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ABSTRACT
Background The obstructive sleep apnoea syndrome
(OSAS) results from a combination of structural and
neuromotor factors; however, the relative contributions
of these factors have not been studied during the
important developmental phase of adolescence. We
hypothesised that adenotonsillar volume (ATV),
nasopharyngeal airway volume (NPAV), upper airway
critical closing pressure (Pcrit) in the hypotonic and
activated neuromotor states, upper airway
electromyographic response to subatmospheric pressure
and the ventilatory response to CO2 during sleep would
be major predictors of OSAS risk.
Methods 42 obese adolescents with OSAS and 37
weight-matched controls underwent upper airway MRI,
measurements of Pcrit, genioglossal electromyography
and ventilatory response to CO2 during wakefulness and
sleep.
Results ATV, NPAV, activated and hypotonic Pcrit,
genioglossal electromyography and ventilatory response
to CO2 during sleep were all associated with OSAS risk.
Multivariate models adjusted for age, gender, body mass
index and race indicated that ATV, NPAV and activated
Pcrit each independently affected apnoea risk in
adolescents; genioglossal electromyography was
independently associated in a reduced sample. There
was significant interaction between NPAV and activated
Pcrit (p=0.021), with activated Pcrit more strongly
associated with OSAS in adolescents with larger NPAVs
and NPAV more strongly associated with OSAS in
adolescents with more negative activated closing
pressure.
Conclusions OSAS in adolescents is mediated by a
combination of anatomic (ATV, NPAV) and neuromotor
factors (activated Pcrit). This may have important
implications for the management of OSAS in
adolescents.

INTRODUCTION
The pathophysiology of the obstructive sleep
apnoea syndrome (OSAS) has been investigated
extensively in adults and to some degree in chil-
dren. However, little is known about the important
transitional stage of adolescence. Adolescence is
associated with hormonal changes that affect upper
airway structures1 and ventilatory control,2 as well
as changes in somatic growth and cerebral remodel-
ling.3 These developmental changes would be

expected to affect upper airway patency during
sleep. Furthermore, obesity has become very
common during adolescence, affecting 17% of
teenagers in the USA4 and putting them at
increased risk for OSAS.
OSAS is thought to result from a combination of

structural and neuromotor factors that lead to
upper airway narrowing and dynamic collapse
during sleep. The early literature debated the rela-
tive contributions of structure and neuromotor
function to upper airway patency,5 6 but it is now
recognised that both are important. In obese ado-
lescents, OSAS is usually attributed entirely to
obesity. However, we previously showed both ana-
tomic and physiological differences in adolescents
with OSAS compared with controls. Adolescents
with OSAS had adenotonsillar hypertrophy and a
smaller nasopharyngeal airway than controls,7 a
more collapsible airway during both the activated

Key messages

What is the key question?
▸ Although several studies have evaluated the

pathophysiological basis for obstructive sleep
apnoea in children and adults, little is known
about the important transitional stage of
adolescence; in particular, the relative
contributions of structural and neuromotor
factors to upper airway collapsibility in this
population are unknown.

What is the bottom line?
▸ This study shows that obstructive sleep apnoea

syndrome in adolescents is mediated by both
anatomic and neuromotor factors; in particular,
adenotonsillar volume, nasopharyngeal airway
volume and activated upper airway critical
closing pressure (Pcrit) independently increase
the risk for obstructive sleep apnoea.

Why read on?
▸ This study provides a comprehensive evaluation

of both anatomic and neuromotor contributors
to obstructive sleep apnoea in adolescents
compared with age-matched and weight-
matched controls.
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state and the hypotonic state8 and blunted upper airway neuro-
motor reflex responses to subatmospheric pressure8 and hyper-
capnia9 during sleep. While these studies established important
relationships with individual factors, the relative contribution
and interaction of each of these physiological factors to OSAS
risk is unknown; very few studies have evaluated both structural
and functional components in the same individual.

The aim of this study was to comprehensively evaluate the
major structural and neuromotor factors contributing to OSAS
in obese adolescents. We hypothesised that both structural and
neuromotor factors contribute significantly to OSAS and inter-
act to increase risk beyond what would be expected from the
additive combination of individual factors. Based on our previ-
ous publications, we specifically hypothesised that adenotonsil-
lar volume (ATV), nasopharyngeal airway volume (NPAV), the
upper airway critical closing pressure (Pcrit) in the activated and
hypotonic states and the ventilatory response to CO2 during
sleep would be major predictors of OSAS risk.

METHODS
Detailed additional information on the methods is presented in
the online supplementary material. Data were obtained from a
comprehensive study examining the pathophysiology of OSAS
in adolescents, and some components of this study have been
published individually.7–10 Informed consent from guardians
and assent from participants were obtained. Obese adolescents
aged 12–16 years with OSAS and obese controls underwent
hypercapnic ventilatory response testing (HCVR) and upper
airway MRI awake; and polysomnography and measurement of
genioglossal electromyogram (EMGgg) activity, Pcrit in the
hypotonic and activated neuromotor states and the ventilatory
response to CO2 during sleep. Due to the extensive resources
required for testing, HCVR, EMGgg and CO2 responses during

sleep were performed only on consecutive initial subsets of the
population (N shown in table 1).

Statistical analysis
Additional information is presented in the online supplementary
material. Variables were compared between groups using t-tests
and χ2 tests (parametric) and Wilcoxon and Fisher’s exact tests
(non-parametric). Logistic regression models, controlling for
age, gender, race and body mass index (BMI) Z-score, examined
associations between structural and neuromotor parameters and
OSAS status. Continuous measures were standardised by sub-
tracting the sample mean value and dividing by the SD. The
area under the receiver operating characteristic curve (AUC) was
used to compare model predictive values. The AUC estimates
the probability that a randomly selected case has a larger pre-
dicted probability than a randomly selected control. To deter-
mine which variables to include in multivariate models,
bivariate assessments of individual predictors and OSAS were
performed; variables with p<0.05 were included in multivariate
analyses. Partial Pearson’s correlations, controlling for age,
gender, race and BMI Z-score, were used to evaluate relation-
ships between structural and functional variables and OSAS
severity; multiple linear regression was used to assess independ-
ent effects. Pairwise interactions and response surface modelling
(RSM) were used to examine the simultaneous association of
any two factors on OSAS.11 12

