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INTRODUCTION
Obstructive sleep apnea (OSA) has been shown to affect at 

least 4% of middle-aged men and 2% of middle-aged women 
in its symptomatic form.1 A more recent study revealed a higher 
prevalence (40.6% in men and 26.1% in women) in a Brazilian 
adult population.2 Because of the high prevalence of OSA, 
identifying genetic factors that increase the risk for OSA has 
major public health significance.

Studies have shown that genetic factors are important in the 
pathogenesis of OSA.3–9 Various craniofacial abnormalities that 
are genetic in origin, such as syndromic craniosynostosis (Apert, 
Crouzon, and Pfeiffer syndrome),10 Treacher Collins syndrome, 
Pierre Robin syndrome,11 Down’s syndrome,12 and achondro-
plasia,13 have been shown to associate with a high prevalence of 
OSA. However, to better understand the genetics of sleep apnea, 
we need to examine intermediate traits for OSA such as upper 
airway anatomy, which includes both upper airway soft-tissue 
and craniofacial morphology.
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Moreover, familial aggregation of craniofacial morphology 
in patients with sleep apnea has been shown in several studies.5,14 
These studies used cephalometric radiographs to examine cra-
niofacial structure. Studies using cephalometrics have demon-
strated that the heritability of craniofacial structures is high in 
twins and families (normal subjects).15–17 Recently, a genome-
wide association study (GWAS) identified five loci influencing 
facial morphology in Europeans.18 Thus, there appear to be 
genes that mediate craniofacial morphology.

Independent of craniofacial heritability, we have previously 
demonstrated that the volume of upper airway soft tissue 
structures (tongue, lateral walls, and total soft tissue) demon-
strated heritability on the order of 35% to 40%.19 We have also 
shown that the volume of the upper airway soft-tissue struc-
tures are enlarged in individuals with OSA in a case-control 
study.20 Subsequently, we examined craniofacial risk factors 
for OSA in the same case-control study. The results indicate 
that a small and shallow mandible is an independent risk 
factor for OSA in men; inferior-posterior positioning of hyoid 
bone was associated with sleep apnea in men and women, and 
the enlargement of tongue volume was likely the pathogenic 
factor for this hyoid displacement.21 Previous studies using 
cephalometry have shown that individuals with apnea have 
small retroposed mandibles, narrow posterior airway spaces, 
enlargement of the tongue and soft palate, an inferiorly po-
sitioned hyoid bone, and retroposition of maxilla compared 
with nonapneic individuals.22–25
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We performed three-dimensional (3-D) magnetic resonance 
imaging (MRI) cephalometry of the craniofacial structure in 
probands with OSA, proband siblings, control subjects, and 
control siblings, all matched according to age, sex, and eth-
nicity. The 3-D MRI allows us to make measurements not 
available on standard cephalometric radiographs, such as 
mandibular and maxillary width and divergence. The objec-
tives of the current study were to use MRI cephalometry to 
(1) confirm the heritability of craniofacial risk factors for OSA 
previously shown by cephalometrics; and (2) examine the 
heritability of new craniofacial structure that is measurable 
with MRI. We hypothesized that aspects of craniofacial struc-
tures relevant to OSA would demonstrate significant family 
aggregation.

METHODS

Subjects
We conducted a sib pair “quad” design with four subject 

groups (see Figure 1): (1) probands (apneics); (2) same-sex sib-
lings of proband within 10 y of the age of the proband; (3) normal 
subjects (controls), matched to the proband for age within 5 y, 
sex, and ethnicity, and living in the same school district of the 
matched proband; and (4) same-sex siblings of control subjects 
within 10 y of the age of the control subject. Age was also in-
cluded as a covariate in all analyses. Probands had to have an 
apnea-hypopnea index (AHI) > 15 events/h and have a same-sex 
sibling within 10 y of age. Control subjects, matched for sex, age, 
ethnicity, and school district, had to have an AHI < 5 events/h, 
confirmed with an overnight sleep study. We studied 220 sub-
jects (55 probands and their siblings and 55 control subjects and 
their siblings). Fifty-five probands and 55 control subjects were 
the basis for our recently reported case-control study.19–21 See 
supplemental material for additional information about subjects.

Polysomnography
Standard polysomnography techniques were used.26 See sup-

plemental material and Table 1 for additional information about 
sleep study methodology and definitions of events.

Magnetic Resonance Imaging
The 3-D MRI was performed using the same methodology 

in all subjects, using a 1.5-Tesla magnetic resonance scanner 
to obtain spin-echo axial and sagittal images. The imaging pro-
tocols were described in detail in our previous studies.19–21 The 
technicians who performed the magnetic resonance analysis 
were blinded to the results of the sleep study, so they did not 
know if the subject was apneic, an apneic sibling, control, or 
control sibling.

Anatomic Definitions, Measurements, and Analysis
The anatomic definitions, measurements, and analysis strate-

gies were identical to those used in our previous MRI studies, 

Figure 1—A schematic of the sib pair “quad” design with four subject 
groups: (1) probands (patients with obstructive sleep apnea); (2) same-
sex siblings of proband within 10 y of the age of the proband; (3) control 
subjects (normal subjects), matched to the proband for age within 5 y, 
sex, and ethnicity and living in the neighborhood (same school district) of 
the matched proband; (4) same-sex siblings of control subject within 10 
y of the age of the control subject. Family aggregation of the craniofacial 
risk factors were assessed with an analogous mixed-model analysis of 
variance but focused on the variance components to quantify the degree 
of familial aggregation (heritability) for each measurement.

Table 1—Demographic and sleep characteristics of quads patient groupings.

Characteristic Probands (n = 55) Proband-Sibs (n = 55) Controls (n = 55) Control-Sibs (n = 55) P a

Age, y 44.5 ± 9.7 43.6 ± 10.6 41.0 ± 10.2 38.9 ± 11.3  < 0.0001
Height, inches 67.3 ± 4.2 67.1 ± 4.2 67.6 ± 3.6 68.0 ± 3.7 0.344
Weight, pounds 225.7 ± 43.1 188.3 ± 35.1 168.9 ± 35.8 170.6 ± 32.8  < 0.0001
BMI, kg/m2 35.5 ± 8.5 29.6 ± 5.8 25.9 ± 4.5 25.9 ± 4.3  < 0.0001
AHI, events/h 46.8 ± 33.5 11.1 ± 15.9 2.2 ± 1.7 4.1 ± 4.0  < 0.0001
Sleep Efficiency 77.2 ± 15.6 79.7 ± 12.7 77.5 ± 11.8 80.3 ± 12.1 0.523
Arousal Index 46.6 ± 31.5 24.3 ± 16.7 17.5 ± 7.2 19.6 ± 8.3  < 0.0001
Minutes in Stage 1 36.2 ± 22.6 39.2 ± 23.0 31.2 ± 18.7 31.1 ± 21.4 0.137
Minutes in Stage 2 227.4 ± 68.5 229.5 ± 57.9 233.2 ± 46.2 240.8 ± 49.2 0.611
Minutes in Stage 3/4 6.8 ± 19.6 10.4 ± 19.4 13.7 ± 18.3 12.1 ± 21.7 0.287
REM stage min 58.9 ± 31.3 70.7 ± 29.7 73.3 ± 28.3 72.4 ± 28.0 0.034
Latency to stage REM 126.4 ± 79.2 105.4 ± 69.1 122.4 ± 79.7 112.5 ± 68.6 0.397
NREM stage min 249.3 ± 79.3 279.1 ± 57.8 278.1 ± 44.5 284.1 ± 48.9 0.011
Total test time 430.7 ± 81.5 440.5 ± 53.2 453.6 ± 28.5 443.8 ± 37.6 0.183

