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Abstract

Objective—To examine associations between tongue adiposity with upper airway measures,
whole-body adiposity and gender. We hypothesized that increased tongue adiposity is higher in
males and positively associated with abnormal upper airway measures and whole-body adiposity.

Methods—We studied subjects who underwent whole-body positron emission tomography/
computed tomography to obtain tongue attenuation (TA) values and cross-sectional area,
pharyngeal length (PL) and mandibular-hyoid distance (MPH), as well as abdominal
circumference, abdominal subcutaneous and visceral (VAT) adipose tissue areas, neck
circumference (NC) and neck adipose tissue area. Metabolic syndrome was determined from
available clinical and laboratory data.

Results—We identified 206 patients (104 females, 102 males) with mean age 56+17y and mean
body mass index (BMI) 28+6kg/m? (range 16-47kg/m?2). Males had lower TA values (P=0.0002)
and higher upper airway measures (P< 0.0001) independent of age and BMI (P<0.001). In all
subjects, TA was negatively associated with upper airway measures (P<0.001). TA was negatively
associated with body compaosition parameters (all P<0.0001), most notably with VAT (r=—-0.53)
and NC (r=-0.47). TA values were lower in subjects with metabolic syndrome (P<0.0001).

Conclusion—Increased tongue adiposity is influenced by gender and is associated with

abnormal upper airway patency and body composition parameters.
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1. INTRODUCTION

Obesity and male gender are significant risk factors for obstructive sleep apnea (OSA) [1,2],
however the mechanisms involved are not completely understood. Prior studies have shown
obesity may lead to upper airway soft tissue enlargement by fat infiltration of the tongue,
soft palate and lateral pharyngeal walls [3-5]. The tongue plays an important role in upper
airway patency and increased tongue size and adiposity has been associated with higher risk
for OSA [4,6] (Figure 1). Importantly, overweight and obese men have significantly higher
intermuscular adipose tissue depots in the neck, as well as higher neck circumference [7].
Taken together, these factors may play important roles in a differential risk for OSA between
genders.

Abnormal body fat composition parameters such as body mass index (BMI), neck and waist
circumference have shown positive associations with upper airway collapsibility measured
using the passive pharyngeal critical closing pressure (Pcrit) technique [6]. Further, Pcrit was
associated to airway parameters affecting hyoid position such as mandibular plane to hyoid
distance (MPH), tongue length, tongue volume, and pharyngeal length, which are affected
by tongue adiposity and size [6]. Preliminary evidence suggests that tongue adiposity may
parallel ectopic fat accumulation elsewhere, with positive associations between abdominal
subcutaneous (SAT) and visceral (\VAT) adipose tissue and tongue fat being present among
obese subjects [4]. Although evidence suggests links of (a) tongue adiposity with upper
airway patency, and (b) tongue adiposity with whole-body adiposity, prior studies have not
addressed these findings in a unified cohort of both genders with varied BMI and detailed
whole-body composition assessments, including abdominal and neck fat content.

The purpose of this study was to characterize tongue attenuation values as a measure of
tongue fat content, upper airway measures and whole-body adiposity using computed
tomography (CT) in a cohort with a broad BMI range of both genders. We examined
associations between tongue attenuation values, upper airway measures and body
composition parameters, and investigated differences between genders and BMI categories.
We hypothesized that increased tongue attenuation values reveal higher tongue fat content in
males and are positively associated with abnormal upper airway measures and whole-body
adiposity.

2. MATERIALS AND METHODS

This study was approved by the Institutional Review Board of Partners Health Care Inc. and
complied with Health Insurance Portability and Accountability Act guidelines, with
exemption status for individual informed consent. We performed a retrospective search for
consecutive whole-body 18F-fluorodeoxy-glucose (FDG) positron emission tomography and
computed tomography (PET/CT) studies obtained in adults (=18 years-old) at our
institution. Inclusion criteria comprised (a) fasting glucose measured immediately before
PET/CT, (b) FDG-PET/CT performed for benign etiologies or no malignancy at the time of
imaging, (c) no FDG-avid lesions to suggest malignancy, and (d) availability of clinical/
laboratory data to determine presence of metabolic syndrome. Use of antihypertensive, type
2 diabetes medications, and lipid-lowering agents was recorded. Subjects with a history of
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neck cancer, radiation therapy, and/or surgery were excluded. Blood pressure and serum
lipids obtained beyond 12 months relative to imaging date were not collected. Subjects were
divided into 3 BMI categories as defined by the World Health Organization [lean, BMI (in
kg/m?) <25; overweight, BMI 25 to 30; and obese, BMI=30].

