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Study Objectives: We hypothesized that the facial phenotype is closely linked to upper airway anatomy. The aim of this study was to investigate
the relationship between surface facial dimensions and upper airway structures using magnetic resonance imaging (MRI) in subjects with obstruc-
tive sleep apnea (OSA).

Design: Cohort study.

Setting: Sleep investigation unit.

Patients: Sixty-nine patients (apnea-hypopnea index = 10/h) underwent MRI as part of a study of upper airway anatomy in oral appliance therapy.
Interventions: Measurements of a range of surface facial dimensions and upper airway soft tissue volumes were performed on the MR images
using image-analysis software. Pearson correlation analyses were performed.

Measurements and Results: Significant correlations were identified between a number of surface facial dimensions and neck circumference. Sig-
nificant positive correlations were demonstrated between surface facial dimensions (including facial widths, facial heights, nose width, interocular
and intercanthal widths) and upper airway structures. The strongest associations were between the tongue volume and the midface width (r=0.70,
P <0.001), and lower-face width (r = 0.60, P < 0.001). Surface facial dimensions in combination were also strong determinants for tongue volume
(= 10.69). Correlations between surface soft tissue thickness and upper airway soft tissue volumes occurred at the level of the midface but not at
the level of the lower face.

Conclusions: This study demonstrates that there is a relationship between surface facial dimensions and upper airway structures in subjects with

OSA. These findings support the potential role of surface facial measurements in anatomic phenotyping for OSA.
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OBSTRUCTIVE SLEEP APNEA (OSA) IS CHARACTER-
IZED BY ANATOMIC AND FUNCTIONAL ABNOR-
MALITIES OF THE UPPER AIRWAY RESULTING IN A
compromised airway space and an increase in upper airway col-
lapsibility during sleep.* Although obesity is considered to be
the major attributing risk factor for OSA,* craniofacial morpholo-
gy is increasingly recognized as an important interacting factor in
OSA pathogenesis.*¢ Craniofacial differences between subjects
with OSA and control subjects have mainly been examined using
cephalometry, and, thus, the emphasis has been on bony struc-
tures in these investigations.”'® Although imaging studies using
magnetic resonance imaging (MRI) have revealed new insights
into the upper airway soft tissue structures in OSA," the surface
tissues beyond the craniofacial skeleton have not been examined.

We have recently demonstrated that surface facial measure-
ments obtained on digital photographs are different between
subjects with and without OSA." In particular, the width of the
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face was significantly greater in subjects with OSA. This sim-
ple measurement was also the most important determinant of
the presence of OSA, among other known anthropometric and
craniofacial risk factors.”® Given the limitations of the existing
upper airway and craniofacial imaging techniques, the use of a
surface facial metric would potentially be a very useful approach
for anatomic phenotyping in OSA. However, the anatomic basis
for such a relationship between surface facial measurements and
OSA is currently unknown. It is probable that the surface facial
phenotype reflects the underlying bony framework, but, in addi-
tion, we hypothesized that surface facial dimensions capture phe-
notypic information that also relates to obesity and upper airway
anatomy, both of which are important risk factors for OSA. In
particular, we hypothesized that the face width, which is the most
important photographic predictor for OSA, relates strongly to the
size of upper airway structures. Hence, the aim of this study was
to investigate the relationship between surface facial dimensions
and upper airway structures using MRI during wakefulness in
subjects with OSA as a way of validating the relevance of cranio-
facial photography as a phenotyping strategy in OSA.

MATERIALS AND METHODS

Subjects
Subjects included in this study had upper airway MRI per-
formed as part of a study examining upper airway anatomy in
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Figure 1—Three-dimensional magnetic resonance imaging reconstructions of the head and neck: surface
facial dimensions. A. midface width (t-t), lower-face width (go-go); B. eye width (ex-en); interocular width (ex-
ex), intercanthal width (en-en), nose width (al-al); C. face height (n-gn); lower face height (sn-gn). Landmarks:
t-tragion; go-gonion; ex-exocanthion; en-endocanthion; al-alare; n-nasion; sn-subnasion; gn-gnathion.

sagittal plane (50 slices, 1.25 mm
thickness, 272 x 512 matrix). Ax-
ial scans of the upper airway (50
slices, 3 mm thickness, 224 x 512
matrix) were then acquired from
above the level of the nasophar-
ynx, to below the level of the vocal
cords. The acquisitions were stored
in DICOM format.