a Mixed-model analysis of variance testing differences among the four subject groups. Bold type, statistically significant.
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and our analysis techniques have demonstrated excellent intra-
reader and interreader reliability.21 We have also included ad-
ditional measures of craniofacial height and area and hyoid 
distances (Figures 2 through 4). The anatomic measures ana-
lyzed were separated into five independent domains reflecting 
different aspects of the craniofacial structure: (1) craniofacial 
angles (6 measures) (Figure 2): sella–nasion–subspinale (SNA), 
sella–nasion–supramentale (SNB), the difference between the 
SNA and SNB angles, nasion–sella–basion (“saddle angle,” 
Na–S–Ba), anterior cranial base (ACB) to horizontal plane, and 
the palatal plane (anterior nasal spine [ANS]–posterior nasal 
spine [PNS]) to the anterior cranial base (ACB); (2) mandibular 
measurements (7 measures): depth, divergence, length corpus, 
length ramus, width second premolar, width first molar, and 
width inner gonion; (3) maxillary measurements (4 measures): 
depth, divergence, width second premolar, and width first molar; 
(4) hyoid distances (4 measures) (Figure 3): hyoid to retropogo-
nion, hyoid to the third cervical vertebrae (C3), hyoid to sella 
(S), and retropogonion to the C3; and (5) craniofacial heights 
and areas (8 measures) (Figures 2 and 4): upper facial height 
(UFH), lower facial height (LFH), anterior facial height (equal 
to UFH + LFH, abbreviated AFH), the ratio of UFH to anterior 
facial height (AFH), the distance from the posterior nasal spine 
(PNS) to the anterior arch atlas, the area within the region de-
fined by the nasion (Na), the anterior nasal spine (ANS) and the 
basion (Ba) (nasopharyngeal area, see Figure 4), the area within 
the region defined by the anterior nasal spine (ANS), menton 
(Me), third cervical vertebrae (C3) and the basion (Ba) (oropha-
ryngeal area, see Figure 4), and the sum of the nasopharyngeal 
and oropharyngeal areas (naso-oropharyngealarea).

Statistical Analysis
To compare demographic and MRI craniofacial structures 

among patient groups (apneics, apneic sibs, controls, control 

Figure 2—Craniofacial heights and angles. A, subspinale; ANS, anterior nasal spine; B, supramentale; Ba, basion; HP, horizontal plane; LFH, lower facial 
height; Me, menton; Na, nasion; PNS, posterior nasal spine; S, sella; UFH, upper facial height. Left panel: UFH: the distance between Na to ANS. LFH: 
the distance between ANS to Me. Right panel: SNA angle (S–Na–A) evaluates the relative anteroposterior position of the maxilla to the cranial base. SNB 
angle (S–Na–B) evaluates the relative antero-posterior position of the mandible to the cranial base and the ANB angle (A–Na–B) the difference between SNA 
and SNB angle, assessed the anteroposterior relationship between the maxilla and the mandible. Saddle angle (Na–S–Ba): angulation of the cranial base 
plus indirect determination of the position of the glenoid fossa (depression in the temporal bone where the condyle of the mandible articulates to form the 
temporomandibular joint). Palatal plane to anterior cranial base angle: angulation of the palatal plane (ANS–PNS) in reference to the anterior cranial base 
(S–Na). Anterior cranial base to horizontal plane: angulation of the anterior cranial base (S–Na) and the true horizontal plane. 

Figure 3—Hyoid measures. Hyoid bone (H): the most superior and 
anterior point on the body of the hyoid bone. Retropogonion (Rpog): the 
most posterior point of the inner surface of the mandibular symphysis. 
Third cervical vertebrae (C3): most anterior and inferior point of the third 
cervical vertebrae. S, sella.
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sibs), we used a mixed-model analysis of variance (ANOVA) 
that included random effects for quad and family within quad. 
If significant differences were found, we examined pair-wise 
contrasts of interest.

To quantify the degree of family aggregation (heritability) of 
craniofacial structures, we conducted a mixed-model ANOVA 
for each measurement, focusing on the variance components. 
The variance components (between-quad matches [σ2

QUAD], 
families within quads [σ2

FAMILY(QUAD)], and residual error 
[σ2

ERROR]) were used to estimate (broad-sense) heritability as:

 h2 = 100% (σ2
FAMILY(QUAD)) / (σ2

FAMILY(QUAD) + σ2
QUAD + σ2

ERROR)

Thus, h2 can be interpreted as the percentage of total variance 
around the mean of the phenotype measure explained by sys-
tematic variance between families, taking into account the 
matching of families by quads. Variables including sex, age, 
ethnicity, height, weight, and body mass index (BMI) were then 
added to the model (as fixed effects) in order to determine ad-
justed h2 values. Height was included, based on previous find-
ings that cephalometric measurements and stature are closely 
correlated in different populations21,27,28 and is heritable.25–32 
Human height is a highly heritable human trait; twin studies 
have demonstrated heritability of height was approximately 
80%,29 and several linked loci have been discovered.30 GWAS 
have identified many loci associated with height.31–36 Cephalo-
facial anthropometry has been used to estimate stature using 
regression analysis and showed high reliability and correlation 
with stature.27,28,37 We believe, therefore, that height is an impor-
tant contributor to craniofacial characteristics and is heritable. 
Therefore, we controlled for it in the analysis.

Unadjusted and adjusted intraclass correlation coefficients 
(ICCs) for the size of the craniofacial structures were also gen-
erated, independently between the probands/proband siblings 
and control subjects/control siblings. This analysis was con-
ducted in order to determine if the family aggregation of these 
structures is different in normal subjects than in patients with 
sleep apnea. To assess whether observed differences in the ICC 
estimates within proband and control pairs were significant, we 
used a permutation test, comparing the observed difference in 
ICC estimates to the distribution of differences derived from 
1,000 randomly permuted samples. A two-sided P value was 
calculated as two times the proportion of estimates that were 
more extreme than the observed ICC difference.

Based on previous literature,9,15–17,38 our primary a priori 
hypotheses for this investigation were that within each of the 
aforementioned craniofacial domains (craniofacial angles, 
mandibular measurements, maxillary measurements, hyoid 
distances, and craniofacial heights and areas), specific mea-
surements would demonstrate heritability. To correct for the 
multiple measures within each domain, we compared the nom-
inal P -values for individual heritability estimates to Bonferroni 
adjusted alpha levels (α = 0.05 divided by the number of vari-
ables tested for each domain) in order to determine statistical 
significance for novel associations. Based on this method, do-
main specific Bonferroni corrected levels of significance were: 
(1) craniofacial angles: P < 0.05/6 (= 0.0083), (2) mandibular 
measurements: P < 0.05/7 (= 0.0071), (3) maxillary measure-
ments: P < 0.05/4 (= 0.0125); (4) hyoid distances: P < 0.05/4 
(= 0.0125); and (5) craniofacial heights and areas: P < 0.05/8 
[= 0.0063]). For any craniofacial structure shown to be heri-
table in previous literature, P < 0.05 was considered significant 
evidence of replication.