Clinical characteristics and data regarding sub-compartmental neck fat content and its link to
cardiometabolic risk factors (e.g., abdominal fat areas, presence of metabolic syndrome)
were previously reported in a larger cohort [7], which contained the subset of patients
presented in this study; however, no data on tongue fat content and upper airway measures
have been described in any of the subjects.

2.1 Whole-body CT technique

The whole-body attenuation correction non-contrast CT portion of PET/CT study was used.
All studies were performed on an integrated scanner (Siemens or GE), with a 16- or 64-slice
CT and a full-ring HI-REZ lutetium oxyorthosilicate PET. Examinations were performed
after a 6-hour fast, and blood glucose levels were measured upon arrival. CT images were
obtained at mid-expiration without intravenous contrast using slice thickness, 5 mm; table
feed per rotation, 18 mm; time per table rotation, 0.5 s; tube voltage, 120 peak kilovoltage;
tube current, 11 mA,; and field of view, 50 cm.

2.2 Tongue adiposity and upper airway measures

Tongue attenuation values (TA) were measured in Hounsfield units (HU) as a marker for
tongue fat content, with lower HU values indicating higher fat content [8,9]. On axial images
at the level of the epiglottis, a 3 cm? region of interest (ROI) was placed centrally on the
tongue cross-section using OsiriX software, version 5.8 (http://www.osirix-viewer.com/
index.html). For comparison, we selected the right masseter muscle as a control and
measured its attenuation values using a 1 cm? ROI. We also obtained midline sagittal
reconstructions to identify the following landmarks: hyoid bone, mandibular plane and base
of epiglottis, as described previously [6,10,11]. The mandibular plane to hyoid distance
(MPH) was determined as the distance between the inferior margins of the mandible to the
superior margin of hyoid on the sagittal plane. Pharyngeal length was obtained by measuring
the distance between horizontal lines passing at the level of hard palate and base of
epiglottis. Tongue cross-sectional area (CSA) was obtained by manual tracing of tongue
contours on sagittal plane (Figure 2).

2.3 Body composition measures

Neck circumference (NC) and total neck adipose tissue (NAT) area were measured on axial
CT images at the level of C5 vertebral body [7]. An image at the level of L4 from the same
imaging dataset yielded abdominal circumference, VAT and SAT areas by setting fat
attenuation thresholds at =50 to —250 Hounsfield units (HU) using TeraRecon Inc. software.

2.4 Cardiometabolic risk factor data

Presence of metabolic syndrome was defined using National Cholesterol Education Program
criteria (NCEP Adult Treatment Panel I11) [12], and was considered present if 3 or more
parameters were found: abdominal circumference >88 cm in women and >102 cm in men;
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fasting triglycerides =150 mg/dL; fasting HDL cholesterol <50 mg/dL in women and <40
mg/dL in men; blood pressure =130/=85 mm Hg; and fasting glucose =110 mg/dL. Systolic
(SBP) and diastolic blood pressure (DBP), triglycerides, total, LDL, and HDL cholesterol
were collected when available within 12 months of imaging. Fasting glucose obtained before
PET/CT scan was recorded.

2.5 Statistical analyses

Statistical analysis was performed using JMP software (version 11, SAS Institute, Cary, NC,
USA). Data are presented as mean + standard deviation (SD). Multiple comparisons of
parameters across BMI categories were performed using the Tukey-Kramer method. T-test
was performed to detect differences between genders regarding tongue and upper airway
parameters. Nonparametric linear regression analyses were performed to determine
relationships between all parameters and Spearman’s r#0 values are reported. Analyses were
adjusted for age and gender using multivariate standard least squares regression modeling.
P<0.05 indicated statistical significance.

3. RESULTS

3.1 Clinical characteristics of study subjects

A total of 206 subjects [104 females, 102 males; overall mean (SD) age of 56+17 y; overall
mean BMI of 28+6.0 kg/m2, range 16-47 kg/m?] fulfilled the inclusion criteria outlined
above. Included subjects underwent PET/CT for benign etiologies (n=61) or for follow-up of
successfully treated malignancies (n=145) and had no evidence of active disease at imaging
or FDG-avid areas to suggest malignancy. The mean interval between imaging and last
treatment was 17 (range 1-120) months.

