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ABSTRACT. Little is known about maturation of periph-
eral chemoreceptor tone (PCT) during growth. We recently
demonstrated that the increase in PCT was 49% greater
during hypoxic (15% O) exercise in children compared to
adults. As the PCT is a major determinant of ventilatory
(Vk) response at the onset of exercise (measured by the
time constant 7), we hypothesized that hypoxia would affect
Ve (and 7Vco,) to a greater extent in children. Nine
healthy children (6-10 y old) and nine healthy adults (18-
40 y old) performed multiple transitions from rest to con-
stant work rate on the cycle ergometer. Studies were done
breathing 21% O; and 15% O.. Hypoxic breathing quick-
ened the Vg responses in all of the adults and children, but
the magnitude of the hypoxic effect did not differ between
the two groups (in children, 7Vg was 50.9 * 9.9 s during
21% O breathing and 32.6 * 6.9 s during hypoxia; in
adults, 7V was 69.4 £ 17.6 s, which fell to 50.9 + 184 s
during hypoxia). The hypothesized greater ventilatory re-
sponse to hypoxia in children compared to adults during
exercise was not observed. During 21% O, breathing, the
data demonstrated that children stored relatively less CO,
(by 49%) than did adults in the transition between rest and
exercise, possibly explaining the faster ventilatory kinetics.
We speculate that there must be additional respiratory
control differences between adults and children such that
for a given increase in PCT-induced by hypoxia, the Vg
response at the onset of exercise is less in children than in
adults. (Pediatr Res 25:285-290, 1989)

Abbreviations

Ve, minute ventilation

Vco,, CO- output

Vo,, O: uptake

AT, anaerobic threshold

PCT, peripheral chemoreceptor tone

Much is known about the peripheral chemoreceptors (carotid
bodies) as the important mediators of the hypoxic drive to
ventilation in both babies and adults (1-3). But little is known
about their function and possible maturation during the growth
process of normal children. Recently, we examined the PCT in
a group of children and adults by measuring the fall in Vg during
a hyperoxic switch [i.e. the sudden imposition of 80% oxygen
that is known to eliminate carotid body input to ventilation (4,
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5)] during steady-state exercise (6). The PCT was then defined
as the maximum percentage of reduction in ventilation seen
during the hyperoxic switch. PCT was similar in children and
adults during air-breathing exercise (27.9 £ 10.7% 1 SD reduc-
tion in children and 23.3 £ 6.3% in adults, not statistically
significant), but during 15% O, breathing, the peripheral che-
moreceptor contribution to ventilation was much greater in the
children (57.6 = 3.6% in children and 38.9 + 5.5% in adults, p
< 0.0001). We concluded that peripheral chemoreceptor function
matures during growth and is characterized by decreasing sensi-
tivity to hypoxia.

Our studies on carotid body tone were made during steady-
state exercise. But the ability of the organism to maintain ho-
meostasis is better assessed by focusing on the transition between
rest and exercise when sudden and large increases in cellular CO;
output and O, consumption occur. The carotid bodies are known
to play an important role in the ventilatory response that occurs
in the transition from rest to exercise (1, 3, 7). The responses are
slow in carotid body resected patients (3) and, as noted above,
in healthy subjects who breathe high concentrations of O,. Con-
versely, breathing hypoxic gas mixtures stimulates the carotid
bodies and quickens the ventilatory responses to exercise (1). We
wondered whether an increase in peripheral chemoreceptor tone
induced by breathing hypoxic air would have the same effect on
ventilatory responses to exercise in the child as in the adult.

To examine the linkage of peripheral chemoreceptor tone and
the ventilatory response, we measured the gas exchange responses
to the sudden onset of exercise in a group of children and adults
using cycle ergometry and breath by breath data acquisition. The
ventilatory response to the transition between rest and exercise
has been characterized in both adults and children to consist of
three phases (7, 8), where phase 1 is the rapid increase in Vg,
Vco, and Vo, in the first 15-20 s of exercise; phase 2 is the
exponential increase, and phase 3 is the final steady-state re-
sponse. The phase 2 response is apparently most influenced by
the carotid bodies (3) with phase 1 reflecting a sudden increase
in cardiac output (9). In both the adults and children, the
responses were measured under air-breathing conditions and
compared to hypoxic gas breathing, which stimulated the periph-
eral chemoreceptors.