Surface facial measurements

The axial MR image stacks
were examined using image
analysis software (Image J v1.36,
NIH, Bethesda, MD). Surface
facial dimensions obtained are

Soft Palate
Tongue

Fat Pad

Lateral Pharyngeal Wall

Upper Airway

Figure 2—Upper airway soft tissue volumetric measurements on
magnetic resonance imaging

the prediction of oral-appliance treatment outcome.'*'* Con-
secutive patients with a diagnosis of OSA (apnea-hypopnea
index [AHI] > 10 events/h) and at least 2 of the following
symptoms—daytime sleepiness, snoring, witnessed apneas,
or fragmented sleep—were recruited for the treatment with a
mandibular advancement splint (MAS). Exclusion criteria were
related to the MAS treatment (insufficient teeth to permit splint
retention, periodontal disease, exaggerated gag reflex). Anthro-
pometry (height, weight, and neck circumference) was obtained
the night before the MRI. The study was approved by the in-
stitutional ethics committee, and written informed consent was
obtained from all patients.

Magnetic Resonance Imaging

Spin-echo MRI of the upper airway was performed dur-
ing wakefulness using a Philips INTERA 1.5T MRI scanner
(Philips Electronics, Netherlands). With the aid of a gantry
beam, the patient’s head was positioned with the Frankfort
plane perpendicular to horizontal. Foam pads were used to
secure the head in this position. Images were acquired with
a receive-only neck coil. Throughout the scan, patients were
asked to breathe normally through their nose and to refrain
from swallowing. Patients were also instructed to keep their
mouth closed and to maintain a relaxed bite, with the tongue
touching the front teeth.

An initial sagittal scan was performed to confirm head posi-
tion. Contiguous T1-weighted spin-echo images were acquired
through the long axis of the airway, centered around the mid-
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illustrated in Figure 1. These mea-
surements were obtained by examining the axial MR images
and identification of the 8 surface landmarks of interest (tra-
gion, gonion, exocanthion, endocanthion, alare, nasion, sub-
nasion, gnathion). These were a subgroup of landmarks that
can be obtained on craniofacial photographic analysis.'*!* The
surface landmark coordinates (X, y, z) were then captured, and
facial dimensions between each pair of landmark were cal-
culated using these 3-dimensional coordinates. Facial ratios
were also determined (bony facial ratio = bony face height
[n-mentum]/bony face width [see Table 4]; surface facial ra-
tio = face height [n-gn]/midface width [t-t]).'"® Measurements
of the bony and soft tissue subdivisions were obtained at the
levels of midface width (defined by the landmark tragion) and
lower-face width (defined by the landmark gonion) (Table 4).

Upper airway volumetric measurements

Measurements obtained included volumes of the soft palate,
tongue, parapharyngeal fat pads, lateral pharyngeal walls, and
total airway (Figure 2) in accordance with previously described
and validated technique'!” using image analysis software
(Amira v4.1, Mercury Computer Systems Inc.).

Polysomnography

Baseline diagnostic polysomnography was performed in
accordance with previous studies and recommendations.'®!"°
Sleep staging was determined using standardized definitions.
Apnea was defined as complete airflow cessation for at least
10 seconds with oxygen desaturation of at least 3% and/or as-
sociated with an arousal. Hypopnea was defined as a reduction
in amplitude of airflow or thoracoabdominal wall movement
greater than 50% of the baseline measurement for more than
10 seconds with an accompanying oxygen desaturation of at
least 3%, and/or associated with arousals. AHI was calculated
as the total number of apneas and hypopneas per hour of sleep.
Polysomnography scoring was performed by experienced ac-
credited sleep technologists.

