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ABSTRACT. Previous studies demonstrated that the time
required for oxygen uptake, CO, production, and minute
ventilation to return to baseline levels after I-min bursts
of exercise is different in children compared with adults.
To test the hypothesis that the heart rate (HR) recovery
time after exercise is also different in children compared
with adults, we examined HR in 10 children (range 7-11
y old) and 12 adults (26-42 y old) for 10 min after 1 min
of cycle ergometer exercise. Each subject exercised at work
rates corresponding to 80% of the lactate or anaerobic
threshold (AT), 50% of the difference between AT and
maximal O, uptake (A), 100% of maximal uptake, and
125% of maximal uptake. Gas exchange was measured
breath by breath. In adults, the HR recovery time increased
significantly with work intensity as judged by the time
constant of a single exponential curve fit to postburst-
exercise HR [23 + 8 (SD) s at 80% AT, 55 * 16 at 50%A,
74 %+ 13 at 100% of maximal uptake, and 83 * 20 at 125%
of maximal uptake]. HR recovery time tended to increase
with work intensity in children (16 * 7, 20 * 4, 23 * 7,
and 27 £ 9; for 80%AT, 50%A, 100% of maximal uptake,
and 125% of maximal uptake respectively), but to a much
smaller extent, and the HR recovery time was significantly
smaller in children in the high-intensity (above AT) range
of exercise (p < 0.001). Despite the markedly faster recov-
eries in children, the time course of the O, pulse (Vo,/
HR) was indistinguishable between children and adults.
These data suggest that the regulation of HR after high-
intensity exercise is different in children compared with
adults, and that the pulsatile delivery of O to the tissues
is controlled during the growth period. (Pediatr Res 29:
575-579, 1991)
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The adaptive response to sudden changes in metabolic rate
can be characterized by physiologic responses at the beginning
of exercise as well as by those occurring in the recovery phase.
Sudden changes in metabolic rate are common occurrences in
children who, in general, tend toward frequent short intervals of
physical activity. In previous studies of gas exchange responses
to exercise, we observed that growth-related changes of V0,
kinetics (i.e. the time course of VO, adjustments at the onset of
exercise) were the same in adults and children, but dynamic
ventilatory (Vi) and VCo, responses were faster in children (1,
2). Similarly, in recent preliminary studies (3, 4), the recovery
period (i.e. the time required to return to baseline values after 1
min of exercise) for VO, was surprisingly similar in adults and
children over a wide range of exercise intensities, whereas recov-
ery for Ve and Vo, was substantially faster in children compared
with adults for exercise performed in the high-intensity range.

The goal of our study was to determine whether or not there
were differences in the HR recovery from exercise in children
compared with adults. The HR recovery from maximal exercise
has been studied in children previously (5-9), and our analysis
of these data indicate that younger children recover more quickly.
In the earlier studies, however, duration and relative intensity of
exercise were difficult to control, and direct comparisons with
adults were not made. Thus, in our present investigation, the
exercise duration was limited to I min, the work rates were scaled
to the capability of each subject, and a group of prepubertal
children was compared with adults.

MATERIJALS AND METHODS

Population. Ten healthy nonobese children (six boys and four
girls, aged 7-11 y, mean age 9.0+1.3 y; mean weight 30 = 7 kg;
mean height 135 + 10 ¢cm) and 12 healthy nonobese adults (10
men and two women, aged 26-42 y, mean age 33 + 5 y; mean
weight 71 + 11 kg; mean height 173 + 8 c¢cm) comprised the
study population. All were volunteers, had no chronic diseases,
and did not smoke or use medication. None of the adults or
children were trained athletes, but it is our impression that the
volunteer process results in the self selection of individuals and
families with interest in sports and exercise. To minimize the
confounding effect of different levels of fitness, our goal was to
have the same V0, max and AT per kg body weight in the aduits
and children. The study was approved by the Human Subjects
Committee of Harbor-UCLA Medical Center. Informed consent
was obtained from each subject and guardian when appropriate.

Protocol. Progressive exercise test. Each subject performed a
ramp-type progressive exercise test on an upright electromagnet-
ically braked cycle ergometer to determine the Vo.max and the
AT. The AT indicates the work rate above which marked in-
creases in blood lactate occur. These changes are accompanied
by a specific pattern of gas exchange responses measured at the
mouth (10, 11). High-intensity exercise refers to those protocols
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Fig. 1. Group mean HR (beats per min above baseline) in children and adults at 80%AT (panel a), 50%A (panel b), 100%max (panel c), and
125%max (panel d) protocols. For all the above-AT work rates, the HR recovery was faster in children.

