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IMPORTANCE Although pediatric guidelines have delineated updated thresholds for elevated
blood pressure (eBP) in youth and adult guidelines have recognized obstructive sleep apnea
(OSA) as an established risk factor for eBP, the relative association of pediatric OSA with
adolescent eBP remains unexplored.

OBJECTIVE To assess the association of pediatric OSA with eBP and its orthostatic reactivity in
adolescence.

DESIGN, SETTING, AND PARTICIPANTS At baseline of this population-based cohort study (Penn
State Child Cohort) in 2000-2005, a random sample of 700 children aged 5 to 12 years from
the general population was studied. A total of 421 participants (60.1%) were followed up in
2010-2013 after 7.4 years as adolescents (ages, 12-23 years). Data analyses were conducted
from July 6 to October 29, 2020.

MAIN OUTCOMES AND MEASURES Outcomes were the apnea-hypopnea index (AHI) score,
ascertained via polysomnography conducted in a laboratory; eBP measured in the seated
position identified using guideline-recommended pediatric criteria; orthostatic
hyperreactivity identified with BP assessed in the supine and standing positions; and visceral
adipose tissue assessed via dual-energy x-ray absorptiometry.

RESULTS Among the 421 participants (mean [SD] age at follow-up, 16.5 [2.3] years), 227
(53.9%) were male and 92 (21.9%) were racial/ethnic minorities. A persistent AHI of 2 or
more since childhood was longitudinally associated with adolescent eBP (odds ratio [OR],
2.9; 95% CI 1.1-7.5), while a remitted AHI of 2 or more was not (OR, 0.9; 95% Cl 0.3-2.6).
Adolescent OSA was associated with eBP in a dose-response manner; however, the
association of an AHI of 2 to less than 5 among adolescents was nonsignificant (OR, 1.5; 95%
Cl, 0.9-2.6) and that of an AHI of 5 or more was approximately 2-fold (OR, 2.3; 95% Cl, 1.1-4.9)
after adjusting for visceral adipose tissue. An AHI of 5 or more (OR, 3.1; 95% Cl, 1.2-8.5), but
not between 2 and less than 5 (OR, 1.3; 95% Cl, 0.6-3.0), was associated with orthostatic
hyperreactivity among adolescents even after adjusting for visceral adipose tissue. Childhood
OSA was not associated with adolescent eBP in female participants, while the risk of OSA and
eBP was greater in male participants.

CONCLUSIONS AND RELEVANCE The results of this cohort study suggest that childhood OSA is
associated with adolescent hypertension only if it persists during this developmental period.
Visceral adiposity explains a large extent of, but not all, the risk of hypertension associated
with adolescent OSA, which is greater in male individuals.
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ediatric hypertension clinical practice guidelines from

2017 have provided updated thresholds to ascertain the

presence of elevated blood pressure (eBP) and hyper-
tension in youth.! Furthermore, 2018 adult guidelines have rec-
ognized obstructive sleep apnea (OSA) as an established, fixed
risk factor for eBP and cardiovascular disease in middle age.?
Despite the association observed in cross-sectional studies be-
tween pediatric OSA and eBP,>* its longitudinal association
with eBP at later developmental stages is not well estab-
lished, likely owing to either short follow-up times, relying on
treatment studies, or the developmental transition
examined.>® It is necessary to understand this association to
establish early treatment strategies for OSA during critical de-
velopmental periods.

Evidence indicates that OSA in prepubertal children tends
toremit as children develop into adolescence, with remission
rates ranging from 40% to 70%.'°'> This natural developmen-
tal course may explain why the available longitudinal data as-
sessing the association between childhood OSA and eBPin ado-
lescence have reported mixed findings.®” In addition, obesity,
particularly increased visceral adipose tissue (VAT), appears
to play arole in the persistence and development of OSA in ado-
lescence. Visceral adipose tissue is a stronger correlate of ob-
structive apneas and hypopneas than body mass index (BMI)
percentile and is a key factor associated with pediatric OSA even
innormal-weight youth.!*!#162° It remains unknown whether
the association between OSA and adolescent eBP is indepen-
dent of VAT, a known risk factor for cardiovascular disease. In
addition, previous studies have indicated that vascular and car-
diac-autonomic reactivity during wake and sleep are impor-
tant outcomes of pediatric OSA.? Thus, orthostatic measures
of BP reactivity?"?* may be particularly able to identify car-
diovascular risk in youth with OSA.