RESULTS
Study group
The sample (42 OSAS and 37 controls) was restricted to partici-
pants with available data on the primary predictors of interest
(ATV on MRI and activated and hypotonic Pcrit). There were
no significant differences between groups in age, gender, race,

Table 1 Summary of demographic and outcome variables

Domain Variable

OSAS Obese controls

p Value* pNP†N Measure N Measure

Demographics Age, years 42 14.5±1.5 37 14.2±1.5 0.288 0.294
Male, N (%) 42 31 (73.8) 37 23 (62.2) 0.267 0.335
African American, N (%) 42 31 (73.8) 37 32 (86.5) 0.162 0.262
BMI, Z-score 42 2.36±0.36 37 2.24±0.34 0.143 0.216
AHI, N/hour‡ 42 17.2±18.4 37 0.52±0.40 <0.0001 <0.0001

Lymphoid tissue size Tonsil volume, mm3 42 9665±4944 37 7084±2517 0.004 0.017
Adenoid volume, mm3 42 11 442±4747 37 8588±3889 0.005 0.008
ATV, mm3 42 21 107±7749 37 15 672±5712 0.001 0.002

Nasopharyngeal airway size NPAV, mm3
‡ 42 2269±1399 37 3233±1275 0.002 0.001

Nasopharyngeal cross-sectional area, mm2
‡ 42 478±297 37 723±383 0.002 0.003

Nasopharyngeal minimum area, mm2
‡ 42 75±52 37 104±54 0.017 0.009

Upper airway closing pressures Slope of the pressure–flow response (activated)
mL/s/cm H2O

42 21.3±20.4 37 11.9±21.1 0.049 0.002

Pcrit (activated), cm H2O§ 42 −11.6±9.4 37 −18.0±9.0 0.003 0.005
Slope of the pressure–flow response (hypotonic), mL/s/cm H2O 42 23.7±15.0 37 19.6±15.5 0.229 0.068
Pcrit (hypotonic), cm H2O¶ 42 −7.4±7.6 37 −14.2±7.7 <0.001 <0.001

Genioglossal electromyogram
(EMGgg)

EMGgg slope (activated), %/cm H2O 32 −1.67±5.60 23 −10.34
±18.15

0.036 0.004

EMGgg slope (hypotonic), %/cm H2O 30 −1.43±3.34 22 −1.81±3.50 0.691 0.424
CO2 response HCVR slope, L/min/mm Hg PETCO2 31 1.83±0.98 24 2.11±1.15 0.332 0.511

HCVR correlation coefficient 31 0.84±0.10 24 0.84±0.11 0.939 0.820
CO2 response during sleep, %ΔVE 16 28.0±22.8 17 73.1±26.0 <0.0001 <0.001

*p Value from χ2 test or t-test comparing values between OSAS and controls.
†p Value from non-parametric Wilcoxon or Fisher’s exact test. Significant values are shown in bold.
‡Median (IQR) for AHI was 7.9 (6.7,19.2) for OSAS and 0.4 (0.3,0.7) for controls.
§The −25 cm H2O limit was used for 10 (23.8%) OSAS and 20 (54.1%) controls.
¶The −25 cm H2O limit was used for four (9.5%) OSAS and seven (18.9%) controls.
AHI, apnoea hypopnoea index; ATV, adenotonsillar volume; BMI, body mass index; HCVR, hypercapnic ventilatory response; NPAV, nasopharyngeal airway volume; OSAS, obstructive
sleep apnoea syndrome; Pcrit, critical closing pressure; VE, minute ventilation.
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BMI Z-score (table 1) or Tanner stage (p=0.973). As previously
reported,7 participants with OSAS had a larger ATV and smaller
nasopharyngeal airway compared with controls. Moreover, par-
ticipants with OSAS had a more collapsible upper airway, with a
greater slope of the activated pressure–flow response curve and
higher activated and hypotonic Pcrit. As previously reported,8 9

controls had a stronger (more negative) upper airway EMGgg
response to subatmospheric pressure loading and a greater CO2

response during sleep, but no differences were observed
between groups for the EMGgg slope under hypotonic condi-
tions or the HCVR.

Bivariate associations of individual variables with OSAS risk
The results from logistic regression models examining associa-
tions between individual variables and OSAS risk are presented
in table 2. All upper airway structure measures examined were
significantly associated with OSAS risk. The combined ATV
showed the strongest association, with a 2.5 times increased
odds of OSAS (p=0.002) associated with a 1 SD increase.
Similarly, smaller values of all nasopharyngeal airway measures
were associated with OSAS risk; the strongest relationship was
observed with NPAV, with greater volume related to decreased
likelihood of OSAS (p=0.004). For neuromotor factors, higher
(ie, more collapsible) activated (p=0.004) and hypotonic
(p=0.001) Pcrit were associated with increased OSAS risk.
Higher risk for OSAS was observed for both a less negative
(blunted) activated EMGgg slope (p=0.036) and a lower
(blunted) CO2 response during sleep (p=0.003). CO2 response
showed the highest AUC statistic among all measures
(AUC=0.915), although the available sample was relatively
small (N=33).

Multivariate associations with OSAS risk
Significant (p<0.05) associations were observed between OSAS
and a number of variables in bivariate analyses. The most signifi-
cant variables from lymphoid tissue (ATV) and nasopharyngeal
airway size (NPAV) domains, as well as activated and hypotonic
Pcrit values, activated EMGgg slope and CO2 response during

sleep, were carried forward into multivariate analyses. Given the
differences in the available sample sizes for these variables (see
Methods), the combined effects were evaluated using the popu-
lation subsets with non-missing values for all measures of inter-
est. Primary analyses are presented adjusted for covariates (see
online supplementary material for unadjusted estimates).

