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Abstract

changes in these structures, and relationships to AHI changes, were
examined.

Rationale: Obesity is the primary risk factor for obstructive sleep

apnea (OSA). Tongue fat is increased in obese persons with OSA, and
may explain the relationship between obesity and OSA. Weight loss
improves OSA, but the mechanism is unknown.
Objectives: To determine the effect of weight loss on upper airway
anatomy in subjects with obesity and OSA. We hypothesized that
weight loss would decrease soft tissue volumes and tongue fat, and
that these changes would correlate with reductions in
apnea–hypopnea index (AHI).
Methods: A total of 67 individuals with obesity and OSA

(AHI > 10 events/h) underwent a sleep study and upper airway and
abdominal magnetic resonance imaging before and after a weight
loss intervention (intensive lifestyle modiﬁcation or bariatric
surgery). Airway sizes and soft tissue, tongue fat, and abdominal fat
volumes were quantiﬁed. Associations between weight loss and

Over 70% of adults in the United States are
overweight (body mass index [BMI] . 25
kg/m2) or obese (BMI . 30 kg/m2) (1).
Excess body weight is the primary risk
factor for obstructive sleep apnea (OSA)

Measurements and Main Results: Weight loss was signiﬁcantly
associated with reductions in tongue fat and pterygoid and total
lateral wall volumes. Reductions in tongue fat were strongly
correlated with reductions in AHI (Pearson’s rho = 0.62, P , 0.0001);
results remained after controlling for weight loss (Pearson’s
rho = 0.36, P = 0.014). Reduction in tongue fat volume was the
primary upper airway mediator of the relationship between weight
loss and AHI improvement.
Conclusions: Weight loss reduced volumes of several upper airway
soft tissues in subjects with obesity and OSA. Improved AHI with
weight loss was mediated by reductions in tongue fat. New treatments
that reduce tongue fat should be considered for patients with OSA.
Keywords: obstructive sleep apnea; upper airway; weight loss;

apnea–hypopnea index

(2–6), and studies support a relationship
between weight change and OSA risk or
severity (6–8). Weight loss is recommended
for the treatment of OSA (9). Across
multiple studies, weight losses secondary to

a range of dietary and lifestyle
modiﬁcations are associated with
signiﬁcant reductions in the
apnea–hypopnea index (AHI) (3, 6–8,
10–15). For example, in the Wisconsin
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: This study examines the

effect of weight loss on changes in
tongue fat and other upper airway
structures in individuals with obesity
and sleep apnea assessed with Dixon
magnetic resonance imaging. We also
examined the inﬂuence of changes in
upper airway structures with weight
loss on improvements in apnea
severity. Results indicate that tongue
fat decreases with weight loss and is
strongly associated with reductions in
the apnea–hypopnea index.

shown that tongue fat is increased in obese
patients with OSA compared with obese
patients without OSA (18). Thus, reduced
tongue fat with weight loss may reduce
OSA severity. Similar relationships may
exist for other upper airway anatomy
implicated in OSA risk (17).
The primary goal of this study was to
evaluate changes in upper airway anatomy
with weight loss in patients with OSA, and
to understand how these changes relate to
improvements in AHI. We hypothesized that
weight loss would result in corresponding
changes in upper airway anatomy
(e.g., increased airway size and decreased
soft tissue volumes), and these changes,
particularly decreased tongue fat, would
associate with decreased OSA severity.

What This Study Adds to the Field:

This is the ﬁrst study to show that
weight loss decreases tongue fat in
patients with sleep apnea, which
explains one mechanism for the
improvements in sleep apnea with
reductions in weight. These ﬁndings
suggest a potential unique therapeutic
target for patients with obesity and
sleep apnea, namely, reductions in
tongue fat.
Sleep Cohort, a 1% increase/decrease
in body weight was associated with a
corresponding 3% increase/decrease in
AHI, and a 10% weight gain was associated
with sixfold-increased risk of developing
an AHI greater than 15 events/h (6).
Systematic reviews and meta-analyses of
surgical (14) and nonsurgical (15) weight
loss support this relationship. However,
although OSA severity is generally
improved, OSA may not be eliminated after
weight loss. Why obesity is associated with
OSA, why weight loss improves OSA, and
why weight gain exacerbates OSA remain
unanswered, fundamental questions.
Addressing these questions is important
for optimizing clinical management and
personalized OSA treatments.
The mechanisms for improved AHI
with weight loss are not well understood.
Evidence suggests that weight loss may
differentially affect AHI in the supine versus
nonsupine position (16). Decreased size of
the upper airway and larger upper airway
soft tissue volumes increase risk for OSA
(17). Changes in these anatomical factors
with weight loss may explain the
improvements in AHI. Our group has