RESULTS

Demographics of Quad Patient Groups
The quad study dataset consisted of 55 sets of four patients, 

each containing a proband (apneic), a sibling of this proband, 
a matched control subject, and a sibling of this control subject 
(Figure 1). Quads were 49.1% male and 45.5% white, 49.1% 
African American, 3.6% Asian, and 1.8% Hispanic. There were 
significant differences in age across the groups (P < 0.0001), 
but because the quad sets were matched by age, group differ-
ences in ages were relatively small (Table 1). There was no dif-
ference in the age of probands and proband-sibs (P = 0.226), but 
both were significantly older than controls (P = 0.004 and 0.034, 
respectively) and control-sibs (P < 0.0001 and P < 0.001, re-
spectively). Controls were also significantly older than control-
sibs (P = 0.007). To control for the influence of these residual 
age differences, we included age as a covariate in all models. 
There was also a significant difference in BMI across groups 
(P < 0.0001, Table 1), although many subjects in all groups 
were overweight. Probands were significantly heavier than 
proband-sibs (P < 0.0001), controls (P < 0.0001), and control-
sibs (P < 0.0001). Proband-sibs had a larger BMI than controls 
(P = 0.002) and control-sibs (P = 0.002); thus, they had obesity 
levels that fell between those of probands and control pairs. Be-
cause there is no a priori reason to believe weight affects cra-
niofacial structures, our primary adjusted model included age, 

Figure 4—Nasopharyngeal area: Area within the region defined by 
the nasion (Na), the anterior nasal spine (ANS), and the basion (Ba). 
Oropharyngeal area: area within the region defined by the anterior nasal 
spine (ANS), menton (Me), third cervical vertebrae (C3), and the basion 
(Ba); Naso-oropharyngeal area: the sum of the nasopharyngeal and 
oropharyngeal areas (Na–ANS–Me–C3–Ba–Na).
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sex, ethnicity, and height. However, we also assessed additional 
models adjusted for these four covariates plus weight and ad-
justed for age, sex, ethnicity, and BMI.

Sleep Characteristics of Quad Patient Groups
Comparisons of sleep characteristics among the four quad 

patient groups are shown in Table 1. There were significant 
differences in AHI (P < 0.0001) across the groups, which was 
expected given the study design. Probands were required to 
have an AHI of 15 or greater (mean ± standard deviation [SD] 
AHI: 46.8 ± 33.5 events/h) and control subjects an AHI of less 
than 5 (AHI: 2.2 ± 1.7 events/h). Proband siblings had an AHI 
of 11.1 ± 15.9 events/h and the control siblings of 4.1 ± 4.0 
events/h. The differences in AHI were statistically significant 
(P < 0.05) for all pairwise comparisons except between con-
trols and control-sibs (P = 0.558). Thus, proband siblings had 
an intermediate AHI between the probands and control subjects. 
There were also significant differences across groups for arousal 
index (P < 0.0001), amount of rapid eye movement (REM) 
sleep (P = 0.034), and amount of non-REM sleep (P = 0.011). 
Probands had the highest arousal index, the least amount of 
REM and delta sleep compared with the other subject groups.

Comparison of Craniofacial Structures Among Quad Patient 
Groups

Comparison of mean values and standard deviations between 
the four subject groups for the measurements of craniofacial 
structure in each domain are shown in Table S1 (supplemental 
material). Differences between probands and controls for most of 
these measures are discussed in a previous study.21 When com-
paring the four subject groups, we observed significant differ-
ences in upper facial height (P = 0.034), mandibular length ramus 
(P = 0.019), mandibular width inner gonion (P = 0.021), the dis-
tance from the retropogonion to the third vertebrae (P = 0.009), the 
anterior cranial base to horizontal plane angle (P < 0.001) and the 
distances from the hyoid bone to the retropogonion (P < 0.0001), 
the third vertebrae (P < 0.001) and the sella (P < 0.001), after ad-
justment for age, sex, race, and height. When we considered ad-
ditional models adjusted for BMI in place of height and adjusted 
for height and weight, most of these differences were no longer 
statistically significant (Table S1), whereas a few others that were 
borderline nonsignificant (including the ratio of upper to anterior 
facial height, mandibular width first molar, and mandibular depth) 
became nominally significant (P < 0.05).

When examining the pairwise contrasts of measures signifi-
cant after age, sex, race, and height adjustment, six of the eight 
measures that showed significant across-subject group differ-
ences had between-group differences that were consistent with 
being OSA risk factors (see Figure S1, supplemental material). 
For the four distance measures (hyoid distances, retropogonion 
to C3) and the anterior cranial base to horizontal plane angle, 
probands had larger values than controls (all P < 0.008), control-
sibs (all P ≤ 0.011), and proband-sibs (P ≤ 0.051). Moreover, the 
differences between probands and proband-sibs were typically 
smaller than those between probands and controls or control-
sibs; this relationship is consistent with a risk factor that is heri-
table. A similar, but opposite, effect was observed for mandible 
length ramus, with probands and proband-sibs showing signifi-
cantly smaller lengths than control-sibs (P = 0.003 and 0.009, 

respectively) and smaller, but nonsignificant, lengths compared 
to controls (P = 0.118 and 0.219, respectively). The across-group 
differences observed for upper facial height were driven by the 
proband-sibs, who had larger heights compared to probands 
(P = 0.005), controls (P = 0.044) and control-sibs (P = 0.054), 
and differences in mandibular width gonion were driven by con-
trols, who had smaller widths compared to probands (P = 0.004), 
proband-sibs (P = 0.009), and control-sibs (P = 0.050).

Heritability Estimates

Craniofacial Angles
We observed significant heritability estimates for five of 

the six craniofacial angles examined (Figure 5 and Table S2, 
supplemental material). Both before and after covariate adjust-
ment, we replicated previously observed heritability11 for the 
sella–nasion–subspinal (SNA) angle, the sella–nasion–supra-
mentale (SNB) angle, the difference between SNA and SNB, 
the saddle angle (nasion–sella–basion), and the angle between 
the anterior cranial base (ACB) and the horizontal plane. The 
heritability estimates for the SNA (h2 = 38%, P = 0.0022), 
saddle (h2 = 55%, P < 0.0001), and ACB to horizontal plane 
(h2 = 42%, P = 0.0009) angles remained significant at our Bon-
feronni corrected P value, even after adjusting for age, sex, race, 
and height (Model 1 in Table S2). Additional adjustment using 
BMI in place of height (Model 2 in Table S2) or weight and 
height (Model 3 in Table S2) did not significantly change the 
heritability estimates.

Mandibular Measurements
There was significant heritability for mandibular width 

and length measures both in unadjusted and adjusted models 
(Figure 5 and Table S3, supplemental material).

In unadjusted models, we replicated previously established 
heritability11–13 of ramus length (h2 = 28%, P = 0.0276), but 
not corpus length (h2 = 16%, P = 0.1017). However, after co-
variate adjustment, the heritability estimate of corpus length 
became significant (h2 = 24%, P = 0.0170), whereas ramus 
length was no longer heritable (h2 = 15%, P = 0.1387). In 
addition to these previous observed variables, we observed 
significant heritability for our novel measures of mandib-
ular width. After adjustment for age, sex, race, and height 
(Model 1 in Table S3), the mandibular width between first 
molars (h2 = 30%, P = 0.0050) and width inner gonion 
(h2 = 38%, P = 0.0006) both met our multiple comparisons 
corrected level of significance (P < 0.0063). The heritability 
of mandibular width between second premolars (h2 = 30%, 
P = 0.0065) was borderline significant after Bonferroni cor-
rection. No significant heritability was seen for mandibular 
depth or divergence. In additional models adjusted for BMI in 
place of height (Model 2 in Table S3) and weight and height 
(Model 3 in Table S3), the heritability estimate for mandibular 
length corpus was no longer statistically significant. All other 
heritability estimates were not significantly changed.