The aim of this study was to assess the association of pe-
diatric OSA with adolescent eBP and its reactivity, and the in-
teraction of sex and pediatric OSA’s natural course with this
association, while accounting, for the first time to date, for VAT
and metabolic and sleep factors in a child cohort followed up
during adolescence.

Methods

Sample

The baseline portion of the Penn State Child Cohort has been pre-
viously described in detail.>>2® In brief, it was designed as a
2-phase study in which 5740 questionnaires®” were returned (79%
response rate) and 700 randomly selected participants (70% re-
sponse rate) underwent an in-laboratory sleep study at baseline,
from 2000 to 2005. At follow-up, conducted from 2010 to 2013,
421 participants (60.1% response rate) returned 6 to 13 years later
(median, 7.4 years) for a reexamination; no differences in base-
line demographic characteristics were observed in the 279 par-
ticipants lost to follow-up.'® The Penn State College of Medicine
institutional review board approved the study. Written informed
consent from the parent or legal guardian and from participants
18 years or older, and assent from those younger than 18 years,
were all obtained. To compensate for their time to complete the
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Key Points

Question Is childhood sleep apnea associated with elevated
blood pressure in adolescence?

Findings In this population-based cohort study of 421 children,
persistent sleep apnea was associated with nearly 3-fold increased
odds of elevated blood pressure in adolescence. The severity of
adolescent sleep apnea was associated with elevated blood
pressure and orthostatic hypertension in a dose-response manner.

Meaning The results of this study suggest that sleep apneais a
risk factor for hypertension in youth and that early sleep apnea
interventions may help prevent long-term cardiovascular
consequences.

study, participants received $100 at baseline and $200 at follow-
up. This study followed the Strengthening the Reporting of Ob-
servational Studies in Epidemiology (STROBE) reporting
guideline for cohort studies.

Sleep Laboratory

At both time points, participants’ sleep was monitored for 9
hours with polysomnography, including electroencephalog-
raphy, electrooculography, and electromyography. Respira-
tion was monitored with nasal pressure, thermocouple, and
thoracic and abdominal strain gauges. Hemoglobin oxygen
saturation was obtained from the finger. Sleep records were
subsequently scored independently according to standard-
ized criteria.?®2° As previously reported,'*1819:2526 apneas and
hypopneas were scored using pediatric criteria for partici-
pants younger than 16 years, while adult criteria were used for
participants 16 years or older, including associated decreases
in oxygen saturation of 3% or more or an electroencephalo-
graphic arousal for hypopneas.?® The apnea-hypopnea index
(AHI) was calculated as the number of obstructive apneas and
hypopneas summed per hour of sleep. The presence of OSA
in childhood was categorized based on pediatric criteria as AHI
less than 2 and AHI of 2 or more.™* The presence of OSA in
adolescence was categorized based on pediatric and adult cri-
teria as AHI of less than 2, AHI of 2 to less than 5, and AHI of 5
or more. '

Key Measurements

Participants underwent a clinical history and physical exami-
nation prior to the polysomnography and included recording
demographic characteristics and measurements of height,
weight, and waist circumference.'*18:1925:26 Race and ethnic-
ity were recorded using National Institutes of Health catego-
ries and reported by the parent and/or participant. Body mass
index percentile was calculated based on the Centers for Dis-
ease Control and Prevention’s formula.?° Waist circumfer-
ence was measured at the top of the iliac crest. At baseline, an
otolaryngology examination assessed the presence of tonsil-
lar hypertrophy, while lifetime histories of adenotonsillec-
tomy and antihypertensive and cardiac medication use were
based on baseline and follow-up clinical histories and physi-
cal examinations.'®2%:26 At follow-up, participants under-
went a dual-energy x-ray absorptiometry scan to assess
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VAT.>18:19 Morning fasting blood samples were collected af-
ter the polysomnography and assayed for glucose, insulin, tri-
glyceride, and high-density lipoprotein cholesterol levels. In-
sulin resistance was assessed by the homeostatic model
assessment method. A metabolic syndrome (MetS) risk score,
without including BP, was based on the sum of the standard-
ized scores for waist circumference, inverse high-density li-
poprotein cholesterol, triglycerides, and homeostatic model
assessment method.®! Finally, participants were sent home
with an actigraphy device to assess sleep over 7 days.>?:3

