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Background: Obstructive sleep apnea (OSA) and obesity are both directional risk factors of hypertension. Chronic intermittent
hypoxemia (IH) is a commonly observed pathophysiological mechanism involved in multiple comorbidities of OSA. However, their
interactions are not well understood in children. This study aimed to investigate the associations of IH indexes (oxygen desaturation
index 3% [ODI3], mean peripheral oxygen saturation [SpO2], least SpO2, and time with SpO2 < 85%), apnea-hypopnea index, and
weight status with hypertension in a sample of pediatric OSA patients.
Methods: The medical records of 365 pediatric OSA patients were retrospectively reviewed in this cross-sectional study.
Demographics, anthropometrics, standard in-laboratory polysomnography, and nocturnal blood pressure were collected. Multivariate
logistic regression with forward selection was used to identify independent predictors of hypertension.
Results: Multivariate logistic regression analysis showed that ODI3 (odds ratio [OR] = 1.02, 95% confidence interval [CI] = 1.01–
1.03) and body mass index z-score (OR = 1.34, 95% CI = 1.12–1.60) were independent continuous predictors of pediatric
hypertension, whilst severe OSA (OR = 2.62, 95% CI = 1.60–4.29) and overweight/obesity (OR = 2.63, 95% CI = 1.59–4.34) were
independent categorical predictors. Traditional risk factors including male sex (OR = 2.33, 95% CI = 1.02–5.33), late childhood/
adolescence (OR = 1.98, 95% CI = 1.01–3.88), and overweight/obesity (OR = 2.97, 95% CI = 1.56–5.67) combined with sleep
hypoxemia (least SpO2 ≤ 95%) (OR = 2.24, 95% CI = 1.16–4.04) predicted hypertension (R2 = 0.21) in the severe IH subgroup (n =
205), while the no/mild IH subgroup (n = 160) had an entirely different predictor, severe OSA (OR = 3.81, 95% CI = 1.49–9.74) (R2 =
0.07).
Conclusion: The close relationships among IH, overweight/obesity, and hypertension highlight the importance of reducing IH and
body weight in children with OSA.
Keywords: children, oxygen desaturation index, intermittent hypoxemia, obesity, obstructive sleep apnea, predictive model

Introduction
Obstructive sleep apnea (OSA) is a chronic sleep condition characterized by repetitive partial collapses and/or complete
obstructions of the upper airway due to respiratory control instability and upper airway dysfunction.1 The prevalence of
OSA ranges between 1% and 6% among children.2 The diagnosis of OSA requires comprehensive history taking and
physical examination prior to a standard polysomnography (PSG), and congenital structural abnormalities should be
carefully inspected and exclusion. OSA can induce intermittent hypoxemia (IH), oxidative stress, elevated sympathetic
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nerve activity, vascular endothelial dysfunction, inflammation, and metabolic dysregulation, leading to a wide range of
adverse outcomes on multiple organ systems.3

IH, a pathophysiological manifestation commonly observed in OSA, is considered involved in the elevation of blood
pressure (BP) in patients with disordered sleep.4 IH dysregulates hypoxia-inducible factors, increases reactive oxygen
species, activates chemoreflex, suppresses baroreflex, stimulates the sympathetic nervous system, and leads to
hypertension.5 In adults with OSA, nocturnal IH (in terms of oxygen desaturation index 4% [ODI4]6 and oxygen
desaturation rate7) played a more important role in hypertension than AHI. Adenotonsillectomy has been shown to
significantly reduce IH and improve office8 as well as nocturnal BP9 among pediatric OSA patients with hypertension.
Moreover, chronic IH has been associated with growth delay, behavioral impairment, and academic underperformance in
children with SDB.10

Obesity is another well-known risk factor for pediatric hypertension.11 In healthy school-aged children, a body mass
index (BMI) ≥ 18.75 kg/m2 has been independently associated with hypertension.12 Among children with SDB, obesity
(defined as BMI z-score ≥ 1.64513) has been shown to be an independent predictor of hypertension, along with older age
and severe SDB (apnea-hypopnea index [AHI] ≥ 10 events/h14,15). Previous studies have suggested that pediatric
hypertension increases along with childhood obesity,16 and that hypertension further contributes to the clustering of
obesity-related cardio-metabolic risk factors.17 Moreover, obesity increases fat accumulation in the parapharyngeal
space18 and reduces lung volume,19 which can also cause or aggravate OSA. Notably, pediatric OSA, obesity, and
hypertension are likely to persist into adulthood and then further increase the risks of cardiovascular diseases and
mortality.20 As the detrimental physiological effects of these chronic conditions develop and progress over time, early
recognition with timely management is essential.

Hypertension is one of the earliest recognized comorbidities of OSA, and it plays a cardinal role in the development
of other unfavorable health outcomes including premature mortality.4,21,22 A Taiwan National Health Insurance Research
Database study reported that the prevalence of hypertension in patients with OSA was as high as 37%, and that
cardiovascular events were the most common cause of death.23 In addition, the Wisconsin Sleep Cohort Study reported
that patients with severe sleep-disordered breathing (SDB) had a 3.8-fold higher risk of all-cause mortality after 18 years
of follow-up, and an even higher 5.2-fold higher risk of cardiovascular mortality.24 Similar to that in adults, hypertension
is a common comorbidity among pediatric OSA patients. A hospital-based study in Taiwan reported a prevalence of
hypertension of 27% among children with SDB.14

Both obesity and OSA are well-known to have bidirectional associations with hypertension in adults.25,26 However,
little is known about the relationships among IH, weight status, and hypertension in children with OSA. We
hypothesized that IH may be an independent risk factor for hypertension in this disease population. Therefore, this
study aimed to investigate the associations of oxygen desaturation index 3% (ODI3), mean peripheral oxygen saturation
(SpO2), least SpO2, time with SpO2 < 85%, AHI, and weight status with hypertension in a cohort of pediatric OSA
patients.

