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UPPER AIRWAY COLLAPSIBILITY IS ASSOCIATED WITH OBESITY AND HYOID POSITION
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Study Objectives: Upper airway anatomy plays a major role in obstructive sleep apnea (OSA) pathogenesis. An inferiorly displaced hyoid as
measured by the mandibular plane to hyoid distance (MPH) has been consistently associated with OSA. The hyoid is also a common landmark for
pharyngeal length, upper airway volume, and tongue base. Tongue dimensions, pharyngeal length, and obesity are associated with OSA severity,
although the link between these anatomical variables and pharyngeal collapsibility is less well known. We hypothesized that obesity as measured
by body mass index (BMI), neck and waist circumferences, and variables associated with hyoid position (pharyngeal length, upper airway volume,
and tongue dimensions) would be associated with passive pharyngeal critical closing pressure (Pcrit).

Design: Cross-sectional.

Setting: Academic hospital.

Patients: 34 Japanese-Brazilian males age 21 to 70 y.

Interventions: N/A.

Measurements and Results: We performed computed tomography scans of the upper airway, overnight polysomnography, and Pcrit
measurements in all subjects. On average, subjects were overweight (BMI = 28 + 4 kg/m?) and OSA was moderately severe (apnea-hypopnea
index = 29 [13-51], range 1-90 events/h). Factor analysis identified two factors among the studied variables: obesity (extracted from BMI, neck
and waist circumferences) and hyoid position (MPH, pharyngeal length, tongue length, tongue volume, and upper airway volume). Both obesity
and hyoid position correlated with Pcrit (r = 0.470 and 0.630, respectively) (P < 0.01). In addition, tongue volume, tongue length, pharyngeal length,
and MPH correlated with waist and neck circumferences (P < 0.05).

Conclusions: Pharyngeal critical closing pressure is associated with obesity and hyoid position. Tongue dimensions, pharyngeal length, and the
mandibular plane to hyoid distance are associated with obesity variables. These findings provide novel insight into the potential factors mediating

upper airway collapse in obstructive sleep apnea.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a common disorder charac-
terized by recurrent obstruction of the pharynx during sleep.'?
Upper airway anatomy plays a central role in OSA pathogenesis.
An inferiorly displaced hyoid as measured by the mandibular
plane to hyoid distance (MPH) is one of the most consistent
anatomical features reported to be associated with OSA.*
The tongue is the largest structure of the anterior pharyngeal
wall and rests over the hyoid. Although anterior activation of
the tongue can play a major role in maintaining upper airway
patency,’ increased tongue dimensions are associated with in-
creased risk of OSA and severity as expressed by the apnea-
hypopnea index (AHI).” Pharyngeal length (PL) is defined as
the distance from the posterior nasal spine to the epiglottis base,
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which is attached to the hyoid.® PL has also been consistently
associated with pharyngeal collapsibility and the AHI.*"!

Pharyngeal airway dimensions are the result of the interac-
tion between bony and soft tissues. Obesity, a major risk factor
for OSA, may lead to enlargement of upper airway soft tissues
and particularly the tongue.'>"* The tongue may enlarge an-
teroposteriorly and decrease upper airway diameter because of
the fixed bony structure. However, the tongue can also expand
caudally and may lead to an increase in pharyngeal length and
MPH through displacement of the hyoid.*'*!*

OSA severity as assessed by the AHI may be influenced by
factors other than anatomy, such as respiratory control insta-
bility, variations in arousal threshold, and poor upper airway
dilator muscle responsiveness during sleep.'® To determine
the overall functional anatomical contribution to OSA, upper
airway collapsibility can be measured using the passive critical
closing pressure (Pcrit) technique.'-'""°

In the current study we hypothesized that obesity as mea-
sured by body mass index (BMI), neck and waist circumfer-
ences, and variables associated with hyoid position (pharyngeal
length, upper airway volume, and tongue dimensions) would
be associated with Pcrit. To test this hypothesis, we performed
computed tomography (CT) scans of the upper airway to pro-
vide three-dimensional reconstructions of the tongue and upper
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airway and measured Pcrit in male subjects with a wide range
of upper airway collapsibility.