First, the combined effects of anatomic and neuromotor vari-
ables (table 3) were assessed within the full sample (42 OSAS,
37 controls). Models 1 and 2 illustrate the adjusted associations
for anatomic and Pcrit variables only, respectively. In these
domain-specific models, both ATV and NPAV were significantly
associated with OSAS (table 3, Model 1), while the activated
(p=0.068) and hypotonic (p=0.016) Pcrit measures showed
borderline and significant associations, respectively (table 3,
Model 2). When combining all measures (table 3, Model 3),
there were significant associations with ATV (p=0.043), NPAV
(p=0.003) and activated Pcrit (p=0.018), suggesting that each
variable exerted an independent effect on OSAS risk in adoles-
cents. After removing hypotonic Pcrit (which was not signifi-
cantly associated) from this comprehensive model, higher ATV
and activated Pcrit values and smaller NPAV were all associated
with increased OSAS risk (table 3, final model). The model
resulted in an AUC statistic of 0.867, suggesting strong predict-
ive ability within this sample of adolescents.

Next, we examined whether activated EMGgg slope had an
independent association with OSAS in models containing ana-
tomic and neuromotor factors (table 4). Models assessing this
association were fit on the subset of patients with available ana-
tomic, Pcrit and EMGgg data (32 OSAS, 23 controls).
Controlling for covariates in this smaller sample, activated
EMGgg slope remained significantly associated with OSAS risk
(p=0.044). This association remained significant in the full
model (table 4, Model 4, p=0.040) and after removing hypo-
tonic Pcrit (table 4, Model 5, p=0.043); ATV, NPAV and acti-
vated Pcrit also remained significant. Based on these results, it
appears that activated EMGgg slope independently influenced
OSAS risk in this small sample of adolescents, even after con-
trolling for relevant covariates and significant anatomic and

Table 2 Associations with OSAS status in obese OSAS and obese control participants

Category Variable N AUC OR (95% CI)* p Value†

Covariates Age, years 79 0.569 1.28 (0.82 to 2.01) 0.284
Male, N 79 0.558 1.72 (0.66 to 4.46) 0.269
African American, N 79 0.563 0.44 (0.14 to 1.42) 0.168
BMI Z-score 79 0.582 1.41 (0.89 to 2.23) 0.144

Lymphoid tissue size Tonsil volume, mm3 79 0.660 2.32 (1.22 to 4.41) 0.010
Adenoid volume, mm3 79 0.680 2.06 (1.21 to 3.53) 0.008
ATV, mm3 79 0.707 2.52 (1.39 to 4.55) 0.002

Nasopharyngeal airway size NPAV, mm3 79 0.734 0.46 (0.27 to 0.78) 0.004
Nasopharyngeal cross-sectional area, mm2 79 0.703 0.46 (0.27 to 0.79) 0.005
Nasopharyngeal minimum area, mm2 79 0.677 0.56 (0.34 to 0.92) 0.022

Upper airway closing pressures Slope of the pressure–flow response (activated), mL/s/cm H2O 79 0.713 1.73 (0.97 to 3.08) 0.062
Pcrit (activated), cm H2O 79 0.683 2.04 (1.25 to 3.31) 0.004
Slope of the pressure–flow response (hypotonic), mL/s/cm H2O 79 0.618 1.33 (0.84 to 2.11) 0.230
Pcrit (hypotonic), cm H2O 79 0.761 2.59 (1.50 to 4.45) 0.001

Genioglossal electromyogram (EMGgg) EMGgg slope (activated), %/cm H2O 55 0.740 5.71 (1.12 to 29.1) 0.036
EMGgg slope (hypotonic), %/cm H2O 52 0.576 1.12 (0.64 to 1.96) 0.685

CO2 response HCVR slope, L/min/mm Hg PETCO2 55 0.557 0.76 (0.44 to 1.32) 0.328
HCVR correlation coefficient 55 0.514 0.98 (0.57 to 1.68) 0.938
CO2 response during sleep, %ΔVE 33 0.915 0.06 (0.01 to 0.38) 0.003

*OR associated with a 1 SD increase in continuous variables or between groups for categorical variables.
†p Value from logistic regression model. Significant values (p<0.05) are shown in bold.
ATV, adenotonsillar volume; AUC, area under the receiver operating characteristic curve; BMI, body mass index; HCVR, hypercapnic ventilatory response; NPAV, nasopharyngeal airway
volume; OSAS, obstructive sleep apnoea syndrome; Pcrit, critical closing pressure; VE, minute ventilation.
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other neuromotor factors. However, as evidenced by the wide
CI, larger samples are needed to obtain more robust estimates
of the effect.

As a final step, we examined the independent association with
CO2 response during sleep within the smaller subset with avail-
able CO2, anatomic and neuromotor variables (16 OSAS, 17
controls). CO2 response remained significantly associated with
OSAS after controlling for age, gender, race and BMI (OR (95%
CI): 0.06 (0.01 to 0.50); p=0.010). However, due to the small
sample size, we were unable to obtain a valid model fit for a
model including covariates, ATV, NPAV and activated Pcrit.
Thus, CO2 response remains an interesting potential predictor
of OSAS risk, but larger samples are needed in order to assess
its independent utility.

Associations with disease severity among participants
with OSAS
The correlations between OSAS severity measures and the ana-
tomic and neuromotor measures were examined among the ado-
lescents with OSAS (table 5). Similar to analyses examining
OSAS risk, higher values of ATV (r=0.66, p<0.0001) and acti-
vated Pcrit (r=0.36, p=0.027) were associated with a higher
apnoea hypopnoea index (AHI) within the OSAS group, con-
trolling for age, gender, race and BMI Z-score. Thus, these vari-
ables relate to OSAS risk and AHI severity. Moreover, ATV was

associated with longer desaturation time (p<0.0001) and a
lower arterial oxygen saturation (SpO2) nadir (p=0.003), but
not with measures of hypercapnia. Tonsils showed stronger asso-
ciations than adenoid for each severity measure (table 5).
Activated Pcrit was also associated with desaturation time
(p=0.037), but not with other gas exchange measures.
Hypotonic Pcrit showed a borderline association with AHI
(p=0.065) and a significant association with desaturation time
(p=0.027). Interestingly, measures of nasopharyngeal airway
size, which showed independent associations with OSAS risk,
were not correlated with OSAS severity.