Materials and Methods
Data Availability Statement
The data underlying this article cannot be shared publicly due to the privacy of the individuals who participated in the
study. The data can be shared at reasonable request to the corresponding author.

Study Design and Subjects
The investigators retrospectively reviewed the medical charts of pediatric patients with OSA at the ear, nose, and throat
outpatient clinic of a tertiary medical center (Chang Gung Memorial Hospital, Linkou Main Branch) in northern Taiwan
between 01 January 2010 and 31 December 2019. This study was approved by the Institutional Review Board of Chang
Gung Medical Foundation, Taiwan (No. 202000873B0; date of approval: 22 May 2020). The requirement for written
informed consent was waived. This study followed the guidelines of the World Medical Association Declaration of
Helsinki27 and the Strengthening the Reporting of Observational Studies in Epidemiology.28
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The inclusion criteria were: (a) age 2–18 years, and (b) PSG-diagnosed OSA (an obstructive AHI ≥ 2.0 events/h or an
obstructive apnea index ≥ 1.0 events/h29). The exclusion criteria were: (a) lack of complete PSG data, (b) absence of BP
data, (c) chronic inflammatory disorders such as asthma, allergies, eczema, or other atopic/autoimmune diseases,30 and
(d) craniofacial or neuromuscular disorders.31

Demographics
Age at the diagnosis of OSA and sex were recorded. The overall cohort was further divided into three development stage
subgroups: toddler/preschool (≥ 2 years old and < 5 years old), early childhood (≥ 5 years old and < 8 years old), and late
childhood/adolescence (≥ 8 years old and < 18 years old).14

Anthropometrics
BMI z-score was calculated based on the United States Centers for Disease Control and Prevention 2000 growth charts.32

Weight status was categorized into three subgroups based on BMI z-score: underweight (< −1.645), normal weight (≥
−1.645 and < 1.036), and overweight/obesity (≥ 1.036).33

Neck circumference (NC) has been associated with systolic BP,34 and it was measured at the thyroid cartilage level.35

Neck size was further categorized into three subgroups according to NC: small (< 26.0 cm), middle (≥ 26.0 cm and <
31.0 cm), and large (≥ 31.0 cm).

Tonsil size was graded according to occupation of the oropharynx (grade 1: 0%–25%; grade 2: 26%–50%; grade 3:
51%–75%; and grade 4: 76–100%),36 and adenoid size was graded according to the degree of obstruction of the posterior
choana (grade 1: 0%–25%; grade 2: 26%–50%; grade 3: 51%–75%; and grade 4: 76–100%)37 by two senior investigators
(Li, H.-Y. and Lee, L.-A.) following a previously reported procedure.38 Tonsil size and adenoid size were further
categorized into three subgroups: grades 1 and 2, grade 3, and grade 4.

Polysomnography
All participants underwent whole night, board-certified sleep technician-attended, in-laboratory PSG (Nicolet Biomedical
Inc., Madison, WI, USA) accompanied by a family member.39 The PSGs were performed by the same registered sleep
technologists and manually verified by the study investigators (Chuang, L.-P. and Huang, Y.-S.). Using the 2012
American Academy of Sleep Medicine Scoring Manual,40 apnea was defined as ≥ 90% reduction of airflow for ≥ 2
breaths, and hypopnea was defined as ≥ 30% reduction of airflow with either oxygen desaturation ≥ 3% or electro-
encephalographic arousal for ≥ 2 breaths. Obstructive AHI and apnea index were then calculated accordingly. The
following disease parameters for OSA were also obtained: AHI, ODI3, mean SpO2, least SpO2, and time with SpO2

< 85%.
The subjects were further divided into three OSA severity subgroups according to AHI: mild OSA (< 5.0 events/h),

moderate OSA (≥ 5.0 events/h and < 10.0 events/h), and severe OSA (≥ 10.0 events/h).40

ODI3 was defined as the number of times SpO2 dropped to ≥ 3% per hour of recording. The subjects were further
categorized into three desaturation subgroups based on ODI3: mild desaturation (< 5.0 events/h), moderate desaturation
(≥ 5.0 events/h and < 10.0 events/h), and severe desaturation (≥ 10.0 events/h).41

The subjects were further categorized into three subgroups of sleep hypoxemia according to the mean SpO2: no sleep
hypoxemia (> 95.0%), mild sleep hypoxemia (> 90.0% and ≤ 95.0%), and severe sleep hypoxemia (≤ 90.0%).42

The overall cohort was also divided into three subgroups of IH according to least SpO2: no IH (> 94.0%), mild IH (>
88% and ≤ 94%), and severe IH (≤ 88%).43,44

The subjects were further categorized into three hypoxemia time subgroups according to time with SpO2 < 85%: zero
hypoxemia time (time with SpO2 < 85% = 0), short hypoxemia time (> 0 min and ≤ 3.0 min), and long hypoxemia time
(> 3.0 min).43

Blood Pressure
Nocturnal BP was measured using an optimal cuff for children.45 Routine BP measurements were performed three times
using a standard automatic sphygmomanometer on the night of PSG between 10:00 and 11:00 PM.46 Sleep technicians
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used the auscultatory method to confirm pediatric hypertension in those with a high systolic or diastolic BP. Systolic and
diastolic BP z-scores were calculated after adjusting for age, sex, and height z-score. Pediatric hypertension was defined
as an SBP z-score ≥ 1.645 or DBP z-score ≥ 1.645.47 The patients were then categorized into two BP subgroups:
normotensive subgroup (neither SBP z-score ≥ 1.645 nor DBP z-score ≥ 1.645), and hypertensive subgroup (either SBP
z-score ≥ 1.645 or DBP z-score ≥ 1.645).