Maxillary Measurements
Significant heritability was seen for all maxillary measures 

in either unadjusted or adjusted models (Figure 5 and Table S4, 
supplemental material).
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In unadjusted models, we replicated previously found heri-
tability11–13 for maxillary unit depth (h2 = 19%, P = 0.041) 
and divergence (h2 = 23%, P = 0.0184) Maxillary divergence 
(h2 = 23%, P = 0.0207) remained significant after adjustment, 
whereas the estimate for unit depth (h2 = 25%, P = 0.0540) 
increased, but was not statistically significant. We observed 
significant heritability for both novel measures of maxillary 
width, both before and after adjustment for age, sex, race, and 
height (Model 1 in Table S4). Both measures showed herita-
bility close to 50% (maxillary width between second premolar 
[h2 = 48%, P = 0.001] and maxillary width between first molar 
[h2 = 47%, P < 0.0001]) and maintained significance after 
Bonferroni correction. Additional adjustment using BMI in 
place of height (Model 2 in Table S4) or weight and height 
(Model 3 in Table S4) did not significantly change the herita-
bility estimates.

Hyoid Distances
Heritability estimates for measurements of hyoid distances 

are presented in Figure 5 and Table S5 (supplemental mate-
rial). We demonstrated heritability of the distance from the 
hyoid bone to the retropogonion in both unadjusted (h2 = 38%, 
P = 0.0011) and adjusted (h2 = 36%, P = 0.0018) analyses 
(Model 1 in Table S5). Heritability of hyoid measures has not 
been shown before. Moreover, we note that both of these esti-
mates met our strict Bonferroni threshold for significance. No 
significant heritability was observed for other hyoid distance 

measures. Additional adjustment using BMI in place of 
height (Model 2 in Table S5) or weight and height (Model 3 
in Table S5) had minimal effect on the size and interpretation 
of heritability estimates; the distance from the hyoid bone 
to the third cervical vertebrae became nominally significant 
(P = 0.048) in Model 3.

Craniofacial Heights and Areas
Results assessing the heritability of craniofacial areas and 

heights are presented in Figure 5 and Table S6 (supplemental 
material). For measures of craniofacial height, which have 
previously been examined in cephalometrics,11–13 we observed 
significant heritability for only lower facial height (LFH). The 
estimate of heritability for LFH met our Bonferroni corrected 
level of significance in both unadjusted (h2 = 41%, P = 0.0042) 
and age, sex, race, and height adjusted (h2 = 33%, P = 0.0058) 
analyses. For our novel craniofacial area measures, we ob-
served significant heritability at our Bonferroni threshold for 
the oropharyngeal area both before (h2 = 45%, P = 0.0001) and 
after (h2 = 36%, P = 0.0018) covariate adjustment. The herita-
bility of the naso-oropharyngeal area was nominally significant 
in unadjusted models (h2 = 25%, P = 0.017), but not signifi-
cant after covariate adjustment for age, sex, race, and height 
(Model 1 in Table S6). The borderline significant heritability of 
naso-oropharyngeal area is presumably driven by the oropha-
ryngeal area, because it is calculated as the sum of the nasopha-
ryngeal and oropharyngeal areas. In additional models adjusted 

Figure 5—Heritability estimates for structures in the five craniofacial domains: The heritability estimates from unadjusted models and models adjusted for 
age, sex, race, and height are shown for structures and are shown in each of the five domains. Asterisk: nominally significant (P < 0.05); Double asterisks: 
significant after Bonferonni correction for multiple comparisons within each domain. SNA, sella–nasion–subspinale angle; SNB, sella–nasion–supramentale 
angle; Saddle, nasion–sella–basion angle; ACB, anterior cranial base; C3, the third cervical vertebrae; UFH, upper facial height; AFH, anterior facial height 
(UFH + LFH); PNS, posterior nasal spine; nasopharyngeal area, area within the region defined by the nasion, the anterior nasal spine, and the basion (Figure 4); 
oropharyngeal area, area within the region defined by the anterior nasal spine, menton, third cervical vertebrae, and the basion (Figure 4); naso-oropharyngeal 
area, the sum of the nasopharyngeal and oropharyngeal areas.
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for BMI in place of height (Model 2 in Table S6) or weight and 
height (Model 3 in Table S6), the heritability of the oropha-
ryngeal area was nominally significant, but no longer met our 
Bonferroni corrected level of significance; lower facial height 
remained significantly heritable.

Intraclass Correlations Comparing Probands and Proband 
Siblings and Control Subjects and Control Siblings

Table 2 and Table S7 (supplemental material) show the intra-
class correlations comparing probands and probands siblings 

and controls and control siblings independently for craniofa-
cial structures. After adjustment for age, sex, race and height 
(Model 1 in Table 2), we observed nominally significant differ-
ences in family aggregation between probands and controls for 
lower facial height (P = 0.038), anterior facial height (P = 0.020), 
and the nasopharyngeal area (P = 0.028). Additional adjustment 
using BMI in place of height (Model 2 in Table S7) or weight 
and height (Model 3 in Table S7) did not significantly affect the 
heritability estimates or interpretation of results. None of these 
differences remained significant after correction for multiple 

Table 2—Intraclass correlation coefficients among proband and control pairs separately.

Craniofacial structures
Unadjusted ICC Model 1 ICC a

Probands Controls P b Probands Controls P b

Cr
an

iof
ac

ial
 A

ng
les Sella–nasion–subspinal (SNA°) 42% 59% 0.378 39% 36% 0.902

Sella–nasion–supramentale (SNB°) 30% 40% 0.678 34% 22% 0.532
Difference between SNA and SNB (°) 32% 42% 0.582 8% 33% 0.264
Nasion–sella–basion (saddle°) 58% 56% 0.916 58% 55% 0.906
Anterior cranial base to horizontal plane (ACB:HP°) 41% 42% 0.974 49% 38% 0.664
Palatal plane to anterior cranial base (PP:ACB°) 37% 27% 0.746 33% 25% 0.852

Ma
nd

ibu
lar

 
Me

as
ur

em
en

ts

Mandibular depth (cm) 25% 27% 0.882 7% 2% 0.860
Mandibular divergence (°) 21% 43% 0.548 4% 28% 0.700
Mandibular length corpus (cm) 37% 22% 0.596 24% 19% 0.808
Mandibular length ramus (cm) 25% 46% 0.338 18% 36% 0.444
Mandibular width second premolar (cm) 25% 47% 0.304 16% 37% 0.236
Mandibular width first molar (cm) 58% 21% 0.114 24% 0% 0.056
Mandibular width inner gonion (cm) 65% 59% 0.624 42% 39% 0.824

Ma
xil

lar
y 

Me
as

ur
em

en
ts Maxillary unit depth (cm) 52% 52% 0.956 16% 37% 0.394

Maxillary divergence (°) 21% 27% 0.748 15% 24% 0.602
Maxillary width between second premolar (cm) 66% 48% 0.250 58% 41% 0.372
Maxillary width between first molar (cm) 66% 45% 0.174 50% 36% 0.434

Hy
oid

 
Di

sta
nc

es

Hyoid bone to retropogonion (cm) 31% 28% 0.872 36% 25% 0.660
Hyoid bone to third cervical vertebrae (cm) 12% 41% 0.114 4% 27% 0.218
Hyoid bone to sella (cm) 64% 57% 0.600 32% 12% 0.384
Retropogonion to third cervical vertebrae (cm) 0% 25% 0.126 0% 17% 0.340