MATERIALS AND METHODS

Population. Nine healthy children (five boys and four girls,
aged 6-10 y, mean age 8.2 + 1.4 y) and nine healthy adults (five
males and four females, aged 18-40 y, mean age 28.2 = 6.9 y)
comprised the study population (Table 1). All were volunteers,
had no chronic diseases, and did not smoke or use medications.
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. T) Progressive exercise tests: Each subject performed
a ramp-type progressive exercise test on a cycle ergometer (10)
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Table 1. Subjects data

Children Adults
WR* WR
No. Sex Age (y) Wt (kg) Ht (cm) (w) No. Sex Age (y) Wt (kg) Ht (cm) (W)
{ F 9.1 26.4 126 15 l F 18.0 63.2 166 29
2 M 6.0 20.0 113 15 2 M 26.3 70.1 180 40
3 M 7.5 27.0 127 20 3 F 25.0 58.6 161 30
4 F 8.1 28.1 145 14 4 F 26.2 64.3 168 40
5 M 7.2 22,7 127 15 5 M 40.0 65.2 170 45
6 F 9.2 23.2 132 15 6 M 34.2 66.5 173 80
7 F 10.0 38.6 150 22 7 M 343 50.3 160 35
8 M 6.9 28.1 124 14 8 M 21.4 62.2 168 60
9 M 10.0 49.0 151 30 9 M 28.5 75.3 175 55
Mean 8.2 29.2 133 18 Mean 28.2 64.0 169 46
SD 1.4 9.1 13 5 SD 6.9 7.0 6 16
* WR, work rate.
breathing 15% Os. This test was used to estimate the AT during []s10ken c0s
15% O, breathing. 2) Constant work rate cxercise tests: [ach B '
subject performed five rest to constant work rate exercise 1ests,
during air-breathing and during 15% O, breathing. The subject v AVCOs
was signaled to begin exercise by a green light that was activated Veoe
at end expiration. The crgometer wheel was motorized and 1Veos J
maintained at a rate of 60 rpm until the start of exercise 1o o )
minimize the energy expenditure needed to overcome the fly- e
wheel inertia. ‘The work rate used for the constant exercise tests
was 75% of the hypoxic AT (Table 1). This work rate was chosen Timt.
to ensure that the tests performed during both air breathing and ,
hypoxic gas breathing would be below the subject’s AT. As STORED GOz = (1VC0z = 1VO2) » AVCO2

children and adults have widely different cxercise capabilitices,
the work rate chosen was normalized in cach subject to a specific,
physiologically based, work intensity. By choosing work ranges
below the AT, possible confounding cffects of lactic acidosis on
ventilation were avoided in both the adults and children. Steady-
state excereise continued for 10 min, followed by a period of rest
long enough (approximately 10 min) to allow Vi, Vo,, Vo, and
heart rate to return 1o the preexercise levels. The peripheral
chemoreeeptor contribution to the ventilatory drive during
steady-state exercise, both under air-breathing and hypoxic gas-
breathing conditions in the same subjects has been reported by
mcasuring the fall in Vi during the imposition of 80% O; for 10
breaths, performed after 6 min of exercise (6).

Measurement of ventilation, gas exchange, and heart-raie.
Ventilation and gas exchange were measured breath by breath.
This allows a precise assessment of the kinetic responses of the
ventilatory system. ‘T'he subjects breathed through a mouthpicee
connected to a turbine flowmeter and a low resistance 2-way
valve for continuous measurement of inspired and expired vol.
The apparatus dead space was 140 mL for the children and 170
ml. for the adults. CO, and O, concentrations were measured by
a mass speetrometer that sampled continuously from the mouth-
picce at 1 ml/s. Vi (BTPS), V() (STPD), Vm, (STPD), end tidal
pressure for Oz (Pyr, ) and for CO, (P To,) WEre computed on-
line, breath by breath, as previously described (11). Heart rate
was mecasured beat by beat by a standard lead | ECG using three
clectrodes placed on the chest. The data from cach test were
stored on digital tape for further analysis.

