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Study Objectives: To quantitatively assess daytime autonomic cardio-
vascular control in pediatric subjects with and without obstructive sleep
apnea syndrome (OSAS).

Design: Respiration, R-R intervals, and noninvasive continuous blood
pressure were monitored in awake subjects in the supine and standing
postures, as well as during cold face stimulation.

Setting: Sleep disorders laboratory in a hospital setting.

Participants: Ten pediatric patients (age 11.4 + 3.6 years) with moder-
ate to severe OSAS (obstructive apnea-hypopnea index = 21.0 + 6.6/
h) before treatment and 10 age-matched normal control subjects (age
11.5 £ 3.7 years).

Measurements and Results: Spectral analysis of heart rate variability
revealed that high-frequency power was similar and the ratio of low- to
high-frequency power was lower in subjects with OSAS vs control sub-
jects. The closed-loop minimal model allowed heart rate variability to be
partitioned into a component mediated by respiratory-cardiac coupling
and a baroreflex component, whereas blood pressure variability was

assumed to result from the direct effects of respiration and fluctuations
in cardiac output. Baroreflex gain was lower in subjects with OSAS vs
control subjects. Under orthostatic stress, respiratory-cardiac coupling
gain decreased in both subject groups, but baroreflex gain decreased
only in controls. The model was extended to incorporate time-varying
parameter changes for analysis of the data collected during cold face
stimulation: cardiac output gain increased in controls but remained un-
changed in OSAS.

Conclusions: Our findings suggest that vagal modulation of the heart
remains relatively normal in pediatric subjects with OSAS. However,
baseline cardiovascular sympathetic activity is elevated, and reactivity
to autonomic challenges is impaired.
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ALTHOUGH OBSTRUCTIVE SLEEP APNEA SYNDROME
(OSAS) OCCURS QUITE FREQUENTLY IN THE PEDIAT-
RIC POPULATION, WITH A PREVALENCE RATE OF 1 TO
3% in preschool-aged children,! the cardiovascular consequenc-
es of OSAS in children have been less extensively studied, com-
pared with the adult form of sleep-disordered breathing. Most
studies have suggested a causal link between OSAS and cardio-
vascular disease in adults,>* primarily in the form of systemic
hypertension, myocardial infarction, and stroke. Cardiovascular
disease has also been reported to occur in children with severe
OSAS, but the more common manifestations are pulmonary hy-
pertension; compromised right ventricular function, including
cor pulmonale; and congestive heart failure.>® The cumulative
evidence in adults suggests that autonomic dysfunction, in the
form of reduced parasympathetic activity and elevated sympa-
thetic tone, plays an important role in mediating the link between
OSAS and cardiovascular disease.>* In contrast, the chronic
effects of OSAS on autonomic function in children have been
little studied.® In this study, we hypothesize that the autonomic
nervous system is also adversely affected in pediatric OSAS but
that the relative impact on the parasympathetic and sympathetic
branches differs from what occurs in adults.
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In recent years, it has become increasingly popular to em-
ploy spectral analysis of heart rate variability (HRV) as a
simple and cost-effective tool for noninvasive assessment of
autonomic function.” The power of the HRV spectrum in the
frequency range of 0.15 to 0.4 Hz, referred to as high-frequency
power (HFP), is frequently taken to quantify vagal tone. On
the other hand, HRV power from 0.04 to 0.15 Hz, referred to
as low-frequency power (LFP), has been shown to refect both
sympathetic and parasympathetic activity.® The ratio (LHR)
between LFP and HFP is therefore known as representing an
index of sympathovagal balance? with a higher LHR imply-
ing a shift toward sympathetic dominance, a decrease in vagal
tone, or both.® The underpinnings of HRV spectral analysis are
derived largely from the 1975 study of Katona and Jih,*® which
demonstrated, in an animal preparation, a linear relationship
between respiratory-related fuctuations in R-R intervals (RRI)
and vagal fring rates. Studies using HRV for autonomic-func-
tion assessment often overlook the fact that this key observation
and the other validation fndings that followed were obtained
under conditions in which respiration was relatively well con-
trolled. However, it has been shown that changes or differences
in breathing frequency, tidal volume, or ventilatory pattern can
signifcantly confound the interpretation of autonomic activity
that one derives from HRV spectral analysis.*>** Some inter-
ventions that increase sympathetic drive also lead to increases
in LFP of blood-pressure variability (BPV).8 Thus, the power
of low-frequency BPV oscillations has been proposed by some
to represent a quantitative index of sympathetic modulation of
the peripheral vasculature. At the same time, however, there are
other observations that do not support this view.®
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Table 1—Participant Characteristics

Control subjects Subjects with OSAS
Participant Age,y BMI, kg/m? Sex Participant Age,y BMI, kg/m? AHI Sex
N1 12.3 22.7 M 01 10.2 23.0 11 F
N2 9.9 16.8 M 02 111 21.8 14 F
N3 8.2 17.7 F 03 10.2 24.6 8.3 F
N4 10.2 184 F 04 10.5 30.8 52 M
N5 15.6 22.3 M 05 114 15.7 16 M
N6 16.7 20.2 F 06 10.1 17.9 15 F
N7 115 17.8 M o7 14.0 26.4 30 F
N8 8.3 16.8 M 08 12.0 33.3 49 F
N9 115 155 F 09 10.7 31.0 10 M
N10 114 14.9 M 010 14.1 33.1 5 F
Mean 115 18.3 Mean 11.4 25.8 21.0
SEM 3.7 5.8 SEM 3.6 8.1 6.6
Note: BMI refers to body mass index; AHI, apnea-hypopnea index, the number of apneas and hypopneas per hour of sleep.