Methods
See detailed methods in the online
supplement.
Subjects

This study included subjects with obesity
and OSA presenting for bariatric surgery
or lifestyle modiﬁcation intervention for
weight loss, recruited from the Penn Center
for Sleep Disorders, the University of
Pennsylvania’s Bariatric Surgery Program,

or the Center for Weight and Eating
Disorders. The study was approved by the
University of Pennsylvania Institutional
Review Board. Written informed consent
was obtained from all participants.
Participants were over 18 years of age
with an AHI of 10 events/h or greater
on polysomnography (18). Exclusion
criteria included inability to undergo
magnetic resonance imaging (MRI) or
pregnancy. MRI and polysomnography
were performed before weight
loss treatment and repeated after
6 months.
Weight Loss Protocols

Participants underwent lifestyle
modiﬁcation for weight loss (n = 49) or
bariatric surgery (n = 18; gastric sleeve
[n = 8], bypass [Roux-en-Y; n = 9],
or banding [n = 1]). The lifestyle
modiﬁcation was based upon the Diabetes
Prevention Program and designed
to promote weight loss of 5–10%
through caloric restriction, increased
physical activity, and behavioral
modiﬁcations (19).
Polysomnography

Standard polysomnography was conducted
as previously described (17, 18).

Table 1. Demographics of the Study Sample, Overall and by Weight-Loss Group
Variable
n
Age, yr
Male, %
White, %
Height, cm
Weight, kg
Baseline
Follow-up
Change
% Change
BMI, kg/m 2
Baseline
Follow-up
Change
% Change
AHI, events/h
Baseline
Follow-up
Change

All Participants

Weight Stable/Gain*

Weight Loss*

P Value†

67
49.4 6 11.9
40.3
47.0
170.3 6 10.8

20
51.1 6 11.8
35.0
40.0
169.8 6 11.6

47
48.7 6 12.0
42.6
50.0
170.5 6 10.6

—
0.472
0.564
0.454
0.814

123.4 6 25.3
111.1 6 24.6
212.3 6 15.0‡
29.5 6 10.8‡

130.3 6 28.0
132.9 6 26.5
2.5 6 5.3‡
2.3 6 4.5‡

120.4 6 23.7
101.8 6 16.9
218.6 6 13.2‡
214.5 6 8.5‡

0.143
0.0001
,0.0001
,0.0001

42.6 6 8.5
38.4 6 8.5
24.2 6 5.2‡
29.5 6 10.8‡

45.3 6 8.8
46.2 6 8.7
0.9 6 2.0‡
2.3 6 4.5‡

41.5 6 8.2
35.1 6 5.8
26.4 6 4.5‡
214.5 6 8.5‡

0.099
,0.0001
,0.0001
,0.0001

40.8 6 28.6
25.1 6 23.6
216.0 6 24.5‡

39.2 6 31.5
40.1 6 24.7
0.9 6 21.9

41.4 6 27.6
18.6 6 20.0
223.3 6 21.9‡

0.776
0.0004
0.0001

Definition of abbreviations: AHI = apnea–hypopnea index; BMI = body mass index.
*Weight loss was defined as >2.5% decrease in weight from baseline, and stable/gain was defined
as ,2.5% decrease in weight.
†
P value from t test or chi-square test comparing values between weight loss and stable/gain groups.
‡
Within-group change significantly different from zero (P , 0.05) in paired t test.
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Table 2. Pearson’s Correlations between Percent Change in Weight and Percent
Change in Airway Dimensions, Soft Tissue Volumes, and Abdominal Fat Measures
among Patients with Obstructive Sleep Apnea

n

Unadjusted
Rho*
P Value

n

Adjusted
Rho†
P Value

Airway sizes
RP airway volume
RP cross-sectional area
RP minimum area
RP minimum AP distance
RP minimum lateral distance
RG airway volume
RG cross-sectional area
RG minimum area
RG minimum AP distance
RG minimum lateral distance

64
64
64
64
64
62
60
61
60
60

20.05
20.14
0.01
0.30
20.26
0.08
0.16
20.33
0.15
20.02

0.668
0.285
0.942
0.017
0.035
0.523
0.224
0.008
0.253
0.875

63
63
63
63
63
61
59
60
59
59

20.09
20.18
0.01
0.36
20.34
0.10
0.14
20.43
0.12
20.05

0.502
0.179
0.936
0.006
0.009
0.443
0.321
0.001
0.385
0.701

Soft tissue volumes
Combined soft tissue
Soft palate
Genioglossus
Other tongue
Tongue fat
Total tongue
Epiglottis
Fat pads
Pterygoid
RP lateral walls
RG lateral walls
Total lateral walls

63
64
64
64
52
64
63
63
64
64
64
64

0.14
20.15
20.02
0.01
0.62
20.03
0.07
0.08
0.42
0.25
0.19
0.32

0.268
0.234
0.866
0.962
<0.0001
0.833
0.591
0.529
0.001
0.044
0.137
0.011

62
63
63
63
51
63
62
62
63
63
63
63

0.18
20.14
20.01
0.04
0.62
0.00
0.09
0.08
0.40
0.31
0.23
0.40

0.187
0.303
0.937
0.788
<0.0001
0.993
0.486
0.536
0.002
0.017
0.088
0.002

Abdominal fat volume
Abdominal total fat
Abdominal subcutaneous fat
Abdominal visceral fat

51
51
51

0.52
0.50
0.46

0.0001
0.0002
0.001

50
50
50

0.54
0.52
0.49

0.0001
0.0003
0.001

Definition of abbreviations: AP = anterior–posterior; RG = retroglossal; RP = retropalatal.
Significant values after Hochberg correction are shown in bold.
*Unadjusted Pearson’s linear correlation.
†
Partial Pearson’s correlation adjusted for age, sex, race, apnea–hypopnea index, and height.