Cr
an

iof
ac

ial
 H

eig
hts

 an
d 

Ar
ea

s

Upper facial height (UFH, cm) c 56% 22% 0.078 9% 10% 0.866
Lower facial height (LFH, cm) d 29% 62% 0.158 12% 52% 0.038
Anterior facial height (UFH + LFH, cm) 22% 49% 0.206 0% 37% 0.020
The ratio of UFH to anterior facial height (cm) 42% 37% 0.852 5% 22% 0.240
Posterior nasal spine to anterior arch atlas (cm) 13% 51% 0.146 8% 48% 0.158
Nasopharyngeal area (cm2) e 6% 53% 0.230 0% 38% 0.028
Oropharyngeal area (cm2) f 28% 67% 0.376 25% 46% 0.482
Naso-oropharyngeal area (cm2) g 17% 60% 0.176 13% 32% 0.326

a Adjusted for age, sex, race, and height. b P value from a permutation test comparing the difference in ICC values between probands and controls to the 
distribution of differences derived from 1,000 randomly permuted samples. P value was calculated as two times the proportion of differences that were more 
extreme than the observed result. c UFH, upper facial height, the distance between nasion to anterior nasal spine (Figure 2, left panel). d LFH, lower facial 
height, the distance between anterior nasal spine to menton (Figure 2, left panel). e Nasopharyngeal area, area within the region defined by the nasion, 
the anterior nasal spine and the basion (Figure 4). f Oropharyngeal area, area within the region defined by the anterior nasal spine, menton, third cervical 
vertebrae and the basion (see Figure 4). g Naso-oropharyngeal area, the sum of the nasopharyngeal and oropharyngeal areas. ICC, intraclass correlation 
coefficient. Bold type, statistically significant.
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comparisons. Therefore, our results indicate that family ag-
gregation of these craniofacial structures is similar in normal 
subjects and in patients with sleep apnea in both unadjusted and 
adjusted models.

DISCUSSION
This study addressed heritability of craniofacial structures 

relevant in determining increased risk for OSA. We found that 
the family aggregation of the craniofacial structures is similar 
in normal subjects and patients with apnea. We assessed dimen-
sions of craniofacial structures using 3-D MRI. This goes be-
yond what is possible with cephalometrics, which has been used 
previously for assessment of heritability of craniofacial struc-
tures relevant to OSA5,14 and in families and twins of normal 
subjects.15–17 We confirmed heritability of the findings from 
these cephalometric investigations, in particular SNA angles, 
SNB angles, saddle angles, lower facial height, and mandibular 
length.11–13 Our study reveals that other relevant measures that 
could not be detected by cephalometrics are also heritable, spe-
cifically the width of the mandible and maxilla. Moreover, we 
have shown heritability for measures of craniofacial area and 
distance from the hyoid bone to the retropogonion. Although 
the craniofacial area and hyoid distance could be measured 
with cephalometrics, previous studies have not shown that 
these structures are heritable.

In the current investigation, we have confirmed heritability 
of craniofacial angles (SNA, SNB, and saddle angle), mandib-
ular body length, lower facial height, and hyoid bone position 
that have been previously shown in other studies using cepha-
lometrics.5,14–17 However, cephalometry, the lateral radiograph 
of the skull, is unable to measure the width of maxillary and 
mandible. Studies have shown that smaller maxillary width 
and length are risk factors for OSA when compared to con-
trols.39 The current study added new insight into craniofacial 
heritability in patients with sleep apnea by demonstrating heri-
tability of mandibular and maxillary width. It is not surprising 
that mandibular width and maxillary width were found to be 
heritable, because alterations in lateral structures bounding the 
upper airway (i.e., lateral pharyngeal walls) have been shown 
to be heritable.19 Moreover, for the first time, we demonstrated 
that the oropharyngeal area is heritable.

Okubo et al.40 found that a wider mandibular divergence, a 
shorter mandibular length, and smaller mandibular base plane 
enclosed area are risk factors for sleep apnea in Japanese men. 
This finding that the oropharyngeal box showed heritability 
may be particularly important in the pathogenesis of OSA, be-
cause it suggests that the overall space that is available to ac-
commodate upper airway soft tissues is heritable. In fact, it is 
likely that a combination of upper airway soft- tissue volumes 
and craniofacial morphology may be heritable and increase the 
risk for OSA. It has been shown that the area enclosed by man-
dibular rami at the transverse level immediately inferior to the 
hard palate and through the soft palate (r = -0.48, P < 0.001) 
and the distance from the teeth to the posterior mandible line 
(r = -0.39, P < 0.01) were significantly correlated with the 
severity of OSA, indicating the balance between the amount 
of soft tissue and bony enclosure size surrounding the upper 
airway is important in the pathogenesis of OSA.41 Moreover, a 
MRI study showed that tongue volume to oral cavity ratio was 

greater in 20 Japanese men with OSA than in normal controls.42 
Using cephalometry, Tsuiki et al.43 demonstrated larger tongue 
size in patients with OSA compared to controls after matching 
for maxillomandibular dimensions. Therefore, increased upper 
airway soft-tissue volumes, in conjunction with a small man-
dibular enclosure is likely to play a key role in the pathogenesis 
of OSA.41–44 Genetic and environmental factors may also con-
tribute to the anatomical imbalance. Our goal in this study was 
not to examine the heritability of the interaction of soft tissue 
and craniofacial structures, but this is an important endeavor 
for future studies. The results of the current study also warrant 
further investigation to identify genes associated with these cra-
niofacial intermediate traits for sleep apnea.

Genes for Craniofacial Structures
In fact, recent studies18,45 have identified genes for cranio-

facial structure. Larkin and colleagues45 evaluated the role of 
polymorphisms in 52 candidate genes selected based on poten-
tial roles in intermediate pathways for sleep apnea, including 
craniofacial morphology, ventilatory control, obesity, and in-
flammation. They hypothesized that these candidate genes were 
important in the pathogenesis of sleep apnea and could explain 
the familial aggregation of OSA in European American and Af-
rican American populations. This candidate gene study identi-
fied polymorphisms associated with OSA and the AHI within 
two genes in European Americans (glial cell-derived neuro-
trophic factor [GDNF] and C-reactive protein [CRP]) and one 
gene in African Americans (serotonin receptor 2a [HTR2A]), 
which suggested a potential pathogenic pathway for OSA.45 
However, these genes are unlikely to be related to craniofacial 
structure and the craniofacial genes that were selected in this 
study did not show significant associations.41 In a recent GWAS, 
Liu and colleagues18 identified five independent genetic loci as-
sociated with different facial phenotypes in Europeans. Five 
candidate genes at these loci were positive regulatory domain 
containing 16 (PRDM16), paired box 3 (PAX3), tumor protein 
p63 (TP63), chromosome 5 open reading frame 50 (C5orf50), 
and collagen type XVII, alpha 1 (COL17A1). Data suggest 
that the PAX3, PRDM16, and transcription factor Tp63 genes 
are involved in the determination of the morphology of the 
human face.18 The data examining these candidate genes (PAX3, 
PRDM16, and transcription factor Tp63) provide compelling 
evidence that gene variants are involved in mediating cranio-
facial morphology.46–55

Potential Limitations
There are some potential limitations in the current study. We 

had more Caucasian males than African American male with 
apnea. Conversely, there were fewer Caucasian females than 
African American females with apnea. However, to account for 
this, cases, controls and their siblings were exactly matched by 
sex and ethnicity. Therefore, the overall differences between 
groups were unbiased with respect to ethnicity and sex. Mea-
surement error could also have been a potential problem in 
this study. However, we followed identical protocols and used 
the same MRI unit and analysis software to make our upper 
airway craniofacial measurements for all groups. We had also 
assessed the reliability of our measurements and, as previously 
described, we found that the intra-reader correlation was very 
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high (0.98–0.99) and interreader measurement variance be-
tween readers was extremely low (0.02–0.53%).21 The high 
precision of our MRI measurements of craniofacial structures 
were also demonstrated in our previous study.21 Finally, to cor-
rect for multiple testing, we used a stringent and conservative 
multiple testing correction (Bonferroni correction) within the 
different craniofacial domains.

