 _+25 

62 + 19" 

* p  < 0.05 compared to control; a rain was last workload that all subjects reached 

With the onset of constant load exercise in the 
supine position, cardiac output increased rapidly. 
This implies that venous return increased rapidly 
which in turn implies that peripheral vascular re- 
sistance fell rapidly (Smith et al. 1976). Indeed, 
Donald and Shepherd (1980) found that periph- 
eral vascular resistance begins to decrease by 0.5 s 
after the onset of  exercise. Cadiac output can in- 
crease by an increase in heart rate or stroke vol- 
ume. We found that the adaptation was mainly 
due to an increase in heart rate. Whereas the 
stroke volume was increased in 7 of 8 subjects, the 
mean change was not significant, possibly be- 
cause of  our small sample size. In previous stud- 
ies with normal young males (Bevegard et al. 
1966), as well as healthy old males exercising at 
workloads comparable to those in our study (Gra- 
hath and Strandell 1964), the stroke volumes also 
only increased by 8--15%. 

In those subjects in whom stroke volume in- 
creased, the increffse occured only 15--30 s after 
the onset of  exercise and it actually fell in 4 of  8 
in the first 15 s. Similarly, Rochester et al. (1960) 
using a Krypton-85 dilution technique and Jones 
et al. (1970) using blood flow velocity analysis 
also found that the heart rate often increased fas- 
ter than cardiac output and therefore stroke vol- 
ume could fall initially. 

The time constant for the adaptation of  heart 
rate determined in this study is slower than that 
found in young subjects at comparable workloads 
(Linnarsson 1974). This may have been because of  
a lower level of  fitness in our subjects. A surpris- 
ing observation was the slower adaptation of  
heart rate in 5 of  6 subjects during the progres- 
sively increasing work test than in their constant 

load test. If heart rate adapts as in a simple con- 
trol system with little delay in the response, the 
time constant during a constant load test should 
equal the time lag in the progressively increasing 
work test (Whipp et al. 1981). Since the time lag 
was longer than the time constant it appears that 
the simple control model of heart rate is not ade- 
quate. 

The slower adaptation of  cardiac output dur- 
ing the progressively increasing work test as com- 
pared to the constant work test demonstrates that 
this variable, too, does not follow a simple control 
model. Indeed, the cardiac output adaptation in 
the ramp test was more affected than heart rate. A 
delay in the increase of  cardiac output could oc- 
cur because of  delayed cardiac muscular adapta- 
tion or delayed peripheral adaptation, that is, a 
delayed increase in venous return. If left ventricu- 
lar adaptation was delayed, the end diastolic vol- 
ume should have increased, but it did not. Thus 
delayed venous return to the left heart appears to 
be the primary factor. This, in turn, could have 
been due to increased right heart pressures ob- 
structing the venous return or decreased periph- 
eral adaptation and we cannot differentiate these 
two possibilities. 

The mean end diastolic volume did not change 
during exercise and in subjects in whom stroke 
volume increased, the increase was usually due to 
a decrease in end-systolic volume. In the only 
other study in which transients of  ventricular vol- 
umes were examined, echocardiography was used 
to assess ventricular volumes (Stein et al. 1978). 
These investigators found that 4 of 10 subjects 
had an initial fall in end-diastolic volume with no 
further change in end-diastolic volume during the 
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subsequent exercise. Since end-diastolic volume 
decreases when heart rate is artificially increased 
by pacing (McLaughlin et al. 1978) or when con- 
tractility is increased, the maintenance of end- 
diastolic volume in our subjects suggests that the 
Frank-Starling mechanism was also contributing 
to the augmented output of our patients. 

An increase in cardiac output without a 
change in end diastolic volume and a fall in end- 
systolic volume implies that myocardial contrac- 
tility increased for a change in heart rate alone re- 
sults in a fall in end-diastolic volume (McLaugh- 
lin et al. 1978). A rise in contractility is supported 
by the rise in Vcf although a decrease in periph- 
eral vascular resistance which probably occurred 
would also be associated with an increased Vcf. 
The rise in Vcf had approximately the same time 
constant as heart rate which suggests that the 
Bowditch phenomena, that is an increase in myo- 
cardial contractility with increasing frequency 
may have been a factor (Sonnenblick 1965). 

We found that after the initial rapid adapta- 
tion there was a further increase in cardiac out- 
put, heart rate and Vcf. This could have been due 
to adjustments to steady state needs; alternatively, 
the cardiac output demand may. have continued 
to increase since adaptations of Vo2 and heart rate 
are slower when subjects approach their maximal 
capacities (Hagberg et al. 1978). Although we 
chose a low workload, the cardiac output at the 
end of the steady state study was close to the 
same level that our subjects reached with the pro- 
gressively increasing test suggesting that this low 
workload may have been near their maximal ef- 
fort. 

There is controversy in the literature as to 
what happens to end diastolic volume during 
steady state exercise in the supine position. Our 
results support those studies which have found 
that end diastolic volume measured by radionu- 
clide techniques (Manyari et al. 1981; Slutsky et 
al. 1979; Sorensen et al. 1980), myocardial mark- 
ers (Braunwald et al. 1963; Caldwell et al. 1978; 
McLaughlin et al. 1978; Sonnenblick et al. 1965), 
and echocardiography (Crawford et al. 1979; Su- 
gishita et al. 1979) does not increase during su- 
pine exercise. However, there are studies which 
have found that end diastolic volume does in- 
crease during exercise and contributes to the in- 
crease of stroke volume (Poliner et al. 1980). Ex- 
periments with dogs (Erikson et al. 1971; Horwitz 
et al. 1972; Vatner et al. 1972) have also shown 
that end-diastolic volume increases at higher 
workloads but in these experiments the dogs' legs 
were dependent and humans also show an in- 

crease in end diastolic volume during exercise 
when the legs are dependant (Poliner et al. 1980; 
Rerych et al. 1978; Sonnenblick et al. 1965). Weiss 
et al. (1979), using echocardiography, found that 
end-diastolic diameter increased at near maxi- 
mum exercise, but their subjects were semisupine 
and therefore should have had less venous return 
at rest than subjects whose legs are raised to the 
pedals before exercise. In contrast to results from 
normal subjects, end diastolic volume has been 
shown to increase during exercise in patients with 
coronary artery disease (Manyari et al. 1981; 
Sharma et al. 1976), although one study found no 
change (Slutsky et al. 1979). 

In summary, we found that during supine ex- 
ercise against a constant load, an immediate in- 
crease in heart rate occurred, accompanied by a 
rapid increase in cardiac output which plateaued 
between 3 and 4 min and then continued to rise 
slowly. Small increases in stroke volume tended 
to occur after the first 30 s, due to a decrease end- 
systolic volume with little change in end-diastolic 
volume. Similar adaptive patterns were observed 
with progressively increasing workloads except 
that the adaptation of cardiac output was slower. 
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