Blood Pressure and Its Orthostatic Reactivity

Blood pressure was measured in the evening during the clini-
cal history and physical examination, using an automated sys-
tem (Phillips SureSigns VM4; Koninklijke Philips NV), in 3 dif-
ferent positions: seated (baseline and follow-up), supine
(follow-up only), and standing (follow-up only). In the seated
and supine positions, 3 assessments were made after 5 min-
utes of rest and a mean of the second 2 assessments was used
in the analysis. Blood pressure was next assessed twice im-
mediately after standing; these 2 values were averaged for the
analysis. American Academy of Pediatrics guidelines are shown
in eTable 1in the Supplement and were used to establish BP
status using seated systolic BP (SBP) and diastolic BP (DBP)
levels.! Given the low prevalence of stage 1 and stage 2 hyper-
tension in this cohort, our outcome variable analyzed was bi-
nary and identified participants with normal BP vs those with
eBP (ie, all 3 categories). Orthostatic SBP was calculated as the
difference between supine and standing SBP and categorized
as hyperreactive, hyporeactive, or normotensive based on the
10th and 90th percentiles of orthostatic SBP, which resulted
in a definition of hyporeactive as 3.0 mm Hg or less and hy-
perreactive as more than 15.0 mm Hg.

Statistical Analysis

Statistical analysis was conducted from July 6 to October 29,
2020. The demographic and clinical characteristics of the
sample are presented as means for continuous variables and
proportions for categorical variables. Analysis of variance and
Cochran-Mantel-Haenszel tests were used, as appropriate, to
compare these variables across groups.

We first evaluated the longitudinal association between
childhood OSA (baseline) and the odds of adolescent eBP (fol-
low-up) with a multivariable-adjusted binary logistic regres-
sion model controlling for sex, race/ethnicity, adenotonsillec-
tomy, and antihypertensive and cardiac medication use, as well
as childhood (baseline) age, tonsillar hypertrophy, BMI per-
centile, and SBP percentile. Multivariable-adjusted odds ra-
tios (ORs) and their corresponding 95% ClIs were computed for
childhood AHI of 2 or more (vs children with an AHI less than
2). The dependent variable was the presence of adolescent eBP
vs normal BP levels. Thereafter, a multivariable-adjusted bi-
nary logistic regression model examined the association be-
tween the natural course of childhood OSA from baseline to
follow-up'>'® with adolescent eBP while controlling for the
same covariates mentioned above. In these models, the inde-
pendent variable was the natural course groups and multi-
variable-adjusted ORs and 95% CIs were computed for remit-
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ted, incident, and persistent AHI of 2 or more (vs children with
an AHI less than 2 at both baseline and follow-up [ie, nonel]).
In addition, incident AHI of 5 or more was also examined.

Second, analysis of covariance was used to estimate the
multivariable-adjusted means (SEs) of cross-sectional SBP and
DBP levels while controlling for demographic characteristics
and aregression model, in which the 3 levels of adolescent OSA
severity were treated as a linear component, was applied to test
for apotential dose-response association. Thereafter, we evalu-
ated the association between 3 adolescent OSA groups and the
odds of eBP with multivariable-adjusted binary logistic re-
gression models and multivariable-adjusted ORs and 95% CIs
were computed for adolescent AHI between 2 and less than 5
and AHI of 5 or more (vs adolescents with an AHI less than 2).
Sex, age, race/ethnicity, adenotonsillectomy, and antihyper-
tensive and cardiac medication use as well as childhood ton-
sillar hypertrophy were controlled for in these logistic regres-
sion models. Visceral adipose tissue and MetS were
independently controlled for in these models to assess their
impact on the association between adolescent OSA and eBP;
only 17 male participants and 14 female participants did not
have VAT or MetS data, which were considered missing at ran-
dom, and their values were imputed with their sex-specific
sample mean. Finally, the association between adolescent OSA
and odds of orthostatic hyporeactivity and hyperreactivity,
compared with normal orthostatic BP reactivity, was exam-
ined using multivariable-adjusted polytomous logistic regres-
sion models adjusted for the same covariates mentioned above,
including VAT and MetsS.

All analyses were performed using SAS, version 9.4 (SAS
Institute Inc) and SPSS, version 26 (IBM Corp). All Pvalues were
from 2-sided tests and results were deemed statistically sig-
nificant at P < .05.

. |
Results

Characteristics of the Sample

As shown in Table 1 and eTable 2 in the Supplement, among
the 421 participants, who were 5 to 12 years at baseline (me-
dian, 9 years) and 12 to 23 years at follow-up (median, 16 years),
227 (53.9%) were male and 92 (21.9%) were racial/ethnic mi-
norities. A total of 64 participants (15.2%) had obesity (BMI
>95th percentile).