In conclusion, our study, using MRI to examine craniofa-
cial structure in patients with sleep apnea, their siblings, and in 
matched controls and their siblings, has advanced our knowl-
edge of heritability of craniofacial risk factors for sleep apnea. 
We confirmed previous findings from two-dimensional ceph-
alometric studies, but also showed that the mandibular and 
maxillary width and the size of the oropharyngeal space were 
heritable. Thus, the overall space that is available to accom-
modate upper airway soft tissues is heritable. This is likely to 
be a very important finding for understanding the craniofacial 
genetic contribution to sleep apnea.
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SUPPLEMENTAL MATERIAL

METHODS

Subjects
Patients (probands) with newly diagnosed obstructive sleep 

apnea (OSA) were recruited from the Penn Sleep Center out-
patient practice.1 Because continuous positive airway pressure 
(CPAP) has the potential to alter upper airway tissue proper-
ties, patients already using CPAP therapy were excluded from 
the study. Local advertisements were used to recruit control 
subjects living in the same school district of the matched pro-
bands. Controls and probands were matched by ethnicity and 
sex and within 5 y of age. Controls found to have symptoms 
of sleep apnea and an apnea hypopnea index greater than 15 
events/h were recategorized as probands. Controls with apnea 
hypopnea indices between 5 and 15 events/h were excluded 
from the study. Subjects were compensated $100.00 for the 
polysomnography and $100.00 for the magnetic resonance im-
aging (MRI). To prevent intentional weight loss after knowing 
the diagnosis of OSA, the MRI was performed within 1 w of 
the sleep study. We were unable to determine the duration of the 
newly diagnosed apnea in the probands. The study was as ap-
proved by the University of Pennsylvania Institutional Review 
Board, and written informed consent was obtained from all sub-
jects. Exclusionary criteria included: (1) age younger than 18 y; 
(2) subjects chronically taking medications that affected upper 
airway caliber (i.e., sedatives or benzodiazepines); and (3) MRI 
exclusions: specifically: (a) body weight > 136 kg (table limit 
of the magnetic resonance scanner); (b) presence of metallic 
implants (pacemaker), ferromagnetic clips, etc.; or (c) severe 
claustrophobia.

Polysomnography
As previously described from our laboratory,2,3 standard poly-

somnography operating procedures and scoring were performed 
in the Penn Center for Sleep Disorders using a computerized 
polysomnography system (Sandman, Mellville Diagnostics, 
Ottawa, Ontario, Canada). Controls, siblings of controls, and 
siblings of probands underwent a full-night polysomnography. 
Probands with an apnea-hypopnea index (AHI) > 15 events/h 
initially had a clinical sleep study. If the clinical sleep study 
was a split night study (diagnostic study in the first half of the 
night and CPAP in the second half of the night), the probands 
then underwent a repeat full-night diagnostic sleep study before 
starting CPAP to determine the AHI in a comparable way to 
the sleep studies of the rest of the subjects. Polysomnograms 
were scored by a registered polysomnographic technologist and 
interpreted by a certified sleep physicians using the standard 
criteria of Rechtschaffen and Kales4 and the more recently pro-
posed criteria of the American Academy of Sleep Medicine.5 
Obstructive apneas were defined as airflow cessation for more 
than 10 sec; hypopneas were defined as a 50% reduction in air-
flow for more than 10 sec and associated with > than 3% dec-
rement in oxyhemoglobin saturation and/or an arousal. Nasal 
pressure monitors were used in all subjects to measure airflow. 

In addition to AHI, sleep efficiency, total sleep minutes, arousal 
index, min in nonrapid eye movement (NREM) (stages 1–4) 
and rapid eye movement (REM) sleep and latency to REM 
sleep were assessed. Snoring was noted but not quantified.

Magnetic Resonance Analysis
The technicians who performed the magnetic resonance 

analysis were not blinded to the name of the subject but they 
were blinded to the results of the sleep study.

Statistical Analysis
Comparisons of demographic variables among groups were 

assessed using a mixed-model analysis of variance (ANOVA), 
controlling for correlation within quads. Family aggregation 
of the craniofacial structures was assessed with two analysis 
strategies (see Figure 1). The first analytic approach used an 
analogous mixed-model ANOVA but focused on the variance 
components in order to quantify the degree of heritability for 
each measurement. In the second analytical approach, we esti-
mated intraclass correlations for the craniofacial measurements 
independently for probands/proband siblings and controls/con-
trol siblings der to determine if the heritability of the craniofa-
cial structures is different in normals than in individuals with 
apnea.

RESULTS

Polysomnography
Sleep efficiency and the amount of time spent in stage 1, 

stage 2 were not significantly different (see Table 1) between 
the subject groups. However, the amount of REM sleep and 
the total amount of NREM sleep were significantly different 
across the groups with the least amount of REM sleep occurring 
in patients with OSA. The arousal frequency was also signifi-
cantly different across groups. Patients with OSA manifested 
the greatest number of arousals. The proband siblings had the 
second largest number of arousals.
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Table S1—Mean comparison of craniofacial structures among quad patient groups.

Craniofacial Structure
Probands Proband-Sibs Controls Control-Sibs

P a P b P c P dMean SD Mean SD Mean SD Mean SD

Cr
an

iof
ac

ial
An

gle
s

Sella–nasion–subspinal (SNA°) 85.51 4.42 85.00 3.69 83.80 4.40 84.14 4.16 0.343 0.656 0.832 0.781
Sella–nasion–supramentale (SNB°) 80.87 4.09 81.10 3.92 79.49 4.11 80.34 3.98 0.413 0.439 0.560 0.607
Difference between SNA and SNB (°) 4.60 2.17 3.84 2.20 4.34 3.38 3.74 2.76 0.356 0.531 0.563 0.449
Nasion–sella–basion (Saddle°) 133.70 6.57 131.52 6.60 132.80 7.56 132.83 6.77 0.478 0.476 0.762 0.705
Anterior cranial base to horizontal plane (ACB:HP°) 19.78 6.91 14.25 6.09 14.62 7.95 11.99 6.07  < 0.0001  < 0.001 0.108 0.134
Palatal plane to anterior cranial base (PP:ACB°) 5.89 3.18 6.83 4.28 6.64 4.05 7.10 3.68 0.536 0.529 0.804 0.715

Ma
nd

ibu
lar

Me
as

ur
em

en
ts

Mandibular depth (cm) 6.40 0.41 6.28 0.47 6.28 0.74 6.58 0.63 0.028 0.068 0.017 0.036
Mandibular divergence (°) 9.20 0.53 9.11 0.66 8.91 1.05 8.95 0.79 0.139 0.094 0.875 0.759
Mandibular length corpus (cm) 4.38 0.53 4.43 0.59 4.70 0.75 5.00 1.04  < 0.001 0.019 0.109 0.222
Mandibular length ramus (cm) 3.77 0.25 3.75 0.31 3.72 0.33 3.66 0.32 0.291 0.334 0.434 0.297
Mandibular width second premolar (cm) 4.37 0.30 4.36 0.33 4.30 0.37 4.21 0.35 0.084 0.068 0.188 0.093
Mandibular width first molar (cm) 64.82 5.47 65.27 5.69 62.32 10.6 62.57 5.61 0.066 0.085 0.038 0.037
Mandibular width inner gonion (cm) 8.45 0.57 8.43 0.55 8.21 0.67 8.40 0.72 0.039 0.021 0.074 0.078