Statistical Analysis
The normality of continuous variables was analyzed using the Kolmogorov–Smirnov test and none of them was normally
distributed. Data were reported as medians (interquartile ranges) for non-normally distributed continuous and ordinal
variables, and absolute numbers (percentages) for nominal variables. Skewed continuous and ordinal data were compared
using the Mann–Whitney U-test. Categorical data were compared using the X2 test or Mantel-Haenszel test for trend, as
appropriate. Associations between the selected variables were analyzed using the Spearman correlation test and point
biserial correlation test, as appropriate.

For the best trade-off between sensitivity and specificity of the selected variables to detect pediatric hypertension, the
Youden’s J static was used to determine the optimal cut-off value of receiver operating characteristic curves.48

Furthermore, univariate and multivariate logistic regression models were used to assess the categorical and dichotomized
variables. To improve the regression performance, variables with a P-value ≤ 0.10 were included in the full model, and
forward selected to obtain the parsimonious model. Statistical significance was accepted at a two-sided P-value < 0.05.
The collected data were statistically analyzed using SPSS software version 25.0 (International Business Machines Corp.,
Armonk, NY, USA).

Results
Case Inclusion Flow Chart
Figure 1 demonstrates the case inclusion flow chart. A total of 458 surgery-naïve children with OSA were identified, of
whom 35 were not included due to being < 2 years of age (n = 5) and not undergoing standard PSG (n = 30). Among the
remaining 423 eligible patients, 58 were excluded due to a lack of complete PSG data (n = 29), lack of BP data (n = 18),
chronic inflammation disorders (n = 9), and craniofacial/neuromuscular disorders (n = 2). Consequently, 365 children

Figure 1 Inclusion flow chart of the study participants.
Abbreviation: OSA, obstructive sleep apnea.
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with OSA (265 [72.6%] boys and 100 [27.4%] girls) were analyzed (Table 1). Ninety-nine (27.1%) of the children had
hypertension, and 266 (72.9%) had normal BP.

The median age was 7 (interquartile range = 5–9) years. There were 133 (36.4%) toddlers/preschoolers, 129 (35.1%)
early childhood patients, and 104 (28.5%) late childhood patients/adolescents.

The median BMI z-score was 0.800 (interquartile range = −0.285–1.810). Of the enrolled children, 22 (6.0%) were
underweight, 237 (64.9%) had normal weight, and 106 (29.0%) had overweight/obesity. Furthermore, the median NC
was 28 (26–31) cm, including 83 (22.7%) children with a small neck size, 188 (51.5%) with a middle neck size, and 94
(25.8%) with a large neck size.

The median tonsil size was grade 3 (interquartile range: 3–4), including 60 (16.4%) patients who had grade 1 or grade
2 tonsils, 173 (47.4%) who had grade 3 tonsils, and 132 (36.2%) who had grade 4 tonsils. The median adenoid size was
grade 3 (2–4). The three tonsil size subgroups included 102 (28.0%) with grade 1 and 2 adenoids, 126 (34.5%) with
grade 3 adenoids, and 137 (37.5%) with grade 4 adenoids.

The median AHI was 9.1 (4.1–20.8) events/h, including 108 (29.6%) children with mild OSA, 87 (23.8%) with
moderate OSA, and 170 (46.6%) with severe OSA. The median ODI3 was 6.4 (2.4–17.9) events/h, including 149
(40.8%) children with mild desaturation, 69 (18.9%) with moderate desaturation, and 147 (40.3%) with severe
desaturation. In addition, the median ODI3 was 6.4 (2.4–17.9) events/h, including 149 children (40.8%) with mild
desaturation, 69 (18.9%) with moderate desaturation, and 147 (40.3%) with severe desaturation. The median mean SpO2

was 96% (95–97%), including 258 (70.7%) children with no sleep hypoxemia, 87 (23.8%) with mild sleep hypoxemia,
and 20 (5.5%) with severe sleep hypoxemia. The median least SpO2 was 87% (82–91%), including 26 (7.1%) children
with no IH, 108 (29.6%) with mild IH, and 231 (63.3%) with severe IH. Finally, the median time with SpO2 < 85% was 0
(0–0.45) min, including 218 (59.7%) children with zero hypoxemia time, 102 (28.0%) with a short hypoxemia time, and
45 (12.3%) with a long hypoxemia time.