Next, multivariate analyses were repeated examining whether the
primary measures from multivariate models of OSAS risk were
independently associated with OSAS severity among participants
with OSAS (table 6). No measures were associated with hypercap-
nia degree or duration. Larger ATV was significantly associated
with more severe OSAS in models adjusted for clinical covariates
only or full models (all p<0.005). Thus, ATV appeared to be a
robust and independent predictor of OSAS severity in adolescents.
Although not significant in correlation analyses, there was an

Table 3 Multivariate models in analysis sample with anatomic
and Pcrit measures

Variable* OR (95% CI)† p Value*

Model 0: Covariates only
N OSAS=42, N Controls=37, AUC=0.665
Age 1.33 (0.82 to 2.17) 0.252
Male 1.87 (0.68 to 5.17) 0.229
African American 0.55 (0.16 to 1.87) 0.335
BMI Z-score 1.43 (0.89 to 2.29) 0.135

Model 1: Anatomy adjusted for covariates‡
N OSAS=42, N Controls=37, AUC=0.810
ATV 2.60 (1.28 to 5.30) 0.009
NPAV 0.46 (0.25 to 0.84) 0.012

Model 2: Pcrit adjusted for covariates‡
N OSAS=42, N Controls=37, AUC=0.813
Activated Pcrit 1.75 (0.96 to 3.17) 0.068
Hypotonic Pcrit 2.12 (1.15 to 3.92) 0.016

Model 3: Anatomy+Pcrit adjusted for covariates‡
N OSAS=42, N Controls=37, AUC=0.872
ATV 2.42 (1.03 to 5.69) 0.043
NPAV 0.32 (0.15 to 0.69) 0.003
Activated Pcrit 2.52 (1.17 to 5.40) 0.018
Hypotonic Pcrit 1.74 (0.90 to 3.37) 0.102

Final model: significant variables adjusted for covariates‡
N OSAS=42, N Controls=37, AUC=0.867
ATV 2.59 (1.11 to 6.02) 0.028
NPAV 0.31 (0.15 to 0.66) 0.002
Activated Pcrit 3.09 (1.48 to 6.45) 0.003

*p Value from logistic regression model.
†OR associated with a 1 SD increase in continuous variables or between groups for
categorical variables.
‡Model includes listed predictors and covariates shown in Model 0. Significant
estimates (p<0.05) are shown in bold.
ATV, adenotonsillar volume; AUC, area under the receiver operating characteristic
curve; BMI, body mass index; NPAV, nasopharyngeal airway volume; OSAS,
obstructive sleep apnoea syndrome; Pcrit, critical closing pressure.

Table 4 Multivariate models in sample with anatomic, Pcrit and
activated EMGgg measures

Variable OR (95% CI)* p Value†

Model 0: Covariates only
N OSAS=32, N Controls=23, AUC=0.680
Age 1.33 (0.71 to 2.50) 0.368
Male 2.72 (0.81 to 9.07) 0.105
African American 0.85 (0.20 to 3.63) 0.822
BMI Z-score 1.34 (0.77 to 2.33) 0.301

Model 1: Anatomy adjusted for covariates‡
N OSAS=32, N Controls=23, AUC=0.844
ATV 4.57 (1.53 to 13.6) 0.006
NPAV 0.45 (0.20 to 1.02) 0.054

Model 2: Pcrit adjusted for covariates‡
N OSAS=32, N Controls=23, AUC=0.841
Activated Pcrit 2.04 (0.93 to 4.47) 0.077
Hypotonic Pcrit 2.26 (1.04 to 4.90) 0.039

Model 3: Activated EMG adjusted for covariates‡
N OSAS=32, N Controls=23, AUC=0.747
EMGgg slope (activated) 6.74 (1.05 to 43.1) 0.044

Model 4: Anatomy+Pcrit+activated EMGgg adjusted for covariates‡
N OSAS=32, N Controls=23, AUC=0.958
ATV 9.05 (1.56 to 52.5) 0.014
NPAV 0.04 (0.004 to 0.45) 0.009
Activated Pcrit 7.72 (1.40 to 42.6) 0.190
Hypotonic Pcrit 1.92 (0.66 to 5.60) 0.231
EMGgg slope (activated) 33.8 (1.17 to 980.7) 0.040

Final model: significant variables adjusted for covariates‡
N OSAS=32, N Controls=23, AUC=0.951
ATV 10.0 (1.78 to 56.4) 0.009
NPAV 0.05 (0.01 to 0.43) 0.007
Activated Pcrit 8.79 (1.70 to 45.6) 0.010
EMGgg slope (activated) 24.0 (1.10 to 521.1) 0.043

*OR associated with a 1 SD increase in continuous variables or between groups for
categorical variables.
†p Value from logistic regression model.
‡Model includes listed predictors and covariates shown in Model 0. Significant
estimates (p<0.05) are shown in bold.
ATV, adenotonsillar volume; AUC, area under the receiver operating characteristic
curve; BMI, body mass index; EMGgg, genioglossal electromyogram; NPAV,
nasopharyngeal airway volume; OSAS, obstructive sleep apnoea syndrome; Pcrit,
critical closing pressure.
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independent association between NPAV volume and percent sleep
time with SpO2<90% in both covariate and anatomy only models
and the full models. Conversely, Pcrit measures generally did not
show associations in multivariate analyses, with only an association
(p=0.012) between hypotonic Pcrit and percent sleep time with
SpO2<90%. Thus, it appears that, within the current sample,
although both anatomy and Pcrit were related to the risk of having

OSAS, only anatomy showed consistent associations with disease
severity.

Simultaneous associations of important risk factors
ATV, NPAV and activated Pcrit all showed evidence of independ-
ent associations with OSAS risk in the full sample. To evaluate
the simultaneous associations of any two of these factors on the

Table 5 Adjusted* partial Pearson correlations with OSAS severity measures within adolescents with OSAS

Variable N

AHI
(events/hour)†

% sleep
time with
SpO2<90%† SpO2 nadir (%)

Peak ETCO2

(mm Hg)