Association of Childhood OSA With Adolescent eBP
Childhood AHI of 2 or more was not significantly associated
with adolescent eBP (OR, 1.2; 95% CI, 0.6-2.5; P = .57). Male
sex was a significant risk factor (OR, 3.7; 95% CI, 2.3-6.0;
P < .001) that modified the association between childhood AHI
of 2 or more and adolescent eBP (P = .03 for interaction). Child-
hood AHI of 2 or more was associated with increased odds of
adolescent eBP in male participants (OR, 2.5; 95% CI, 1.0-
6.6), but not in female participants (OR, 0.4; 95% CI, 0.1-1.5).
As shown in the Figure, while remitted AHI of 2 or more
was not significantly associated with increased odds of ado-
lescent eBP (OR, 0.9; 95% CI, 0.3-2.6) and incident AHI of 2 or
more was only marginally associated with adolescent eBP
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Table 1. Descriptive Characteristics of the Overall Sample
as Well as Stratified by the Presence of Adolescent OSA

AHI <2 AHI 2 to <5
Characteristic AlL(N =421) (n=262) (n=115) AHI 25 (n = 44) P value
Age, mean (SD), y 16.5(2.3) 16.0(2.2) 16.9 (2.2) 17.8 (2.1) <.001
Male, No. (%) 227 (53.9) 119 (45.4) 77 (67.0) 31(70.5) <.001
Racial/ethnic minority, No. (%) 92 (21.9) 45(17.2) 36 (31.3) 11 (25.0) .008
Tonsillar hypertrophy, No. (%) 153 (36.3) 90 (34.3) 43 (37.4) 20 (45.5) .17
Adenotonsillectomy, No. (%) 48 (11.4) 24(9.2) 16 (13.9) 8(18.2) .05
Medication use, No. (%) 9(2.1) 7(2.7) 2(1.7) 0 .25
BMI (percentile), mean (SD) 65.3(28.4) 61.0(28.6) 70.1 (26.6) 79.0 (25.6) <.001
MetS (z score), mean (SD) 0.02 (2.5) -0.2(2.4) 0.3(2.4) 0.7 (3.0) .04
Waist, mean (SD), cm 80.3(13.4) 77.4(11.4) 83.0(12.9) 90.8 (18.3) <.001
Triglycerides, mean (SD), mg/dL ~ 94.7 (46.9) 90.5 (43.3) 99.4 (45.6) 105.9 (64.7) .07
HDL cholesterol, mean (SD), 49.8 (12.5) 51.2(12.7) 47.7 (11.0) 47.7 (14.0) .03
mg/dL
Glucose, mean (SD), mg/dL 88.7 (14.9) 88.6 (18.0) 89.3(7.8) 87.6 (8.8) .81
Insulin, mean (SD), plU/mL 6.4 (21.0) 5.5(17.2) 8.8(30.1) 5.4(7.8) .39
HOMA-IR, mean (SD) 1.5(5.8) 1.2 (3.0) 2.3(9.9) 1.2(1.8) 23 Abbreviations: AHI, apnea-hypopnea
VAT, mean (SD), cm? 59.8(39.2)  52.0(32.3) 67.3 (41.3) 87.2(53.9) <.001 index; Arousals, number of arousals
excluding breathing-related arousals;
Polysomnography BMI, body mass index (calculated as
TST, mean (SD), min 446.8 (55.0)  449.2(49.2) 444.5 (65.5) 438.3(57.8) 42 weight in kilograms divided by height
WASO, mean (SD), min 69.5(43.2)  67.4(40.5)  70.7(46.5)  78.6(49.2) 33 in meters squared); BP. blood
pressure; HDL, high-density
Awakenings, mean (SD), No. 36.4(12.1) 34.8(11.2) 37.2(11.8) 44.0 (14.7) <.001 lipoprotein; HOMA-IR, homeostatic
Arousals, mean (SD), No. 4.1(5.4) 3.7(5.2) 4.5 (5.6) 5.1(6.0) 21 model assessment method; MetS,
Stage 1, mean (SD), % 1.0(L.5) 0.9(1.2) 12Q.2) 1.1(1.3) 34 metabolic syndrome risk score (sum
of z scores for waist, triglyceride
Sleep Sp0,, mean (SD), % 96.4(1.2) 96.5(1.2) 96.2 (1.1) 96.2 (1.0) .03 level, inverse HDL cholesterol, and
Minimum SpO,, mean (SD), % 91.5(5.2) 91.9 (5.0) 91.1(5.0) 90.0 (6.6) .06 HOMA-IR); OSA, obstructive sleep
Actigraphy, mean (SD), min apnea; SpO,, oxygen saturation; TST,
’ ! total sleep time; VAT, visceral adipose
Weekdays TST 428.1(60.4) 432.1(57.4)  418.8(66.4)  427.7(60.6) .16 tissue: WASO, wake after sleep onset.
Weekends TST 452.0(90.0) 455.1(88.6)  439.3(92.3)  467.6(90.3) 16 S| conversion factors: To convert
Blood pressure, No. (%) triglycerides to millimoles per liter,
Normal BP 300(71.3) 206 (78.6) 73 (63.5) 21(47.7) multiply by 0.0113; HDL cholesterol
to millimoles per liter, multiply by
Elevated BP 66 (15.7) 33(12.6) 21(18.3) 12 (27.3) 001 0.0259; glucose to millimoles per
Stage 1 hypertension 41 (9.7) 18 (6.9) 15 (13.0) 8(18.2) ’ liter, multiply by 0.0555; and insulin
Stage 2 hypertension 143.3) 5(1.9) 6(5.2) 3(6.8) to picomoles per liter, multiply by

