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Study Objectives: Evaluate the relative contributions of weight status and obstructive sleep apnea (OSA) to cardiopulmonary exercise responses
in children.

Design: Prospective, cross-sectional study. Participants underwent anthropometric measurements, overnight polysomnography, spirometry,
cardiopulmonary exercise function testing on a cycle ergometer, and cardiac doppler imaging. OSA was defined as = 1 obstructive apnea or
hypopnea per hour of sleep (OAHI). The effect of OSA on exercise function was evaluated after the parameters were corrected for body mass index
(BMI) z-scores. Similarly, the effect of obesity on exercise function was examined when the variables were adjusted for OAHI.

Setting: Tertiary pediatric hospital.

Participants: Healthy weight and obese children, aged 7-12y.

Interventions: N/A.

Measurements and Results: Seventy-one children were studied. In comparison with weight-matched children without OSA, children with OSA
had a lower cardiac output, stroke volume index, heart rate, and oxygen consumption (VO, peak) at peak exercise capacity. After adjusting for BMI
z-score, children with OSA had 1.5 L/min (95% confidence interval -2.3 to -0.6 L/min; P = 0.001) lower cardiac output at peak exercise capacity,
but minute ventilation and ventilatory responses to exercise were not affected. Obesity was only associated with physical deconditioning. Cardiac
dysfunction was associated with the frequency of respiratory-related arousals, the severity of hypoxia, and heart rate during sleep.

Conclusions: Children with OSA are exercise limited due to a reduced cardiac output and VO, peak at peak exercise capacity, independent of their
weight status. Comorbid OSA can further decrease exercise performance in obese children.
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INTRODUCTION

Growing evidence suggests that a bidirectional relationship
exists between childhood obesity and sleep dysfunction. Child-
hood obesity is a major risk factor for obstructive sleep apnea
(OSA), and the likelihood of an obese child developing OSA is
four to five times greater than in a nonobese child.' Conversely,
school-aged children are at risk of developing future obesity if
they sleep less than 9 h per night® or if they have OSA.?

OSA is associated with left ventricular hypertrophy, elevated
heart rate (HR), and impaired ventilatory responses to carbon
dioxide during sleep. Children with an apnea-hypopnea index
(AHI) greater than 10 h'' are at risk of left ventricular hyper-
trophy and this correlates with AHI and the severity of hypoxia
during sleep.* Children with OSA have impaired left ventric-
ular diastolic function,’ but systolic function and left ventric-
ular ejection fraction are maintained.>” HR is elevated during
wake and sleep, whereby children with an AHI greater than
5 h'! have a mean HR approximately 5 to 9 bpm higher than
nonsnoring or snoring children.® This increase in HR is likely
a consequence of changes in autonomic function.”!" Children
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with OSA have significantly elevated sympathetic activity at
rest™'? and blunted sympathetic activity (baroreflex gain) in
response to sleep and stress, whereas parasympathetic activity
remains unaffected.!"'® The increase in baseline sympathetic
activity correlates with AHI and hypoxia.'*'* In regard to
lung function, pulmonary function is generally unaffected by
OSA,"!¢ but children with OSA have impaired ventilatory
responses to increased carbon dioxide during sleep'” but not
during quiet wakefulness.'®

Cardiopulmonary exercise testing (CPET) can be used to
assess physical conditioning, and in adults, it can also be used
as a prognostic marker."” Two variables used to assess future
risk of cardiovascular disease and mortality in adults are oxygen
consumption and the ventilatory response to carbon dioxide at
peak exercise capacity (i.e. VO,peak and V;/VCO,, respec-
tively).?*? In healthy individuals, VO,peak is approximately
30 to 50 mL/kg/min and V;/VCO, at peak exercise capacity is
approximately 25, but a VO, peak less than 14 to 15 mL/kg/min
and a V./VCO, greater than 33 have been shown to be markers
of a poor prognosis and future risk of mortality in adults.'*?
In children, little is known about the longitudinal effect of a
low VO, peak or high V;/VCO,.” One study examined exercise
function in children with OSA and found that children with OSA
achieve peak exercise capacity at a lower workload, HR, and a
lower VO, peak relative to age and sex.” Although estimates
of obese children having diagnosed OSA are anywhere from
19-78%%*° the outcomes from this study were not adjusted for
weight status, nor did they evaluate cardiac output.*
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Previous studies have found obese children achieve peak
exercise earlier and at a lower workload than healthy weight
children.**?' This poor exercise function in obese children is
thought to be a consequence of physical deconditioning and
tiring earlier because of carrying a heavier body mass, but no
studies have documented the prevalence of OSA in their sample
groups or determined the effect of OSA on exercise function in
children.***

The first aim of this study was to assess cardiopulmonary
exercise function in children with OSA. Because obesity is a
risk factor for OSA, we than compared the relative contribu-
tions of obesity versus OSA to cardiopulmonary function. We
hypothesized that children with OSA, irrespective of weight
status, are exercise restricted because of an impaired cardiovas-
cular response to stress.