Data analysis. The AT was measured noninvasively from the
gas exchange data obtained during the progressive exercise. AT
was defined as the Vo, at which the V(,]‘Ilildl()ly cquivalcnl for O,
(Vi:/Vo,)and Pry,, increase without an increase in the ventilatory
cquivalent for CO, (V, /V(() Y and Py, (10, 12, 13).

The results of cach rest 1o exercise transition for each subject
were time aligned and averaged to obtain a sccond by sccond
response. Vi and Vo, phase 2 kinctics (beginning approximately

Iig. 1. Changes in tissuc CO; stores with exercise. Stored CO2 was
calculated using the cquation shown. AV(-(,Q is the inerease in \'/(-()L, from
rest 1o steady-state exercise, and 7V, and 7Vo, are the time constants
for Veo, and Vo,

15-20 s after the start of exercise) were analyzed by [itting the
data 1o a first order cxponential model (14, 15). The time
constant () of the response was determined (rom the cquation:

V(l) = V(SS)(I —C—[('_Th)/?l)

where V(1) is the increase in Vi, Ve 0y OF V()v above the previous
control values at any given time (t); V(ss) is the difference
between rest and steady-state exercise V3 7 is the time to reach
63% of V(ss); and Ty, 1s the time delay.

Assessment of tissue COy stores. To assess the change in tissuc
CO, stores (using gas exchange data) during the transition from
rest 1o exercise, one must estimate the difference between CO,
produced at the muscle and CO, mcasured at the mouth. The
difference between these values represent stored tissuc CO; (16).
We assumed that CO, production at the muscle followed the
same time course as muscle O, extraction from the blood, thus
any difference between Vo, kinctics and Vo, kinctics at the
mouth was attributed to a change in tissue CO, stores (17)
Finally, we made the assumption that any changes in exercise
respiratory quotient occurred immediately after the onsct of
excercise (7.¢. as a square wave). In fact, the pattern of respiratory
quoticnt change has been shown 1o have little effect on the
calculation of CO; stores for rest to exercise transitions (16). The
estimated changes in stored tissuc CO, were thus calculated as
follows (scc Fig. 1):

AC()'? (Sl()l'cs) = (TV( 0, — TV()Q) . AV(‘().’!

where TV(\().’, and 7\'/0? were calculated from an cxponential fit to
the gas exchange data, starting at the onset of exercise, and where
AV, is the difference between rest and sicady-state excereise
Vo, To compare changes in tissue CO, stores between children
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and adults, we normalized the increase in Vo, during exercise
in the two groups to body wt:

Aco, (stores) -kg™' = (+Veo, — 7Vo,) - AVco, kg™

Thus, for the same increase in Vo, kg™ in both children and
adults, the increase in tissue CO, stores can be estimated simply
by the difference between 7Vco, and 7Vo,.

Statistical analysis. Unpaired ¢ tests were used to compare the
results between the same variables in children and adults. Paired
¢ tests were used to compare the results of different conditions in
the same group. Differences were considered significant at p <
0.05. Values are expressed as mean + 1 SD.

RESULTS

Hypoxic gas breathing resulted in a significant decrease in
steady-state exercise Per,, both in children (air breathing: 110 =
3 mm Hg, 15% O, breathing: 70 £ 3 mm Hg p < 0.0001) and
in adults (106 £ 4 mm Hg and 67 £ 3 mm Hg, respectively, p
< 0.0001). Exercise Per.,, was significantly higher in the adults
compared to the children both during air breathing (adults: 44
+ 4 mm Hg; children 41 = 1 mm Hg, p < 0.05) [similar to our
previous study (13)] and also during hypoxic gas breathing
(adults: 42 = 3 mm Hg; children: 39 = 2 mm Hg, p < 0.05).