To circumvent the limitations associated with spectral analy-
sis of HRV or BPV, we have developed an alternative approach
for noninvasive assessment of autonomic function. This ap-
proach employs a closed-loop model that relates HRV to res-
piration and BPV and relates BPV to changes in heart rate and
respiration. The model has been validated in a number of studies
on adult subjects with OSAS and normal control subjects under
a variety of conditions.’**" For instance, our group has shown
that continuous positive airway pressure therapy in subjects
with OSAS leads to improved autonomic function, as refected
in cardiovascular variability.** In another study, we showed that
autonomic control is impaired in subjects with OSAS during
both wakefulness and sleep.'>1® We recently extended the mod-
el so that temporal changes in the parameters can be estimated
when data are collected under time-varying conditions, such as
during arousals from sleep.1"1¢

In this study, we applied both the original and time-varying
versions of the closed-loop model to assess cardiovascular au-
tonomic control in pediatric OSAS under conditions of altered
orthostatic stress and cold face stimulation (CFS). Changing
posture from supine to standing is known to increase sympa-
thetic drive and decrease vagal tone. The CFS test activates the
diving refex, which produces an increase in systemic vascular
resistance via an elevation of peripheral sympathetic activity,
along with a concomitant bradycardia as a consequence of in-
creased vagal drive.’®® The combination of the 2 autonomic
tests thus allowed us to determine how the model parameters
would be affected by conditions in which vagal and sympathet-
ic activity are altered in opposite directions (orthostatic stress),
as well as in the same direction (CFS).

METHODS
Participants

Ten pediatric patients with moderate to severe OSAS (ob-
structive apnea-hypopnea index = 21 + 5.3/h) before treatment
and 10 normal control subjects were recruited. The normal con-
trol subjects were selected only if the subject’s parents affrmed
that their child did not snore at all; subjects who snored oc-
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casionally were excluded and so were those who had a cold or
upper respiratory infection. Subjects in the OSAS group were
selected if their apnea-hypopnea index (AHI) was greater than
or equal to 5, based on the outcome of a prior polysomnograph-
ic study. Subjects with OSAS that was believed to be related to
craniofacial abnormality or genetic syndromes were excluded.
None of the subjects had a history of lung disease, cardiac ar-
rhythmia, congestive heart failure, or diabetes. They all were
screened with a pulmonary function test for abnormal lung me-
chanics; the result was negative in all subjects. The study was
approved by the Committee on Clinical Investigations (institu-
tional review board) of Childrens Hospital Los Angeles. Writ-
ten informed consent was obtained from the parents of each
subject before participation in the study. Assent was obtained
from the subjects themselves.

The average age of the OSAS group was 11.4 + 0.5 years,
and the subjects had a mean BMI of 25.7 + 2 kg/m?; the average
age of the control group was 11.5 £ 0.9 years, and the subjects
had a mean BMI of 18.3 + 0.8 kg/m? (Table 1). Thus, average
BMI was larger in the OSAS group versus the control group
(P = 0.007). All of the subjects with OSAS had overt tonsillar
hypertrophy. Table 2 summarizes the results of the polysomno-
graphic studies performed on the subjects with OSAS prior to
the start of this research study.

Experimental Procedures and Data Preprocessing

The experimental protocol consisted of 3 parts: (1) spontane-
ous breathing in the supine posture for 15 to 20 minutes (base-
line condition); (2) spontaneous breathing during standing for
15 to 20 minutes (orthostatic stress); and (3) (CFS, after the
participant rested for 3 minutes in supine wakefulness, a gel
pack (cooled to 0°C) was placed on the participant’s forehead
for 1 minute and was subsequently removed while recording
continued for another 5 minutes. During the experiments, non-
invasive continuous blood pressure (using a Model 7000 arte-
rial wrist tonometer, Colin Medical Instruments, San Antonio,
TX), electrocardiogram (by 3-lead electrocardiogram, BMA-
831 bio-amplifer, CWE, Ardmore, PA), and respiratory air fow
(by pneumotachometer, model 3700, Hans Rudolph, Kansas
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Figure 1—Closed-loop minimal model of autonomic cardiovas-
cular control.

City, MO) were recorded. Blood pressure and electrocardio-
gram were sampled at 200 Hz, and airfow was sampled at 20
Hz. RRIs were extracted from the electrocardiogram. Systolic
(SBP) and diastolic (DBP) blood pressure were extracted on a
beat-by-beat basis. Instantaneous lung volume (ILV) was de-
rived by integrating the respiratory airfow signal. Finally, each
signal was linearly detrended and uniformly resampled at 2 Hz
using an algorithm similar to that of Berger et al.#

Modeling and Parameters Estimation

To determine how changes in ILV (A)) and fuctuations in
SBP (ASBP) dynamically produce fuctuations in RRI (ARRI),
we employed a closed-loop model structure similar to that pub-
lished by Belozeroff et al.** This model was used to analyze the
data collected from the subjects under relatively stable and sta-
tionary conditions in the supine and standing postures. To cap-
ture the dynamics of the transient changes that occurred during
and immediately following CFS, the assumption of stationarity
was relaxed to allow the model parameters to be time varying.