Statistical Analysis

Statistical analysis was performed with SPSS (v13.0 for
Windows, SPSS Inc., Chicago, IL). Pearson correlation anal-
ysis was performed to examine the relationships among sur-
face facial dimensions, upper airway structures, and the AHI
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(natural log-transformed). A partial correlation procedure was
used to examine linear relationships while controlling for the
effect of another variable (BMI or height). To allow for multiple
comparisons for correlation analyses, a Bonferroni correction
was used. Accordingly, a P value less than 0.001 was consid-
ered statistically significant and a P value less than 0.01 was
considered marginally significant.?! Univariate (BMI and neck
circumference) and multivariate forward regression analysis
(MRI surface facial measurements) were used to determine the
independent predictors for tongue volume.

RESULTS

Subject Characteristics

Sixty-nine subjects were included in this study (Table 1).
Forty-seven (68%) were men. The mean age and BMI were
50.4 + 10.2 years and 29.6 £ 5.0 kg/m?, respectively. The mean
AHI was 27.0 £ 14.7 events per hour, with a range from 10.3 to
75.7 events per hour.

Surface Facial Dimensions and Upper Airway Structures

Significant correlations were identified between anthropo-
metric measures of obesity and a number of surface facial
dimensions (Table 2). In particular, the neck circumference
had a strong positive relationship with both the midface
width (r = 0.81, P < 0.001) and lower-face width (r = 0.78,
P < 0.001). Significant positive correlations were also dem-
onstrated between a number of surface facial dimensions
and upper airway structures (Table 2). The strongest asso-
ciations were between the tongue volume and the midface
width (r=0.70, P <0.001) (Figure 3), and lower-face width
(r=0.60,P<0.001). When controlled for BMI, both of these
measurements remained moderately correlated with the
tongue volume (r = 0.66, P < 0.001 and r = 0.53, P < 0.001,
respectively). However, there were no correlations between
these surface measurements and tongue

Table 1—Subject characteristics

Subjects n=69
Men 47 (68.1)
Age,y 50.4 £10.2
Weight, kg 85.5+15.8
Height, cm 171977
BMI, kg/m? 29650

Neck circumference, cm  39.9 + 3.6

AHI, events/h

27.0 +14.7 (10.3-75.7)

Data are shown as mean + SD (range) or number (%). BMI refers to body
mass index; AHI, apnea-hypopnea index.
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Figure 3—Linear relationship between midface width and tongue volume
on magnetic resonance imaging. r = 0.70; P < 0.001

volume when controlled for neck cir-
cumference.

Interocular width (r = 0.49, P < 0.01),
intercanthal width (r = 0.49, P < 0.01),
nose width (r = 0.57, P < 0.001), and fa-
cial heights (r = 0.43, P < 0.01) demon-
strated moderate positive correlations with
the tongue volume (Table 2). Intercan-
thal width (r = 0.59, P < 0.001) and face
height (r = 0.37, P < 0.01) also had posi-
tive correlations with total airway volume
(Table 2). When controlled for the sub-
jects” height, a positive trend remained be-
tween total airway volume and intercanthal
width (r = 0.42, P = 0.02) and face height
(r=10.39, P=0.03), but these did not reach
the a priori level for statistical significance.
Surface facial ratio did not correlate with
any of the upper airway structures, whereas
the bony facial ratio correlated positively
with the volume of soft palate (r = 0.44,
P < 0.001) and the lateral pharyngeal wall
(r=10.40,P<0.01) (Table 2).
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Table 2—Correlations between surface facial dimensions and upper airway structures on MRI