METHODS

This was a cross-sectional, prospective study approved by the
Human Research Ethics Committee. The primary caregiver(s)
gave written informed consent and the children gave verbal
consent. Data collection was performed during a single visit.

Between February 2009 and June 2011, children age 7 to
12 y were recruited from the Sleep Clinic or Weight Manage-
ment Service at the Children’s Hospital at Westmead NSW
Australia, and from the community. Community-based children
were a convenience sample of children known to the investi-
gators. Children were included if they snored at least “a little
of the time” according to the OSA-18 survey,*® were clinically
evaluated to be healthy weight or obese, and were at least 135
cm tall in order to successfully reach the bicycle’s pedals and
perform the CPET. Using the United States Centers for Disease
Control and Prevention (US CDC) guidelines, children were
defined as being of healthy weight if their body mass index
(BMI) percentile was between the 5™ and 85" centiles for age
and sex, and obese if their BMI percentile was > 95" for age
and sex.”” Age- and weight-matched, nonsnoring children were
also recruited for comparison. To clarify the effect of obesity on
exercise function, and for time management purposes, children
were excluded from the study if they were overweight (i.e. had
a BMI between the 85" and 95" percentile). Children were also
excluded if they were developmentally delayed, had an under-
lying syndrome, received a diagnosis of a sleep disorder other
than OSA, or were already established on treatment.

Anthropometry

Height, weight, and waist circumference were measured.
Standing height was measured to the nearest 0.1 cm and weight
was measured to the closest 0.01 kg. BMI was calculated as
weight/height® (kg/m?), and BMI percentiles and z-scores
were determined using the US CDC reference values.’” Waist
circumference was measured to the nearest 0.1 cm at the
smallest point between the lowest rib and iliac crest. To assess
for central obesity, waist-to-height ratio (WHtR) was calcu-
lated as waist/height (cm/cm), and central obesity was defined
as WHtR > 0.5.%

Polysomnography
Overnight polysomnography was performed at the David
Read Sleep Unit, at The Children’s Hospital at Westmead NSW
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Australia, in accordance with the 1997 American Thoracic
Society (ATS) guidelines® using the Sandman Elite® Version
9.2 system (Embla Systems, Broomfield, CO, USA). Data
collection commenced between 19:30 and 21:00, and ended at
06:00.

Data analysis was performed in accordance with the 2007
American Academy of Sleep Medicine guidelines.** Sleep
stages and arousals were determined according to central and
occipital electroencephalogram (EEG), a left and right elec-
trooculogram (EOG) and submental electromyogram (EMG)
signals. Nasal airflow was measured using nasal cannula. Nasal
and oral airflow was also monitored using a thermistor, respira-
tory effort was monitored using diaphragmatic and abdominal
surface electrode EMG and chest and abdominal plethysmog-
raphy, and ventilation was monitored using oximetry (SpO,)
and transcutaneous carbon dioxide (TcCO,) monitoring. Respi-
ratory events were scored if they were at least two respiratory
cycles long, and significant oxygen desaturations were defined
as > 3% desaturation from baseline. An obstructive apnea-
hypopnea index (OAHI) > 1 h' was used as a diagnosis for
OSA.M

To assess sleepiness among children with and without OSA,
the modified Epworth Sleepiness Scale (ESS) questionnaire
was completed by the child at the time of the polysomnog-
raphy.** The results were analyzed according to set criteria.*

Spirometry

Spirometry was performed according to ATS guidelines*
against predicted values for race, age, sex, and height* using
the Medgraphics CPX/D breath-by-breath exchange system
(Medgraphics Corporation, St Paul, MN, USA) and Breeze-
Suite Version 6.4.1 software program (Medgraphics Corpora-
tion), or Vmax Encore 229 equipment (CareFusion, San Diego,
CA, USA) and Vmax Series Version 21-1A software (CareFu-
sion). Results are displayed as absolute (L) and as percent
predicted values for race, age, sex, and height.*

Doppler

Cardiac output (L/min), cardiac output index (QI; L/min/m?),
stroke volume (SV; mL), stroke volume index (SVI; mL/m?),
and HR (bpm) were recorded at rest and at peak exercise, in an
upright position using an Ultrasonic Cardiac Output Monitor
(USCOM) Doppler, Version 1.8.0.0 (USCOM, Sydney, NSW,
Australia).* Cardiac index and SVI were calculated by adjusting
cardiac output and stroke volume for body surface area.*’