Demographic, Anthropometric, and Polysomnographic Characteristics of the Two
Subgroups Stratified by Pediatric Hypertension
Notably, significantly more of the children with hypertension were male (P = 0.02), had a higher BMI z-score (P < 0.001;
Figure 2A), and had a higher NC (P < 0.001) compared to the children without hypertension (Table 1). Furthermore, the
hypertensive subgroup had a higher median AHI (P ≤ 0.001), ODI3 (P ≤ 0.001; Figure 2B), and time with SpO2 ≤ 85%
(P = 0.004), and a lower median mean SpO2 (P = 0.002) and least SpO2 (P = 0.01) than the normotensive subgroup.
Trends of the increasing prevalence of pediatric hypertension were observed in the overweight/obesity subgroup (P ≤
0.001; Figure 3A), in the large neck size subgroup (P = 0.002), in the severe OSA subgroup (P ≤ 0.001; Figure 3B),
severe desaturation subgroup (P = 0.001; Figure 3C), mild/severe sleep hypoxemia subgroup (P = 0.004; Figure 3D),
severe IH subgroup (P = 0.04; Figure 3E), and in the long hypoxemia time subgroup (P ≤ 0.001; Figure 3F).

Associations Between Pediatric Hypertension and Selected Variables in the Overall
Cohort
In the overall cohort, hypertension was significantly associated with male sex (r = 0.13, P = 0.02), BMI z-score (r = 0.21,
P < 0.001), weight status (r = 0.22, P < 0.001), NC (r = 0.19, P < 0.001), neck size (r = 0.16, P = 0.002), AHI (r = 0.21,
P < 0.001), OSA severity (r = 0.20, P < 0.001), ODI3 (r = 0.19, P < 0.001), desaturation severity (r = 0.18, P = 0.001),
mean SpO2 (r = −0.16, P = 0.002), sleep hypoxemia (r = 0.19, P = 0.001), least SpO2 (r = −0.14, P = 0.01), IH (r = 0.12,
P = 0.03), time with SpO2 < 85% (r = 0.15, P = 0.004), and hypoxemia time (r = 0.16, P = 0.002). In contrast, pediatric
hypertension was not statistically significantly associated with age (r = 0.06, P = 0.28), development stage (r = 0.09, P =
0.10), tonsil size (r = 0.05, P = 0.34), tonsil size subgroup (r = 0.05, P = 0.34), adenoid size (r = 0.05, P = 0.31), or
adenoid size subgroup (r = 0.05, P = 0.34).

Male sex was associated with age (r = 0.13, P = 0.01), BMI z-score (r = 0.13, P = 0.01), NC (r = 0.16, P = 0.003), and
adenoid size (r = −0.11, P = 0.04). Age was also associated with NC (r = 0.63, P < 0.001), BMI z-score (r = 0.27, P < 0.001),
adenoid size (r = −0.34, P < 0.001), ODI3 (r = 0.11, P = 0.046), and mean SpO2 (r = −0.13, P = 0.02). In addition, BMI
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Table 1 Demographic, Anthropometric, and Polysomnographic Measures of the Overall Cohort as Well as Normotensive and
Hypertensive Subgroups

Characteristics All Participants
(n = 365)

Normotensive Subgroup
(n = 266)

Hypertensive Subgroup
(n = 99)

P-value

Demographic measures

Sex subgroup

Female sex n = 100 82 (82.0) 18 (18.0) 0.02a

Male sex n = 265 192 (69.1) 86 (30.9)
Age, y 7 (5–9) 7 (5–9) 8 (5–10) 0.28b

Development stage
Toddler/preschooler n = 133 99 (74.4) 34 (25.6) 0.08c

Early childhood n = 129 101 (78.9) 27 (21.1)

Late childhood/adolescence n = 104 66 (63.5) 38 (36.5)

Anthropometric measures

BMI z-score 0.800 (−0.285–1.810) 0.565 (−0.353–1.428) 1.540 (−0.080–2.170) < 0.001b

Weight status

Underweight n = 22 18 (81.8) 4 (18.2) < 0.001c

Normal weight n = 237 188 (79.3) 49 (20.7)

Overweight/obesity n = 106 60 (56.6) 46 (43.4)

NC, cm 28 (26–31) 27 (26–30) 29 (27–33) < 0.001b

Neck size

Small neck size n = 83 66 (79.5) 17 (20.5) 0.002c

Middle neck size n = 188 144 (76.6) 44 (23.4)
Large neck size n = 94 56 (59.6) 38 (40.4)

Tonsil size, grade 3 (3–4) 3 (3–4) 3 (3–4) 0.34b

Tonsil subgroup
Grades 1 and 2 n = 60 45 (75.0) 15 (25.0) 0.36c

Grade 3 n = 173 129 (74.6) 44 (25.4)

Grade 4 n = 132 92 (69.7) 40 (30.3)
Adenoid size 3 (2–4) 3 (2–4) 3 (2–4) 0.34b

Adenoid subgroup

Grades 1 and 2 n = 102 77 (75.5) 25 (24.5) 0.34c

Grade 3 n = 126 93 (73.8) 33 (26.2)

Grade 4 n = 137 96 (70.1) 41 (29.9)

Polysomnographic measures

AHI, events/h 9.1 (4.1–20.8) 8.0 (3.7–17.5) 16.5 (7.0–27.6) < 0.001b

OSA severity

Mild OSA n = 108 87 (80.6) 21 (19.4) < 0.001c

Moderate OSA n = 87 74 (85.1) 13 (14.9)
Severe OSA n = 170 105 (61.8) 65 (38.2)

ODI3, events/h 6.4 (2.4–17.9) 5.4 (2.2–14.7) 12.5 (3.6–27.8) < 0.001c

Desaturation degree
Mild desaturation n = 149 119 (79.9) 30 (20.1) 0.001c

Moderate desaturation n = 69 55 (79.7) 14 (20.3)