The averaged, time-aligned, breath by breath Vg responses
during air and hypoxic gas breathing in the children and the
adults are shown in Figure 2. The best fit exponential for the
responses are also shown for each group.
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Phase I responses. Phase 1 response of Vg to exercise (the Vg
at 20 s expressed as the percentage of change from rest to steady-
state exercise) decreased significantly during hypoxia in both the
children and the adults (Fig. 3). In children, the mean phase 1
Vg decreased from 36.2 + 6.6% during air breathing to 25.5 +
2.6% during hypoxic gas breathing, p < 0.0005. In adults, the
mean phase | Vg decreased from 42.2 + 10.7% to 32.3 £ 8.0,
respectively, p < 0.0005. The absolute value of the phase 1
changes paralleled those of the relative changes. In children, the
mean phase | Vg decreased from 3.1 |-min~! in room air to 2.4

80
— T CHILDREN ADULTS
[0}
0N
=
60
<1
3\0/
~ 40y .\
[£3)
n)
=
a, 20+ 4
|
=
e P(0.0005 P(0.0005
0+ P i
021 015 021 0.5
FIOs

Fig. 3. Effect of hypoxia on Vg, phase 1 in children and adults. Vg is
expressed as the percentage of change from rest to steady-state exercise.
Hypoxia resulted in a significant decrease in Vg in both the children and
the adults.
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Fig. 2. Averaged time-aligned breath by breath Ve responses to exercise in children and adults during air-breathing (/eff) and hypoxic gas-
breathing (right). Hypoxia led to faster Vg responses in both the children and the adults.
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1.min~" during hypoxia (p < 0.05) and in adults, the decrease
was from 6.0 1.-min™" t0 4.6 1. min™" (p < 0.05).

Phase 2 kinetics. Children compared to adults had significantly
shorter 7 Vg and 7Vco, (Fig. 4) during air breathing. These results
are similar to our previous findings in a different group of healthy
subjects (8). In response to hypoxia, there was a significant
reduction in vV and in rVeo, (Fig. 4) in both groups; this
occurred in all subjects. In children, mean 7Ve decreased from
50.9+9.951t032.6 = 6.9, p<0.001, and mean 7Vco, decreased
from 43.9 = 11.0 s to 33.4 + 6.8 5, p < 0.005. In the adults,
mean 7Ve decreased from 69.4 £ 17.6 s to 50.9 * 18.4 s, p <
0.005, and mean 7Vco, decreased from 59.6 £ 16.2 s to 47.7 =
15.2's, p < 0.001. The mean decrease (A) in 7Ve and 7Vco,
induced by hypoxia was not significantly different between chil-
dren and adults both in absolute (s) or relative (percentage
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Fig. 4. Effect of hypoxia on Ve and Vo, responses to exercise in
children and adults. Children had significantly shorter time constants
both during air-breathing (p < 0.05) and hypoxic gas-breathing (p <
0.05) studies. In both groups, hypoxia resulted in a significant decrease
in TVE and TVcoz.
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decrease) terms. The mean ArVe was 18.3 £ 7.7 s in children
(36%) and 18.5 + 8.1 s in adults (27%); mean ArVco, was 10.5
+ 6.5 s in children (24%) and 12.0 % 6.6 s in adults (20%).

The estimated increase in tissue CO; stores/kg during sub-AT
exercise for a given increase in Vco, of 1 mL-min'.kg™' was
significantly smaller in children as compared to adults [0.18 +
0.07 ml CO»-kg™" in children and 0.36 #+ 0.13 ml CO,-kg™" in
adults, p < 0.05 (Table 2)].