Mean intervals between PET/CT to blood pressure and serum lipids were 1.7 (0-11) months
and 4.3 (0-12) months, respectively. Mean medication use was 39.8 (0-216) months (n=77)
for anti-hypertensives, 52.4 (0-165) months (n=24) for type 2 diabetes medications, and
37.3 (0-135) months (n=59) for lipid-lowering agents. One-hundred and three patients
(50%) had metabolic syndrome, of those 50 were females and 53 were males.

3.2 Tongue attenuation across genders and BMI groups

The overall mean TA was 31.1+15.6 HU. As outlined in Table 1, male subjects had
significantly lower TA values compared to females (P=0.0002), which was independent of
age and BMI (P<0.001). We also found gender differences in body composition parameters,
with males having lower SAT (P=0.02) but higher VAT and NC compared to females
(P<0.007), which was independent of age and BMI. In females, TA was progressively lower
in overweight and obese compared to lean subjects (P=0.002 and P<0.0001, respectively),
indicating progressively higher fatty infiltration with increased BMI. In males, this
phenomenon was also seen, however significance was present when comparing lean versus
obese subjects (P=0.03). Lean males had significantly lower TA values than lean females
(P=0.0004), with this comparison approaching significance in overweight males versus
females (P=0.06). The remaining comparisons between BMI groups and genders were not
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statistically significant (Figure 3). Of note, the masseter muscle showed no significant
difference in HU when comparing females to males.

3.3 Associations between tongue attenuation, upper airway and body composition

Males had significantly higher upper airway measures than females (P<0.0001) independent
of age and BMI (P<0.001), suggesting higher upper airway soft tissue burden and narrower
airways in males versus females. Overall, TA was negatively associated with upper airway
measures (P<0.001), which persisted for MPH (P=0.0004) and pharyngeal length (P=0.006)
after multivariate adjustment for age and gender (Table 2). In all subjects, TA was negatively
associated with body composition parameters (all P<0.0001), with the strongest associations
being with VAT (Spearman rho=—0.53) and NC (Spearman rho=-0.47). Associations
between TA and body composition parameters were independent of age and gender
(P<0.0001). TA values were lower in patients with metabolic syndrome (26.3+13.9 HU)
compared to patients without metabolic syndrome (35.9+£15.8 HU) (P<0.0001), which
persisted after adjustment for age and gender (P=0.0009). Masseter attenuation values were
significantly higher compared to TA (55.0+10.5 versus 31.1+15.6 HU, P<0.0001),
suggesting higher fat content in the tongue. Attenuation values of the masseter were
significantly associated with TA (r=0.29, P<0.0001) and body composition parameters
(P<0.01).

4. DISCUSSION

Our findings using CT attenuation values as a marker for tongue fat content are three-fold:
(1) tongue fat content is higher in male subjects; (2) increased tongue fat content is
associated with abnormal upper airway measures; (3) tongue fat accumulation parallels
whole-body adiposity, with stronger relationships to parameters linked to increased
cardiometabolic risk and is higher in subjects with metabolic syndrome.

The tongue is the most important pharyngeal dilator muscle with distinctive fiber
composition that contributes to upper airway size, patency and shape [13,14]. Brennick et at.
[5] showed in an animal model that increased intramuscular fat alters tongue morphology
and reduces its contractile force [5]. Fat deposition also can lead to enlargement of the
tongue, caudally displacing the hyoid bone and epiglottis, which are connected by the
hypoepiglottic ligament [6] (Figure 1). Caudal displacement of the epiglottis causes increase
of pharyngeal length, which is associated with increased pharyngeal critical closing pressure
(Pcrit) and OSA severity [6]. In the present study, upper airway measures were significantly
associated with TA and body composition, and were influenced by gender. Our findings are
in line with previous observations showing that obesity may lead to an increase in tongue
volume, inferior displacement of the hyoid and an increase in pharyngeal length, all of
which contribute to increased upper airway collapsibility [6,15]. Interestingly, we also found
that males had larger tongue CSA and pharyngeal length as compared to females. Tongue
cross-sectional area and pharyngeal length have been previously shown to be larger among
men as compared to women [16,17]. Therefore, obesity and male gender share similar
mechanisms that increase the propensity of upper airway collapse by promoting tongue
enlargement and pharyngeal lengthening (Figure 3). Although we did not have information
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regarding the presence of sleep disordered breathing or OSA in our cohort, our findings help
support recent evidence linking tongue adiposity to OSA and its relationship to obesity
[4,18]. Importantly, there is evidence that weight loss may improve upper airway patency. In
a study of moderately obese subjects with moderate-to-severe OSA undergoing a 24-week
sibutramine-assisted weight loss intervention, Sutherland et al. [19] demonstrated that
approximately 8 kg of weight loss led to significant improvement of airway volume, with a
cranial and posterior shift of the hyoid bone.