% sleep
time with
ETCO2>50†

r p Value r p Value r p Value r p Value r p Value

Tonsil volume, mm3 42 0.56 <0.001 0.67 <0.0001 −0.45 0.005 0.13 0.428 0.19 0.255
Adenoid volume, mm3 42 0.51 0.001 0.39 0.015 −0.30 0.070 0.05 0.766 −0.04 0.805
ATV, mm3 42 0.66 <0.0001 0.66 <0.0001 −0.46 0.003 0.11 0.497 0.09 0.579
NPAV, mm3 42 −0.08 0.616 0.11 0.527 0.01 0.965 −0.12 0.456 0.06 0.737
Nasopharyngeal cross-sectional area, mm2 42 −0.24 0.151 −0.20 0.220 0.03 0.866 −0.11 0.517 −0.03 0.860
Nasopharyngeal minimum area, mm2 42 −0.26 0.114 −0.16 0.340 −0.03 0.880 −0.13 0.423 −0.07 0.692
Slope of the pressure–flow response (activated), mL/s/cm H2O 42 0.21 0.200 0.12 0.475 −0.05 0.769 −0.14 0.403 −0.24 0.142
Pcrit (activated), cm H2O 42 0.36 0.027 0.34 0.037 −0.11 0.527 −0.06 0.733 −0.12 0.475
Slope of the pressure–flow response (hypotonic), mL/s/cm H2O 42 0.05 0.743 0.05 0.752 0.10 0.566 −0.01 0.949 −0.21 0.200
Pcrit (hypotonic), cm H2O 42 0.30 0.065 0.36 0.027 −0.02 0.923 0.16 0.335 0.02 0.888
EMGgg slope (activated), %/cm H2O 32 0.16 0.422 0.28 0.151 −0.17 0.378 −0.04 0.833 0.13 0.523
EMGgg slope (hypotonic), %/cm H2O 30 0.14 0.502 0.07 0.719 0.12 0.544 −0.34 0.088 −0.32 0.108
HCVR slope, L/min/mm Hg PETCO2 31 0.12 0.561 −0.02 0.931 −0.04 0.840 0.07 0.717 −0.06 0.761
HCVR correlation coefficient 31 0.10 0.603 0.12 0.556 −0.05 0.795 −0.19 0.339 −0.25 0.202
CO2 response during sleep, %ΔVE 16 −0.42 0.172 −0.41 0.186 0.52 0.080 −0.07 0.834 −0.16 0.629

*Partial correlations controlling for age, gender, race and BMI Z-score.
†Measures natural log+1 transformed for normality; significant (p<0.05) correlations are shown in bold.
AHI, apnoea hypopnoea index; ATV, adenotonsillar volume; BMI, body mass index; EMGgg, genioglossal electromyogram; ETCO2, end-tidal carbon dioxide; HCVR, hypercapnic
ventilatory response; NPAV, nasopharyngeal airway volume; OSAS, obstructive sleep apnoea syndrome; Pcrit, critical closing pressure; SpO2, arterial oxygen saturation; VE,
minute ventilation.

Table 6 Adjusted multivariate models for OSAS severity measures within adolescents with OSAS

OSAS measure Variable

UA anatomy model Pcrit model Full model

β (95% CI)* p Value† β (95% CI)* p Value† β (95% CI)* p Value†

AHI (events/hour)‡ ATV 0.48 (0.29 to 0.67) <0.0001 – – 0.45 (0.25 to 0.65) <0.0001
NPAV 0.06 (−0.15 to 0.27) 0.574 – – 0.05 (−0.18 to 0.28) 0.651
Pcrit (Activated) – – 0.21 (−0.08 to 0.50) 0.150 0.03 (−0.24 to 0.30) 0.805
Pcrit (Hypotonic) – – 0.12 (−0.19 to 0.43) 0.430 0.15 (−0.11 to 0.40) 0.245

% sleep time with SpO2<90%‡ ATV 0.52 (0.34 to 0.70) <0.0001 – – 0.54 (0.35 to 0.72) <0.0001
NPAV 0.22 (0.02 to 0.42) 0.031 – – 0.28 (0.07 to 0.49) 0.009
Pcrit (Activated) – – 0.16 (−0.14 to 0.45) 0.281 −0.14 (−0.39 to 0.10) 0.242
Pcrit (Hypotonic) – – 0.20 (−0.11 to 0.51) 0.194 0.30 (0.07 to 0.54) 0.012

SpO2 nadir (%) ATV −3.74 (−6.11 to −1.37) 0.003 – – −4.01 (−6.68 to −1.34) 0.004
NPAV −0.91 (−3.56 to 1.75) 0.492 – – −1.16 (−4.20 to 1.87) 0.441
Pcrit (Activated) – – −1.15 (−4.54 to 2.23) 0.493 0.72 (−2.84 to 4.29) 0.682
Pcrit (Hypotonic) – – 0.53 (−3.03 to 4.09) 0.764 0.06 (−3.32 to 3.44) 0.970

Peak ETCO2 (mm Hg) ATV 0.40 (−1.16 to 1.96) 0.606 – – 0.66 (−1.05 to 2.38) 0.436
NPAV −0.52 (−2.26 to 1.23) 0.550 – – −0.03 (−1.98 to 1.92) 0.975
Pcrit (Activated) – – −1.02 (−2.95 to 0.92) 0.293 −1.24 (−3.52 to 1.05) 0.278
Pcrit (Hypotonic) – – 1.41 (−0.63 to 3.45) 0.168 1.42 (−0.75 to 3.59) 0.192

% sleep time with ETCO2>50‡ ATV 0.18 (−0.37 to 0.72) 0.521 – – 0.34 (−0.26 to 0.94) 0.251
NPAV 0.14 (−0.47 to 0.76) 0.637 – – 0.37 (−0.31 to 1.05) 0.282
Pcrit (Activated) – – −0.32 (−1.01 to 0.36) 0.346 −0.59 (−1.39 to 0.21) 0.141
Pcrit (Hypotonic) – – 0.23 (−0.49 to 0.95) 0.522 0.35 (−0.41 to 1.11) 0.351