Cardiopulmonary Exercise Testing

Prior to the CPET, the caregiver(s) reported the number of
hours of physical/sporting activity the child did each week.
CPET was performed and analyzed in accordance with ATS and
American College of Chest Physicians (ACCP) guidelines'
using a cycle ergometer (Excalibur Sport cycle ergometer, the
Medgraphics CPX/D Breath-by-Breath Exchange system and
BreezeSuite Version 6.4.1 software program, Medgraphics
Corporation). Children cycled at 60 revolutions per min (rpm)
against increasing resistance (10 watts/min). Tests were termi-
nated when (1) the child felt physically exhausted and could
not maintain a speed of 60 rpm despite encouragement, or (2)
if the child reached their predicted maximal HR (i.e., maximal
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HR =220 — age). The test was deemed satisfactory if the respi-
ratory quotient (RQ) was greater than 1.00; however, the child
was encouraged to continue with the test as long as possible (i.e.
RQ > 1.05) to ensure true peak exercise capacity was achieved.
Exercise data from any child considered not to achieve peak
exercise capacity was excluded from the analysis. Physical
exhaustion was recorded using the Borg scale,” a subjective
scale validated in children.**® Output was averaged at 30-sec
intervals and compared with reference values.”!

Statistical Analysis

Statistical analysis was performed using SPSS version 19
(SPSS, Chicago, IL, USA). Categorical variables are described
as frequencies and compared between groups using the chi-
square test. Continuous variables were checked for normality
and corrected if required.’> Descriptive data are reported as
mean (standard deviation [SD]) and compared using indepen-
dent #-tests.

Analysis of covariance was used to evaluate effects of weight
status by adjusting for OAHI, and to evaluate effects of OSA by
adjusting for BMI z-score with results presented as estimated
mean (standard error [SE]), mean difference, and 95% confi-
dence intervals (Cls).

Pearson correlation coefficient analysis was used to assess
correlations between sleep, and anthropometric and cardiopul-
monary variables. Stepwise multiple regression analysis was
performed to develop models that predicted cardiopulmonary
function while accounting for any interactions amongst vari-
ables. P < 0.05 was considered significant.

RESULTS

Of 115 children approached to participate in the study,
71 families consented and the children met the inclusion
criteria. These 71 children (mean age 10 + 1.6 y) included 29
(41%) healthy weight and 42 (59%) obese children. Patient
demographics and polysomnography results are detailed in
Table 1. Forty children had OSA, including 10 healthy weight
and 30 obese children. Children with OSA had significantly
more arousals, oxygen desaturations, lower nadir SpO,, and
higher sleeping HR than children without OSA. There was no
difference in the percentage of time spent in each sleep stage
(results not shown), or ESS scores between those with and
without OSA.

Cardiopulmonary Exercise Function in Children With and
Without OSA

As shown in Tables 2 and 3, children with OSA had signifi-
cantly lower RQ, HR, SVI, Q, and VO, peak at peak exercise
capacity and a non-significant trend for children with OSA to
achieve peak exercise capacity at a lower workload than those
without OSA (P = 0.06). Children with OSA had a higher
breathing reserve at peak exercise than those without OSA (i.e.
Vi/maximum voluntary ventilation (MVV) 54% and 45%;
P <0.05).