Severe desaturation n = 147 92 (62.6) 55 (37.4)
Mean SpO2, % 96 (95–97) 97 (95–97) 96 (94–97) 0.002b

Sleep hypoxemia

No sleep hypoxemia n = 258 201 (77.9) 51 (22.1) 0.004c

Mild sleep hypoxemia n = 87 53 (60.9) 34 (39.1)

Severe sleep hypoxemia n = 20 12 (60.0) 8 (40.0)

(Continued)
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z-score was further correlated with NC (r = 0.72, P < 0.001), AHI (r = 0.22, P < 0.001), ODI3 (r = 0.29, P < 0.001), mean
SpO2 (r = −0.27, P < 0.001), least SpO2 (r = −0.26, P < 0.001), and time with SpO2 < 85% (r = 0.28, P < 0.001).

Important Variables Predicting Hypertension Using Univariate Logistic Regression
Analysis
Table 2 shows the regression performance of the important variables predicting pediatric hypertension in the overall
cohort according to the Youden’s J static.49 Using univariate logistic regression analysis, male sex (odds ratio [OR]=
2.01, 95% confidence interval [CI] = 1.13–3.56), late childhood/adolescence (OR = 1.89, 95% CI = 1.16–3.09),
overweight/obesity (OR = 2.98, 95% CI = 1.83–4.86), large neck size (OR = 2.34, 95% CI = 1.42–3.86), severe OSA
(OR = 2.93, 95% CI = 1.81–4.75), severe desaturation (OR = 2.36, 95% CI = 1.48–3.78), mild/severe sleep hypoxemia
(OR = 2.28, 95% CI = 1.40–3.71), severe intermittent hypoxemia (OR = 1.83, 95% CI = 1.15–3.20), and long hypoxemia
time (OR = 3.36, 95% CI = 1.13–2.96) best predicted pediatric hypertension in the children.

Table 1 (Continued).

Characteristics All Participants
(n = 365)

Normotensive Subgroup
(n = 266)

Hypertensive Subgroup
(n = 99)

P-value

Least SpO2, % 87 (82–91) 88 (83–91) 85 (79–90) 0.01b

IH
No IH n = 44 34 (77.3) 10 (22.7) 0.04c

Mild IH n = 116 93 (80.2) 23 (19.8)

Severe IH n = 205 139 (67.8) 66 (32.2)
Time with SpO2 <85%, min 0 (0–0.45) 0 (0–0.26) 0.03 (0–1.22) 0.004b

Hypoxemia time

Zero hypoxemia time n = 218 169 (77.5) 49 (22.5) < 0.001c

Short hypoxemia time n = 102 75 (73.5) 27 (26.5)

Long hypoxemia time n = 45 22 (48.9) 23 (51.1)

Notes: Continuous data are displayed as medians (interquartile ranges); categorical data are expressed as numbers (percent). aDifferences between groups were compared
using the X2 test. bThe Mann–Whitney U-test was performed between normotensive and hypertensive subgroups. cData were compared using the Mantel-Haenszel test for
trend.
Abbreviations: AHI, apnea-hypopnea index; BMI, body mass index; IH, intermittent hypoxemia; NC, neck circumference; ODI3, 3% oxygen desaturation index; OSA,
obstructive sleep apnea; SpO2, peripheral oxygen saturation.

Figure 2 Violin charts showing the distributions of the (A) body mass index z-score and (B) oxygen desaturation index ≥ 3% between the normotensive and hypertensive
subgroups. Non-normally distributed continuous data were compared using the Mann–Whitney U-test.
Abbreviations: BMI, body mass index; ODI3, oxygen desaturation index 3%.
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Figure 3 Bart charts showing the relationships between hypertension and various subgroups. (A) Weight status subgroups; (B) Obstructive sleep apnea severity subgroups;
(C) Desaturation degree subgroups; (D) Sleep hypoxemia subgroups; (E) Intermittent hypoxemia subgroups; (F) Hypoxemia time subgroups. Categorical data were
compared using the Mantel-Haenszel test for trend.
Abbreviation: OSA, obstructive sleep apnea.
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Table 2 Single Epidemiologic, Anthropometric, and Polysomnographic Measure as a Predictor of Pediatric
Hypertension in Children with OSA

Predictors Odds Ratio 95% CI P-valuea R2

Demographic measures

Sex subgroup
Female sex Reference

Male sex 2.01 1.13–3.56 0.02 0.02

Age, y 1.06 0.97–1.15 0.22 0.01
Development stage

Toddler/preschooler/early
childhood

Reference

Late childhood/adolescence 1.89 1.16–3.09 0.01 0.03

Anthropometric measures

BMI z-score 1.41 1.18–1.68 < 0.001 0.06
Weight status

Underweight/normal weight Reference

Overweight/obesity 2.98 1.83–4.86 < 0.001 0.07
NC, cm 1.14 1.07–1.21 < 0.001 0.07

Neck size

Small/middle neck size Reference
Large neck size 2.34 1.42–3.86 < 0.001 0.04

Tonsil size, grade 1.16 0.83–1.60 0.39 0.003

Adenoid size 1.13 0.89–1.42 0.31 0.004

Polysomnographic measures

AHI, events/h 1.02 1.01–1.03 0.002 0.04

OSA severity

Mild/moderate OSA Reference
Severe OSA 2.93 1.81–4.75 < 0.001 0.08

ODI3, events/h 1.02 1.01–1.03 < 0.001 0.05

Desaturation degree
Mild/moderate desaturation Reference

Severe desaturation 2.36 1.48–3.78 < 0.001 0.05

Mean SpO2, % 0.92 0.85–0.98 0.02 0.02
Sleep hypoxemia

No sleep hypoxemia Reference

Mild/severe sleep hypoxemia 2.28 1.40–3.71 0.001 0.04
Least SpO2, % 0.96 0.94–0.99 0.002 0.04