Table 1. Baseline, peak exercise-baseline (increment), and
end-recovery HR values for children and adults

80%AT 50%A 100%max  125%max

Children

Baseline 107 = 10* 107 £ 10* 109 £ 7* 108 + 8*

Increment 187 42 £ 10 578 669

End-recovery 107 + 11 109 £9 112 + 8% 110 + 8%
Adults

Baseline 90 £ 11 94 £ 10 93+ 10 94 + 8

Increment 17+5 36+7 50+ 8 62+ 11

End-recovery 90 = 11 95+ 9 98 £ 11 101 = 10%

* Greater than baseline in adults, p < 0.001.
+ Greater than baseline values at comparable work intensity, p < 0.05.
 Greater than baseline values at comparable work intensity, p < 0.01.

involving above-AT work rates and low-intensity exercise indi-
cates below-AT work (12).

Burst-exercise test. The subjects performed [-min bursts of
varying intensity exercise: 80% of the AT, 50%A4, 100%max, and
125%max. Each subject exercised at unloading pedaling (ap-
proximately 7-12 W) for 3-5 min before exercise and for 10 min
after exercise. The tests were performed in randomized order
and usually required two or three separate sessions. When studies
were performed on the same day, a sufficient interval between
studies was allowed so that all gas exchange parameters and HR
had returned to preexercise values.

HR Measurement and Breath-by-Breath Measurements of Gas
Exchange. HR was measured beat by beat by a standard lead I
ECG using three electrodes placed on the chest. The values were
then time interpolated (second by second) for subsequent analy-
sis. The ECG was in continuous view via a high-persistence ECG
oscilloscope.

Ventilation and gas exchange were measured breath by breath.
The subjects breathed through a mouthpiece connected to a
turbine flowmeter and a low-resistance, two-way valve for con-
tinuous measurement of inspired and expired volume. The ap-
paratus dead space was 90 mL. CO, and O concentration were
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Fig. 2. Typical heart rate responses to 1 min of exercise at high-
intensity work rates (125% of the maximal work rate) in an 8-y-old boy
and a 40-y-old male adult. The recovery was significantly faster in the
child (HR = 21 s) compared with the adult (FHR = 114 s). The recovery
data are well fitted by a single exponential model as shown by the dotted
line through each data set.

measured by a mass spectrometer that sampled continually from
the mouthpiece at 1 mL/s. Ve (body temperature, pressure,
saturation), Vo, (stp, dry), V0, (stp, dry), and end tidal pressure
for O, and for CO, were computed online, breath by breath, as
previously described (13). i

Normalization. To compare the V0,/HR responses from the
adults and children, the VO, data were normalized to body
weight. We have used body weight as a means of comparing size-
dependent variables of physiologic function in previous studies,
and the theoretical and experimental bases for this normalization
have been outlined elsewhere (14).

Data Analysis. Vo,max and AT. Vo,max was taken as the
peak Vo, achieved by each subject before cessation of exercise.
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Fig. 3. 7HR constants in aduits and children as a function of work
intensity. Data are presented as mean + SD. rHR tended to increase
with work intensity in both adults and children (see text). The recovery
time was significantly (*, p < 0.001) shorter in children compared with
adults for all the above-AT work rates (50%A, 100%max, and 125%max).
The mean values for the increasing intensities were 16 £ 7, 20 + 4, 23
+ 7,and 27 = 9 s in children and 23 + 8, 55 £ 16, 74 £ 13, and 83 +
20 s in adults.

The AT was measured noninvasively from the gas exchange data
obtained during the progressive exercise (7-8). AT was defined
as the Vo, at which the ventilatory equivalent for O, (Ve/V0,)
and end tidal pressure for O, increased without an increase in
the ventilatory equivalent for CO, (Vg/VC0,) and end tidal
pressure for CO,.

HR baseline, peak, and recovery. We calculated the baseline
HR as the mean HR in the last 30 s of unloaded pedaling before
the onset of exercise. The peak HR was taken as the difference
between the maximal HR achieved and the preexercise value.
To determine whether the 10-min period allowed for complete
recovery of the HR, we compared the baseline HR with the
mean value of the last 30 s of the recovery phase (end-recovery).