MRI

MRI studies were acquired using a 1.5-Tesla
MAGNETOM Espree scanner (Siemens
Medical Systems) as previously described
(17, 18, 20, 21). Amira 4.1.2 analysis software
(Visage Imaging) was used to quantify MRI
measures in three domains: airway sizes
(10 measures)—airway volume, average
cross-sectional area, minimum airway area,
minimum anterior–posterior distance, and
minimum lateral distance in the retropalatal
(RP) and retroglossal (RG) regions; soft
tissue volumes (12 measures)—tongue,
tongue fat, soft palate, parapharyngeal fat
pads, lateral walls, pterygoids, epiglottis, and
combined soft tissue volume (the sum of
these structures); and abdominal fat volumes
(3 measures)—total, subcutaneous, and
visceral fat volumes.
Reproducibility Assessment

Reproducibility of measurements was
assessed by calculating intraclass correlation
720

coefﬁcients (ICCs) from data quantiﬁed on
separate MRIs performed 6 months apart in
a sample of 17 weight-stable individuals
(deﬁned as follow-up weight within 2.5% of
baseline weight). This sample was chosen to
represent individuals that did not undergo
weight loss intervention. ICCs quantify
reproducibility as poor (,0.00), slight
(0.00–0.20), fair (0.21–0.40), moderate
(0.41–0.60), substantial (0.61–0.80), and
almost perfect (0.81–1.00) (22).
Statistical Analysis

Analyses were performed using Stata,
Version 14 (StataCorp LP), SAS Version 9.4
(SAS Institute Inc.), and SPSS 24 (IBM
Corp.). Changes scores were calculated as
follow-up minus baseline. Relationships
between weight loss and anatomic changes
were assessed using unadjusted Pearson’s
linear correlations and partial Pearson’s
correlations adjusted for baseline age, sex,
race, height, and AHI. Associations

between anatomy changes and AHI change
were performed similarly. Complementary
analyses comparing patients that lost
2.5% weight or greater and those with
stable/increased weight were conducted
using t tests and linear regression adjusted
for age, sex, race, height, AHI, and baseline
MRI measure (absolute changes only).
Within-group changes were assessed with
paired t tests. A domain-speciﬁc Hochberg
step-up correction (23–25) was used to
control for multiple comparisons (see
online supplement); a P value less than 0.05
was considered nominally signiﬁcant.
Mediators between percent changes in
weight and AHI were evaluated using
conditional process analysis (26, 27) (see
Figure E1 in the online supplement). Biascorrected 95% conﬁdence intervals (CIs)
were estimated via bootstrapping to verify
indirect (mediating) effects; mediation was
shown if the CI excluded zero (26, 28).

Results
Measurement Reproducibility

To assess measurement reproducibility, we
calculated ICCs using data from MRIs taken
6 months apart in a sample of weight-stable
patients with apnea and those without apnea
(Table E1). Nearly all measurements
demonstrated substantial (ICC between 0.61
and 0.80) or almost perfect (ICC between
0.81 and 1.00) reproducibility. Fat pad
volume (ICC = 0.353) and both total
(ICC = 0.489) and subcutaneous
(ICC = 0.536) abdominal fat volumes
showed fair to moderately reproducible.
Participants Characteristics

A total of 67 patients with OSA were
included (Table 1). Participants were
middle aged (49.4 6 11.9 yr) and obese
(BMI of 42.6 6 8.5 kg/m2), 40.3% were
male, and 47.0% were white. Overall,
participants lost 9.5 (610.8)% of their body
weight (P , 0.0001) and AHI improved by
30.7 (666.7)% (P = 0.0004). Patients with
apnea who lost 2.5% weight or more had a
signiﬁcant AHI reduction (223.3 6 21.9;
P , 0.0001) compared with no change in
those that did not (P = 0.856) (see online
supplement).
Changes in Anatomy with Weight
Loss

To understand how weight loss affected
the upper airway and abdominal fat, we
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Associations with Percent Change in Tongue Fat
Partial Rho = 0.617, p<0.0001

Partial rho = 0.624, p<0.0001
50
Percent Change in Tongue Fat

Percent Change in Tongue Fat

50

0

–50

0

–50

–100

–100
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–30 –20 –10
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10
Percent Change in Weight
Surgical

0
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200
Percent Change in AHI

Medical

Figure 1. The relationship of percentage change in tongue fat volume with percentage change in
weight and apnea–hypopnea index (AHI). The associations between the percentage change in tongue
fat and weight loss (left panel) and AHI change (right panel) are illustrated among obese subjects with
apnea undergoing surgical or medical weight loss. Strong positive correlations were observed between
tongue fat change and both measures (Pearson’s partial rho = 0.62, P , 0.0001) in covariate adjusted
analyses. Mediation analyses suggest that percentage change in tongue fat was the primary upper
airway mediator between percentage weight loss and percentage reductions in AHI.

assessed Pearson’s correlations between
percent changes in weight and
anatomical structures (Table 2).
Analyses of absolute changes are presented
in Tables E2A–E2C. Comparisons of

patients that lost 2.5% weight or more
and those that were weight stable or
gained weight are detailed in the
online supplement (see Tables E3 and
E4A–E4C).