IH

No/mild IH Reference
Severe IH 1.83 1.13–2.96 0.01 0.02

Time with SpO2 <85%, min 1.02 1.00–1.03 0.07 0.02

Hypoxemia time
Zero/short hypoxemia time Reference

Long hypoxemia time 3.36 1.77–6.36 < 0.001 0.05

Notes: aData were compared using univariate logistic regression models.
Abbreviations: AHI, apnea-hypopnea index; BMI, body mass index; CI, confidence interval; IH, intermittent hypoxemia; NC, neck circumference;
ODI3, 3% oxygen desaturation index; OSA, obstructive sleep apnea; SpO2, blood oxygen saturation measured by pulse oximetry.
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Variables Independently Predicting Pediatric Hypertension Using Multivariate Logistic
Regression Models
To improve regression performance, traditional hypertensive risk factors such as male sex, age (or development stage or
late childhood/adolescence), and BMI z-score (or weight status or overweight/obesity) were included in multivariate
logistic regression models. Furthermore, known or potential risk factors for hypertension with an alpha level of 0.50 were
also included in the multivariate regression models,49 including NC (or large neck size), tonsil size, adenoid size, AHI (or
severe OSA), ODI3 (or severe desaturation), mean SpO2 (or mild/severe sleep hypoxemia), least SpO2 (severe IH), and
time with SpO2 < 85% (or long hypoxemia time). Notably, overlapping information were not simultaneously included for
the multivariate logistic regression analyses and variables with an incorrect sign of regression coefficient were further
removed from the regression models. Table 3 shows the multivariate regression models used to predict pediatric
hypertension in the children.

Using continuous variables and traditional hypertension risk factors in the multivariate regression models, ODI3
(OR = 1.02, 95% CI = 1.01–1.03) and BMI z-score (OR = 1.34, 95% CI = 1.12–1.60) were independent predictors of

Table 3 Multivariate Logistic Regression Models for Predicting Pediatric Hypertension of the Overall Cohort as Well as
No/Mild IH and Severe IH Subgroups

Predictors OR (95% CI) P-value OR (95% CI) P-value

Models including continuous and categorical predictors of hypertension in the overall cohort (n = 365)

Parsimonious modela Parsimonious modelb

R2 = 0.09 R2 = 0.11

ODI3, events/h 1.02 (1.01–1.03) 0.01 1.02 (1.01–1.03) 0.007

BMI z-score 1.34 (1.12–1.60) 0.002 1.31 (1.09–1.57) 0.004

Male sex NS 1.77 (0.98–3.20) 0.057
Age, years NS 1.00 (0.91–1.10) 0.964

Models including categorical predictors of hypertension in the overall cohort (n = 365)

Parsimonious modelc Parsimonious modeld

R2 = 0.13 R2 = 0.15

Severe OSA 2.62 (1.60–4.29) < 0.001 2.62 (1.60–4.29) < 0.001

Overweight/obesity 2.63 (1.59–4.34) 0.001 2.41 (1.45–4.01) 0.001
Male sex NS 1.76 (0.97–3.21) 0.06

Late childhood/adolescence NS 1.60 (0.95–2.69) 0.08

Models including categorical predictors of hypertension in the no/mild IH subgroup (n = 160) and the severe IH subgroup (n = 205).

No/mild IH Subgroup Severe IH subgroup

Parsimonious modelc Parsimonious modelc

R2 = 0.07 R2 = 0.21

Severe OSA 3.81 (1.49–9.74) 0.01 NS

Mild/severe sleep hypoxemia NS 2.24 (1.16–4.04) 0.02

Overweight/obesity NS 2.97 (1.56–5.67) 0.001
Male sex NS 2.33 (1.02–5.33) 0.04

Late childhood/adolescent NS 1.98 (1.01–3.88) 0.046

Notes: aData were calculated using multivariate logistic regression models of all continuous and ordinal variables and the male sex with a forward selection
method with a significance level alpha of 0.10. bThe parsimonious model were adjustment for the male sex and age using the multivariate logistic regression
analysis. cData were calculated using multivariate logistic regression models of all categorical variables with a forward selection method with a significance
level alpha of 0.10. dThe parsimonious model were adjustment for the male sex and late childhood/adolescent using multivariate logistic regression analysis.
Abbreviations: BMI, body mass index; CI, confidence interval; IH, intermittent hypoxemia; ODI3, 3% oxygen desaturation index; OR, odds ratio; OSA,
obstructive sleep apnea.
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pediatric hypertension (R2 = 0.09). After adjusting for male sex and age, ODI3 (OR = 1.02, 95% CI = 1.01–1.03) and
BMI z-score (OR = 1.31, 95% CI = 1.09–1.57) remained significant predictors of pediatric hypertension (R2 = 0.11).