Airway

Correlation Coefficient () BMI NC  Volume Volume Volume Volume Volume
BMI - 058 023 0.34° 0.11 0.19 0.02
NC 0.58° - 0.50° 0.76° 0.06 0.47° 0.26
Midface Width 0.59° 0.81@  0.36° 0.702 0.10 0.34° 0.28
Lower-Face Width 0.67¢ 0.78  0.32° 0.60° 0.08 0.36° 0.09
Eye Widthe -0.16  0.13 0.06 0.20 0.22 0.42 -0.33
Interocular Widthe -0.05 046> 023 0.49° 0.34 0.41 -0.01
Intercanthal Width® 027 053 038 0.49° 0.08 0.28 0.59°
Nose Width 015 048  0.11 0.572 0.03 0.38 -0.02
Face Height! 024 0.30 0.44: 0.43° 0.24 0.38° 0.37°
Lower Face Height 028 0.35°  0.42° 0.39° 0.06 0.40° 0.19
Bony Facial Ratio® 017 013 0.44: 0.12 0.07 0.40° 0.14
Surface Facial Ratio® 021 -0.32 0.27 0.1 0.10 0.16 0.21

MRI refers to magnetic resonance imaging; BMI, body mass index; NC, neck circumference; LPW,
lateral pharyngeal wall; Bony facial ratio, bony face height/bony face width; surface facial ratio,
face height/midface width. 2P < 0.001; ®P < 0.01; “Data available in 33 subjects where images were
inclusive of the orbits; ‘Data available in 59 subjects where images were inclusive of the landmark

nasion.
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The best explanatory surface facial variables for tongue vol-
ume were the combination of midface width, interocular width,
and intercanthal width (r*= 0.69, P < 0.001). This combination
had a higher variance for tongue volume compared to BMI
(r*=0.11, P=0.005) or neck circumference (r*=0.58, P <0.001)
(Table 3).

Midface Width and Lower-Face Width Subdivisions

The midface-width measurement was composed of the mid-
face bony width and the midface soft tissue thickness (Table
4). The thickness of midface soft tissue correlated with BMI
(r =0.68, P < 0.001), tongue (r = 0.42, P < 0.001), soft pal-
ate (r = 0.39, P < 0.01) and lateral pharyngeal wall volumes
(r=0.32, P < 0.01). The midface bony width also correlated
with the tongue volume (r = 0.51, P < 0.001). However, the
strongest relationship remained between the total midface
width and tongue volume (r = 0.70, P < 0.001).

The lower-face width was composed of the bony mandibu-
lar width and the lower-face soft tissue thickness (Table 4). In
contrast with the midface width subdivisions, there were no sig-

Table 3—Univariate and multivariate regression analysis for the
determinants of tongue volume

Explanatory Variables for Tongue Volume r?

Anthropometry ~ BMI 0.11, P =0.005
Neck Circumference 0.58, P <0.001

Surface facial ~ Combination of midface 0.69, P <0.001

width, interocular width
and intercanthal width

dimensions?

MRI refers to magnetic resonance imaging; BMI, body mass index.
aRegression model variables (standardized coefficient §, P-value):
midface width (0.505, P = 0.001); interocular width (0.299, P = 0.025);
intercanthal width (0.253, P = 0.038).

nificant correlations between upper airway structures and soft
tissue thickness at the level of the lower face. The latter also had
a weaker correlation with BMI (r = 0.40, P =0.001), compared
with the midface soft tissue thickness.

Relationship with OSA Severity

There were no significant correlations between OSA severity
and any of the anthropometric and MRI volumetric measure-
ments. However, the surface facial measurements of midface
width (r = 0.25, P < 0.05) and lower-face width (r = 0.27,
P < 0.05) demonstrated a weak correlation with OSA severity,
but these did not reach statistical significance. Facial ratios did
not correlate with OSA severity.

DISCUSSION

This study confirms our hypothesis that there is a relation-
ship between surface facial dimensions and upper airway struc-
tures in subjects with OSA using MRI during wakefulness. In
particular, the strongest correlations were demonstrated be-
tween the volume of the tongue and the widths of the midface
and lower face. Significant relationships between some surface
facial measurements and anthropometrics of obesity were also
demonstrated. Surface facial dimensions in combination were
strong determinants for tongue volume.