In the model (Figure 1), ARRI were assumed to be medi-
ated autonomically by the arterial barorefex (ABR) and from
respiratory-cardiac coupling (RCC). The latter represents the
primary mechanism for the respiratory modulation of heart rate,
commonly termed the respiratory sinus arrhythmia. Fluctua-
tions of SBP were assumed to be infuenced by changes in in-
trathoracic pressure that result from respiration (labeled DER
for direct effects of respiration) and by variations in cardiac out-
put governed by the Frank-Starling and Windkessel runoff ef-
fects. A new variable, the surrogate cardiac output (SCO), was
defned in the following way: at beat #,

SCO(n) = PP(n) / RRI(n) 1)

where PP(n) = SBP(n) — DBP(n).

We defned the circulatory dynamics (CID) component of the
model as the transfer function relating ASCO as the input to ASBP
as the output. Thus, we consider CID to be largely representative
of the combined impedance properties of the heart and systemic
vasculature. The DER impulse response represents the dynamics
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Table 2—Summary of Polysomnography Results in the OSAS
Group
Sleep Parameter Mean SD Range
Sleep time, min 330.0 63.2 211.0-411.0
Sleep latency, min 19.5 194 5.0-61.7
Sleep effciency, % 86.1 11.0 63.0-96.0
Sleep stage, %

1 8.6 7.5 3.0-12.0

2 42.6 111 22.0-8.5

Ya 30.6 135 9.0-2.0

REM 16.8 5.6 10.0-6.4
AHI, events/h 21.0 16.9 5.0-52.0
Minimum o, saturation, %  89.2 6.7 76.0-95.0
Total arousal index, events/h 8.5 4.6 4.1-16.6
Spontaneous arousal

index, events/h 7.5 5.0 1.6-15.0

NOTE: OSAS refers to obstructive sleep apnea syndrome; REM,
rapid eye movement sleep; AHI, apnea-hypopnea index.

of the transmission between respiratory fuctuations and fuctua-
tions in SBP; this could include the mechanical transmission of
intrathoracic pressure to arterial blood pressure as well as the di-
rect effect of respiration on stroke volume via respiratory-driven
sympathetic modulation of heart contractility.?

The above modeling considerations are characterized by the
following equations:

ARRI(t) = EhRCC (tr i) - Av(‘ —i- Tree ) + EhABR (tr i) - ASBP(t —-i- TABR)+ ZRRI (t) (2)
ASBP(t=3 hop(t,)- ASCO(t-i~Tep) + 3 hoga(t)- AV(E—i) + £4an (0 A3)
i=0 i=0

In Equation (2), h...(t) and h,_(t) represent the impulse re-
sponses that characterize the dynamics of the RRC mechanism
and the barorefexes, respectively. h, () quantifes the time
course of the change in RRI resulting from an abrupt increase in
SBP of 1 mm Hg. h__(t) represents the time course of the fuc-
tuation in RRI following a very rapid inspiration and expiration
of 1 liter of air. In Equation (3), h.,(t) and h__.(t) represent the
impulse responses that characterize the circulatory dynamics
and the direct effects of respiration on SBP, respectively. These
impulse responses were assumed to persist for a maximum du-
ration of M sampling intervals, each sampling interval being 0.5
seconds. Based on the lengths of our datasets and preliminary
analyses, we found 50 to be a suitable value for M.

Because a closed-loop structure was inherent in the model,
it was necessary to impose causality constraints in an explicit
fashion during the parameter estimation procedure. Based on the
results of a previous study, Belozeroff et al.,** a minimum value
of 1.5 seconds was assumed for T, refecting the fact that laten-
cies are present in the baroreception process. T, was set to 0.5
seconds to ensure that a change in the cardiac output of the cur-
rent heart beat can affect the blood pressure of the next beat and,
thus, SBP only in the following beat (Starling effect). It has also
been reported'“*>that there is an apparent noncausal relationship
between V(7) and RRI(z), in which changes in heart rate precede
changes in lung volume. Thus we allowed T, to assume nega-
tive values. Finally, for DER dynamics, we allowed for the pos-
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Figure 2—Effects of orthostatic stress on the spectral indices of heart rate variability (HFP
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sibility that the mechanical effect of respiration on blood pressure
could be virtually instantaneous; hence, no delay was assumed
in this case. € (t) and €. (t) represent the discrepancy (error)
between the model predictions and the corresponding RRI and
SBP measurements, respectively, refecting those aspects of the
data that are not explained by the model.

The Meixner expansion of kernels technique® was used to
estimate the unknown impulse responses h__., h,.., h.., and
hoer- The least-squares minimization procedure was repeated
for a range of values for the delays (t,,, and T ...), the order
of generalization (n from 0 to 5), and Meixner function orders
(0,r and g, from 4 to 8). For each combination of delays, the
order of generalization and Meixner function orders—a metric
of the quality of ft, known as the “minimum description length”
(MDL)—was computed.?* Selection of the optimal candidate
model was based on a global search for the minimum MDL;
in addition, this optimal solution had to satisfy the condition
that the cross-correlations between the residual errors and past
values of the 2 inputs (AV(t) and ASBP(t)) were statistically
indistinguishable from 0. Details of the time-varying version of
this model are given in Appendix 1.

The estimation of the above impulse responses was improved
by increasing the orthogonality between the 2 inputs. This was
achieved by using an autoregressive model with exogenous in-
put (ARX model) to flter out the RCC from ASBP. Respiration
and the respiration-uncorrelated ASBP were used as dual in-
puts to the model, as represented in Equation (2). Subsequently,
the calculated h,, () was kept unchanged while estimation
of h_..(t) was repeated using the respiration and original (un-
orthogonalized) blood pressure inputs. This technique was also
applied to estimate h_(t) and h__.(t).