6.945.

(OR, 1.7; 95% CI, 1.0-2.8), persistent AHI of 2 or more was as-
sociated with nearly 3-fold significantly increased odds of ado-
lescent eBP (OR, 2.9; 95% CI, 1.1-7.5). When incident OSA was
defined as adolescent AHI of 5 or more (n = 38), the odds of
eBP were significantly increased (OR, 2.3; 95% CI, 1.0-5.0;
P =.04). Male sex remained a significant risk factor (OR, 3.4;
95% CI, 2.0-5.6; P < .001).

Association of Adolescent OSA With Adolescent eBP

and Orthostatic BP Reactivity

As shown in Table 2, there was a significant linear association
between adolescent OSA and BP levels, primarily for SBPin the
seated and standing positions and for its orthostatic reactiv-
ity. Univariate analyses (model 1 in Table 3) showed a signifi-
cant association between adolescent OSA severity and in-
creased odds of adolescent eBP. After multivariable adjustment,
including VAT or MetS, the odds of adolescent eBP for an AHI
between 2 and less than 5 were reduced from 2.1 (95% CI, 1.3-
3.4)in model 1to anonsignificant 1.5 (95% CI, 0.9-2.6) in model
2, while the odds of adolescent eBP for an AHI of 5 or more re-
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mained significant despite being reduced from 4.0 (95% CI,
2.1-7.8) in model 1 to 2.3 (95% CI, 1.1-4.9) in model 2 and 2.6
(95% CI, 1.2-5.3) in model 3. There was no significant change
in the association between adolescent OSA and eBP when con-
trolling for any of the polysomnography or actigraphy vari-
ables (eg, OR, 2.4; 95% CI, 1.2-5.1; P = .02 for AHI>5 after ad-
justing for total sleep time). Similarly, there was no significant
change when controlling for gluteofemoral adiposity (eg, OR,
2.5; 95% CI, 1.2-5.3; P = .02 for AHI>5 after adjusting for gy-
noid fat mass).

As shown in model 1 of Table 4, the odds of orthostatic hy-
perreactivity associated with adolescent AHI between 2 and
less than 5 were nonsignificant (OR, 1.3; 95% CI, 0.6-2.7), even
after controlling for all covariates (model 2: OR, 1.3; 95% CI,
0.6-3.0; and model 3: OR, 1.5; 95% CI, 0.7-3.2). In contrast, the
odds of orthostatic hyperreactivity associated with adoles-
cent AHI of 5 or more were significant (model 1: OR, 3.3; 95%
CI, 1.4-7.5) and not significantly reduced after controlling for
VAT (model 2: OR, 3.1; 95% CI, 1.2-8.5) or MetS (model 3: OR,
3.9; 95% CI, 1.5-10.2).
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Sex Differences

We found evidence that male sex is associated with or modi-
fies the association between OSA and adolescent eBP. As shown
in eTable 2 in the Supplement, there were no significant sex
differences in the prevalence of childhood OSA or childhood
eBP; however, male participants were significantly more likely
than female participants to have OSA and eBP in adolescence
(0OSA,108[47.6%] vs 51[26.3%]; P < .001; and eBP, 90 [39.6%]
vs 31 [16.0%]; P < .001). Male participants were significantly
less likely than female participants to remit from childhood OSA
(8[3.5%]vs19[9.8%]; P < .001) and more likely to develop OSA
in adolescence (93 [41.0%] vs 42 [21.6%]; P < .001). The eFig-
ure in the Supplement plots the percentage at each level of ado-
lescent AHI (from 1 to 5 events per hour of sleep) by sex and
shows that the presence of OSA is significantly higher in male
participants, starting at the threshold of AHI of 2 or more and
peaking at AHI of 5 or more. In the models in Table 3, the odds
of eBP for male participants were about 3-fold after control-
ling for VAT (model 2: OR, 3.2; 95% CI 2.0-5.3; P < .001) or MetS
(model 3: OR, 3.3; 95% CI 2.0-5.3; P < .001). In contrast, when
assessing orthostatic hyperreactivity (Table 4), the OR for sex
was nonsignificant tending toward females (OR, 0.5; 95% CI
0.3-1.0; P = .06).