Among children with and without OSA, no differences
existed for the number of hours of organized exercise per week
(Table 2), pulmonary lung function, Vi, gas exchange (results
not shown), or Q at rest (4.6 = 1.2 L/min versus 4.5 = 1.1 L/min,
not significant).
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Table 1—Subject demographics and polysomnography results
Variable No OSA OSA P value
n 31 40
Sex (m:f) 11:20 27:13 0.81
Age (y) 10.2 (1.6) 10.1 (1.6) 0.85
Height (m) 1445 (11.4)  145.8(10.4) 0.61
Weight (kg) 46.50 (21.25) 57.67(21.12)  0.03
BMI (kg/m?) 21.5(7.1) 27.0(8.4) 0.005
BMI z-score 0.67 (1.47) 1.61 (1.48) 0.009
WC (cm) 74.9 (19.5) 88.9(21.9) 0.01
WHtR 0.52 (0.12) 0.61(0.13) 0.01
Habitual snorers (y:n) 17:13 31:4 0.005
Sleep latency (min) 22.6(13.2) 34.5(28.1) 0.02
Sleep efficiency (%) 85 3(8.8) 81.4(104) 0.10
AHI (W) 5(1.1) 11.5(10.5)  <0.001
OAHI () 4(0.3) 8.9(10.00 <0.001
Al (h) 5(2.5) 12.2(8.2) <0.001
RAI (h) .8(0.8) 6.3 (6.8) <0.001
Baseline SpO, (%) 98 (1) 98 (2) 0.18
Nadir SpO, (%)
TST 90 (4) 85 (9) 0.002
NREM 91 (3) 87 (6) <0.001
REM 93 (2) 88 (10) 0.002
ODI (h)
TST 2.2(1.6) 8.6 (8.7) <0.001
NREM 1.9(1.4) 6.3 (5.4) <0.001
REM 3.0(24) 204 (32.2) 0.002
Baseline TcCO, (mmHg) 41 (3) 41 (4) 0.90
Peak TcCO, (mmHg)
NREM 47 (4) 50 (5) 0.05
REM 46 (5) 48 (5) 0.15
Heart rate (bpm)
Baseline 83 (10) 88 (12) 0.06
TST 73(9) 80 (12) 0.008
NREM 73 (9) 79 (11) 0.009
REM 74 (10) 80 (10) 0.01
ESS 55(2.9) 6.5(4.4) 0.19
Results are presented as means (standard deviation) and frequencies
for groups. P values were obtained from chi-square or independent t-test
analysis. P < 0.05 was considered significant. OSA, obstructive sleep
apnea; BMI, body mass index; WC, waist circumference; WHIR,waist-to-
height ratio; sleep latency, time taken for sleep onset to occur after lights
out; Sleep efficiency, percentage of time spent asleep after lights out;
reported habitual snoring, snoring at least “a little of the time,” as reported
by the primary caregiver using the OSA-18 survey,® AHI, apnea-hypopnea
index; OAHI, obstructive apnea-hypopnea index; CAHI, central apnea-
hypopnea index; Al, arousal index; RAI, respiratory arousal index; SpO,,
pulse oximetry; baseline, measured during quiet wakefulness; TST, total
sleep time; NREM, non-rapid eye movement; REM, rapid eye movement;
ODI, oxygen desaturation index: an oxygen desaturation was defined as
a Sp0, desaturation = 3% from baseline; TcCO,, transcutaneous carbon
dioxide; ESS, modified Epworth Sleepiness Scale.*

The decrease in Q at peak exercise capacity was caused by

both a lower peak HR and SVI. The HR for children with OSA
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Table 2—Cardiopulmonary function for children with and without
obstructive sleep apnea

No OSA OSA
Variable (n=29) (n=139) P value
FVC (L) 2. 46 (0.60) 2. 57 (0.67) 0.45
FVC (%) 98 (10) 98 (12) 0.96
FEV, (L) 2. 05 (0.46) 2. 19 (0.55) 0.28
FEV, (%) 91 (11) 91 (14) 0.89
FEV,/FVC (%) 85 (8) 85 (5) 0.62
Reported exercise (h/w) 3(2.5) .0(2.8) 0.1
Peak work (watts) 83 (22) 69 (31) 0.06
Borg scale 8(1) 8(1) 0.18
RQ 1. 09 (0.09) 1. 04 (0.06) 0.02
Ve/VO, 32 (4) 32 (5) 0.53
V/VCO, 30(3) 30(5) 0.58
Ve peak (L/min) 39.06 (11.67) 34.73(10.48)  0.14
VO, peak (L/min) 1.20 (0.35) 1.14 (0.41) 0.59
VO, peak (mL/kg/min) 29.65(9.21) 20.82(8.28)  <0.001
VCO, (L/min) 1.24 (0.38) 1.19 (0.44) 0.61
Ve/ MWV 0. 55 (0.18) 0. 46 (0.13) 0.03
SpO, (%) 96 (3) 96 (4) 0.59
VO,/HR (mL) 7.02(2.19) 7.09 (2.47) 0.91

All unadjusted data are expressed as mean (standard deviation). P
values were obtained from independent f-test analysis. P < 0.05 was
considered significant. OSA, obstructive sleep apnea; FVC, forced vital
capacity; FEV,, forced expiratory volume in 1 second. Percent predicted
values were calculated from Wang et al.*; reported exercise = number
of hours of organized sport outside of school per week, as reported by
the primary carer; Borg scale, a subjective measure of work intensity at
peak exercise capacity, as reported by the participant,”® RQ, respiratory
quotient; RQ, = VCO,:VO,; V¢/VO,, the ventilatory equivalent for oxygen;
Ve/VCO,, the ventilatory equivalent for carbon dioxide; V-, tidal volume;
RR, respiratory rate; Ve peak, minute ventilation at peak exercise capacity;
VO, peak, oxygen consumption at peak exercise capacity; VCO,, expired
carbon dioxide; MVV, maximum voluntary ventilation: MVV = FEV, x 357¢;
V/MVV, dyspnea index; SpO,, pulse oximetry; VO,/HR, oxygen pulse,
amount of oxygen in the blood per heartbeat. n = number of participants
involved in analysis.