Furthermore, severe OSA (OR = 2.62, 95% CI = 1.60–4.29) and overweight/obesity (OR = 2.63, 95% CI = 1.59–
4.34) were independent predictors of pediatric hypertension (R2 = 0.13) in the multivariate regression models of all
categorical variables. Notably, severe OSA (OR = 2.62, 95% CI = 1.60–4.29) and overweight/obesity (OR = 2.41, 95%
CI = 1.45–4.01) remained significant predictors of pediatric hypertension after controlling for male sex and late
childhood/adolescence (R2 = 0.16).

Variables Independently Associated with Hypertension in the Children with or
Without Severe Intermittent Hypoxemia Using Logistic Regression Analysis
We wondered whether some classifications based on categorical hypoxemia indexes may be associated with the
prediction of hypertension. Therefore, we compared differences in the associations of categorical variables between
various subgroups (mild/moderate desaturation and severe desaturation; no sleep hypoxemia and mild/severe sleep
hypoxemia; no/mild IH and severe IH; zero/short hypoxemia time and long hypoxemia time).

In the no/mild IH subgroup (n = 160), the prevalence rate of hypertension was 20.6%, and severe OSA (OR = 3.81,
95% CI = 1.49–9.74, P = 0.01) was shown to be an independent risk factor using multivariate logistic regression (R2

= 0.07).
In the severe IH subgroup (n = 205), the prevalence rate of hypertension was 32.2%. Severe sleep hypoxemia (OR =

2.24, 95% CI = 1.16–4.04, P = 0.02), male sex (OR = 2.33, 95% CI = 1.02–5.33, P = 0.04), late childhood/adolescence
(OR = 1.98, 95% CI = 1.01–3.88, P = 0.046), and overweight/obesity (OR = 2.97, 95% CI = 1.56–5.67, P = 0.001) were
shown to be independent predictors of hypertension in multivariate analysis (R2 = 0.21).

Discussion
In the present study, we investigated the relationships of IH and weight status with hypertension among pediatric OSA
patients. Significant associations were observed between pediatric hypertension and its known demographic and anthro-
pometric risk factors, namely male sex, older age, BMI z-score, and overweight/obesity. Moreover, polysomnographic
measures including severe OSA (defined with AHI), severe desaturation (defined with ODI3), sleep hypoxemia (defined
with mean SpO2), severe IH (defined with least SpO2), and long hypoxemia time (defined with time with SpO2 < 85%)
were significantly associated with pediatric hypertension in the overall cohort. ODI3 and BMI z-score were independent
predictors in the parsimonious model of continuous variables (unadjusted R2 = 0.09, adjusted R2 = 0.11), whilst severe
OSA and overweight/obesity were independent predictors in the parsimonious model of categorical variables (unadjusted
R2 = 0.13, adjusted R2 = 0.15). After the patients were stratified by IH level, traditional risk factors combined with
hypoxemia-related variables predicted hypertension in the severe IH subgroup (R2 = 0.21), while the no/mild IH
subgroup had an entirely different predictor, severe OSA (R2 = 0.07).

In our cohort, hypertension was more prevalent in the boys than in the girls. This finding is consistent with national
data showing that the prevalence of hypertension has been consistently higher in male children and adolescents for over
a decade in Taiwan.50 Also, it has been long evident that the risk for OSA differs by sex. Male sex is a key risk factor for
severe adolescent OSA51 and OSA evolving from childhood to young adulthood.52 In this study, male sex was an
independent risk factor for pediatric hypertension in the severe IH subgroup. Although the exact mechanisms are
unknown, sex difference may be a confounding factor for both OSA53 and BP.54 Sex differences warrant special
considerations among pediatric OSA patients in the management of co-morbid secondary hypertension.

Another finding was the higher prevalence of hypertension in the late childhood/adolescence subgroup compared to
the toddler/preschool/early childhood subgroup. A recent meta-analysis found that the global prevalence of hypertension
increased significantly from 6 to 12 years old and reached a peak in late puberty.55 Hormonal changes and growth spurts
are widely accepted mechanisms to explain the elevation in BP during puberty.55 However, considering the discrepancy
in the prevalence of hypertension between children with OSA and the general pediatric population, we postulate that the
increase in BP along with age may also be partly due to the accumulative effect of OSA over time.
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Obesity is a well-established risk factor for hypertension and cardiovascular diseases.56 Possible mechanisms of
hypertension development in overweight/obese children and adolescents include increased intravascular volume, dis-
turbed sodium excretion, abnormal adipocyte secretory function, insulin resistance, and dysregulated renin-angiotensin-
aldosterone axis.57 The positive association between obesity and hypertension observed in our study is compatible with
the literature.55,58 In addition, we found that BMI z-score was closely related to IH indexes. Both obesity and IH worsen
metabolic dysregulation59 and consequently worsen hypertension60 in children, and the effects of weight status and OSA
severity on BP may be age-dependent.61 In obese children, AHI and ODI have been associated with elevated systolic
BP.62 Moreover, in adolescents, the relationship between obesity and hypertension has been shown to be stronger than
that between OSA and hypertension.63 Obesity, OSA, and hypertension can all be improved by diet control and physical
activity.64,65 Our findings support the importance of weight control to manage hypertension in children with OSA.