Ma
xil

lar
y 

Me
as

ur
em

en
ts Maxillary unit depth (cm) 5.06 0.42 5.03 0.44 4.93 0.44 4.96 0.42 0.250 0.718 0.788 0.740

Maxillary divergence (°) 52.30 5.97 53.59 3.65 53.87 6.21 53.58 4.86 0.445 0.550 0.927 0.863
Maxillary width between second premolar (cm) 4.05 0.32 4.09 0.33 3.98 0.33 3.99 0.32 0.350 0.233 0.244 0.165
Maxillary width between first molar (cm) 4.46 0.36 4.50 0.38 4.42 0.30 4.44 0.29 0.751 0.678 0.437 0.363

Hy
oid

Di
sta

nc
es

Hyoid bone to retropogonion (cm) 4.41 0.50 4.11 0.46 3.86 0.55 3.91 0.51  < 0.0001  < 0.0001 0.050 0.069
Hyoid bone to third cervical vertebrae (cm) 3.58 0.47 3.30 0.37 3.27 0.45 3.28 0.39  < 0.001  < 0.001 0.183 0.269
Hyoid bone to sella (cm) 10.79 0.96 10.52 1.11 10.17 1.09 10.34 0.98 0.001  < 0.001 0.069 0.097
Retropogonion to third cervical vertebrae (cm) 7.32 0.90 7.02 0.53 6.84 0.73 6.96 0.59 0.013 0.009 0.838 0.846

Cr
an

iof
ac

ial
 H

eig
hts

an
d A

re
as

Upper facial height (UFH, cm) e 4.66 0.41 4.89 0.43 4.73 0.35 4.75 0.32 0.046 0.034 0.083 0.054
Lower facial height (LFH, cm) f 7.04 0.66 6.93 0.63 6.94 0.61 7.03 0.63 0.611 0.730 0.456 0.570
Anterior facial height (UFH + LFH, cm) 11.71 0.74 11.78 0.77 11.60 0.71 11.78 0.76 0.591 0.694 0.322 0.323
The ratio of UFH to anterior facial height (cm) 0.40 0.03 0.41 0.03 0.41 0.03 0.40 0.03 0.127 0.073 0.049 0.050
Posterior nasal spine to anterior arch atlas (cm) 3.70 0.80 3.58 0.39 3.57 0.37 3.58 0.46 0.620 0.517 0.976 0.989
Nasopharyngeal area (cm2) g 7.17 0.97 7.23 0.85 7.16 0.66 7.30 0.75 0.880 0.959 0.890 0.941
Oropharyngeal area (cm2) h 17.04 2.33 16.33 1.53 16.25 1.90 16.41 1.85 0.154 0.135 0.790 0.940
Naso-oropharyngeal area (cm2) i 23.54 4.64 23.53 2.05 23.16 2.18 23.53 2.18 0.927 0.912 0.788 0.707

Significant differences (P < 0.05) among groups shown in bold. a Unadjusted mixed-model analysis of variance comparing the craniofacial structures among the four groups. b Adjusted for age, 
sex, race, and height. c Estimates adjusted for age, sex, race and body mass index. d Estimates adjusted for age, sex, race, height, and weight. e UFH: upper facial height, the distance between 
nasion to anterior nasal spine (Figure 2, left panel). f LFH: lower facial height, the distance between anterior nasal spine to menton (Figure 2, left panel). g Nasopharyngeal area: area within 
the region defined by the nasion, the anterior nasal spine and the basion (Figure 4). h Oropharyngeal area: area within the region defined by the anterior nasal spine, menton, third cervical 
vertebrae and the basion (Figure 4). i Naso-oropharyngeal area: the sum of the nasopharyngeal and oropharyngeal areas. SD, standard deviation.

Table S2—Heritability estimates for craniofacial angles.

Unadjusted Model 1 a Model 2 b Model 3 c

 h2 P d  h2 P d h2 P d h2 P d

Sella–nasion–subspinal (SNA°) 44% 0.0054 38% 0.0022 37% 0.0030 39% 0.0022
Sella–nasion–supramentale (SNB°) 33% 0.0256 31% 0.0120 31% 0.0141 31% 0.0138
Difference between SNA and SNB (°) 30% 0.0330 29% 0.0134 26% 0.0212 29% 0.0142
Nasion–sella–basion (saddle°) 54% 0.0006 55% < 0.0001 57% < 0.0001 56% < 0.0001
Anterior cranial base to horizontal plane (ACB:HP°) 44% 0.0005 42% 0.0009 38% 0.0014 37% 0.0018
Palatal plane to anterior cranial base (PP:ACB°) 8% 0.2924 15% 0.1923 13% 0.2199 15% 0.1847

a Estimates adjusted for age, sex, race, and height. b Estimates adjusted for age, sex, race, and BMI. c Estimates adjusted for age, sex, race, height, and 
weight. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significance was P < 0.05/6 = 0.0083. 
See Figure 2, right panel, for illustration of craniofacial angle. h2, heritability estimate.
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Figure S1—Within-quad group adjusted mean and 95% confidence interval for craniofacial measures with significant among group differences. The least 
square means and associated 95% confidence interval after adjustment for age, sex, race, and height are shown for each craniofacial measure that showed 
a significant difference (P < 0.05) among groups in our mixed model analysis of variance. Estimates are given for each quad group separately (proband, 
proband sib, control, and control sib). Six of the eight measures (length ramus, ACB to horizontal plane angle, and hyoid distances) had between group 
differences that were consistent with being OSA risk factors. ACB, anterior cranial base; ANOVA, analysis of variance; C3, third cervical vertebrae.
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Table S3—Heritability estimates for mandibular measurements.

Unadjusted Model 1 a Model 2 b Model 3 c

 h2 P d  h2 P d h2 P d h2 P d

Mandibular depth (cm) 0% – 0% – 0% – 0% –
Mandibular divergence (°) 12% 0.1402 6% 0.2919 7% 0.2740  7% 0.2771
Mandibular length corpus (cm) 16% 0.1017 24% 0.0170 11% 0.2102  13% 0.1861
Mandibular length ramus (cm) 28% 0.0276 15% 0.1387 5% 0.3586  1% 0.4774
Mandibular width second premolar (cm) 33% 0.0118 30% 0.0065 32% 0.0030  36% 0.0015
Mandibular width first molar (cm) 37% 0.0004 30% 0.0050 32% 0.0028  35% 0.0016
Mandibular width inner gonion (cm) 24% 0.0090  38% 0.0006 28% 0.0068  36% 0.0014

a Estimates adjusted for age, sex, race, and height. b Estimates adjusted for age, sex, race, and body mass index. c Estimates adjusted for age, sex, 
race, height, and weight. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significant was 
P < 0.05/7 = 0.0071. h2, heritability estimate.

Table S4—Heritability estimates for maxillary measurements.