Superior View

Lateral View

PRE

POST

PRE

POST

PRE
PRE

POST

Weight = 158 kg Weight = 107 kg
BMI = 44.8
BMI = 29.9
AHI = 121
AHI = 24.6

Posterior View
POST

10,101.9 mm3

10,580.8 mm3

Lateral Walls

20,320.9

mm3

17,248.9 mm3

Tongue

111,506.6 mm3

108,227.1 mm3

Soft Palate

Fat Pads

9,948.35

mm3

5,721.7 mm3

Figure 2. Changes in upper airway soft tissue structures with weight loss. Three-dimensional
reconstructions derived from axial magnetic resonance imaging (T1-weighted, spin echo, 3-mm slice
thickness), demonstrating changes in selected upper airway soft tissue structures between baseline
and 6-month follow-up in a male patient with sleep apnea. Structures include: tongue, defined as the
genioglossus muscle (red); soft palate (magenta); parapharyngeal fat pads (yellow); and lateral
pharyngeal walls (green). The region of interest extends from the superior appearance of the tongue
to the appearance of the hyoid bone. AHI = apnea–hypopnea index; BMI = body mass index.

Airway sizes. Table 2 shows
associations between changes in weight
and airway sizes. Larger percent decreases
in weight were signiﬁcantly associated
with greater percent increases in RG
minimum area (Pearson’s partial
rho = 20.43, P = 0.001), controlling for
covariates. Signiﬁcant or nominal
correlations were also observed with changes
in the shape of the RP airway (Table 2).
Weight loss was associated with decreased
anterior–posterior distance (partial
rho = 0.36, P = 0.006) and increased lateral
distance (partial rho = 20.34, P = 0.009) in
the RP region. Similar effects on RP
airway shape, but not RG minimum area,
were observed for absolute changes (Table
E2A). Comparisons between weight loss
groups are shown in Tables E3A and E4A
(detailed in the online supplement). RP
airway sizes and RG minimum area
increased in patients that lost weight;
changes in RP minimum lateral distance
and RG minimum area were different
between those that lost weight and those
that did not.
Soft tissue volumes. Table 2 details
correlations between percent changes in
weight and soft tissue volumes. In adjusted
analyses, larger percent reductions in
weight were signiﬁcantly correlated with
greater percent reductions in tongue fat
(partial rho = 0.62, P , 0.0001), pterygoid
(partial rho = 0.40, P = 0.002), and total
lateral wall (partial rho = 0.40, P = 0.002)
volumes, and nominally correlated with
greater percent reductions in RP lateral
wall volume (partial rho = 0.31, P = 0.017).
The relationship between reduction in
tongue fat volume and percentage change
in weight is illustrated in Figure 1. Similar
results were observed for absolute changes
(Table E2B), with correlations between
absolute weight change and change in
tongue fat (partial rho = 0.48, P = 0.001),
pterygoid (partial rho = 0.37, P = 0.005),
and total lateral wall (partial rho = 0.28,
P = 0.035) volumes. Most soft tissue
measures showed signiﬁcant decreases
among patients with OSA who lost weight
(Tables E3B and E4B), and there were
signiﬁcant differences in tongue fat
volume, pterygoid volume, and total lateral
wall volume changes between weight loss
groups. Changes in soft tissue volumes and
tongue fat are illustrated in Figures 2
and 3.
Abdominal fat volumes. Table 2 shows
relationships between changes in weight
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PRE

POST

Weight = 158 kg
BMI = 44.8
AHI = 121

Weight = 107 kg
BMI = 29.9
AHI = 24.6

Muscle

Fat

MRI Volumes
Tongue Fat = 14,126 mm3
Tongue Fat = 7,337 mm3
Total Tongue = 111,506 mm3 Total Tongue = 108,227 mm3

Figure 3. Change in tongue fat volume with
weight loss. Three-dimensional reconstruction
of tongue (red) and tongue fat (yellow) derived
from axial magnetic resonance imaging
(MRI; T1-weighted, spin echo, 3-mm slice
thickness) and Dixon fat-only MRI (3-mm
slice thickness), demonstrating loss of
tongue fat between baseline and a 6-month
follow-up visit in the same male subject with
apnea as shown in Figure 2. The tongue is
defined as the genioglossus muscle, and
tongue fat is defined as all fat within the
genioglossus. AHI = apnea–hypopnea index;
BMI = body mass index.