Once each model-component impulse response was estimat-
ed, the corresponding transfer function was computed by apply-
ing the fast Fourier transform for conversion to the frequency
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domain. Subsequently, the following descriptors were extracted
from each transfer function: (1) the overall dynamic gain (DG)
or the average transfer function magnitude between 0.04 and
0.4 Hz; 2) the high-frequency gain (HFG), the average transfer
function magnitude between 0.15 and 0.4 Hz; and 3) the low-
frequency gain (LFG), the average transfer function magnitude
between 0.04 and 0.15 Hz.

Other Calculations

For each dataset, the following descriptors were also calcu-
lated: (1) the mean values of RRI and SBP for the data segment
in question, (2) the spectral indices of HRV: HFP__ and LHR,
(3) and the FLP (LFP,.) of the SBP time course. The spectral
indices were computed using the Blackman-Tukey method of
spectral analysis.*®

Statistical Tests

For the orthostatic stress results, 2-way repeated measures
analysis of variance (ANOVA) was applied to each of the es-
timated model descriptors. The frst (unrepeated) factor was
Participant Group (control vs OSAS), whereas the other (re-
peated) factor was Condition (supine vs standing). If the 2-way
repeated measures ANOVA indicated signifcant differences in
the factors or their interaction, posthoc pairwise comparisons
were performed using the Holm-Sidak method. In CFS, the per-
centage change of each feature from pre-CFS (an average of 1
minute of feature before the test) was calculated. Subsequently,
2 minutes of the percentage change of each feature were aver-
aged every 5 seconds. Subsequently, 2-way repeated measures
ANOVA was performed in which 1 factor (unrepeated) was
Participant Group (control vs OSAS) and the other (repeated)
factor was Time from Start of CFS. These analyses were re-
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Table 3— Summary Cardiovascular Measures and Spectral Indices of Heart Rate and Blood Pressure Variability

Cardiovascular Supine? Standing? P Values
Measure Control OSAS Control OSAS Group Condition Group X
Condition
Mean RRI, ms 785+ 34.7 803.6+36.6" 580.6 +47.7° 601.2 + 31.2° 0.103 <0.001 0.079
Mean blood pressure, mm Hg
Systolic 1049+ 4.4 98.2+57 96.2+9.25 83.4+7.93 0.742 0.446 0.110
Diastolic 522+3.4 41.3+52 582+27 448+6.4 0.033 0.249 0.768
HFP_,, ms? 1430 £ 469 3321 +1438 3253+77.4 516+ 136° 0.192 0.018 0.274
LHR 1.6+0.5 0.39+0.13 3.73+0.68° 1.58+0.34° 0.002 0.002 0.296
LFP_,, (MmHg?) 48+2.1 82+26 17.88+6.33 32.37 £8.16° 0.168 <0.001 0.232

3Data are presented as mean £ SEM. OSAS refers to obstructive sleep apnea syndrome; see Appendx 2 for defnition of abbreviations.
"Signifcantly different from controls in the same condition. Signifcantly different from the same group in supine condition.

peated using only a subset of participants (Tablel, N1 to N7
and O1 to O7—ie, the control subjects with the lowest BMI and
the OSAS subjects with the highest BMI were rejected), who
were roughly matched for BMI (19.41 + 2.35 vs 22.89 + 5.07).
All statistical procedures were implemented using SigmaStat
for Windows software (SPSS; Chicago, IL).

RESULTS
Cardiovascular Responses
Orthostatic Stress

Table 3 summarizes the effects of postural change from su-
pine to standing on the mean values of RRI and blood pressure,
as well as the spectral indices of HRV and BPV. Mean RRI was
higher (or, equivalently, mean heart rate was lower) in subjects
with OSAS versus control subjects in both supine and standing;
however, in both groups, mean RRI decreased from supine to
standing. Mean SBP was not different between groups and did
not change with posture. However, mean DBP was lower in
subjects with OSAS relative to the control subjects. The power
of the high-frequency component of HRV (HFP__) displayed
a tendency to be higher in subjects with OSAS, but this differ-
ence was not statistically signifcant. On the other hand, LHR
was lower in subjects with OSAS (P = 0.002). Low-frequency
blood pressure variability, represented by LFP ., tended to be
higher in the subjects with OSAS, but this did not attain statisti-
cal signifcance.

Figure 2 shows the values of HFP__ and LHR in the indi-
vidual subjects, along with how each of these values changed
with orthostatic stress. In both subject groups, standing led to
a signifcant drop in HFP__ and an increase in LHR. It is clear
from Figure 2 that there was also substantial variability in HF-
P @nd LHR across subjects within each group.

Cold Face Stimulation

Figure 3 illustrates the group-averaged time courses for
RRI (top panel), SBP (middle panel), and ventilation (bottom
panel) exhibited by the control and OSAS subjects during ap-
plication of CFS. The time courses have been displayed in
terms of percentage changes from each subject’s baseline 1
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minute prior to application of the cold stimulus. Both subject
groups responded to CFS with a small but signifcant degree
of bradycardia, accompanied by a rise in SBP. Whereas the
control subjects showed a steady and substantial rise in SBP,
the time course of SBP in the subjects with OSAS was more
variable and displayed a dip back toward baseline in the mid-
dle of the CFS procedure. The total increase in SBP in the
subjects with OSAS at the end of the CFS was approximately
half as large as that in the control subjects. In both groups, the
ventilation time courses also displayed signifcant fuctuations
during CFS, thus underscoring the need to take into account
respiratory variability when using HRV or BPV for autonomic
assessment purposes.