Abnormal body composition parameters are well-known predictors of cardiometabolic risk
[20], with excessive VAT and SAT observed in abdominal obesity being linked to higher
incidence of atherosclerosis, hepatic steatosis and diabetes [21]. CT and MRI have
significantly advanced the non-invasive assessment of body composition, allowing accurate
assessment of VAT, SAT and NAT [7,22,23]. Further, CT techniques have been used as
robust estimators of muscle fat content in multiple anatomic locations, including thigh and
psoas muscles [24,25]. In a prior study, Butler et al. [26] showed in a study of healthy older
adults that CT TA was a feasible technique to determine tongue adiposity, however found no
significant difference between genders probably due the small sample size. On the other
hand, another study in which most participants had OSA, higher tongue adiposity was seen
in females [27]. In our study, despite no significant difference in age or BMI between
females and males, we found males had overall lower TA (i.e., higher fat content) compared
to females. In sub-analyses of BMI categories, lower TA found in males was more
pronounced in lean subjects, while in obese subjects, gender played no role in TA. The
contrast between our results and prior studies may be linked to differences in population
ages, clinical characteristics and cohort size. Nonetheless, given the broad range of BMI and
body composition parameters in our subjects, we believe the results from our study may
generalizable and serve as basis for future studies exploring differential tongue adiposity
across genders and body composition.

Previous studies have shown that increased tongue fat deposition is more common in males,
with different fat distribution patterns potentially having different implications in the
development of OSA [28]. In keeping with these data we found that male subjects had lower
TA compared to female subjects adjusted for age and BMI despite similar neck adipose
tissue. Whittle et al. [29] showed that in age and BMI-matched patients, men had larger neck
circumference than women but similar neck fat tissue volume. A similar finding was seen in
a study by Torriani et al. [7], however men had significantly higher inter- and intra-muscular
neck fat compared to women. In this regard, the preferentially lower TA seen in males in the
current study may also reflect a gender-based predisposition for ectopic fat deposition in
skeletal muscle. As expected, we found decreased TA values in subjects with metabolic
syndrome. This phenomenon has also been seen in skeletal muscle as described by Lo et at.
[30], in which muscle attenuation values obtained by CT scan of the thigh were lower in
patients with metabolic syndrome than in healthy controls. We could infer that cytokines and
hormones produced by adipose tissue in obesity and metabolic syndrome may also play an
important role in tongue fat deposition.

Weight gain may increase the size of soft-tissue structures by a variety of mechanisms,
including muscle cell hyperplasia or hypertrophy or extracellular fat deposition [23].
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Importantly, this process may be associated with inflammatory cell infiltration into the upper
airway soft tissues [5]. Previous studies have explored the association of obesity and tongue
fat deposition. A prior study of obese patients with and without OSA [4,31] showed that
those with OSA had greater tongue volume and fat deposition than those without OSA,
adjusted for BMI, age, gender and race. In a human autopsy study, the tongue had a
remarkably high percentage of fat, especially at its base, which was associated with BMI and
tongue volume [32]. In addition, there is evidence of increased tongue fat infiltration in
obese versus lean murine models, being greater in proportion to the general increase in fat at
other skeletal muscle sites [5,33]. In this regard, a prior study examining the tongue and
masseter by MR imaging found that the masseter muscle had a low percentage of fat and
that tongue adiposity followed increased VAT, potentially being a unique ectopic fat depot in
the face [4]. In keeping with this finding, our study showed the tongue had significantly
lower attenuation values compared to the masseter. Nevertheless, the masseter attenuation
values were positively associated with increased tongue and body adiposity, reflecting an
expected generalized fat accumulation in skeletal muscles [9,34].