increased by 66 + 20 bpm in response to exercise, to achieve
a peak HR of 159 + 18 bpm. In children without OSA, HR
increased by 87 + 24 bpm from rest (P < 0.001) to reach a peak
HR of 173 £ 21 bpm (P < 0.05). SVI was significantly lower at
rest and peak exercise for children with versus without OSA;
SVI at rest was 33.5+ 9.1 mL versus 41.1 +7.2 mL (P<0.001),
and at peak exercise it was 37.8 + 10.1 mL versus 48.2 + 9.6
mL (P < 0.001). There was no difference in V; or ventilatory
responses at peak exercise between the two groups.

Effects of Obesity Versus OSA on Cardiopulmonary Exercise
Function

Effects of OSA versus obesity on cardiopulmonary function
are summarized in Table 4. When corrected for BMI z-score,
children with OSA still had cardiovascular dysfunction during
exercise, with a significantly lower V./MVYV, HR, SVI, Q, QI
and VO,peak than children without OSA. When corrected
for BMI z-score, Q at peak exercise capacity in children with
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Table 3—Cardiac output at peak exercise capacity for children with and
without obstructive sleep apnea

No OSA OSA
Variable (n=28) (n=39) P value
Q (L/min) 10 5(1.3) 8 9(1.5) <0.001
QI (L/min/m?) 3(1.9) .0(1.8) <0.001
SV (mL) 61 7(9.8) 56 (8) 0.06
SVI (mL/m?) 48.2 (9.6) 37.8 (10.1) <0.001
HR (bpm) 173 (21) 159 (18) 0.006

OSA, obstructive sleep apnea; Q, cardiac output; Ql, cardiac index; SV,
stroke volume; SVI, stroke volume index; HR, heart rate; n, number of
participants involved in analysis. All unadjusted data are expressed as
mean (standard deviation). P values were obtained from independent
t-test analysis. P < 0.05 was considered significant.

and without OSA was 9.0 + 0.2 L/min and 10.4 £ 0.3 L/min
(P =0.001). This impaired Q at peak exercise was associated
with a SVI 4.5 mL lower (95% CI -8.2 to -0.8 mL; P < 0.05)
and a HR response 14.9 bpm less (95% CI -26.2 to -3.6 bpm;
P =0.01) than those without OSA. VO, peak for children with
and without OSA was 22.22 mL/kg/min and 27.33 mL/kg/min
(P=0.02).

Conversely, when exercise function was corrected for OAHI,
obesity was only associated with a deceased RQ and VO, peak
(Table 4). Differences in VO, peak between healthy-weight and
obese children were only seen if VO, peak was expressed ‘per
kilogram’ (31.31 mL/kg/min and 18.83 mL/kg/min, respec-
tively; P < 0.001). Pulmonary and cardiovascular function
was not different between healthy-weight and obese children
(results not shown).

Determinants of Exercise Function

Significant correlations among anthropometric, sleep, and
cardiopulmonary function variables indicated that exercise
function was inversely associated with weight status, central
obesity, OSA severity, arousals, intermittent hypoxia, and HR
during sleep. Specifically, RQ correlated with BMI z-score and
WHtR. HR, SVI, Q, and VO,peak at peak exercise capacity
correlated with BMI z-score, OAHI, the respiratory arousal
index, and hypoxia during sleep (Figure 1). SVI, HR and
VO, peak at peak exercise capacity also correlated with WHtR,
and mean HR during sleep.

After multiple regression modeling (Table 5), OSA severity
(i.e., OAHI) was not a strong predictor of cardiac output or
exercise function. Instead, physical conditioning was strongly
dependent on BMI z-score, and cardiac function was most
dependent on BMI z-score, sleep efficiency, the respiratory
arousal index, hypoxia, and HR during sleep. The strongest
predictor for RQ was BMI z-score. Peak cardiac output was
most dependent on the respiratory arousal index. The strongest
model to predict cardiac output’s response from rest to exercise
included BMI z-score and mean HR during total sleep time. The
strongest model to predict SVI at peak exercise included BMI
z-score and sleep efficiency. The strongest model to predict HR
at peak exercise capacity included nadir SpO, in non-rapid eye
movement (NREM) sleep. The strongest model to predict HR
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Table 4—Cardiopulmonary function at peak exercise capacity between groups: A: healthy weight versus obese (adjusted for obstructive apnea-hypopnea
index) or B: obstructive sleep apnea versus non obstructive sleep apnea (adjusted for body mass index z-score).