Changes in Minimal Model Parameters
Orthostatic Stress

The average values of the descriptors derived from the es-
timated-model component-transfer functions are displayed in
Table 4. There were no differences in RCC gains between the
subject groups; in both groups, standing led to signifcant reduc-
tions in all RCC gains. Barorefex low-frequency gain (LFG )
and overall dynamic gain (DG ) were lower in subjects with
OSAS relative to control subjects in both postures. As well, all
parameters related to barorefex gain decreased with change of
posture from supine to standing, but the reductions were small-
er in subjects with OSAS. There was no signifcant difference
between the DER gains estimated in subjects with OSAS versus
normal control subjects. However, both groups showed strong
increases in all DER gains when postural change was imposed.
Similarly, the CID gains were not different between subject
groups. However, in the control group, CID gain increased sub-
stantially with standing, while there was little or no change in
the corresponding gains in the subjects with OSAS.

Cold Face Stimulation

The group-averaged estimates of the time courses during
CFS for the model parameters, computed using the time-vary-
ing algorithm, are displayed in Figure 4. As in Figure 3, the
magnitude of changes in these time courses represent percent-
age changes from the average of the 1-minute period imme-
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% Changes in RRI

% Changes in SBP

diately prior to application of the cold stimulus. ABR gain
increased steadily during the CFS in both subject groups, dis-
playing no difference in time course. RCC gain also increased
in both groups during CFS and remained similar until after 30
seconds following the start of CFS, when this parameter in-
creased more rapidly in the control subjects. In contrast, CID
gain trended higher during CFS in the control subjects but
remained relatively unchanged in subjects with OSAS. DER
gain also increased progressively in control subjects during
CFS but became only slightly elevated above baseline in sub-
jects with OSAS.
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DISCUSSION

Comparison with Other Studies of Autonomic Function in
Pediatric OSAS

In contrast with the extensive literature that is available
on adult humans, few studies have investigated the effects of
OSAS on the autonomic nervous system activity in children. In
particular, none have examined autonomic function in OSAS
children in daytime wakefulness. Two studies?®? reported el-
evated blood pressure during overnight polysomnography, but



Table 4—Comparison of Estimated Model Parameters and Spectral Indices for All Participants (Control vs OSAS in the Supine & Standing
Positions)
Model Supine? Standing? P Values
Descriptors Control OSAS Control OSAS Group Condition Group X
Condition
RCC
LF 1.07+£0.2 1.2+0.3 0.62 £0.16 0.64 £0.11° 0.739 0.012 0.769
HF 1.48+0.2 1.6+04 0.63 £ 0.16° 0.74 £0.18° 0.631 0.003 0.970
OA 1.35+0.2 15+0.3 0.62 £0.15° 0.71 £0.15° 0.644 0.002 0.917
ABR
LF 0.033 £ 0.006 0.014 £ 0.002° 0.023 £ 0.004¢ 0.009 £ 0.002° 0.002 0.029 0.431
HF 0.028 £ 0.008 0.017 £ 0.006 0.012 £ 0.003 0.006 + 0.003 0.128 0.032 0.649
OA 0.029 £ 0.007 0.016 + 0.004 0.015 £ 0.003¢ 0.007 £ 0.003 0.031 0.026 0.590
DER
LF 0.039 £ 0.008 0.053 £ 0.011 0.10 £ 0.016¢ 0.10 £0.017¢ 0.702 <0.001 0.537
HF 0.032 £ 0.007 0.036 + 0.009 0.094 £ 0.013¢ 0.12 £ 0.025¢ 0.389 <0.001 0.402
OA 0.034 £ 0.007 0.041 £ 0.009 0.097 £ 0.012¢ 0.12 £0.021° 0.430 <0.001 0.590
CID
LF 2.08+0.3 3.2+03 3.19+0.73 2.69 £0.35 0.537 0.479 0.044
HF 14+0.2 20+0.3 2.80 £ 0.45° 2.24 £0.17 0.999 0.005 0.034
OA 1.6+0.2 24+03 2.92 £0.53¢ 2.38 £0.17 0.792 0.027 0.026
aData are shown as mean + SEM. OSAS refers to obstructive sleep apnea syndrome; see Appendix 2 for defnition of abbreviations. ®Signif-
cantly different from control subjects in the same condition. cSignifcantly different from the same group in supine condition.

another? found no difference in SBP between subjects with
OSAS and primary snorers, although DBP was signifcantly
higher in subjects with OSAS. Amin et al.?2 found no differ-
ence in SBP or mean arterial pressure among primary snorers or
those with mild OSAS and moderate to severe OSAS, but they
did fnd a signifcantly lower DBP in subjects with moderate
to severe OSAS. These apparent contradictions across studies
have arisen in part because of the small differences in blood
pressure between subjects with OSAS and control subjects, un-
derscoring the need for more sensitive (noninvasive) indicators
of autonomic function.