Our study has limitations due to its retrospective cross-sectional design using subjects with
successfully treated malignancies or benign etiologies. Nevertheless, our database used full-
body PET/CT imaging with a mean of 17 months from last treatment and measurements
only from subjects with no active disease. Apnea-hypopnea index scores were not available
for subjects in our cohort, limiting interpretation of our results in regards to the relationship
of our tongue and whole-body adiposity measures to OSA or sleep disordered breathing.
Finally, the cross-sectional nature of our study limits assessment of potential effects from
weight loss interventions that could modulate tongue adiposity. Recent evidence suggests
that weight loss can positively affect upper airway patency [19] underscoring the need for
future longitudinal studies examining the role of tongue adiposity in OSA. Altogether, our
findings support emerging evidence in the literature that tongue adiposity increases with
whole-body adiposity and the link between obesity and OSA.

5. CONCLUSION

In summary, our study showed that tongue fat deposition as measured by CT attenuation
values is associated to abnormal upper airway measures using whole-body cross-sectional
imaging. Also these data were associated with abnormal measures of body composition and
were significantly influenced by gender.
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Figure 1.
(A) The pharynx extends from the soft palate to the base of the epiglottis. The hyoid bone

sits at the tongue base and is anchored by muscles and ligaments but does not articulate with
other bones. (B) In obesity, tongue enlargement due to fat infiltration narrows the upper
airway and displaces the hyoid caudally. The epiglottis follows the hyoid due to their
connection via the hyoepiglottic ligament. Caudal displacement of the hyoid and epiglottis
(*) leads to an increase in pharyngeal length (curved arrow). A longer pharynx is more
collapsible, which predisposes to obstructive sleep apnea.
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Figure 2.
CT images from an obese male subject aged 74 years, with BMI 30 kg/m2, TA: 15.4 HU,

tongue cross sectional area (CSA) 35.8 cm2, mandibular plane to hyoid distance (MPH) 2.9
cm, and pharyngeal length (PL): 7.2 cm. (A) Measurement of tongue attenuation values by
placing a region of interest (circle) in the central portion of the tongue (arrow) on an axial
slice obtained at the level of the epiglottis (curved arrow). (B) Sagittal CT image
reconstruction through the midline showing tracing (white line) of tongue cross sectional
area. (C) Sagittal CT image reconstruction through the midline demonstrating hard palate
plane (dotted line) and epiglottis (curved arrow) providing PL, and the mandibular plane
(dashed line) and hyoid bone (arrow) yielding MPH measures.
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Figure 3.

Mgean differences in tongue adiposity per gender across BMI groups of lean, overweight, and
obese subjects (females: white bars, males: gray bars). P values are for within-gender
comparison across BMI categories using the Tukey-Kramer method. * denotes P=0.0004 for
comparison between lean female versus male subjects by t test. Error bars denote tstandard
error of mean.
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Table 1
Study sample characteristics.
(loh) (o Pl
Age (y) 57+16 55+18 0.45
BMI (kg/m2) 274465 28.3+5.3 0.28
Tongue attenuation (HU) 35.1%17.6 27.0+12.2 0.0002*
Tongue CSA (cm?) 24735 29.6+4.5 <0001
MPH (cm) 1.240.6 17408 <0001
Pharyngeal length (cm) 5.1+0.9 6.1+1.0 <.0001”
Masseter attenuation (HU) 55.0+10.4 55.1+10.6 0.92
Abdominal circumference (cm) 94.1+15.1 97.0£13.9 0.16
Subcutaneous AT (cm?) 270.8+140.7 227.7+1142 (002~
Visceral AT (cm?) 109.9475.8  140.2482.4 0007~
Neck circumference (cm) 39.0+6.9 44.1+5.6 <0001
Neck AT (cm?) 33.6+27.4 32.8+22.7 0.80

P-values for comparison by t-test between female and male subjects.

*
P<.001 after multivariate adjustment for age and BMI.

Values are means+SD.

MPH, mandibular plane to hyoid bone distance; CSA, tongue cross-sectional area; AT, adipose tissue.
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Table 2

Associations between tongue attenuation values with upper airway measures and body composition
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parameters in all subjects.

Spearman’srho  P-value
Upper airway measures
Tongue CSA -0.23 0.0009
MPH -0.41 <0001
Pharyngeal length -0.35 <0001
Body composition parameters
BMI -0.43 <.00017
Abdominal circumference -0.44 <.00017
Subcutaneous AT -0.27 <.00017
Visceral AT -053 <.00017
Neck circumference -0.47 <.00017
Neck AT -0.43 <.00017
*P<0.0l,
**P<0.001,

#

P<0.0001 after multivariate adjustment for age and gender.
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