A B
Healthy weight Obese No OSA 0SA
Variable (n=27) (n=35) P value (n=24) (n=38) P value
RQ 1.09 (0.02) 1.03 (0.01) 0.003 1.07 (0.02) 1.05 (0.01) 0.20
VEIMW 0. 49 (0.03) 0. 50 (0.03) 0.56 (0.03) 0.45(0.03) 0.04
Q (L/min) 9(0.3) 3(0.3) 0.18 10 4(0.3) 9.0(0.2) 0.001
QI (L/min/m?) 6(0.3) 5(0.2) <0.001 6(0.3) 6.4 (0.2) 0.001
SVI (mL/m2) 51 2 (1.5) 34 7(1.3) <0.001 44 6 (1.4) 40.1 (1.1) 0.02
HR (bpm) 169 (4) 161 (3) 0.15 171 (4) 160 (3) 0.05
VO,peak (L/min) 1.09 (0.08) 1.22 (0.07) 0.20 1.30 (0.08) 1.14 (0.07) 0.13
VO,peak (mL/kg/min) 31.31 (1.44) 18.83(1.23) <0.001 27.33 (1.58) 22.22 (1.21) 0.02

Analysis of covariance was performed. Only significant results are shown. Nonsignificant results are not shown. Analysis of obesity effects on cardiopulmonary
exercise variables were corrected for obstructive apnea-hypopnea index. Analysis of OSA effects was corrected for BMI z-score. Data are expressed as
estimated mean (standard error). P values were obtained from analysis of covariance between obese versus healthy weight groups, or OSA versus no OSA
groups. P < 0.05 was considered significant. OSA, obstructive sleep apnea; RQ, respiratory quotient; RQ, VCO,:VO,; V¢, minute ventilation; MVV, maximum
voluntary ventilation, MVV = FEV, x 357 V.//MVV, dyspnea index; Q, cardiac output; Ql, cardiac index; SVI, stroke volume index; HR, heart rate; VO,peak,
oxygen consumption at peak exercise capacity; n = number of participants involved in analysis.

response from rest to peak exercise included BMI z-score and
mean HR during REM sleep. The strongest model for VO, peak
included WHtR and the HR response to exercise.

DISCUSSION

This study is the first to assess the relative contributions of
OSA and obesity to exercise function in children. Regardless of
weight status, OSA was independently associated with exercise
dysfunction in children, and this was attributable to cardiovas-
cular dysfunction. Specifically, at peak exercise capacity, chil-
dren with OSA have a lower HR, stroke volume index, cardiac
output, and VO, peak than those without OSA. Furthermore,
obesity and OSA had compounded effects on exercise capacity,
more than either obesity or OSA alone.

The Effect of OSA on Cardiopulmonary Function During Exercise

The most significant outcome from this study was that cardiac
output at peak exercise is affected by the presence of OSA in
children. No equivalent data exist in children, but research in
adults have demonstrated impaired cardiovascular performance
is linked to OSA, although the mechanism remains debated,
with possibilities including lower stroke volume at peak exer-
cise® and lower peak HR.3*** Przybylowski et al. reported peak
HR was not significantly different between patients with mild
to moderate or severe OSA,*® but our subject numbers did not
allow this analysis. Of interest, the HR characteristics we found
in children are similar to the pattern of change seen in adult
patients with heart failure where HR at baseline is equivalent
but at peak exercise capacity it is significantly lower for those
with chronic heart failure compared with healthy controls.?!
This pattern suggests a significant role of the sympathetic
nervous system.

There was an independent effect of OSA on VO, peak. The
magnitude of reduction in VO,peak in children with OSA is
similar to that seen in children with congenital heart disease
compared with age- and sex-matched controls.’” Results from
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Figure 1—The effect of obesity and obstructive sleep apnea (OSA) on
oxygen consumption at peak exercise capacity (VO,peak). The results
are displayed as estimated marginal means. Covariates appearing in the
model are evaluated at the following values: Obstructive apnea-hypopnea
index = 8.9 h*' and body mass index z-score = 1.14.

adult studies vary, with some showing no differences,**-*

whereas others report that OSA is associated with lower
VO,peak in a dose-dependent manner.¢® Results from Lin
et al. is consistent with our study results, whereby they reported
adults with OSA had a mean VO,peak of 21.64 mL/kg/min
compared to 30.10 mL/kg/min for those without OSA.%
V/MVV is a ratio used to describe how much breathing
reserve an individual has when peak exercise capacity is
achieved. For example, a V.,/MVV of 0.70 indicates that the
individual has used 70% of his or her breathing capacity at
peak exercise (and they have 30% in reserve). We found that
children with OSA had a lower V;/MVYV, and thus a greater
breathing reserve at peak exercise capacity than those without
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AHR, change in heart rate from rest to peak exercise capacity.