Heart rate. Hypoxia significantly increased heart rate at rest
and during exercise in the adults and children. In air-breathing
exercise in adults, heart rate increased from a mean of 85 beats/
min to 108 beats/min (mean increase, 28 + [2%), and in
children, heart rate increased from 103 to 135 beats/min (mean
increase, 32 + 5%). With hypoxic gas breathing, heart rate
increased in adults from 89 to 114 beats/min (mean increase, 29
+ 9%), and in children heart rate increased from 110 to 144
beats/min (mean increase, 32 + 9%). There were no significant
differences among the percentage rest to exercise increases in
heart rate in children compared to adults.

DISCUSSION

The results of the present investigation demonstrate that the
coupling of PCT assessed during steady-state exercise and venti-
latory responses at the onset of exercise is different in children
than in adults. During normoxia, young children had signifi-
cantly faster Ve and Vco, responses to exercise than do teenagers
and adults [confirming the findings of our previous study in a
different group of normal subjects (8)], despite the fact that PCT
was the same in the two groups (Fig. 5). The Vg and Vco,
responses to the onset of exercise became significantly faster in
both the children and the adults under hypoxic conditions (Fig.
4), but the magnitude of the change was the same in both groups.
This was surprising as the peripheral chemoreceptor contribution
to ventilatory drive during hypoxia was much greater in the
children (Fig. 5). In summary, the greater carotid body tone
during hypoxia in children compared to adults was not paralleled
by an increase of the same magnitude in the Vg response at the
onset of exercise.

Cardiac output increases suddenly at the onset of exercise,
primarily by an increase in the stroke vol. When the change in
stroke vol is limited by increasing resting stroke vol (as occurs
when exercise is performed in the supine position), the accom-
panying ventilatory response is smaller as well (18). The apparent
dependence of the early ventilatory response on cardiac output
has been named cardiodynamic hyperpnea (9). This effect is
limited to phase 1, the first 20 s of exercise, and does not appear
to influence the subsequent phase 2 response. Interestingly, we

Table 2. 7Vco, and Vo, during air breathing used for calculation of CO, stores*

Children Adults
. . AVeo,t . . .

T \]02 T VCO; AT 1. 7V02 7VC02 AT AVCO;T
No. (s) (s) (s) min™! No. (s) (s) (s) 1.min™
1 33.5 42.8 9.3 0.40 1 31.8 49.5 17.7 0.46
2 279 38.0 10.1 0.40 2 33.9 53.7 19.8 0.57
3 28.0 41.2 13.2 0.38 3 24.0 55.2 31.2 0.51
4 27.4 37.0 9.6 0.32 4 27.1 42.1 15.0 0.54
S 26.4 40.4 14.0 0.39 5 39.1 60.5 214 0.75
6 27.8 40.8 13.0 0.40 6 14.8 27.7 12.9 0.84
7 31.0 50.0 19.0 0.44 7 43.7 80.1 36.4 0.68
8 19.0 25.4 6.4 0.26 8 23.7 47.9 24.2 0.79
9 26.8 31.0 4.2 0.65 9 31.3 45.6 14.3 0.75
Mean 27.5 38.5 11.0 0.40 Mean 299 51.4 214 0.65
SD 3.9 7.0 4.4 0.11 SD 8.7 14.2 8.0 0.14

* Vo, and 7Vo, were calculated by fitting the gas-exchange data to a first order exponential function starting at the onset of exercise. Ar is the

difference between 7Vo, and Vo,
t AVco, is the rest to exercise increase in Vo,
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Fig. 5. 7Ve as a function of peripheral chemoreceptor input for
ventilation in children (solid line) and adults (broken line) during air-
breathing (solid circle) and hypoxic-gas-breathing (open circle) (error bars
indicate SEM). Peripheral chemoreceptor tone is shown on the x axis as
percentage of decrease in ventilation after the hyperoxic switch (6), and
7VE is shown on the y axis in s. While breathing air, children had
significantly shorter Ve than adults despite there being no significant
differences in the peripheral chemoreceptor tone. 7VE became signifi-
cantly shorter in both children and adults under hypoxic conditions;
however, was no difference in the magnitude of the change in the two
groups. The peripheral chemoreceptor contribution to Ve was much
greater in children compared to adults.