METHODS

Subjects

All subjects were male Japanese-Brazilians recruited from
an ongoing study examining the mechanisms of OSA among
Asians and Caucasians. Patients with OSA and controls were
recruited from the sleep outpatient clinic and from the commu-
nity to include subjects with a wide range of upper airway col-
lapsibility. The current study was limited to Japanese-Brazilian
adult males age 21-70 y to control for the possible confounding
influences of race and sex on upper airway anatomy and soft-
tissue structures. All subjects gave informed written consent
before study entry, which was approved by the Hospital das
Clinicas Ethics Committee. Initially, a detailed clinical evalua-
tion that included height, weight, and waist and neck circumfer-
ence was performed in each study participant.

Polysomnography

All participants underwent baseline standard overnight poly-
somnography (PSG) (Alice 5, Philips Respironics, Murrysville,
PA) at the start of the study to determine sleep characteristics
and quantify apnea severity. Monitoring included electroen-
cephalography, electrooculography, electromyography (EMG),
oximetry, measurements of airflow (oronasal thermistor and
pressure cannula), and measurements of ribcage and abdominal
movements during breathing, as previously described.'” Apnea
was defined as complete cessation of airflow (thermistor) for
at least 10 sec. Hypopnea was defined as a > 50% reduction in
airflow (nasal pressure) for at least 10 sec associated with ox-
ygen desaturation of 3% or cortical arousal. The AHI was cal-
culated as the total number of respiratory events (apneas plus
hypopneas) per hour of sleep. OSA was defined as an AHI > 15
events/h.

Upper Airway Collapsibility Determination

Sleep Induction

Sleep induction for Pcrit determination was performed in the
sleep laboratory, starting at 08:00 following the diagnostic PSG,
as previously described.'” A peripheral vein was cannulated
and maintained with a continuous infusion of saline solution.
Midazolam (diluted in a saline solution with a concentration of
1 mg/10 mL) was infused slowly when necessary, as follows:
sleep induction started with the infusion of 5 mL of the solution
over 5 min, which was repeated as needed, until a sleeplike
state was detected through online PSG monitoring. Midazolam
infusion was restarted for sleep maintenance only if the patient
awoke and was not able to fall asleep again for 10 min.

Passive Critical Closing Pressure Technique

During Pcrit determinations, all polysomnographic chan-
nels used in the diagnostic PSG were recorded except for nasal
pressure and thermistor. Pcrit measurements were performed
with patients in the supine position. Subjects were fitted with
a nasal mask, attached to a heated pneumotachograph (3700A,
Hans Rudolf, Kansas City, MO) and a differential pressure
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transducer (MP45-14-871, Validyne, Northbridge, CA) for
measurement of airflow. Mask pressure was measured by an-
other pressure transducer (MP45-30-871, Validyne). Respira-
tory signals (airflow and mask pressure) were recorded on a
personal computer using an analog-to-digital converter (PCI-
6014, National Instruments, Austin, TX) and custom-designed
data acquisition software (LabVIEW, National Instruments).
A modified continuous positive airway pressure (CPAP) de-
vice (Philips Respironics, Murrysville, PA) that could deliver
both positive and negative airway pressure was connected to
the mask. After sleep onset, airway pressure was increased to
abolish airflow limitation. This level was used as the holding
pressure for each patient. After stable stage 2 (N2) or 3 (N3)
sleep was observed at the holding pressure, CPAP was abruptly
reduced by 1-2 cm H,O during expiration and was held at
this level for five breaths. The pressure was then returned to
the holding pressure for 1 min before being reduced an ad-
ditional 1-2 ecm H,O for another five breaths. This process
of progressively reducing CPAP continued until obstructive
apnea occurred. If arousal occurred during any pressure de-
crease, the CPAP was returned to the holding level until stable
sleep resumed. The entire procedure of progressively reducing
CPAP until obstruction was repeated three to five times in each
subject. Data were analyzed using custom-designed software
(Matlab, The MathWorks, Inc., Natick, MA) to determine the
peak inspiratory flow (V,Max) for breaths three to five during
the pressure drop. Each of these breaths was assessed for the
presence or absence of inspiratory flow limitation.'” Breaths
associated with arousal were excluded from the analysis.
Nasal pressure for flow-limited breaths was plotted against
Vimax. Pcrit was determined as the zero-flow intercept from
the linear regression of V;max versus nasal pressure as previ-
ously described.!”?