Table 5—Regression models involving anthropometric and sleep variables to predict cardiopulmonary

RQ, respiratory quotient at peak exercise capacity, RQ = VCO,:VO,; BMI, body mass index; SVIpeak,
stroke volume index at peak exercise capacity; HRpeak, heart rate at peak exercise capacity; SpO,,
pulse oximetry; NREM, nonrapid eye movement sleep; HRchange, change in heart rate from rest to
peak exercise capacity; HR, heart rate; REM, rapid eye movement; Qpeak, cardiac output at peak
exercise capacity; Qchange, change in cardiac output from rest to peak exercise capacity; TST, total
sleep time; VO,peak, oxygen consumption at peak exercise capacity; WHtR, waist to height ratio;

This study reinforces the concept that
physical decondition is associated with

function. obesity and not OSA. Compared with
Variable Equation R? healthy-weight children, obese children
RQ 1.078 - (0.021 x BMI z-score) 0.151 had a lower respiratory quotient at peak
SVipeak (MLim?) 26331 — (5.464 x BMI z-score) + (0.262  sleep efficiency) 0685 exercise capacity. In particular, this study
HRpeak (bpm) 76.786 + (0.991 x nadir SpO, in NREM) 0.118 showed the respiratory quotient was
HRchange (bpm) 147457 - (6.121 x BMI z-score) - (0.862 x HR in REM) 0322 dependent on BMI z-score and waist-
Qpeak (Limin) 9.893 - (0.091  respiratory arousal index) 0.145 to-height ratio, .md“l’atmg that physical
Qchange (L/min) 9806 — (0.501 x BMI z-score) — (0.058 x HR during TST)  0.324 :zzorc‘g:ft‘gf“;%e;i tyre ?:t}ffli drt;’n bvz‘iit{l Ig;f:
VO, peak (mL/kg/min) 40,247 - (44.205 x WHIR) + (0130 x AHR) 0.524 achieved similar respiratory quotients at
VO, peak (L/min) 0.230 + (0.097 x BMI z-score) + (0.090 x Qpeak) 0.190

peak exercise capacity as weight-matched
children without OSA.

Giordano et al. found that cardiac
output at peak exercise is not affected
by obesity®'; however, when indexed for
body surface, cardiac index and stroke
volume index were significantly lower in
obese compared to healthy weight chil-
dren. Correcting cardiovascular func-

OSA. This supports the notion that pulmonary function is not
a limiting factor for children with OSA, and instead, as our
other assessments of cardiac output suggest, the limitations
were more likely to be cardiac in nature. The only equivalent
studies available were undertaken in adults, in whom results
are inconsistent, although some show the same pattern as in
children.>*>

The difference in exercise function occurred despite equiva-
lent reported hours of organized sport and physical activity per
week, and equivalent modified ESS scores in the children with
or without OSA. The peak exercise capacity in those with OSA
was 14 watts lower than those without OSA (95% CI -28.8 to
0.7 watts, P = 0.06). At peak workload, there was no differ-
ence in the respiratory quotient or the degree of perceived exer-
tion between groups; these findings are similar to adult-based
studies that report no difference in peak workload>** or the
degree of perceived exertion™ between adults with and without
OSA.

The Effect of Obesity on Cardiopulmonary Exercise Function

Obese children achieved peak exercise capacity at a lower
respiratory quotient and had a lower VO, peak (per kilogram),
indicating fatigue and physical deconditioning. Rowland et al.
also found that obese children ceased exercise at a lower respi-
ratory quotient although the children in their study had higher
absolute VO, peak.*> Other studies of obese children having
low VO, peak® report VO, peak as per kilogram, which adjusts
VO,peak for total body mass including fat mass and fat-free
mass. This allows bias, predisposing obese children to an arti-
ficially poorer outcome.®® Nonetheless, we found that weight
status, not OSA, alters physical conditioning. Obese children
are predisposed to a higher VO, peak (i.e. L/min) because they
have a larger left ventricle, stroke volume, and thus cardiac
output than healthy-weight children.*> However, correcting
VO, peak for total body mass (i.e. mL/kg/min; fat mass and fat-
free mass) can skew aerobic function for obese children as fat
mass does not metabolize oxygen.
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tion for body surface area is common,
but doing so obscures the effect of obesity on cardiac output
and stroke volume.®> Our study found obesity does not affect
cardiac output at peak exercise capacity.