Recovery time. THR was determined by fitting the recovery
data from each subject with a single exponential equation as
previously described (15). Nonlinear techniques were used to
calculate the parameters of the characteristic equation (16):

HR(t) = A.e™+C
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where HR(1) is the value of HR at time t (after exercise), A i1s a
parameter, k 1s the rate constant, and C is the asymptotic baseline
value. The time constant (r = 1/k) was used to quantify the
recovery time and indicates the time required to achieve 63.2%
of the difference between peak and baseline values. We analyzed
the time constants of HR at each work intensity and compared
them between children and adults. .

Analysis of Vo-HR relationship (O, pulse). The O pulse (V0,/
HR) tends to be a variable with a high noise-to-signal ratio. To
improve this signal, the data for each child and adult were
superimposed and averaged to yield a group-mean response in
adults and children. These data were then analyzed by fitting a
single exponential at each work intensity. The asymptotic SD is
an estimate of the standard error of the fitted parameter (e.g. the
time constant) (16).

Statistical Analysis. Analysis of variance (repeated measures)
with subsequent modified ¢ test (Duncan and Bonferroni
method) were used for the statistical analysis of work-intensity
related differences within and between the groups of adults and
children. An appropriately modified unpaired ¢ test was used to
compare the HR peaks at each work rate between children and
adults. Paired ¢ tests were used to compare preexercise with end-
recovery HR values. Statistical significance was taken at the p <
0.05 level. Data are expressed as mean + SD.

RESULTS

Detailed analysis of VO,, V0, and Vg is the subject of parallel
investigations (3, 4). ]

Vo.max and AT. The Vo,max per kg body weight in children
(42 + 6 mL O,-min~"-kg™') was not statistically different from
that in adults (41 = 7 mL O, - min~'.kg™"). Similarly, no
differences were found between the AT per kg in children (25 +
6 mL O,-min~'.kg™") and adults (22 + 3 mL O, - min™"' - kg™").
These data suggest roughly similar degrees of fitness in the two
groups.

Baseline, exercise, and end-recovery HR (Fig. 1, Table 1).
Examples of typical HR responses at high-intensity exercise
(125%max) are shown in Figure 2. HR during unloaded pedaling
was higher in children compared with adults. The exercise-
induced increase in HR (i.e. peak exercise — baseline) was the
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Fig. 4. O, pulse response to | min of high-intensity exercise (125%max). The data represent the group-mean response for adults and children.

Note that the time course was remarkably similar in adults and children.
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Table 2. Recovery time constants for O pulse (v-O. pulse)
in seconds*

Work intensity

80%BAT 50% A 100%max 125%max
Children 41 £ 4 43 +2 452 49 £ 2
Adults 44 + 2 41 £ 1 41 £ 1 44 + 1

* Data are presented as mean + asymptotic SD (see text).

same for adults and children at each work intensity. The end-
recovery HR was the same as the preexercise baseline in children
and adults after the 80%AT and 50%A protocols; however, for
the higher intensity exercise, HR had not returned to preexercise
values by 10 min of recovery. In children, end-recovery HR was
2.8% higher than baseline after 100%max and 2.6% higher after
125%max. In adults, end-recovery HR was 4.6% higher for
100%max and 7% for 125%max.

HR recovery times (Fig. 3). In adults, the vHR increased
significantly throughout all the work intensities (p < 0.001).
Although not as pronounced as for adults, THR tended to
increase with work intensity in children. Significant difference
was found between 7HR at 80%AT and the values at both
100%max and 125%max. Moreover, THR at 125%max was
greater than at 50%A. The 7HR was substantially and signifi-
cantly lower in children compared to adults (p < 0.001) for all
the above-AT work rates (50%4, 100%max, and 125%max).
(We observed no differences in the rHR of females compared to
males in either the adults or children; however, the sample size
for comparison was small and our finding does not exclude the
possible existence of gender-related differences.)

O; pulse (Fig. 4, Table 2). The time constants of single expo-
nential fits for the O, pulse data were not affected by work rate.
Moreover, there were no significant differences observed between
adults and children. Although there were small differences in the
magnitude of the O, pulse, the time course of this response was
remarkably similar in adults and children, as seen in Figure 4.

DISCUSSION

The relationship between work intensity and HR recovery was
significantly different in children compared to adults. Although
the recovery time was greater for high-intensity compared to
low-intensity exercise in both children and adults, the magnitude
of the difference in children (e.g. THR at 125%max was 27 £ 9
s compared to 16 = 7 s at 80%AT) was substantially less than in
adults (e.g. THR at 125%max was 83 = 20 s compared to 23 +
8 s at 80%AT). Moreover, HR recovered significantly faster in
children compared to adults for each of the high-intensity exer-
cise protocols (Fig. 1). The differences in the HR response
between adults and children did not neatly reflect previously
observed growth-related changes of the response dynamics of
either Vi or VO,; rather, the changes in HR dynamics seem to
reveal regulatory mechanisms associated with both metabolic
rate per se and neuroendocrine modulation of physiologic func-
tion.