and abdominal fat. Strong positive
correlations were observed between
percent change in weight and percent
changes in total (partial rho = 0.54,
P = 0.0001), subcutaneous (partial
rho = 0.52, P = 0.0003), and visceral (partial
rho = 0.49, P = 0.001) abdominal fat in
adjusted analyses. Similar associations were
seen for absolute changes (Table E2C).
There were larger reductions in each
measurement among those who lost weight
compared with no change in those who did
not (Tables E3C and E4C). The percentage
change in visceral fat was greater than the
percentage change in subcutaneous fat
among participants who lost weight
(P = 0.002). Changes in abdominal fat are
illustrated in Figure 4.
Associations between Changes in
Tongue Fat and Abdominal Fat

We assessed correlations between tongue fat
and abdominal fat changes, given that both
were associated with percent changes in
weight. Results are detailed in the online
supplement.
722

Associations between Changes in
Anatomy and Changes in AHI

To understand the relationship between
changes in upper airway anatomy and OSA
severity, we evaluated correlations with
percentage changes in AHI (Table 3).
Larger percentage reductions in weight
were strongly correlated with greater
reductions in AHI (partial rho = 0.68,
P , 0.0001). Complementary analyses
with absolute changes are presented in
Tables E5A–E5C. Given evidence of
positional differences in the AHI response
to weight loss (16), analyses examining
correlations with changes in supine and
nonsupine AHI are presented in Tables
E6A–E6C among patients with positional
AHI of 5 events/h or greater at baseline.
Percentage reductions in weight were
strongly correlated with nonsupine AHI
(partial rho = 0.63, P , 0.0001), but not
supine AHI (partial rho = 20.06, P = 0.753).
Airway sizes. When evaluating the
effect of changes in airway size on the AHI
(Table 3), controlling for covariates, greater
reductions in RP minimum anterior–
posterior distance (partial rho = 0.30,
P = 0.022) and increases in RP minimum
lateral distance (partial rho = 20.32,
P = 0.015) were nominally associated with
greater decreases in AHI. Thus, changes in
the shape of the RP airway affect OSA
severity. In the RG region, larger increases
in the minimum area were associated with
greater AHI reductions (partial rho = 20.35,
P = 0.008). These correlations became
nonsigniﬁcant after correction for multiple
comparisons. There were no signiﬁcant
correlations with absolute changes (Table
E5A) or positional AHI (Table E6A).
Soft tissue volumes. Among soft tissue
measures (Table 3), greater percentage
decreases in tongue fat were associated with
larger reductions in AHI (partial rho = 0.62,
P , 0.0001), controlling for clinical
covariates. This result remained nominally
signiﬁcant also controlling for weight change
(partial rho = 0.36, P = 0.014), suggesting
that reduced tongue fat is independently
associated with reduced AHI (Figure 1).
Reductions in RP lateral wall volume were
nominally correlated with reductions in AHI
(partial rho = 0.32, P = 0.014); results were
not signiﬁcant controlling for change in
weight. Associations between absolute
changes in tongue fat and AHI were
also observed (Table E5B). Percentage
reduction in tongue fat was more strongly

correlated with reductions in nonsupine
AHI (partial rho = 0.59, P = 0.0004) than
supine AHI (partial rho = 0.22, P = 0.260)
(Table E6B).
Abdominal fat volumes. In adjusted
analyses, we observed signiﬁcant
correlations between reductions in AHI
and reductions in total (partial rho = 0.38,
P = 0.009), subcutaneous (partial rho = 0.39,
P = 0.008), and visceral (partial rho = 0.31,
P = 0.039) abdominal fat (Table 3). Unlike
tongue fat, correlations were nonsigniﬁcant
controlling for change in weight. Similar
results were found for absolute changes
(Table E5C). Correlations were similar for
supine and nonsupine AHI, but were
not signiﬁcant in the smaller sample
(Table E6C).
PRE

POST

Weight = 158 kg Weight = 107 kg
BMI = 44.8
BMI = 29.9
AHI = 121
AHI = 24.6

Liver
Visceral Fat

7,439,697 mm3

5,067,023 mm3

Subcut. Fat

14,031,758 mm3

7,439,697 mm3

Subcut.Fat

Liver
Visc.Fat

Figure 4. Change in abdominal fat volumes with
weight loss. Three-dimensional reconstructions
of abdomen derived from axial magnetic
resonance imaging (T1-weighted, spin echo,
10-mm slice thickness) showing fat loss
between baseline and a 6-month follow-up visit
in the same male subject with apnea as shown
in Figures 2 and 3. Subcutaneous fat (cyan),
visceral fat (yellow), and the liver (brown) have
been highlighted. Subcutaneous fat is defined as
all fat superficial to the abdominal fascia. Visceral
fat is defined as all fat within the abdominal
fascia that is not part of the spinal column. The
region of interest extends from the superior
appearance of the liver to the L5–S1
intervertebral disc. AHI = apnea–hypopnea
index; BMI = body mass index; Subcut. =
subcutaneous; Visc. = visceral.
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Table 3. Pearson’s Correlations between Percent Change in Apnea–Hypopnea Index and Percent Change in Airway Size, Percent
Change in Soft Tissues, and Percent Change in Abdominal Fat Measures among Patients with Obstructive Sleep Apnea
Adjusted Results
Covariates Only
Covariates and Weight Change
Rho†
P Value
n
Rho‡
P Value

n

Unadjusted
Rho*
P Value

n

Airway sizes
RP airway volume
RP cross-sectional area
RP minimum area
RP minimum AP distance
RP minimum lateral distance
RG airway volume
RG cross-sectional area
RG minimum area
RG minimum AP distance
RG minimum lateral distance