*Beta coefficient and 95% CI from linear regression model, interpreted as the expected change in outcome for a 1 SD increase in continuous variables or associated with the indicated
group for categorical variables.
†p Value from linear regression model.
‡Measures natural log+1 transformed for normality; significant (p<0.05) associations are shown in bold.
AHI, apnoea hypopnoea index; ATV, adenotonsillar volume; ETCO2, end-tidal carbon dioxide; NPAV, nasopharyngeal airway volume; OSAS, obstructive sleep apnoea syndrome; Pcrit,
critical closing pressure; SpO2, arterial oxygen saturation; UA, upper airway.
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Figure 1 (A–C) 3D plots of the predicted probability (Pr) of obstructive sleep apnoea syndrome (OSAS) from response surface modelling (RSM)
analyses are shown. High predicted probabilities of OSAS are shown in red, probabilities around 0.5 in grey and low predicted probabilities in blue.
Points intersecting the edge of the cube (denoting the vertices of the probability plane) are highlighted in blue and labelled with letters (A–F). All
axes are labelled qualitatively, with the primary predictor variables represented as standardised values, which are equal to the number of SDs above
or below the sample mean. For reference, the mean (SD) values in the data were as follows: 18.561 (7.353) mm3 for adenotonsillar volume (ATV);
2.720 (1.419) mm3 for nasopharyngeal airway volume (NPAV) and −14.6 (9.7) cm H2O for activated critical closing pressure (Pcrit). Thus, for
example, a standardised ATV value of 1.0 represents an underlying ATV of 25.914 mm3. (A) ATV and NPAV: the predicted probabilities from the
RSM as a function of ATV and NPAV over the area where values were observed in the current population. There were no adolescents with a very
large NPAV and large ATV and similarly no adolescents with a small NPAV and small ATV (see online supplementary figure S1A). The covariate only
model (age, gender, ethnicity, body mass index (BMI) Z-score) had an area under the receiver operating characteristic curve (AUC) of 0.665
(p=0.174), compared with an AUC of 0.831 for the full RSM (p=0.001). The contributions to the overall AUC from individual RSM components were
as follows: 0.036 (p=0.111) for ATV terms, 0.073 (p=0.073) for NPAV terms, 0.005 (p=0.887) for interaction terms and 0.023 (p=0.602) for
quadratic terms. Highlighted points (standardised ATV, standardised NPAV, predicted probability of OSAS): A=(2.0, −1.4, 0.995); B=(−0.05, −1.4,
0.85); C=(−1.5, −0.4, 0.57); D=(−1.5, 2.05, 0.03); E=(−0.75, 2.05, 0.12); F=(2.0, 0.05, 0.92). Overall, adolescents with larger ATV and smaller
NPAV had a high predicted probability of OSAS (Point A, Pr(OSAS)=0.995), while participants with larger NPAV and smaller ATV had a very low
probability (Point D, Pr(OSAS)=0.03). For ATV ranging from 0 to 2 SD above the mean, adolescents with a small NPAV were predicted to have a
≥85% probability of OSAS regardless of ATV within that range (A, line AB) and similarly adolescents with large ATV were projected to have a
≥92% probability of OSAS for NPAV 1.4–0.05 SD below the population mean (line AF). Among those with smaller ATV, there was a decrease in the
likelihood of OSAS as NPAV increased (line CD). In general, when holding NPAV constant, the risk of OSAS increased as ATV increased, although
there are limited data at the extremes (eg, line DE). The full RSM, including pairwise interactions between squared and main effect terms, resulted
in an AUC=0.831 (p=0.001), showing strong predictive ability in this sample. When examining the contribution of individual model components,
variables involving NPAV had the greatest predictive value (p=0.073), followed by all variables involving ATV (p=0.111). There was limited evidence
for a significant contribution from the quadratic terms (p=0.602) or interaction effects between the ATV and NPAV terms (p=0.887). (B) ATV and
activated Pcrit: the predicted probabilities from the RSM as a function of ATV and activated Pcrit over the area with observed values in the current
population. There were no adolescents with large ATV who also had very negative Pcrit values (see online supplementary figure S1B). The covariate
only model (age, gender, ethnicity, BMI Z-score) had an AUC of 0.665 (p=0.174), compared with the AUC of 0.839 for the full RSM (p=0.001). The
contributions to the overall AUC from individual RSM components were as follows: 0.093 (p=0.011) for ATV terms, 0.081 (p=0.054) for activated
Pcrit terms, 0.025 (p=0.339) for interaction terms and 0.040 (p=0.431) for quadratic terms. Highlighted points (standardised ATV, standardised
activated Pcrit, predicted probability of OSAS): A=(1.05, −1.05, 0.34); B=(−1.3, −1.05, 0.05); C=(−1.3, 1.4, 0.17); D=(3.3, 1.4, 1.00). Overall,
adolescents with a larger ATV and a more positive activated Pcrit had over a 99.9% predicted probability of OSAS (Point D, Pr(OSAS)>0.999), while
participants with a smaller ATV and a more negative activated Pcrit had the lowest probability (Point B, Pr(OSAS)=0.05). For ATV ranging from −1.3
SD below to 1.05 SD above the mean and a more negative activated Pcrit, the risk of OSAS remained low to moderate across values of ATV (line
AB). Similarly, adolescents with a smaller ATV were projected to have a low to moderate risk of OSAS regardless of their activated Pcrit values (line
BC). Among those with a more positive activated Pcrit, the model showed a strong impact of increasing ATV on increased risk for OSAS (line CD). In
general throughout the probability region, when holding ATV as constant, activated Pcrit decreased (became more negative), so did the risk of
OSAS. The full RSM, including pairwise interactions between squared and main effect terms, had good predictive ability in this sample, with an
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predicted probability of OSAS, we (1) tested whether there was
evidence for pairwise interactions and (2) employed RSM,
which allows the probability of OSAS to be modelled based on
both linear and non-linear relationships.

When adding pairwise interaction terms individually to the
main effects model including covariates, ATV, NPAV and acti-
vated Pcrit, a significant positive interaction between NPAV and
activated Pcrit was observed (p=0.035). The results suggest that
among adolescents with larger NPAV, increases in activated Pcrit
had stronger associations with OSAS, whereas at smaller NPAV,
increases in activated Pcrit were less important. For example, at
an NPAV 1 SD above the mean, the adjusted OR for a 1 SD
increase in activated Pcrit was 7.8 (2.3, 26.4), compared with
3.3 (1.5, 7.0) at the average NPAV and a non-significant OR of
1.4 (0.5, 3.7) at an NPAV 1 SD below the mean. Thus, the rela-
tionship between activated Pcrit and OSAS risk became stronger
as NPAV increased. Similarly, among adolescents with more
positive values of activated Pcrit, increased NPAV was less pro-
tective against OSAS, and among those with more negative
Pcrit, decreases in NPAV size were more strongly associated with
OSAS risk. There was no interaction between ATV and either
NPAV (p=0.564) or activated Pcrit (p=0.819).