Previous work (done in adults) demonstrated that HR during
dynamic exercise is regulated by a combination of neural, hor-
monal, and intrinsic mechanisms (15, 17). Immediately after
exercise, accelerating influences from higher brain centers and
peripheral nerve reflexes diminish, and HR is thought to be
primarily regulated by restoration of vagal inhibitory tone and
by prevailing levels of circulating catecholamines (15, 18). The
role of neural control of HR response was also recently demon-
strated in exercise studies of patients who had undergone heart
transplants (19, 20) an in vivo model of a virtually denervated
heart. In these individuals, treadmill exercise revealed a drasti-
cally slowed HR increase at the onset of exercise (HR increased
only after the first 60-90 s) as well as a slowed decrease at the
end of exercise (HR did not begin to slow for 1-2 min after
exercise stopped). Moreover, there was a strong correlation be-
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tween the HR response in these patients and plasma catechol-
amines, reflecting the strong correlation recently found between
changes in blood norepinephrine levels and HR response to
exercise in healthy subjects (21). These observations indicate that
sympathetic-parasympathetic factors are responsible for the rapid
HR responses and circulating catecholamines modulate HR
responses more slowly.

The largest differences in 7HR between adults and children
occurred after high-intensity exercise, and it is in the above-AT
range where increases in hydrogen ion, lactate, and catechol-
amines are known to be smaller in children compared with
adults (22-24). Thus, we hypothesize that the differences in HR
response to work intensity are a reflection of substantially differ-
ent hormonal and metabolic responses to high-intensity exercise
in adults compared with children. The mechanisms of the differ-
ent lactate, catecholamine, and hydrogen ion responses to high-
intensity exercise have not been fully elucidated, nor are there
data that specifically address the clearance of lactate, hydrogen
ion, and catecholamines after exercise in children compared with
adults.

There may be other factors contributing to the differences in
recovery HR kinetics between adults and children. The Vo,max
and AT per kg were the same in adults and children, which
suggests a similar level of aerobic “fitness.” But the speed of
cardiorespiratory adjustment at the onset of and in recovery
from exercise have also been suggested as indicators of fitness,
and measurements of dynamic responses like 7THR may represent
different adaptive mechanisms than do the Vo,max or the AT
(25). And although neither the adults nor the children studied
were trained athletes, different levels or types of habitual activity
could exist in these two populations. In addition, peripheral
chemoreceptor contribution to ventilation during exercise is
somewhat different in children compared with adults (26), and
the carotid bodies are known to have cardiac as well as respiratory
effects (27, 28). The peripheral chemoreceptors are stimulated
by CO,, and differences in body composition, circulation time,
and CO, carriage in the blood could affect the transport of CO,
produced in the cells during exercise to the carotid bodies.

The results of an earlier investigation of the relationship be-
tween body size, V0,, and HR during low-intensity exercise (29)
prompted us to speculate that “....the dynamic relationship
between V0,, HR, and body weight is constant during growth
[and] identifies a set of ‘regulated” parameters of cardiorespira-
tory function.” We wondered if this speculation held for the
special case of high-intensity exercise. To examine this, we ana-
lyzed the O, pulse data from the present subjects. The O, pulse
is the amount of oxygen extracted per heart beat and is deter-
mined by the stroke volume and the arteriovenous O, content
difference (29). When normalized to body weight, the O, pulse
per kg indicates the pulsatile delivery of oxygen scaled to body
size. As can be seen in Figure 4 and in Table 2, the temporal
response of the O, pulse was remarkably constant between adults
and children and among the various work rates. This similarity
was evident even though the recovery time courses of the indi-
vidual components (i.e. HR and V0,) were quite different. The
size of the O, pulse during recovery is determined by the time
constants of the individual responses as well as their magnitude,
and it was this particular combination (magnitude and recovery
7 of VO, and HR) that was adjusted during exercise, resulting in
the remarkable stability of the O, pulse response. It appears that
the link between metabolic demand and cardiorespiratory re-
sponse during growth can be characterized by tight control of
the Vo, pulse per kg of body mass. How disease of the heart,
lungs, or tissues affects this regulation or the dynamics of HR
recovery during exercise is not yet known.
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