63
63
63
63
63
61
59
60
59
59

0.13
0.07
0.02
0.25
20.23
0.11
0.34
20.28
0.18
0.10

0.318
0.562
0.904
0.045
0.076
0.396
0.009
0.033
0.175
0.470

62
62
62
62
62
60
58
59
58
58

0.10
0.03
20.01
0.30
20.32
0.08
0.30
20.35
0.16
0.04

0.453
0.817
0.946
0.022
0.015
0.558
0.025
0.008
0.233
0.753

62
62
62
62
62
60
58
59
58
58

0.21
0.19
20.02
0.09
20.14
0.03
0.28
20.11
0.09
0.11

0.124
0.155
0.862
0.494
0.304
0.804
0.039
0.428
0.512
0.428

Soft tissue volumes
Combined soft tissue
Soft palate
Genioglossus
Other tongue
Tongue fat
Total tongue
Epiglottis
Fat pads
Pterygoid
RP lateral walls
RG lateral walls
Total lateral walls

62
63
63
63
51
63
62
62
63
63
63
63

0.19
20.16
0.13
0.07
0.61
0.12
0.05
0.14
0.24
0.26
0.07
0.24

0.139
0.202
0.324
0.577
<0.0001
0.340
0.687
0.278
0.055
0.037
0.600
0.055

61
62
62
62
50
62
61
61
62
62
62
62

0.23
20.14
0.16
0.11
0.62
0.18
0.10
0.15
0.19
0.32
0.04
0.26

0.090
0.305
0.228
0.401
<0.0001
0.185
0.459
0.281
0.145
0.014
0.791
0.051

61
62
62
62
50
62
61
61
62
62
62
62

0.17
20.06
0.23
0.13
0.36
0.25
0.05
0.12
20.09
0.18
20.12
0.03

0.204
0.664
0.082
0.343
0.014
0.063
0.712
0.364
0.488
0.189
0.357
0.813

Abdominal fat volume
Abdominal total fat
Abdominal subcutaneous fat
Abdominal visceral fat

50
50
50

0.37
0.38
0.29

0.008
0.006
0.041

49
49
49

0.38
0.39
0.31

0.009
0.008
0.040

49
49
49

20.04
0.00
20.11

0.790
0.993
0.466

For definition of abbreviations, see Table 2.
Significant values after Hochberg correction are shown in bold.
*Unadjusted Pearson’s linear correlation.
†
Partial Pearson’s correlation adjusted for age, sex, race, and height.
‡
Partial Pearson’s correlation adjusted for age, sex, race, height, and percent change in weight.

Mediation Analyses

We next evaluated whether changes in
speciﬁc anatomical structures mediate the
relationship between percentage change in
weight and percentage change in AHI. In
our patients, each 1% change in weight was
associated with a corresponding 4% change
in AHI (unstandardized total effect [95%
CI] = 3.98 [2.74–5.22]; standardized total
effect = 0.648). Percent change in airway
size or abdominal fat volumes did not
signiﬁcantly mediate this relationship
(Table 4). On the other hand, analyses of
soft tissue volumes indicated that percent
reduction in tongue fat volume was a
signiﬁcant individual mediator between
percent change in weight and AHI
(unstandardized indirect effect [95%
CI] = 1.255 [0.238–2.572]; standardized
indirect effect = 0.225; Table 4). Changes in
tongue fat accounted for approximately

30% of the total effect of weight loss on
AHI improvement (Figure 5). No other
soft tissues were signiﬁcant individual
mediators. Thus, these results indicate that
change in tongue fat volume is the primary
upper airway mediator of the relationship
between weight change and change in AHI.

volume and reductions in AHI; and 3)
reduction in tongue fat volume was the
primary upper airway mediator of the
relationship between reductions in weight
and AHI. Beyond providing important
mechanistic insights, these results suggest
that tongue fat could be a potential new
target for OSA therapy.