Correlations and Proposed Mechanisms Between Sleep,
Anthropometry, and Exercise Function

The major influences on cardiovascular function and
VO, peak were weight status, central obesity, cortical arousals,
hypoxia and mean HR during sleep. VO, peak (mL/kg/min) is
dependent upon the HR response to exercise and is inversely
associated with central obesity.

Oxygen consumption and aerobic metabolism are regulated
by three mechanisms: (1) ventilation, (2) cardiac output, and
(3) metabolism in the mitochondria.'”* Because OSA was not
linked to any impairment of ventilation or ventilatory responses
to exercise, the decreased VO, peak must be a consequence of
cardiovascular or mitochondrial dysfunction. In adult literature,
the low VO, peak is attributed to the down regulation of cardiac
beta-receptors or an altered baroreflex set-point.** A second
hypothesis is that OSA impairs aerobic metabolism in muscle
tissue as an adaptive measure to nocturnal hypoxia.®6

Our findings suggest that cardiovascular function is the major
limiting factor for exercise in children with OSA. OSA in chil-
dren has been linked to increased sympathetic activity at rest
and a blunted response to stress,'! resulting in increased secre-
tion of adrenaline and noradrenaline'>% that correlates with AHI
and nadir SpO,."*'* Catecholamines were not measured in this
study, but elevated catecholamine concentrations at rest may
be associated with a blunted sensitivity response to stress, thus
impairing the HR and cardiac output’s response to exercise.

An interesting finding was that cortical arousals may be
more influential than hypoxia because the respiratory arousal
index correlated highly with cardiac output at peak exercise
capacity. This hypothesis is supported by our results, whereby
healthy-weight children with mild OSA had a significantly
higher arousal index but their nadir SpO, was not significantly
different from that of weight-matched children without OSA
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(results not shown). The concept that cardiovascular activity is
influenced by arousals and cortical activity is also supported by
O’Driscoll et al.,” who reported that the surge in HR activity
immediately after obstructive events during sleep correlates
with subcortical arousals and not oxygen desaturation.

Impaired cardiac output response to stress may also be a
consequence of hypoxia during sleep as other research has
shown that individuals have a blunted HR response when
exposed to hypoxic environments. For instance, individuals
exposed to high altitude conditions have an elevated resting HR
and a decreased peak HR.®® Lundby et al. compared cardiopul-
monary exercise tests at sea level and at high altitude (highest
elevation 6,300 m).* With increasing altitude, workload and
peak HR significantly decreased from 191 + 3.3 bpm at sea
level to 165 + 1.3 bpm at 6,300 m altitude with no change in
adrenaline, noradrenaline, or lactate concentrations from sea
level to altitude.

There are several limitations to this study. Although the
study was performed at a tertiary pediatric hospital over 2.5
years, it was difficult to identify healthy-weight children with
OSA, and obese children without OSA between age 7-12 y. A
second limitation was the difficulty recruiting nonsnorers and
our ‘no OSA’ group included snorers without OSA but the small
study numbers did not permit comparisons between snorers
and nonsnorers without OSA. Only children who successfully
completed the exercise test were included in the analysis, so
some children were excluded because they could not reach the
pedals, became too anxious during the exercise test, or could
not ride a bike. Surprisingly, a number of children had never
ridden a bike prior to this study and were excluded because of
this. No child required a bronchodilator following the exercise
test, but no child repeated spirometry after the test to formally
exclude exercise-induced asthma.

This is the first study to evaluate cardiac output during exer-
cise in children with OSA and to evaluate whether exercise
dysfunction in obese children is influenced by the presence of
OSA. Obesity and OSA were found to be independently linked
to exercise restriction in children. Obesity reduces a child’s exer-
cise tolerance because they have to carry a heavier body mass
and are physically deconditioned. Our hypothesis that OSA
reduces a child’s exercise capacity through a blunted cardiac
response to stress is supported by our findings that these chil-
dren have reduced peak HR, stroke volume index, and cardiac
output at peak exercise capacity compared to those without
OSA. Both conditions also independently reduce VO,peak.
Thus, children who are obese and have OSA are more exercise
limited and have a lower cardiac output and VO, peak than chil-
dren who have OSA or obesity. Longitudinal research is needed
to evaluate if these findings translate into risk for early cardio-
vascular disease.
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