|
Discussion

This study reports multiple notable findings. First, we
found an association between childhood OSA and adoles-
cent eBP if OSA persisted during this developmental period
or if the child was male. Second, we found that the severity
of adolescent OSA was significantly associated with eBP and
orthostatic hypertension in a dose-response manner. Third,
there was a significant involvement of VAT and MetS in the
association between adolescent OSA and eBP that, however,
did not completely explain the observed risk in more severe
adolescent OSA. Finally, adolescent male participants were
2 times more likely to have OSA, a ratio that was not present
in childhood and is closer to that observed in adults, which
suggests that sex-related adipose distribution and metabolic
factors may play an etiopathogenic role in OSA and its asso-
ciated cardiovascular risk as early as adolescence.

Two previous population-based studies®” examined
whether childhood OSA is independently associated with
adolescent BP levels. A cohort study found that a higher
respiratory disturbance index was associated with seated
SBP in the evening (P = .04)%; however, after controlling for
sex and ethnicity, the association became nonsignificant
(P = .08) and SBP was associated with greater BMI. In a case-
control subset (N = 185) of another cohort study, baseline
OSA was independently associated with 24-hour ambula-
tory SBP and DBP at follow-up’; in addition, baseline BMI
and change in BMI were associated with follow-up SBP,
leading the authors to conclude that the association
between childhood OSA and increased BP was likely
affected by obesity.” These 2 previous studies differ from
the present study in terms of length of follow-up (5 years
and 4 years vs 7.4 years) and follow-up age of the partici-
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Figure. Association Between the Natural Course of Childhood Obstructive
Sleep Apnea (OSA) and Adolescent Elevated Blood Pressure (eBP)
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Data are odds ratios adjusted for race/ethnicity, sex, adenotonsillectomy, and
antihypertensive and cardiac medication use, as well as childhood (baseline)
age, body mass index percentile, systolic blood pressure percentile, and
tonsillar hypertrophy. The 4 natural course groups were defined as none
(reference), remitted, incident, and persistent OSA using an apnea-hypopnea
index (AHI) of 2 or more as the pediatric threshold at baseline (childhood) and
at follow-up (adolescence). When an AHI of 5 or more was used as the threshold
at follow-up to define incident OSA (n = 38), the odds of eBP were 2.3-fold and
significant for this more severe incident group.

pants (13.7 years and 14.3 years vs 16.5 years at follow-up),
suggesting that the current study is able to assess the asso-
ciation of pediatric OSA with eBP in the transition to adoles-
cence without overlapping developmental periods.

Childhood OSA was not independently associated with
adolescent hypertension; rather, this association was modi-
fied by its persistent course and male sex. Previous reports
indicate that childhood obesity is associated with the per-
sistence of childhood OSA and that boys are more likely to
persist with OSA and develop childhood OSA in the transi-
tion to adolescence.’®!® Here, we found that children in
whom OSA persisted had nearly 3-fold increased odds of
hypertension in adolescence. In contrast, children in whom
OSA remitted were not at risk of adolescent hypertension, a
finding consistent with a previous observation that weight
loss (ie, a change of -4.7 BMI percentiles) was associated
with the remission of childhood OSA with about 2-fold odds
during this developmental period'® as well as with female
participants being more likely to remit from childhood OSA
(eTable 2 in the Supplement). Together with a previously
reported cross-sectional association between childhood
OSA and subclinical BP levels,2° the present data using a
longitudinal design and guideline-recommended defini-
tions for adolescent hypertension indicate that childhood
OSA should be monitored and targeted to prevent future
adverse cardiovascular outcomes. Given the high remission
rate of childhood OSA and the significant association of obe-
sity with its persistence and incidence'®:!'® and with
inflammation?®-*43> in the transition to adolescence, future
studies should examine the inflammatory and vascular
mechanisms of the longitudinal association of persistent
childhood OSA with hypertension.
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Table 2. Blood Pressure Levels Across Adolescent OSA Groups