Overall, these results support the notion that facial pheno-
type is closely linked with upper airway anatomy. Facial phe-
notype is determined collectively by the size and morphology
of skeletal, muscular, and adipose tissues, together with surface
facial features. Although these structures may have unique ge-
netic determinants,”>? shared embryologic origin of these com-
ponents and upper airway structures are also well described.*
For example, the anterior two thirds of the tongue, muscles of
mastication, maxilla, zygomatic bone, and mandible all origi-
nate from the first pharyngeal arch. The posterior third of the
tongue is formed predominantly from the second and third pha-
ryngeal arches; the second arch also gives rise to the muscles
of facial expression. It is possible through these common em-

bryologic links that surface facial dimen-

structures on MRI

Correlation coefficient (r)

a. Midface Width 0.36°
b. Midface Bony Width 0.04
c. Midface Soft Tissue Thickness 0.39°
d. Lower-Face Width 0.32°
e. Bony Mandibular Width (external) ~ 0.30
f. Bony Mandibular Width (internal) 0.37°
g. Lower-Face Soft Tissue Thickness ~ 0.28

Table 4—Correlations between subdivisions of midface width and lower-face width and upper airway

Soft palate Tongue
volume volume volume

MRI refers to magnetic resonance imaging; LPW, lateral pharyngeal wall. 2P < 0.001; °P < 0.01.

sions and upper airway soft tissues remain
closely associated in adults.

Although a cause-and-effect relation-
ship between facial and upper airway
structures cannot be determined in this
study, a number of other hypotheses for

LPW

0.70°  0.34° such an association have been suggested.
Changes to the craniofacial skeleton may
0.51*  0.09 occur secondary to soft-tissue stretching®
042 032 or soft tissue-induced osteogenic reaction
and growth.?® Specifically, tongue size has
0.60° 0.36 previously been shown to correlate posi-
tively with mandibular and dental arch siz-
0.55°  0.36 es??%; conversely, surgical tongue volume
reduction has been shown to slow skeletal
0.5 042 growth and dental arch expansion.” Thus,
029 028 although it is possible that the tongue may

grow and adapt to existing oral bony mor-
phology, upper airway soft tissues could
also influence the size of the bony maxil-
lary and mandibular compartments.
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We did not identify significant linear relationships between
OSA severity and obesity or the upper airway structure volumes
in this cohort of patients. However, the midface-width surface
measurement was associated with the AHI, but the relation-
ship was weak. Previous imaging studies have demonstrated
the crucial role of upper airway structures in the pathogenesis
of OSA."-330 Specifically, the size or volume of the tongue has
been shown to be larger in patients with OSA compared with
control subjects. However, the linear relationship between size
of upper airway structures and OSA severity was not assessed
in these studies. Overall, the lack of correlation in our study
suggests that the relationship may not be linear with absolute
size but, rather, that the relative size of these soft tissue struc-
tures in relationship to the bony enclosure may be a more im-
portant determinant of OSA.*® The pathophysiology of OSA
relates to the balance and interaction between bony and soft
tissues surrounding the upper airway.*® Although this study
may suggest that bony and soft tissue structures are closely
related in size, it is the discrepant growth of these structures
that ultimately determines the degree of airway compromise.
The influence for such disparity in bony and soft tissue growth
during craniofacial development is unknown.

Strong relationships between midface or lower-face widths
and anthropometrics of obesity (BMI and neck circumference)
in this study confirm results from our previous study using pho-
tographic facial measurements.'? This suggests that surface facial
dimensions are closely linked with obesity, at least in subjects
with OSA. Similarly, tongue volume was also significantly corre-
lated with BMI and neck circumference in our study. This is con-
sistent with autopsy findings of the positive correlations between
tongue weight/fat percentage and BML*' This common linkage
with obesity could be, in part, the basis for the relationship be-
tween surface facial dimensions and upper airway soft tissue
volumes. It is also possible that, at least in part, the relationship
is related simply to body size. However, the correlation remains
even when controlled for obesity (BMI), suggesting that factors
in addition to adipose tissue deposition (or body size) also ac-
count for this relationship (e.g., genetic or embryonic factors).