Discussion
This study of patients with obesity and OSA
undergoing lifestyle modiﬁcation or
bariatric surgery is the ﬁrst to show that
weight loss decreases tongue fat, and that the
reduction in tongue fat is a mediator of the
improvement in AHI. Primary ﬁndings
include: 1) weight loss was signiﬁcantly
associated with reduced tongue fat volume,
pterygoid volume, and total lateral wall
volume; 2) strong correlations were
observed between reductions in tongue fat

Effect of Weight Loss on Upper
Airway Caliber and Surrounding
Soft Tissues

Several upper airway measurements
changed with weight loss, including RP
airway shape and volumes of tongue fat,
pterygoid, and the lateral walls. However,
other upper airway measurements showed
no changes. Thus, weight loss may
differentially affect upper airway anatomy;
the pathogenesis of this is unclear, but could
be genetically determined.
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Table 4. Single Mediator Modeling Results Evaluating Percent Changes in Airway, Soft
Tissue, and Abdominal Fat as Mediators of the Relationship between Percent Change
in Weight and Apnea–Hypopnea Index
Indirect Effect (Bias-corrected 95% CI)*†
Standardized
Unstandardized

Domain/Measure
Airway sizes
RP airway volume
RP average airway area per
slice
RP minimum area
RP minimum AP distance
RP minimum lateral distance
RG airway volume
RG average airway area per
slice
RG minimum area
RG minimum AP distance
RG minimum lateral distance

20.013 (20.101 to 0.025) 20.082 (20.559 to 0.157)
20.025 (20.116 to 0.019) 20.154 (20.656 to 0.117)
20.0002
0.027
0.037
0.002
0.030

(20.025
(20.052
(20.033
(20.034
(20.040

to
to
to
to
to

0.018) 20.002 (20.156 to 0.107)
0.189)
0.166 (20.311 to 1.270)
0.146)
0.229 (20.194 to 0.913)
0.032)
0.013 (20.205 to 0.188)
0.120)
0.184 (20.230 to 0.814)

0.040 (20.060 to 0.133)
0.246 (20.405 to 0.667)
0.011 (20.030 to 0.048)
0.065 (20.180 to 0.285)
20.006 (20.048 to 0.023) 20.034 (20.296 to 0.137)

Soft tissue volumes
Combined soft tissues
Soft palate
Genioglossus
Other tongue
Tongue fat
Total tongue
Epiglottis
Fat pads
Pterygoid
RP lateral walls
RG lateral walls
Total lateral walls

0.020
0.006
20.004
0.002
0.225
20.003
0.004
0.007
20.031
0.042
20.019
0.009

Abdominal fat volumes
Abdominal visceral fat
Abdominal subcutaneous fat
Abdominal total fat

20.043 (20.183 to 0.090) 20.289 (21.303 to 0.583)
0.001 (20.121 to 0.119)
0.004 (20.792 to 0.841)
20.018 (20.153 to 0.103) 20.120 (21.029 to 0.742)

(20.041 to 0.057)
(20.036 to 0.039)
(20.072 to 0.036)
(20.053 to 0.030)
(0.049 to 0.413)
(20.077 to 0.036)
(20.043 to 0.053)
(20.058 to 0.052)
(20.123 to 0.068)
(20.011 to 0.121)
(20.082 to 0.034)
(20.061 to 0.123)

0.122
0.039
20.026
0.014
1.255
20.021
0.023
0.046
20.189
0.255
20.116
0.058

(20.249 to 0.330)
(20.209 to 0.247)
(20.426 to 0.235)
(20.333 to 0.170)
(0.238 to 2.572)
(20.443 to 0.223)
(20.281 to 0.307)
(20.355 to 0.318)
(20.759 to 0.393)
(20.064 to 0.705)
(20.539 to 0.190)
(20.400 to 0.649)

Definition of abbreviations: AP = anterior–posterior; CI = confidence interval; RG = retroglossal;
RP = retropalatal.
Significant values are shown in bold.
*Estimate of indirect (mediating) effect and bootstrapped 95% CI.
†
All models corrected for age, sex, race, and height.

Weight loss reduces adipose tissue
volume. Thus, the reduction in tongue fat
was expected. However, reductions were
also observed for the lateral walls and
pterygoid, both of which do not contain fat
deposits observable with MRI (although
intramyocellular lipid droplets have been
observed using electron microscopy in the
pharyngeal constrictors that make up the
lateral walls) (29). The mechanisms by
which weight loss affects soft tissues likely
differ for tissues that are primarily fat
versus relatively fat free (30–32).
Analyses have shown reduced muscle mass
and volume with weight loss (32–36),
which could account for reductions in
pterygoid and lateral wall volumes. The
change in lateral wall volume may be due to
other mechanisms, including reduced size
of the parapharyngeal fat pads (providing
724

space for the lateral walls) and/or tracheal
tug (putting tension and thereby narrowing
the lateral walls) secondary to improved
lung volume with weight loss.
The repeated trauma of obstruction with
OSA may also trigger an edematous response
(37). As OSA improves with weight loss,
the trauma becomes less severe, reducing
the inﬂammation of pharyngeal tissues.
Although this would explain the reduction
in lateral wall and pterygoid volumes, it does
not account for the lack of change in soft
palate volume. Because the soft palate
contains fat (38), high-resolution Dixon
imaging (18) may be required to detect
fat-speciﬁc effects, as seen in the tongue.
Alternatively, the soft palate has been shown
to be inﬂamed and ﬁbrosed in subjects
with apnea (39), and weight loss should not
reverse ﬁbrosis. Ultimately, differences in the

changes of distinct upper airway soft tissues
with weight loss underscore the complexity
of these relationships. Understanding the
reasons for these differences may provide
insight into OSA heterogeneity, and inform
personalized treatments.
Tongue Fat as a Potential Therapeutic
Target