Unadjusted Model 1 a Model 2 b Model 3 c

 h2 P d  h2 P d h2 P d h2 P d

Maxillary unit depth (cm) 19% 0.0409 25% 0.0540 26% 0.0508  26% 0.0509
Maxillary divergence (°) 23% 0.0184 23% 0.0207 23% 0.0212  23% 0.0188
Maxillary width between second premolar (cm) 38% 0.0019 48% 0.0013 42% 0.0028  43% 0.0023
Maxillary width between first molar (cm) 37% 0.0020  47% < 0.0001 46% < 0.0001  47% < 0.0001

a Estimates adjusted for age, sex, race, and height. b Estimates adjusted for age, sex, race, and body mass index. c Estimates adjusted for age, sex, 
race, height, and weight. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significant was 
P < 0.05/4 = 0.0125. h2, heritability estimate.

Table S5—Heritability estimates for hyoid distances.

Unadjusted Model 1 a Model 2 b Model 3 c

 h2 P d  h2 P d h2 P d h2 P d

Hyoid bone to retropogonion (cm) 38% 0.0011 36% 0.0018 34% 0.0029  28% 0.0113
Hyoid bone to third cervical vertebrae (cm) 14% 0.1332 16% 0.0776 17% 0.1115  18% 0.0478
Hyoid bone to sella (cm) 13% 0.0668 22% 0.0672 15% 0.1020 11% 0.1985
Retropogonion to third cervical vertebrae (cm) 11% 0.2413 7% 0.2975 1% 0.4499 1% 0.4593

a Estimates adjusted for age, sex, race and height. b Estimates adjusted for age, sex, race, and body mass index. c Estimates adjusted for age, sex, 
race, height, and weight. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significant was 
P < 0.05/4 = 0.0125; see Figure 3 for illustration of structures and distances. h2, heritability estimate.
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Table S6—Heritability estimates for craniofacial heights and areas.

Unadjusted Model 1 a Model 2 b Model 3 c

 h2 P d  h2 P d h2 P d h2 P d

Upper facial height (UFH, cm) 16% 0.1195 12% 0.1877 20% 0.0729  16% 0.1198
Lower facial height (LFH, cm) 41% 0.0042 33% 0.0058 36% 0.0025  32% 0.0070
Anterior facial height (UFH + LFH, cm) 24% 0.0764 11% 0.2178 13% 0.2150  7% 0.3423
The ratio of UFH to anterior facial height (cm) 27% 0.0522 14% 0.1681 18% 0.1097  17% 0.1133
Posterior nasal spine to anterior arch atlas (cm) 16% 0.1257 20% 0.0838 18% 0.1105  16% 0.1309
Nasopharyngeal area (cm2) 3% 0.4064 0% – 0% –  0% –
Oropharyngeal area (cm2) 45% 0.0001 31% 0.0038 26% 0.0134  22% 0.0329
Naso-oropharyngeal area (cm2) 25% 0.0171 18% 0.0557 15% 0.1061  14% 0.1064

a Estimates adjusted for age, sex, race, and height. b Estimates adjusted for age, sex, race, and body mass index. c Estimates adjusted for age, sex, 
race, height, and weight. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significant was 
P < 0.05/8 = 0.0063. See Figure 2, left panel, and Figure 4 for illustration of craniofacial heights and areas. UFH, upper facial height, the distance between 
nasion and anterior nasal spine; LFH, lower facial height, the distance between anterior nasal spine and menton; nasopharyngeal area, area within the region 
defined by the nasion, the anterior nasal spine and the basion; oropharyngeal area, area within the region defined by the anterior nasal spine, menton, third 
cervical vertebrae and the basion; naso-oropharyngeal area, the sum of the nasopharyngeal and oropharyngeal areas.
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Table S7—Intraclass correlation coefficients among proband and control pairs separately.

Craniofacial structures
Model 2 ICC a Model 3 ICC b

Probands Controls P c Probands Controls P c

Cr
an

iof
ac

ial
An

gle
s

Sella–nasion–subspinal (SNA°) 36% 35% 0.920 39% 35% 0.858
Sella–nasion–supramentale (SNB°) 33% 27% 0.776 33% 23% 0.600
Difference between SNA and SNB (°) 12% 37% 0.216 9% 37% 0.192
Nasion–sella–basion (Saddle°) 60% 58% 0.916 59% 54% 0.846
Anterior cranial base to horizontal plane (ACB:HP°) 47% 37% 0.694 44% 37% 0.824
Palatal rlane to anterior cranial base (PP:ACB°) 36% 34% 0.940 33% 32% 0.986

Ma
nd

ibu
lar

Me
as

ur
em

en
ts

Mandibular depth (cm) 2% 2% 0.946 0% 3% 0.890
Mandibular divergence (°) 1% 26% 0.536 2% 27% 0.574
Mandibular length corpus (cm) 28% 12% 0.486 22% 15% 0.736
Mandibular length ramus (cm) 22% 40% 0.418 28% 41% 0.606
Mandibular width second premolar (cm) 21% 42% 0.274 24% 43% 0.346
Mandibular width first molar (cm) 22% 7% 0.202 24% 6% 0.132
Mandibular width inner gonion (cm) 39% 24% 0.450 43% 37% 0.774

Ma
xil

lar
y 

Me
as

ur
em

en
ts Maxillary unit depth (cm) 17% 39% 0.388 17% 39% 0.390

Maxillary divergence (°) 19% 23% 0.816 16% 25% 0.614
Maxillary width between second premolar (cm) 54% 43% 0.532 56% 43% 0.468
Maxillary width between first molar (cm) 50% 37% 0.452 49% 37% 0.478

Hy
oid

Di
sta

nc
es

Hyoid bone to retropogonion (cm) 41% 27% 0.584 38% 25% 0.624
Hyoid bone to third cervical vertebrae (cm) 9% 31% 0.244 6% 30% 0.204
Hyoid bone to sella (cm) 46% 21% 0.190 35% 16% 0.384
Retropogonion to third cervical vertebrae (cm) 0% 17% 0.346 0% 17% 0.360

Cr
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eig
hts

an
d A
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Upper facial height (UFH, cm) d 22% 14% 0.668 15% 14% 0.904
Lower facial height (LFH, cm) e 19% 56% 0.062 9% 55% 0.012
Anterior facial height (UFH + LFH, cm) 0% 36% 0.050 0% 35% 0.036
The ratio of UFH to anterior facial height (cm) 7% 26% 0.274 5% 26% 0.220
Posterior nasal spine to anterior arch atlas (cm) 17% 48% 0.186 2% 46% 0.118
Nasopharyngeal area (cm2) f 0% 39% 0.012 0% 37% 0.028
Oropharyngeal area (cm2) g 22% 45% 0.516 17% 41% 0.320
Naso-oropharyngeal area (cm2) h 4% 36% 0.044 5% 30% 0.126

a Estimates adjusted for age, sex, race, and body mass index. b Estimates adjusted for age, sex, race, height, and weight. c P value comparing from a 
permutation test comparing the difference in interclass correlation coefficient (ICC) values between probands and controls to the distribution of differences 
derived from 1,000 randomly permuted samples; P value was calculated as two times the proportion of differences that were more extreme than the observed 
result. d UFH: upper facial height, the distance between nasion to anterior nasal spine (Figure 2, left panel). e LFH: lower facial height, the distance between 
anterior nasal spine to menton (Figure 2, left panel). f Nasopharyngeal area: area within the region defined by the nasion, the anterior nasal spine and the 
basion (Figure 4). g Oropharyngeal area: area within the region defined by the anterior nasal spine, menton, third cervical vertebrae and the basion (see 
Figure 4). h Naso-oropharyngeal area: the sum of the nasopharyngeal and oropharyngeal areas. Bold type, statistically significant.