Computed Tomography

All patients underwent a CT scan of the upper airway (Dis-
covery CT 750 HD, GE HealthCare, Milwaukee, WI). Image
acquisition was performed during quiet tidal breathing with
subjects awake and supine, with the head in the neutral posi-
tion. The scans were acquired at 2.5 mm collimation/interval
and reconstructed at 0.625/0.625 mm thickness/interval, with
120 kV, 100mA, and a rotation time of 0.8 sec. Axial and sag-
ittal image reconstructions were performed to allow linear
measurements using an Advantage Workstation, version 4.5
(GE Healthcare).

We identified the following landmarks at the midline sagittal
reconstruction: posterior nasal spine, hyoid, mandibular plane,
and epiglottis base. Mandibular plane to hyoid distance (MPH)
was then determined. Tongue length was measured from the in-
cisors to the hyoid. Tongue height was defined as the maximum
height perpendicular to tongue length. Pharyngeal length was
defined by measuring the distance of horizontal lines passing at
the level of the hard palate and the base of the epiglottis. Three-
dimensional reconstructions were made for tongue and upper
airway volume measurements. Tongue volume determination
was performed by a single investigator by tracing the contours
on axial plane using the paintbrush method. Airway volume
was determined by segmentation technique based on a fixed
threshold characteristic of air (Figure 1).
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MPH=2mm

spine; TH, tongue height; TL, tongue length; TV, tongue volume.

Figure 1—(A) CT scan from a representative subject with minimal sleep disordered breathing (AHI = 12 events/h, Pcrit = -3.1 cm H,0, BMI = 27 kg/m?).
(B) CT scan from a subject with severe OSA (AHI = 32 events/h, Pcrit = 0.2 cm H,0, BMI = 29 kg/m?). In B, there is a marked difference in the position of the
hyoid bone and displacement of the base of the tongue below the mandibular plane in the severe OSA subject. Also note the associated differences in tongue
volume, pharyngeal length, tongue length, and Pcrit. AHI, apnea-hypopnea index; Ep, epiglottis base; H, hyoid; MP, mandibular plane (dashed line); MPH,
mandibular plane to hyoid distance; OSA, obstructive sleep apnea; Pcrit, pharyngeal critical closing pressure; PL, pharyngeal length; PNS, posterior nasal

TH=45mm

TL:68mm’

p

Statistical Analysis

Continuous variables are reported as mean + standard devia-
tion or median [interquartile range]. Normal distribution was
tested using the Shapiro-Wilk test. Continuous variables were
compared according to the median value of Pcrit using non-
paired Student #-test or Mann-Whitney U test.

Correlation analysis (Pearson or Spearman as indicated)
was used to test for associations between variables. Because
some of the variables in the current study might share common
characteristics, exploratory factor analysis was used to group
variables into distinct domains. BMI, neck circumference,
waist circumference, MPH, airway length, airway volume,
tongue length, tongue volume, tongue height, age, AHI, and
Pcrit were entered in the analysis. Loadings from the factor pat-
tern matrix were used to allocate items to factors. For instance,
MPH, tongue length, and pharyngeal length may reflect hyoid
position; BMI and neck and waist circumference may reflect
obesity. Oblique rotation technique was used. Items were then
categorized according to factor loadings into separate factors.
The number of factors retained was based on the analysis of
the scree plot. Factor scores were calculated for each subject,
representing the subject’s placement on that factor.

RESULTS

We studied 34 Japanese-Brazilian males, age 48 + 14 y with
BMI of 28 + 4 kg/m* The AHI ranged from 1 to 90 events/h,
and 11 patients did not have OSA. Among those with OSA, 16
had an AHI > 30 events/h (Table 1). A small dose of midazolam
(median = 2.8 mg) was necessary to induce sleep as measured
via electroencephalography. The distribution of Pcrit was
(median [interquartile range]): -1.52 [-3.12 to 0.23] cm H,0,
ranging from -14.8 to 4.5 cm H,O. Patients with higher Pcrit
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had more severe OSA, increased pharyngeal length, tongue
length, and MPH.