Aljadeff et al.® compared HRV during overnight sleep be-
tween pediatric subjects with OSAS and normal control subjects,
but the study focused on the acute effects of episodic apnea or
hypopnea on the beat-to-beat patterning of heart rate. Baharav
et al.** employed HRV spectral analysis to assess autonomic car-
diac control in children with OSAS and normal control subjects
in overnight sleep studies. They found normalized HFP__, to be
lower in the subjects with OSAS during rapid eye movement
sleep and during wakefulness just prior to sleep onset. LHR in
the subjects with OSAS was found to be higher relative to control
subjects during the period of wakefulness immediately before the
onset of sleep, slow-wave sleep, and rapid eye movement sleep.
In contrast, our study, conducted only in daytime wakefulness,
showed, in subjects with OSAS, that baseline (supine) LHR was
lower versus that of control subjects, whereas HFP ., was not sig-
nifcantly different. These results fall in contradistinction to what
has been reported in adults with OSAS'*> during wakefulness,
not to mention Baharav’s study, although the latter was carried
out during sleep. On the other hand, our fndings of a reduction
in HFP_, and increase in LHR with orthostatic stress within sub-
jects in both groups are consistent with the well-known decrease
in vagal drive and increase in sympathetic tone that accompany
postural changes from supine to upright.®® The increase in low-
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frequency blood-pressure oscillations, LFP_, that appeared in
both subject groups as a consequence of orthostatic stress is also
consistent with the shift toward sympathetic predominance that
accompanies standing. There are some possible explanations for
our unexpected fnding of a lower LHR and no signifcant differ-
ences in HFP__ in the OSAS group versus control subjects. The
frst and most straightforward interpretation is that the subjects
with OSAS have normal levels of vagal activity but decreased
sympathetic activity. This possibility seems quite unlikely and
would be totally inconsistent with what has been learned about
the chronic effects of intermittent hypoxia on the sympathetic
nervous system. As well, decreased sympathetic modulation does
not always imply reduced sympathetic tone. Indeed, it has been
shown that low-frequency modulation of heart rate (and thus,
LHR) can become virtually undetectable in patients with severe
heart failure® or under conditions of severe exercise in normal
subjects,® even though sympathetic drive is known to be elevat-
ed. Indeed, employing HRV alone to assess autonomic tone has
been likened to using the height of waves to predict the depth of
the ocean at a given location.®® A second potential explanation for
our fnding is that the ventilatory patterns of some of the subjects
during the short ( < 20-min duration) periods of measurement
may have been affected by the highly controlled conditions of the
experiments, and these may have confounded the HRV spectral
indices of the subjects. For instance, we have shown that LHR
can be altered dramatically in a given subject depending on the
subject’s breathing rate and pattern.3* The third possibility, which
we consider to be the most likely explanation, is given below.

Changes in Minimal Model Parameters

The preceding section underscores some of the potential pit-
falls of relying solely on HRV spectral indices to draw con-
clusions regarding autonomic function. These issues are not
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Figure 4—Percentage change in ABR, RCC, CID, and DER gains during cold face stimulation (CFS). Circles and error bars represent group
mean = SEM. CFS started at time 0. See Appendix 2 for defnition of abbreviations.
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unique to the present study but have been raised in other studies
involving adult subjects.® A key problem with spectral anal-
ysis of HRV or BPV is that it only yields information about
the output (ie, Fuctuations in heart rate or blood pressure) of
the underlying system and provides little insight into the re-
fex mechanisms that may have contributed to the output. To
circumvent this limitation, we analyzed our measurements us-
ing a closed-loop minimal model of autonomic cardiovascular
control. The model enabled the characterization of the dynamic
interrelationships between various pairings of the key variables
(respiration, RRI, SBP) in play, hence providing invaluable
information about the underlying system that could not other-
wise have been obtained through univariate analyses of HRV or
BPV. The model-based approach also allowed us to dissociate
the confounding effects of respiration from other sources that
contribute to HRV and BPV.

Under baseline conditions, we found that barorefex (ABR)
gain was approximately half as large in subjects with OSAS
versus control subjects but that there were no differences in
the other minimal model parameters (Table 3). The RCC com-
ponent of the model represents the transfer function between
respiration and HRV. The similarity of RCC gain between the
control subjects and those with OSAS is therefore compatible
with our fnding of the lack of any difference in baseline HFP__,
between the 2 subject groups. This may be due to the fact that
there is a large reserve of parasympathetic tone in children that
decrease with aging.®

Since the barorefexes are known to be responsible for medi-
ating a signifcant fraction of the low-frequency oscillations in
HRV,®* the substantially reduced ABR gain that we have found
in the subjects with OSAS is consistent with our earlier fnding
of decreased LFP_, (and, thus, LHR) in these subjects. Blunted
barorefex sensitivity is found in patients with heart failure®
and in normal subjects during severe exercise,* coincident with
substantial reductions in LFP__ . Impaired barorefex sensitiv-
ity is also known to be associated with elevated sympathetic
drive.®” Thus, the reduced ABR gain found in our subjects with
OSAS is compatible with a high sympathetic tone in these in-
dividuals.

Orthostatic stress led to a signifcant reduction in RCC gain
in both groups, refecting a decrease in vagal tone due to pos-
tural change. ABR gain also decreased with orthostatic stress,
but the change was not as pronounced in the OSAS group, since
this gain was already low in the supine condition. DER gain in-
creased from supine to standing in both subject groups, whereas
CID gain increased with orthostatic stress in only the control
subjects. These fndings are consistent with a reduced sym-
pathetic reactivity to postural change, along with an elevated
baseline level of sympathetic tone in subjects with OSAS.

Adjustment for Potential BMI Effects

We considered the possibility that the larger average BMI of
the subjects with OSAS may exert a confounding infuence on
the results displayed in Table 3. To counter this potential prob-
lem, we eliminated 3 subjects with OSAS who had the largest
BMI, as well as 3 control subjects with the lowest BMI. This
reduction of the outliers in each group helped to make the re-
maining groups roughly matched in BMI. Values of the estimat-
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ed model parameters for the subsets of the 2 groups, following
adjustment for BMI, are shown in Table 4. As in the larger
sample set, RCC gains were not different between the groups
but decreased in both groups with postural change from supine
to standing. ABR gain remained signifcantly lower in subjects
with OSAS versus control subjects. DER gains increased with
standing in both groups. As was found in the larger sample,
CID gains increased with standing only in the control subjects
but not in the subjects with OSAS. These fndings suggest that
the differences predicted by our model are relatively robust and
not likely to be a consequence of the confounding infuence of
obesity.