Mean (SE), mm Hg?
Variable AHI <2 (n = 262) AHI 2 to <5 (n = 115) AHI 25 (n = 44) R P linear
Seated
SBP 112.6 (0.7) 114.0 (1.1) 117.6 (1.8) 0.368  .009
DBP 66.0 (0.6) 67.1(0.8) 69.0 (1.4) 0.267 .04
Supine
SBP 111.9(0.6) 112.2(0.9) 114.8 (1.5) 0.356 .14
DBP 63.8 (0.5) 63.3(0.7) 65.6 (1.2) 0.246 .41
Standing
SBP 117.8 (0.7) 119.0 (1.1) 123.9(1.7) 0.341  .008 Abbreviations: AHI, apnea-hypopnea
DBP 72.1(0.5) 72.0(0.8) 74.4(1.4) 0212 .22 index: DBP, diastolic blood pressure:
Orthostatic OSA, obstructive sleep apnea; SBP,
SBP 5.9 (0.5) 6.8(0.7) 9.2(1.2) 0.156 .02 SVSt‘_’“C blood pressure. B
DBP 8.3(0.4) 8.7 (0.6) 8.8(0.9) 0.135 .49 aggdéUSted for sex, racefethnicity, and
Table 3. Association Between Adolescent OSA and eBP
Model 17 Model 22 Model 32
Variable OR (95% Cl) P value OR (95% Cl) P value OR (95% Cl) P value
AHI <2 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
AHI 2 to <5 2.1(1.3-3.4) .002 1.5(0.9-2.6) .13 1.6 (0.9-2.6) .10
AHI 25 4.0(2.1-7.8) <.001 2.3(1.1-4.9) .03 2.6(1.2-5.3) .01

Abbreviations: AHI, apnea-hypopnea index; eBP, elevated blood pressure; NA,
not applicable; OR, odds ratio; OSA, obstructive sleep apnea.

2 Model 1 = univariate association of AHI with eBP. Model 2 = multivariable
association of AHI with eBP, adjusting for sex, race/ethnicity, age, tonsillar
hypertrophy, adenotonsillectomy, antihypertensive and cardiac medication

use, and visceral adipose tissue (z score). Model 3 = multivariable association
of AHI with eBP, adjusting for sex, race/ethnicity, age, tonsillar hypertrophy,
adenotonsillectomy, antihypertensive and cardiac medication use, and
metabolic syndrome risk score (z score).

Table 4. Association Between Adolescent OSA and Orthostatic BP Reactivity

Model 1* Model 2? Model 3*
Variable OR (95% CI) P value OR (95% Cl) P value OR (95% CI) P value
Hyporeactivity
AHI <2 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
AHI 2 to <5 1.1(0.5-2.2) .81 1.0(0.5-2.2) .96 1.0 (0.5-2.0) .92
AHI 25 1.6 (0.6-4.2) .34 1.5(0.5-4.3) .45 1.3(0.5-3.8) .61
Hyperreactivity
AHI <2 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
AHI 2 to <5 1.3(0.6-2.7) 44 1.3(0.6-3.0) 46 1.5(0.7-3.2) 32
AHI 25 3.3(1.4-7.5) .006 3.1(1.2-8.5) .02 3.9(1.5-10.2) .005

Abbreviations: AHI, apnea-hypopnea index; BP, blood pressure; NA, not
applicable; OSA, obstructive sleep apnea; VAT, visceral adipose tissue.
2Model 1 = univariate association of AHI with orthostatic BP reactivity. Model

2 = multivariable association of AHI with orthostatic BP reactivity after
adjusting for sex, race/ethnicity, age, tonsillar hypertrophy, adenotonsil-

lectomy, antihypertensive and cardiac medication use, and VAT (z score).
Model 3 = multivariable association of AHI with orthostatic BP reactivity after
adjusting for sex, race/ethnicity, age, tonsillar hypertrophy, adenotonsil-
lectomy, antihypertensive and cardiac medication use, and metabolic
syndrome risk score (z score).

Another notable finding of this study supported an in-
volvement of VAT and MetS underlying the association of ado-
lescent OSA with hypertension, similar to adults,?® but that
does not completely account for the observed increased risk.
Three previous studies in adolescents have examined the as-
sociation between OSA and MetS, albeit with inconsistent
results.?”3° Two of these studies included only participants
with obesity®®3°; one (N = 104) did not find an association be-
tween MetS and OSA, defined as AHI of 1 or more,® while the
other study (N = 42) reported a significant association be-

JAMA Cardiology Published online June 23,2021

tween metabolic variables and OSA, defined as 4 AHI severity
levels.? In addition, a cohort study (N = 270) also found an as-
sociation between metabolic factors and OSA, defined as AHI
of 5 or more.?” In the current study, the association of AHI be-
tween 2 and less than 5 with hypertension was explained by
VAT and MetS, while the association of AHI of 5 or more re-
mained 2-fold and significant, supporting its independent as-
sociation with increased cardiovascular risk in adolescence.
Furthermore, we observed that this level of severity of ado-
lescent OSA was also independently associated with nearly
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3-fold increased odds of orthostatic hypertension, as as-
sessed by BP hyperreactivity.