Table 2 shows the correlations between Pcrit and anthropo-
metric and upper airway anatomical variables. Two different
factors could be identified using factor analysis, which ac-
counted for 56% of the total variance. Based on the correla-
tions of each variable with a given factor, we could identify
that the first factor aggregated variables were related to obesity
(BMI, neck and waist circumferences; r values ranging from
0.840 to 0.972). The second factor aggregated variables were
related to hyoid position (MPH, tongue length, tongue volume,
pharyngeal length, and upper airway volume; r values ranging
from 0.625 to 0.868). We therefore named the two factors as
two distinct constructs: obesity and hyoid position. Factor
scores for each patient allowed us to calculate correlations
between Pcrit and the two distinct factors: obesity (r = 0.470;
P =0.007) and hyoid position (r = 0.630; P < 0.001) (Table 2).
According to the obesity factor, Pcrit was associated with BMI,
and waist and neck circumferences (Figure 2A). Regarding
variables associated with the hyoid position factor, Pcrit cor-
related with pharyngeal length (Figure 2B), tongue length
(r = 0.508; P =0.002), tongue volume (0.381; P = 0.029) and
MPH (r = 0.527; P =0.001) but not with upper airway volume
(Table 2). One participant had a negative Pcrit of approximately
-15 cm H,0O (Figures 2A and 2B). Removal of the data from this
participant did not significantly alter the observed correlations
(e.g., Pcrit versus neck circumference 0.476 versus 0.427 and
Pcrit versus pharyngeal length 0.553 versus 0.537).

Pharyngeal length correlated with waist (r = 0.451; P < 0.01)
and neck (r = 0.388; P < 0.05) circumferences but not with BMI.
Tongue volume and tongue length, respectively, were associ-
ated with obesity-related variables: BMI (r = 0.563 and 0.576,
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Anthropometric data and OSA severity

OSA, obstructive sleep apnea; Pcrit, pharyngeal critical closing pressure.

Table 1—Anthropometric and upper airway characteristics according to the median of pharyngeal critical closing pressure.

Whole group (n = 34)

Age,y 47.5 £ 13.5 (22-69) 445+153 50.5£11.0
BMI, kg/m? 28.3 £3.5(20.9-38.9) 276+3.0 29.0+3.9
Neck circumference, cm 40.9 + 3.2 (34-48.5) 39.9+3.0 419+32
Waist circumference, cm 97.4 £10.1 (69-124) 95197 99.7+£10.2
AHI, events/h 29.2 [13.3-50.6] (1.3-90.1) 14.1[11.4-38.3] 40.4 [29.2-61.5]
Minimum O, sat, % 83.5[73-87] (60-92.3) 86 [79-90] 78 [64-85]
Upper airway anatomical characteristics
MPH, mm 14.7£7.9(2.1-32.1) 10.7+£6.3 188+7.3
Pharyngeal length, mm 69.7 £ 8.5 (54.7-87.6) 65.5+7.3 73.8+76
Tongue length, mm 63.9[60.1-70.6] (54.9-88.3) 61.0[57.5-66.1] 68.7 [63.4-74.0]
Tongue height, mm 434+32 424+238 445+32
Tongue volume, cm® 134.7 £ 16.6 (109.8-174.3) 128.74 £ 134 139.3+£17.5
Upper airway volume, cm? 48122 48+19 49126

Values in parentheses represent the range of values for the group. Values in solid brackets represent interquartile range for cases in which a variable was not
normally distributed. Otherwise standard deviation is quoted. AHI, apnea-hypopnea index; BMI, body mass index; MPH, mandibular plane to hyoid distance;

Perit < 1.52 (n = 17) Perit 2 1.52 (n = 17)

Table 2—Associations between pharyngeal critical closing pressure,
pharyngeal and tongue dimensions, and anthropometric variables
grouped according to exploratory factor analysis.
R P
Obesity factor 0.470 0.007
BMI 0.342 0.047
Waist circumference 0.433 0.011
Neck circumference 0.476 0.005
Hyoid position factor 0.630 <0.001
MPH 0.527 0.001
Pharyngeal length 0.553 <0.001
Tongue length 0.508 0.002
Tongue volume 0.381 0.029
Upper airway volume -0.156 0.387
Tongue height 0.272 0.120
BMI, body-mass index; MPH, mandibular plane to hyoid distance.