Cold Face Stimulation

Cold face stimulation led to a similar degree of transient bra-
dycardia in both subjects with OSAS and control subjects, but
the responses were much more variable in those with OSAS.
Although CFS produced a robust increase in SBP in the control
subjects, the corresponding blood pressure response in the sub-
jects with OSAS was weaker and more variable. The ventilatory
responses also appeared to be different between subject groups
but varied considerably across subjects within each group.

By analyzing these responses within the framework of the
time-varying minimal model, we found that RCC and ABR
gains increased with CFS along time courses that were simi-
lar between the subjects with OSAS and control subjects. In
the model, BPV (ASBP) is assumed to be related to respiration
through the DER component, as well as to the fuctuations in
the ratio between pulse pressure and heart period (ASCO, see
Figure 2). Thus, total peripheral resistance and arterial compli-
ance are implicitly factored into the CID impulse response. We
found the assumption of time invariance for the CID kernel to
be a limiting factor, allowing the minimal model to account for
less than 60% of the total variance in ASBP. We reasoned that,
since total peripheral resistance is modulated by sympathetic
drive, which is time varying, allowing the CID gain to be time
varying would be 1 way of allowing the model to incorporate
this feature. By allowing the CID gain to vary with time, we
were able to substantially reduce the variance of the discrep-
ancies between the measured blood pressure measurements
and the model predictions to less than 25%. Low-frequency
fuctuations were apparent in the estimated time-varying CID
gains (Figure 4), consistent with observations of low-frequency
fuctuations in sympathetic modulation of the peripheral vascu-
lature. Autonomic reactivity, as represented by the changes in
CID gain in response to CFS, is different between the groups.
In control subjects, CID gain increased with CFS, whereas, in
OSAS, CID gain remained unchanged or decreased slightly.

Our model-based analyses of the CFS responses suggest
that, although vagal reactivity remains relatively intact in pe-
diatric subjects with OSAS, cardiovascular sympathetic re-
activity is impaired. O’Brien and Gozal® concluded that the
sympathetic branch of the autonomic nervous system is ab-
normal in OSAS, but their results suggest that cardiovascular
sympathetic reactivity is overexpressed in OSAS, whereas our
fndings suggest a blunting of sympathetic reactivity. A po-
tential explanation for this discrepancy is that the autonomic
challenges that were employed in our studies and O’Brien’s
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were quite different: the latter group used a vital capacity sigh
or the cold pressor test to elicit peripheral vasoconstriction,
whereas, in our study, we used the CFS test, which elicits an
increase in vagal activity along with an increase in sympa-
thetic activity. However, our results on the effects of ortho-
static stress on CID gain are consistent with our fndings on
the effects of CFS, in that both indicate a blunted sympathetic
reactivity in the OSAS subjects.

Limitations of the Study

There are a number of limitations in this study. First, the sub-
jects in our control group were not studied by polysomnogra-
phy, and, thus, it is not possible to defnitively rule out occult
mild OSA in some individuals. However, we believe that the
presence of OSA in the control subjects is unlikely, since they
were selected only if the subject’s parents affrmed that their
child did not snore at all; we screened out subjects who snored
occasionally, as well as nonsnorers who had a cold or upper
respiratory infection. In a study involving more than 900 chil-
dren aged 8 to 11 years, Rosen at al*® found that snorers were
6.4 times more likely to have obstructive apnea of at least mild
severity (AHI > 1) as compared with nonsnorers. Moreover, if
we were to assume that some of the control subjects did have
mild OSAS, the fact that we found signifcant differences in
autonomic control between the 2 groups implies that these dif-
ferences would have remained in the same direction and would
have been even larger had the subjects with hypothetical mild
OSAS been properly screened out of the control group.

A second potential limitation is that subjects with different
etiologies of OSAS may exhibit different levels of autonomic
abnormalities. To minimize this possibility, we excluded from
our subject pool individuals who had OSAS related to cranio-
facial abnormality or a genetic syndrome. By including only
those subjects with OSAS who had overt tonsillar hypertrophy
and were otherwise healthy, a subset of whom were overweight,
we believe we limited the potential etiologies to the 2 most
common ones in childhood, which is representative of the clini-
cal population.

Conclusion

In summary, we employed spectral analysis of HRV and
BPV along with model-based analysis to compare baseline
autonomic function and autonomic reactivity in subjects with
OSAS with the corresponding results in normal control sub-
jects. The model-based analysis produced results that are com-
patible with the fndings deduced from spectral analysis, and
the former has proven to be useful in enabling us to better in-
terpret our measurements of HRV and BPV. Our present fnd-
ings suggest that parasympathetic activity remains relatively
normal in pediatric OSAS, but both baseline cardiovascular
sympathetic activity and reactivity to autonomic challenges
are impaired.
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APPENDIX 1
Estimation of the Model Impulse Responses

The stationary version of the model was used to analyze the
data collected from the supine and standing conditions. To cap-
ture the dynamics of the changes occurring during the cold face
stress test, this model was modifed to allow the model param-
eter to be time varying.