This study observed strong correlations
between tongue fat reduction and
improvement in AHI, and mediation
analyses supported changes in tongue fat as
the primary upper airway mediator between
weight loss and AHI reduction. Although
the mechanism for this relationship is
unknown, reduction in tongue fat affects
tongue size, and may increase upper airway
caliber or improve tongue function. In
particular, fat can inﬁltrate the muscle
bundles and affect muscle strength, and
obesity adversely affects muscle function,
with inverse relationships between muscle
lipid content and muscle force, velocity, and
power (29, 32, 40, 41). Thus, reduced
tongue fat should improve muscle function
and could prevent collapsibility during
sleep. Regardless of mechanism, our results
underscore the potential efﬁcacy of OSA
therapies that reduce tongue fat.
Although not directly studied, several
potential therapies exist. Dixon MRI before
and after these interventions is a logical step
to determine feasibility and efﬁcacy. Upper
airway exercises improve OSA and reduce
AHI (42–44); reduced tongue fat is one
potential mechanism. Tongue fat may
differentially respond to weight loss
approaches that vary in dietary
composition, although this remains to be
investigated. Cold therapies could also
potentially remove tongue fat. For example,
cryolipolysis is a noninvasive cooling
technique that lyses adipocytes and is
effective and safe for reducing abdominal
and submental fat (45, 46); a similar
technique may reduce tongue fat. Although
experimental, our data provide the
foundation for investigation of these
therapies through animal or human studies.
Our study may also explain why upper
airway surgery is not more effective in
treating OSA. Coblation has been used to
treat patients with OSA by reducing tongue
size, but has limited efﬁcacy (47, 48).
Coblation does not discriminate between
muscle and fat, but instead uses
radiofrequency and water to generate a
plasma that vaporizes all soft tissue types.
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a = 1.168 ***

Weight Percent
Change

Percent Change
in Tongue Fat

b = 1.074*

cc = 2.337 **

*p<0.05; **p<0.01; ***p<0.001

AHI Percent
Change

Figure 5. Mediation of percentage change in weight and apnea–hypopnea index (AHI) by percentage
change in tongue fat. Results of the single mediator model of percent change in tongue fat volume
mediating the relationship between percent change in weight and in AHI are shown. Unstandardized
path coefficients, interpreted as the expected percentage change in outcome for a 1% change in
predictor, of the relationships between percent weight change and percent change in tongue fat (path
a = 1.168), between percent change in tongue fat and percent change in AHI (path b = 1.074), and the
remaining direct effect between percent change in weight and percent change in AHI (path c9 = 2.337)
are also shown. Significance of path coefficients is denoted as: *P , 0.05, **P , 0.01, and ***P , 0.001.

Thus, our results demonstrating a speciﬁc
role for tongue fat volume could explain the
observed lack of efﬁcacy. If only fat tissue
was removed, coblation could be more
effective. Future studies are warranted to
study this.
Measurement Reproducibility

Our results conﬁrm reproducibility of MRI
measurements at two time points. Nearly
all measures showed substantial or almost
perfect reproducibility within weightstable individuals. Moderate-to-fair
reproducibility was observed for fat
pad volume, as well as total and
subcutaneous abdominal fat. The likely
explanation for this comparatively lower
reproducibility is related to lumbar
ﬂexion/extension (which is difﬁcult to
control) and its effect on the L4–L5
junction, which is the inferior boundary
for the abdominal fat measurements.
Depending on the amount of lumbar
ﬂexion/extension, the region of interest
analyzed may be different by one MRI
slice, which can alter the quantitative
abdominal fat measures. Nonetheless, our
results are consistent with our prior
studies demonstrating the validity
and reproducibility of volumetric
measurements quantiﬁed by MRI.
Previously (20), we demonstrated the
accuracy of volumetric measures

against a phantom of known volume, the
reliability of analyses on the same
images, and high reproducibility on
repeated MRI taken approximately
1 month apart. Similarly, our study
on tongue fat demonstrated high
reproducibility of the measurement
technique (18). Moreover, our previous
study on abdominal fat measurements
demonstrated high reproducibility across
multiple raters on repeated images (21).
Thus, results from the present study
extend evidence of reproducibility to a
6-month follow-up period in a weightstable population.
Limitations

One limitation of using MRI at multiple time
points is that anatomic changes may reﬂect
MRI variability (e.g., differences in head
and/or neck position), rather than solely the
effect of weight loss. The use of standardized
protocols and observation that nearly all
upper airway measurements showed
substantial or almost perfect
reproducibility in weight-stable
patients mitigates this concern.
Including medical and surgical weight loss
could be viewed as a limitation. However,
using multiple types of weight loss
interventions increased variability in weight
changes (augmenting statistical power) and
improves generalizability. Ultimately, we
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