P<0.001), waist (r=0.526 and 0.612; P<0.01) and neck (r=0.669
and 0.612; P < 0.001) circumferences. MPH was also correlated
with BMI (r = 0.365, P = 0.034), waist (r = 0.462, P = 0.006)
and neck (r = 0.564, P <0.001) circumferences. Tongue volume
(r = 0.449; P < 0.01) and tongue length (r = 0.613; P < 0.001)
showed strong associations with pharyngeal length.

CT scans of two representative subjects (with low and high
Pcrit) are shown in Figure 1, highlighting differences in tongue
volume, pharyngeal length, MPH, BMI, and Pecrit.

DISCUSSION

The findings of this study indicate that upper airway collaps-
ibility (Perit) is associated with obesity (BMI, neck and abdom-
inal circumferences) and hyoid position (and most of its related
variables: MPH, tongue length, tongue volume, and pharyngeal
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length). Moreover, tongue dimensions, pharyngeal length, and
MPH are associated with obesity variables. These findings pro-
vide novel insight into the potential factors mediating upper
airway collapse in OSA.

One of the first descriptions indicating that pharyngeal
length may increase upper airway collapsibility used a finite
element airway model to estimate airway collapsibility.® This
study suggested that increased pharyngeal length as measured
experimentally in men in comparison with women may con-
tribute to differences between sexes in upper airway mechanics.
Subsequent studies confirmed sex differences in airway length
and the association of airway length to OSA severity.”'® The
findings of the current study extend these observations by per-
forming direct Pcrit measurements and controlling the con-
founding influences of ethnicity and sex to provide additional
mechanistic insight into the potential role of pharyngeal length
and upper airway collapsibility. Therefore, the results of the
current study support previous observations and suggest that
pharyngeal length is indeed associated with increased pharyn-
geal collapsibility on a largely anatomical basis.

In the current study we show that MPH, tongue length,
tongue volume, pharyngeal length, and upper airway volume
aggregated into a single construct (hyoid position) using factor
analysis. Previous reports have shown that increased tongue
dimensions may displace the hyoid inferiorly and increase
mandibular plane to hyoid distance (MPH).">?! Our findings
not only support this concept but also suggest that pharyngeal
length may also be affected by tongue dimensions. We there-
fore propose that as the hyoid is attached to the epiglottis, a
caudal displacement of the hyoid by an increase in tongue di-
mensions (tongue length and volume) would lead to an increase
in pharyngeal length, MPH, and upper airway volume because
the hyoid is the lower landmark of all these variables.

We report that Pcrit is associated with BMI. This finding
is in accordance with prior data.”>* We further addressed the
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Figure 2—(A) Association between neck circumference and pharyngeal critical closing pressure (Pcrit). r = 0.476, P = 0.005. (B) Association between
pharyngeal length and pharyngeal critical closing pressure (Perit). r = 0.553, P < 0.001.

Pcrit cmH,0

55 60 65 70 75 80 85 90
Pharyngeal length (mm)