RSM was used to examine the simultaneous effects of each
pair of measures. To interpret the relative contribution of indi-
vidual components, note that the covariate only model (age,
gender, ethnicity, BMI Z-score) resulted in an AUC=0.665
(p=0.174). Figure 1A shows the predicted probability from the
RSM as a function of ATV and NPAV. Adolescents with larger
ATV and smaller NPAV had a high predicted probability of
OSAS (Point A), while participants with larger NPAV and
smaller ATV had a very low probability (Point D). The full RSM
resulted in an AUC=0.831 (p=0.001), showing strong predict-
ive ability in this sample. When examining the AUC contribu-
tion of individual model components, variables involving NPAV
had the greatest predictive value (p=0.073), followed by all
variables involving ATV (p=0.111). There was limited evidence
for a significant contribution from the quadratic terms (non-
linear effects from terms involving squares (ie, NPAV2, ATV2,
ATV•NPAV2 and NPAV•ATV2; p=0.602) or interaction effects
between ATVand NPAV (p=0.887).

Figure 1B shows the predicted probability as a function of
ATV and activated Pcrit. Adolescents with a larger ATV and a

more positive activated Pcrit had a 99.9% predicted probability
of OSAS (Point D), while participants with a smaller ATV and a
more negative activated Pcrit had the lowest probability (Point
B). The full RSM had strong predictive ability, with an
AUC=0.839 (p=0.001). When examining the predictive value
of individual components, predictors involving ATV (p=0.012)
and activated Pcrit (p=0.054) were the most statistically signifi-
cant. Once again, there was limited benefit to the overall model
fit for the interaction (p=0.339) or quadratic (p=0.431) com-
ponents of the RSM.

Figure 1C illustrates the predicted probabilities of OSAS as a
function of activated Pcrit and NPAV. The highest predicted
probability was observed for adolescents with a more positive
activated Pcrit and smaller NPAV (Point A) and the lowest prob-
ability for those with a larger NPAV and a more negative acti-
vated Pcrit (Point C). This model had the highest AUC of the
three RSMs (AUC=0.915, p<0.0001). All terms involving
NPAV (p<0.0001) or activated Pcrit (p<0.0001), as well as
quadratic terms (p=0.007), significantly contributed to overall
model fit. As suggested from the linear model interaction ana-
lyses, there was also significant impact of interactions between
NPAVand activated Pcrit (p=0.001).

DISCUSSION
This study is the first to systematically evaluate both structural
and functional risk factors for OSAS in adolescents. Adolescents
have a high prevalence of OSAS,13 but few studies of OSAS
have focused on the teenage years. Adolescence is associated
with many developmental changes related to puberty, including
increased linear growth and changes in the central nervous
system. Thus, studies in younger or older populations cannot be
extrapolated to the adolescent age group.

The primary finding of this study was that a combination of
anatomic and neuromotor parameters, including increased ATV,
smaller NPAV and higher activated Pcrit, were risk factors for
adolescent OSAS (figure 2); with NPAV and activated Pcrit
having a synergistic effect. Participants with the smallest NPAV
and/or largest ATV and the most positive activated Pcrit were at
the greatest risk for OSAS (figure 3). In addition, an increased
CO2 response during sleep may be protective against OSAS, but
larger studies are needed to evaluate this.

AUC=0.839 (p=0.001). When examining the predictive value of individual model components, predictors involving ATV (p=0.012) and activated
Pcrit (p=0.054) were the most statistically significant. Once again, there was limited benefit to the overall model fit for the interaction (p=0.339) or
quadratic (p=0.431) components of the RSM. (C) Activated Pcrit and NPAV: the predicted probabilities of OSAS as a function of activated Pcrit and
NPAV. There were no adolescents with a large NPAV who also had very positive activated Pcrit values (see online supplementary figure S1C). The
covariate only model (age, gender, ethnicity, BMI Z-score) had an AUC of 0.665 (p=0.174), compared with an AUC of 0.915 for the full RSM
(p<0.0001). The contributions to the overall AUC from individual RSM components were as follows: 0.120 (p<0.0001) for activated Pcrit terms,
0.168 (p<0.0001) for NPAV terms, 0.056 (p=0.001) for interaction terms and 0.058 (p=0.007) for quadratic terms. Highlighted points (standardised
activated Pcrit, standardised NPAV, predicted probability of OSAS): A=(1.7, −1.4, 0.99); B=(−1.05, −1.4, 0.70); C=(−1.05, 2.05, 0.00); D=(0.80,
2.05, 0.38); E=(1.7, 0.15, 0.45). The highest predicted probability of OSAS was observed for adolescents with a more positive activated Pcrit and
smaller NPAV, as expected (Point A, Pr(OSAS)=0.99), and the lowest probability for those with a larger NPAV and a more negative activated Pcrit
(Point C, Pr(OSAS)<0.001). All adolescents with very small NPAV had a moderate to high predicted probability of OSAS (line AB), although we note
that there is some decrease in risk for the more extreme negative activated Pcrit values (Point B, Pr(OSAS)=0.70). Among those with a more
negative activated Pcrit, there was a strong effect of NPAV, such that the predicted probability of OSAS decreased rapidly as the airway became
larger (line BC). Assuming a larger NPAV, the predicted probability of OSAS remained ≤2.5% for activated Pcrit values from 0.6 SD above to 1.05
below the mean and began to rise from 0.6 to 0.8 SD above the mean activated Pcrit (line CD). As evidenced by the large region in the lower right
corner of the RSM plot, for most combinations of a moderate to low activated Pcrit and moderate to large NPAV, the predicted probability of OSAS
was <10%. For more positive values of activated Pcrit, the risk of OSAS was high to moderate, even as NPAV increased (eg, line AE), although the
sparser data for larger NPAV and more positive activated Pcrit values are noted (see online supplementary figure S1C). Overall, this model had the
highest AUC of the three RSMs (AUC=0.915, p<0.0001), with a combination of all terms involving NPAV (p<0.0001) or activated Pcrit (p<0.0001)
and quadratic terms (p=0.007) significantly contributing to overall model fit. As suggested from the linear model interaction analyses, there was
also a statistically significant impact of interactions between NPAV and activated Pcrit (p=0.001).
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Previous studies have evaluated either anatomic or neuromo-
tor risk factors for OSAS, but the pathogenesis of the disease is
likely to result from a combination of both, as supported by the
current study. This would explain why OSAS improves after
removal of anatomic burdens (eg, by adenotonsillectomy or
weight loss), yet the presence or severity of OSAS cannot be
predicted on an individual basis based on adenotonsillar size or
degree of obesity. The finding that both anatomic and structural
factors are relevant and synergistic has important therapeutic
implications. Based on the findings, it is reasonable to consider
adenotonsillectomy in adolescents with OSAS, even if obese.
However, polysomnography should be repeated postoperatively
to ensure that there is no residual OSAS due to underlying neu-
romotor deficits. New therapies that directly alter activated
Pcrit, ranging from upper airway stimulation14 15 (not yet
approved by the Food and Drug Administration for adolescents)
to medications,16 are being developed.