To reduce the number of parameters to be estimated, each of
the unknown impulse responses in Equation (2) was expanded as
the sum of several weighted Meixner basis functions (MBF):%

Gasr1

huee(t) = ZC}*BRBﬁ-”’(t) (A1)
IE
Grsa-1

hree(t) = ZCfcch"’(t) (A2)
7=

where the Bj(”>(t) represents the j-th order discrete-time or-
thonormal Meixner function with n-th order of generalization,
which determines how late the MBF will start to fuctuate, and
¢BRand ¢R°C are the corresponding unknown weights that are
assigned to Bj“‘)(t) in the ABR and RCC impulse responses, re-
spectively. MBF are a generalization of the discrete Laguerre
basis functions (LBF). First, the LBF were generated. Then, the
LBF were transformed to MBF.% The j-th order LBF is defned
as follows over the interval 0 < r < M-1:
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Ly(t) = o' (l-a) (A3a)
and
L) = NaLj-D+NaLs()-Lia(-1), 0<j<daer. Grsa  (A3h)

O,s @Nd g, represent the total number of Laguerre func-
tions used in the expansion of the ABR and RCC impulse
responses, respectively. In Equations (A3a) and (A3b), the pa-
rameter a (0 < a < 1) determines the rate of exponential decline
of the Laguerre functions, and is selected such that, for given
M, q,5,2and g, the values of the constructed impulse response
become insignifcant as ¢ approaches M. The orthogonal matrix
that transforms the LBF to the MBF can be expressed as

A =Xy 0 (A4)

where n=0,1,2,..., and Y is an upper band matrix given as
follows:

1 « 0 ... O
01 0

Y=(0 0 1 0 (A5)
000 .1},

and X® is an inversion of the Cholesky factorization of Y®™
{Ym}".
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Substituting Equations (A1) and (A2) into Equation (2), we
obtain, after some algebraic manipulation:

qrsa=l fq!
D e Cu ) + Z(;C,/-‘BR",-(’) + o) (AB)
J=

=0

ARRI(t) =

Whereuj(t) and vj(t) are new derived variables, defned as fol-
lows:

w(0) = DB AV(-i-Tyec) (A7)
v,(t) = MZ_IB;") (i) ASBP(t—i—7 ;) (A8)

Equation(A6) becomes the new linear relation with unknown
parameters ¢ (0 <j < (..) and ¢*** (0 <j<q,g,) that can be
estimated using least-squares minimization. However, note that
Equation (A6) contains far fewer unknown parameters ( q,.. +
Uper < < 2M) than Equation (2).

First, the least-squares minimization procedure described
above was repeated for a range of values for the delays (1, and
T..c)» the order of generalization (n from 0 to 5), and Meixner
function orders (q,,, and q,.. from 4 to 8). For each combina-
tion of delays, the order of generalization, and Meixner function
orders, a metric of the quality of ft, known as the “minimum
description length” (MDL), was computed (22). MDL was com-
puted as follows:

total number of parametersx log(M)

o (A9)

MDL = log(Jg) +

where J, is the variance of the residual errors between the
measured data and the predicted output. Note that MDL de-
creases as J,, decreases but increases with increasing model or-
der. Selection of the “optimal” candidate model was based on
a global search for the minimum MDL; in addition, this “opti-
mal” solution had to satisfy the condition that the cross-correla-
tions between the residual errors and past values of the 2 inputs
(AV(t) and ASBP(t)) were statistically indistinguishable from
zero. Once the optimal parameter values were determined, the
ABR and RSA impulse responses were computed using Equa-
tions (Al) and (A2).

Finally, the recursive least squares (RLS) algorithm was
used to estimate the autoregressive model coeffcients at each
time step. Basically, by using the RLS algorithm, the model
coeffcients were estimated by minimizing the residual, sum of
squared error between the model prediction and the data. To
make the results less sensitive to the remote past, the squared
error between the model prediction and the data (e) was weight-
ed as follows

11
Jy = Ae(t-i)
i=0

where A is a forgetting factor and 0 < A < 1. The optimum A
allows an RLS algorithm that has the fastest convergence and
the most robustness.

The RLS algorithm was applied to each data set multiples
time for A from 0.88 to 0.98. The A that minimized the mean
square error between the model prediction and the data was se-
lected.

(A10)
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APPENDIX 2
Table of Abbreviations

Symbol/Abbreviation
ABR

AHI

BMI

BP

CFs

CID

DBP
DER

ARRI(t)
ASBP(t)
ASCO(t)
AV(t)
h,oe(®
hoeo()
h.,5(t)
hoea(t)
HFP

RRI

LFP

RRI

LFP

SBP

LHR

MDL
RLS
RRI
RCC

SBP

ABR
RCC

CID

Explanation

Barorefex component of the model
Apnea-hypopnea index

Body mass index

Blood pressure (arterial)

Cold face test

Circulatory dynamics component
of the model

Diastolic blood pressure

Direct effects of respiration
component of the model
Fluctuation in RRI about the mean
level at time ¢

Fluctuation in SBP about the mean
level at time ¢

Surrogate cardiac output (ratio of
SBP(t)- DBP(t) to RRI(t))

Change in incremental lung volume
about the mean at time ¢

Impulse response function of the
ABR component

Impulse response function of the
RSA component

Impulse response function of the
CID component

Impulse response function of the
DER component

High-frequency power of RRI
variability

Low-frequency power of RRI
variability

Low-frequency power of systolic
blood pressure variability

Ratio of low-frequency power

to high-frequency power of RRI
variability

Minimum description length
Recursive least squares

R-R interval

Respiratory-cardac coupling
component of model

Systolic blood pressure

Latency associated with the
barorefex component of the model
Latency associated with the RCC
component of the model

Latency associated with the CID
component of the model
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