association of Pcrit and obesity by showing that neck and
abdominal circumferences are also associated with Pcrit. In
addition, obesity was associated with tongue dimensions and
pharyngeal length. Consistent with these findings, an increased
tongue volume has previously been reported to be a predictor
of OSA.” Previous studies in animals**** and humans'*"* have
also shown an association between tongue volume and obe-
sity. Weight gain increases lingual fat content, myofiber di-
ameter and tongue volume.'>® The increased upper airway
collapsibility associated with tongue volume and pharyngeal
length may be mediated by obesity. These observations are
further supported by a recent study showing that the decrease
in pharyngeal length induced by weight loss was the most
important upper airway characteristic influencing a reduc-
tion in the AHIL.* Decreased tracheal tug is another potential
mechanism linking obesity to increased pharyngeal collaps-
ibility."*?¢ A reduction in end-expiratory lung volume caused
by obesity could reduce the pharyngeal longitudinal tension
exerted by the lungs and trachea via mediastinal structures.
In contrast, experimentally lengthening the pharynx through
tracheal traction increases pharyngeal longitudinal tension
and decreases Pcrit (i.e., more negative, less collapsible).?6*’
Although this mechanism may play a role in mediating upper
airway collapsibility throughout the respiratory cycle, its
effect in lengthening the pharyngeal airway is likely to be
greatest during inspiration when the pressure gradient along
the trachea to the thorax is largest.” However, these forces are
not well defined in humans. Nonetheless, it is likely that pha-
ryngeal lengthening caused by an increase in tongue volume
is a separate mechanism linking sleep apnea and obesity that
may be independent of pharyngeal longitudinal tension.

The lack of association between upper airway volume and
Pcrit was somewhat unexpected. Because patients with OSA
have enlarged pharyngeal soft tissues, a reduced upper airway
volume during sleep would be expected. However, the fol-
lowing reasons may explain the lack of association between
Pcrit and upper airway volume measured during wakefulness in
the present study. First, upper airway EMG activity is increased
during wakefulness, reducing the tendency for upper airway
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narrowing.?® Second, a reduction in upper airway dimensions®
and EMG activity®® occurs from wakefulness to sleep, sug-
gesting that static upper airway imaging during wakefulness
does not fully capture the reduction in upper airway dimension
that is characteristic of OSA. Consistent with this observation,
other studies performed during wakefulness have also failed to
demonstrate differences in upper airway volume among OSA
patients versus controls.”*" Of note, pharyngeal volume is a
function of a number of variables including its intrinsic size, the
degree of external compression, and the extent of longitudinal
traction which may all interact in a complex manner regarding
the correlation between pharyngeal volume during wakefulness
and Pcrit. Third, we showed that pharyngeal length is associ-
ated with tongue dimensions and obesity. An increase in pha-
ryngeal length would attenuate the tendency for a reduction in
upper airway volume that is expected to occur in patients with
OSA because pharyngeal length and mean pharyngeal radius
define upper airway volume.” Although technically challenging,
upper airway volume should be determined during sleep to
better characterize its association with pharyngeal collapsibility.

Our study has several limitations. We were not able to mea-
sure the longitudinal tension of the pharyngeal airway. For ex-
ample, the mechanical behavior of an intrinsically long airway
is likely to be very different from that of an intrinsically short
airway, which is stretched longitudinally.?’*? In addition, we in-
cluded only Japanese-Brazilian males, limiting the findings to
the studied population. However, this design allows us to con-
trol for several important, potentially confounding influences.
The sample size of this study was relatively small but reason-
able for a physiological study. Nevertheless, we were able to
study subjects with a wide range of Pcrit and AHI values that in-
cluded normal subjects. In addition, we calculated that a sample
size of of 26 or more provided more than 80% power to detect
a significant correlation coefficient of 0.5 with an alpha level
of 0.05. Moreover, the relatively high correlation coefficients
we found suggest strong associations between the variables
tested. Appropriately designed studies involving larger sample
sizes are required to determine the magnitude of the effect for
changes in Pcrit for the associated parameters observed in this
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study (e.g., obesity and hyoid position). Our Pcrit measure-
ments were performed after sleep induction with midazolam
rather than during natural sleep. However, we have previously
shown that Pcrit measured using small doses of midazolam as
used in the current study are comparable to upper airway col-
lapsibility values obtained during natural sleep.!” Nonetheless,
studying a larger sample that included other races and women
is necessary to expand the generalizability and applicability of
our findings. Finally, because of the cross-sectional design of
this study, we cannot make definitive conclusions regarding the
role of obesity on tongue and pharyngeal dimensions and upper
airway collapsibility.

In conclusion, this study has shown that pharyngeal collaps-
ibility is associated with obesity and hyoid position. Given the
many factors underlying OSA and their complex interactions,
further work investigating the relationship between obesity,
upper airway structures, and function is required.
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