Our use of MRI enabled us to examine the relative im-
portance of bony and soft tissue components that comprise
surface dimensions, which we performed through separate
correlations of the bony and soft tissue subdivisions of the
face widths (see Table 4). Correlations between surface soft
tissue thickness and upper airway soft tissue volumes were
noted at the level of the midface but not at the level of the
lower face. This suggests that the relationship between sur-
face soft tissues and upper airway structures may be regional
on the face. Facial soft tissues are composed of mainly skel-
etal muscles and adipose tissue. The latter has been suggested
to relate to visceral obesity* and insulin sensitivity.**** We
hypothesize that the distribution of facial soft tissues could be
an important intermediate trait for OSA, through relationships
with visceral obesity and upper airway soft tissue structures.
Further studies examining the distribution of adipose/soft tis-
sues over different regions on the face are needed to further
understand these relationship.

The facial ratio provides a simple measure of the facial form.
A higher ratio indicates a long-thin (leptoprosopic) facial form,
whereas a lower ratio indicates a wider and shorter (eurypro-
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sopic) form. In the present study, only certain upper airway
structures (soft palate and lateral pharyngeal wall) appear to
positively correlate with the more leptoprosopic bony facial
form. This suggests that the size of upper airway structures may
be differentially related to the facial skeletal form. However,
surface facial forms did not relate to upper airway structures,
but the absolute dimensions of facial soft tissues were impor-
tant, as discussed above. Although it has previously been sug-
gested that facial forms are important in Caucasian subjects
with OSA,3 it remains unclear whether this observation is a
cause or effect phenomenon. Future studies in larger popula-
tions may be able to address the relevance of different facial
forms in OSA.

A limitation of the study was the lack of a control group
in our cohort. This should not influence the results of the pri-
mary aim, which was to examine correlations between mea-
surements on MRI. However, the lack of significant linear
relationship between AHI and obesity/upper airway struc-
tures may also relate to the sample selected for investiga-
tion. Relationships between MRI measurements and OSA
may be better addressed using a case-control design in future
studies." Sex and ethnic differences in craniofacial and up-
per airway anatomy were not examined as part of this study.
However, the relative simplicity in obtaining surface facial
measurements could provide a novel approach for anatomic
phenotyping in future research studies of sex and ethnicity.
Due to the voxel size and limited resolution of MR images,
the identification of surface landmarks may be less accurate,
compared with clinical methods of anthropometry. For exam-
ple, identification of the landmarks exocanthion/endocanthi-
on may be more accurate on clinical examination, compared
with MR imaging. The cranial base was not included in all
the MR images; therefore, orbit dimensions were unavail-
able in some subjects. Although the surface measurements
performed were limited to linear distances between facial
landmarks, they are simple to perform and can potentially be
utilized for clinical applications. Future studies would need
to examine the correlations between MRI measurements
and those obtained clinically or on photographic images.!*!?
Although such agreement would need validation, volumet-
ric MRI measurements have previously been validated on
phantom models,'” and intrarater reliability for facial photo-
graphic measurements has been shown to be excellent.'? The
imaging was performed during wakefulness, and, thus, some
of the upper airway findings of this study may not be identical
to those during sleep (e.g., jaw or tongue position). Neverthe-
less, MR imaging during wakefulness is an invaluable tool
for defining the size of upper airway structures. Because the
spin-echo MRI scans occurred over several minutes, result-
ing in averaging of data over many respiratory cycles, we
were also unable to assess dynamic airway changes during
inspiration and expiration.

In summary, this study demonstrates that there is a rela-
tionship between surface facial dimensions and upper airway
structures in subjects with OSA. Surface facial metrics capture
phenotypic information that relates to measures of obesity and
upper airway anatomy. The relative simplicity in obtaining sur-
face facial measurements could provide a novel approach for
anatomical phenotyping in future research.
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