Orthostatic hypertension is an understudied phenom-
enon considered to be a risk factor for cardiovascular
disease.?""?* As opposed to orthostatic hypotension, which was
not associated with adolescent OSA in this study, the patho-
physiology of orthostatic hypertension remains poorly under-
stood but is thought to be associated with sympathetic hyper-
activity, arising from hypersensitivity of the cardiopulmonary
and arterial baroreceptor reflex, and a-adrenergic
hyperactivation.?"?2 In youth with orthostatic hypertension,
a decrease in sequential baroreflex sensitivity and increase in
the low-frequency to high-frequency ratio of the R-R interval
has been observed when shifting from supine to standing.?*
Higher antidiuretic hormone levels, lower nitric oxide and ni-
tric oxide synthetase activity, and elevated norepinephrine lev-
els have also been observed in individuals with orthostatic hy-
pertension, while a vasodilation dysfunction remains unclear
in youth.2* Considering prior evidence for sympathetic over-
flow and weaker parasympathetic modulation in pediatric
0SA ,>9:20:40-43 gy orthostatic BP findings support that mark-
ers of vascular reactivity, cardiac-autonomic modulation, or
endothelial function may better identify OSA-associated car-
diovascular risk earlier in the life span.

There was a shift in the sex distribution of OSA from child-
hood to adolescence. Although the prevalence of childhood
OSA in male and female participants was approximately equal
in childhood, the ratio shifted to 2:1 toward male participants
in the adolescence follow-up. Childhood OSA was not associ-
ated with increased odds of adolescent eBP in female partici-
pants, in whom the remission of childhood OSA was higher.
In contrast, the incidence and persistence of childhood OSA
were higher in male participants and associated with adoles-
cent eBP. In adults, the overall ratio of OSA between men and
women is 2:1 or 4:1 depending on the AHI threshold, age, and
menopausal status of women, in whom hormonal factors in-
creaseits prevalence.****® Evidence indicates that sexual matu-
ration is associated with the trajectory of adipose tissue.*” Al-
though females accumulate more subcutaneous adiposity
during and after puberty, depositing fat preferentially in the
gynoid and extremity (gluteofemoral) regions, pubertal and

Original Investigation Research

postpubertal males deposit more fat in the abdominal region,
particularly in the visceral depot, which has been associated
with the observed sex dimorphism in cardiovascular risk,
greater in young males.*” An area that remains underex-
plored during early developmental stages is the relative asso-
ciation of lower gluteofemoral fat with cardiovascular risk,*®
although it does not appear to show an association with OSA
in youth.!>!8:19 Altogether, these data suggest that VAT and/or
MetS in males and hormonal changes in females may par-
tially explain the sex-related disparities in OSA that appear to
begin in the transition to adolescence and its cardiovascular
sequelae persist into young adulthood.®

Limitations

This study has limitations. A total of 60.1% of the Penn State
Child Cohort participated in this follow-up examination, which
may introduce a slight selection bias. Nevertheless, no signifi-
cant differences in demographic characteristics were found be-
tween the participants studied and the 279 lost to follow-up.
Although data analyses included longitudinal associations be-
tween childhood OSA and adolescent eBP, some others were
based on cross-sectional analyses, which limit causal infer-
ence. Finally, eBP was not based on 3 or more visits separated
over time or on 24-hour ambulatory BP monitoring,' which may
lead to slight misclassification.

. |
Conclusions

In this cohort study, children in whom pediatric OSA (AHI>2)
persisted in the developmental transition to adolescence had
a nearly 3-fold increased odds of future hypertension. Ado-
lescent OSA was associated with hypertension in a dose-
response manner and VAT and MetS were involved with this
association, except in adolescents with more severe OSA
(AHI>5). Sex was also involved with hypertension risk, which
suggests that, at least for adolescent males, metabolic abnor-
malities are in the mechanistic pathway between OSA and hy-
pertension. Obstructive sleep apnea should be screened, moni-
tored, and targeted early in life to prevent future cardiovascular
disease.
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