Previous studies have shown that obesity is a major risk factor
for OSAS, from infancy through adulthood.7 17–19 It has also
been shown that adenotonsillar hypertrophy and a narrowed
upper airway are risk factors for OSAS in children20 and adoles-
cents.7 Fewer studies have addressed neuromotor factors. In the
current study, we evaluated several neuromotor factors: acti-
vated Pcrit, EMGgg activation in response to subatmospheric
pressure, HCVR during wakefulness and the ventilatory
response to CO2 during sleep. Of these, activated Pcrit was
found to be the most important functional risk factor. Pcrit has
been measured in different ways. The hypotonic technique
assumes that upper airway reflex responses to subatmospheric
pressure develop over several breaths; thus, measurements
during the first few breaths after a decrement in nasal pressure
reflect a hypotonic airway.21 22 The level of upper airway col-
lapsibility with this technique is therefore thought to represent
primarily anatomic factors predisposing to obstruction.23

However, the airway is not totally atonic, as measurements of
upper airway collapsibility under general anaesthesia and skel-
etal muscle paralysis give higher values than the hypotonic
Pcrit.24 In this study, measurements of hypotonic Pcrit did not

provide further information compared with direct MRI mea-
surements of anatomy. The activated Pcrit measure is obtained
by gradually decreasing upper airway subatmospheric pressure,
thereby activating upper airway muscle reflexes.8 23 25 Thus, it
is thought to reflect a combination of anatomic (ie, hypotonic
Pcrit) plus neuromotor (activation of upper airway muscles)
factors. In the current study, activated Pcrit was a significant pre-
dictor of OSAS, with the effect becoming stronger or weaker
depending on the size of the nasopharyngeal airway. Previously,
in the same cohort, it was shown that adolescents with OSAS
had diminished EMGgg responses to subatmospheric pressure
compared with controls. Similarly, the current study suggests
that activated EMGgg is an independent risk factor, although
larger samples are needed to obtain a robust effect size estimate.

The ventilatory response to CO2 during sleep was associated
with increased risk for OSAS, although independence could not
be fully evaluated due to the smaller numbers of participants.
The ventilatory response to CO2 during sleep is likely a reflec-
tion of the effect of the central ventilatory drive on upper
airway muscles. Previous studies have shown that the occlusion
pressure in 1 ms (P0.1) correlates with upper airway collapsibility
during sleep, but not wakefulness.26 Thus, blunted ventilatory
drive in patients with OSAS appears to be sleep state specific.
The hypercapnic ventilatory response during wakefulness was
not found to be a risk factor for OSAS.

Although both anatomic and functional measures predicted
OSAS risk, ATV volume was the primary variable associated
with OSAS severity. Further studies are needed to determine the
reasons for this. Given this association, adenotonsillectomy may
be an important treatment for OSAS in obese adolescents.

Studies have elucidated the interaction of anatomic factors
(assessed indirectly by hypotonic Pcrit) and neuromotor factors
(EMGgg responses, arousal threshold and loop gain) in the
pathophysiology of OSAS in adults.16 27 These studies showed
variability in the traits, resulting in different individual risk pro-
files. The current study suggests that adolescents differ in the
prominence of directly measured anatomic risk factors (ie,

Figure 2 Putative pathophysiological factors for obstructive sleep
apnoea syndrome (OSAS) are shown. Filled arrows show factors found
to be significant, large open arrows show factors of interest that were
underpowered in the current study and dotted arrows show factors that
were not found to be significant. EMGgg, genioglossal electromyogram;
HCVR, hypercapnic ventilatory response testing; VR, ventilatory
response.

Figure 3 Schematic of interactive risk factors for obstructive sleep
apnoea syndrome (OSAS) in adolescents showing the interaction
between anatomic and neuromotor factors. Participants with the
smallest nasopharyngeal (NP) airway volume/largest adenotonsillar
volume and the most positive activated critical closing pressure (Pcrit)
were at the greatest risk for OSAS.
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adenotonsillar hypertrophy) and neuromotor factors (activated
Pcrit, ventilatory response to CO2 during sleep). Although
arousal threshold was not measured in this study, previous
studies suggest it is an important aetiological factor in paediatric
OSAS.28 Loop gain was not measured in the current study, but
is proportional to ventilatory drive,29 and the current study
showed that the hypercapnic ventilatory drive during sleep was
important in protecting against OSAS.

The strengths of this study include the detailed physiological
assessments, the combination of examining anatomic and neuro-
motor factors to determine OSAS risk, the use of BMI-matched
controls and robust statistical methodologies. Lean individuals
were not included as OSAS is rare in non-obese adolescents in
the absence of major neuromuscular or craniofacial disease. A
limitation is that the study was underpowered for the CO2 eva-
luations. It should be noted that the model-determined probabil-
ities depend on the percentage of OSAS cases in each analysis set,
which was roughly 50%. Future studies should validate these
findings using an independent group, as these results may not be
generalisable to populations with different obesity or OSAS
severity levels. Altogether, this study shows that both anatomic
and neuromotor factors are important in the pathophysiology of
OSAS in adolescents, and that these factors have a synergistic
effect. Further studies examining the effect of treatment on these
factors, and the longitudinal change in these factors across the
developmental spectrum from children to adults, are warranted.
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