found reduced phase 1 ventilatory responses as a result of hypoxia
in both the adults and children (Fig. 3). Acutely, reduction in
the Fio, is known to result in an increased cardiac output, heart
rate, and stroke vol (19), and, as noted, we observed increases in
heart rate at rest and during exercise in the adults and children.
Similar to the studies done during supine exercise (18), the
magnitude of the stroke vol increase in the first 20 s of exercise
may have been reduced in our subjects during hypoxia, and this
could account for the reduced phase ! ventilatory responses.
Moreover, the finding that the relative change in phase 1 venti-
lation due to hypoxia was the same in the children (hypoxic
phase 1 Vg, 72 = 13% of the normoxic value) as in adults
(hypoxic phase 1 Vg, 78 + 14%) is indirect evidence that the
cardiac output effects of hypoxia were similar in adults and
children.

It may be hypothesized that the circulation time (i.e. venous
vol/cardiac output) can influence the phase 2 gas exchange and
ventilatory kinetics at the onset of exercise. In fact, pulmonary
circulation time appears to be only slightly shorter in children
compared to adults. [Chalovpecky et al. (20) found pulmonary
circulation time to be 4 s in 6-y-old children and 6 s in 20-y-old
adults, using radiocirculographic methods.] If the circulation
time had a functional effect on gas exchange kinetics at the onset
of exercise, then we would have expected that both 7Vo, and
7Vco, become longer with increasing age or body size. But, as
demonstrated previously (21) and again in the present report,
the Vo, kinetics in children could not be distinguished from
adults (Fig. 6). Therefore, it is unlikely that the different circu-
lation times per se can explain the growth-related differences in
7V and 7Vco, we observed.

As noted, the relationship between peripheral chemoreceptor
tone and ventilatory responses at the onset of exercise was
different between children and adults both under room air- and
hypoxic-breathing conditions. This suggested to us the possibility
of a growth-related structural difference in the transport of CO;
from its production in the cells, to the respiratory centers and,
ultimately, to the atmosphere. One likely mechanism was the
relative size of CO, stores in the body. Ward et al. (22) showed
that volitional hyperventilation before exercise, which depleted
CO; stores, considerably slowed Ve and Vo, kinetics in normal
subjects. Moreover, Poage et al. (23) have recently reported that
Ve and Vo, kinetics at the onset of exercise in obese children
were significantly slower as compared to normal controls, which
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Fig. 6. Group mean responses of Vo, to exercise during air-breathing
in children and adults. Time 0 represents onset of exercise. Voz responses
were normalized in the two groups and presented as the fractional change
from rest (0) to steady-state exercise (1.0). There was no difference in the
response kinetics in the two groups.

may be due to the larger CO, storage capacity in the obese
children.

We found in children that the relative increase in tissue CO,
stores during exercise was smaller by 49% compared to adults.
As less CO, is stored at the onset of exercise, there may be a
more rapid arrival of metabolically produced CO, to the respi-
ratory centers and lungs. This will result in a faster ventilatory
response to exercise consistent with our findings. The putative
difference in the relative CO, storage capacity in children and
adults may be related to factors such as differences in body
composition, differences in Hb concentration (and thus vascular
CO, stores) or, perhaps, to a more fundamental difference of the
tissue CO, dissociation curve in children compared to adults.

In summary, we found that the coupling between peripheral
chemoreceptor tone and ventilatory responses at the onset of
exercise is not the same in children compared to adults. Under
normoxic conditions, differences in the relative size of CO.
storage may explain the faster Vg and Vo, kinetics with exercise
in children compared to adults, even though there was no signif-
icant difference in PCT. But an explanation for our finding that
the increased PCT induced by hypoxia in children did not result
in a proportional change in 7 Ve and 7 Vo, is not readily apparent.
We speculate that other aspects of ventilatory control mature
during growth in children such that, as compared to adults, the
ventilatory response at the onset of exercise is smaller for a given
hypoxic stimulus.
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