In this study, hypertension was notably more prevalent among the children with OSA (27.1%) compared to the global
prevalence of childhood hypertension (4%).55 As mentioned above, OSA is a well-known risk factor for secondary
hypertension in adults21 and in children.47 Obstructive events and oxygen desaturations have been shown to induce acute
cardiovascular changes, such as increased pulse transit time, in children with OSA, consequently causing an elevation in
BP.66 Hypertension, in turn, has been shown to exacerbate OSA.9,67,68 Higher BP itself has been associated with
a reduction in genioglossus activity and disruption of upper airway stability.69 Moreover, primary aldosteronism,
which is not uncommon in hypertensive patients, can cause rostral fluid accumulation and increase upper airway
collapsibility.70 The use of diuretics to control BP has been shown to confer a small but significant reduction in OSA
severity.71 In addition, Lee et al reported that adenotonsillectomy resulted in a dramatic decrease in the prevalence of
hypertension from 34% to 14%.9

However, despite the known bidirectional effects of OSA on BP,25,26 inconsistencies and knowledge gaps still exist
within the current understanding of the interactions between OSA and hypertension in children. A meta-analysis
conducted by Zintzaras and Kaditis (2007) found that moderate-to-severe SDB in children did not significantly increase
the risk of elevated BP.72 In addition, contradicting the known epidemiology of hypertension, Chuang et al reported that
neither family history of hypertension nor family history of SDB predicted pediatric hypertension for children with
SDB.14 Furthermore, Kang et al reported that adenotonsillectomy had no significant effect on BP, except in children with
both OSA and hypertension.8 In our previous work, we found that considerable heterogeneity existed among pediatric
patients diagnosed with SDB or OSA regarding their comorbidities, inflammatory status, microbiome, and treatment
responses, even after adjusting for disease severity, and that the phenotype subgroups were mainly stratified by weight
status and hypoxemic level.9,14,30,31,39,73 We postulated that the pathogenesis and progression of BP elevation were
diverse across different phenotype patient groups.

The results of the current study support our hypotheses of IH relating to elevated BP. The severe IH subgroup had
a notably higher prevalence of hypertension, suggesting the role of IH in BP elevation. OSA-induced IH has been
shown to activate the sympathetic nervous system,74 dysregulate the renin-angiotensin-aldosterone system,75 and then
contribute to hypertension.76 A considerable volume of evidence suggests that IH is more severe during rapid eye
movement sleep.77,78 In 2020, Brooks et al further indicated that OSA patients have higher BP during rapid eye
movement sleep.79 Chronic IH changes the neurotransmission direction of the brain stem to decrease cardioprotective
parasympathetic activity and increase cardiovascular events.77 Taken together with the present study, these findings
suggest that for pediatric OSA patients who have profound desaturation as the disease presentation, IH may be the
cardinal pathogenic driver of BP elevation. On the other hand, for those with none or only mild desaturation, disease
severity itself, defined by respiratory events, may play a more important role in the development of hypertension.

According to the American Academy of Pediatrics clinical practice guideline for screening and management of
high BP in children and adolescents, adenotonsillar hypertrophy should be assessed because the large size of the
tonsils and adenoids is a sign of pediatric SDB, and the latter is a secondary cause of pediatric hypertension (Flynn
et al). In the current study, we further discovered that in this cohort of pediatric OSA patients, neither tonsil size (odds
ratio = 1.16; 95% CI: 0.83–1.60; P = 0.39) nor adenoid size (odds ratio = 1.13; 95% CI: 0.89–1.42; P = 0.31) was
a significant risk factor for hypertension (Table 2). Adenotonsillar hypertrophy is an essential risk factor for secondary
hypertension in the general pediatric population; however, as for children with OSA, neither seems to be an
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independent factor for hypertension. The literature and our data in combination suggest that the greater risk of
secondary hypertension possessed by children with adenotonsillar hypertrophy is probably not caused by the gland
sizes themselves, but more likely mediated by OSA, and severe desaturation may be implicated as a cardinal
pathogenic pathway. This finding is novel and yields important clinical implications, suggesting that severe desatura-
tion should be identified and managed promptly in children with OSA to better prevent or minimize secondary
hypertension.

A very interesting and similar result was observed with NC as with adeno/tonsillar sizes. NC is closely related to body
weight status and elevated BP in children.80 In a very recent meta-analysis, NC was an anthropometric predictor of
elevated BP in children and adolescents regardless of the presence of OSA.81 We also demonstrated that NC was
significantly associated with OSA in younger children.30 Wide NC (ie, large neck size) cluster many risk factors for
pediatric hypertension. However, from our data, neither NC nor neck size was an independent predictor for hypertension
among children and adolescents with OSA. The greater risk of secondary hypertension possessed by children with wider
NC may not be brought by the neck size itself but more likely mediated by pathophysiological effects caused by obesity
or OSA. Nevertheless, NC is a readily available measurement in general clinical settings and can be used to screen
pediatric hypertension before polysomnography in children with SDB.

In the current study, we identified relationships among IH, weight status, demographic variables, and hypertension in
a sample of children with OSA. ODI3, severe OSA, BMI z-score, and overweight/obesity were important risk factors for
hypertension. However, independent predictors of hypertension differed across the patients with different IH levels.
There were several limitations to the study. First, the investigation was conducted at a tertiary medical center in Taiwan,
and the sample was predominantly male, mostly of Han ethnicity, and had severe OSA, which may limit the general-
izability of our findings. Second, this study was cross-sectional, thus we could not assess causality. Longitudinal case-
control or interventional studies are warranted to confirm the roles of IH and weight status in hypertension among
children with OSA.

Conclusion
We found that ODI3 was a major risk factor for hypertension in the children with OSA. In the children with less
significant IH, AHI was a better predictor of hypertension, whereas in the children with more significant IH, mean SpO2

was a suitable predictor of hypertension together with overweight/obesity, older age, and male sex.
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