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A B S T R A C T

Background: Lower skeletal muscle density may reflect muscle adiposity and metabolic dysregulation that
potentially impair disease control and lung function independent of high body mass index (BMI) in patients with
asthma.
Objective: To investigate whether the lower density of pectoralis muscles (PMs) and erector spinae muscles
(ESMs) on chest computed tomography was associated with airway structural changes in patients with asthma.
Methods: Consecutive patients with asthma and healthy controls undergoing chest computed tomography were
retrospectively analyzed. The ESM and PM density, areas of subcutaneous adipose tissue near the PM and epicar-
dial adipose tissue, wall area percent of the airways, and airway fractal dimension (AFD) were quantified on com-
puted tomography.
Results: The study included 179 patients with asthma (52% women) and 88 controls (47% women). All the con-
trols were 60 years old or younger. The PM and ESM density in female patients with asthma who were 60 years
old or younger were significantly lower than those in controls after adjustment for BMI. In female patients with
asthma at all ages, lower PM and ESM density (but not subcutaneous or epicardial adipose tissue area) was asso-
ciated with greater wall area percent of the airways and lower AFD after adjusting for age, height, BMI, smoking
status, blood eosinophil count, and oral corticosteroid use. The only association between ESM density and AFD
was found in male patients with asthma.
Conclusion: Lower skeletal muscle density may be associated with airway wall thickening and less complexity of
the airway luminal tree in female patients with asthma.
© 2024 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. This is an open access arti-
cle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Asthma is a heterogeneous disease, and its management is still
unsatisfactory for subgroups of patients.1,2 Obesity is a well-known
factor contributing to severe asthma3,4 and may cause the deposition
of adipose tissue to the airways’ wall.5 Moreover, metabolic dysregu-
lation, such as insulin resistance and ectopic fat accumulation,
impairs disease control, lung function, and quality of life, and
increases the risk of exacerbations irrespective of body mass index
(BMI) in patients with asthma.6-9 However, the morphologic impacts
of fat-related metabolic disorders on asthmatic airways have not
been fully elucidated.

Adipose tissue exhibits varying physiologic effects depending on
its deposition site, such as subcutaneous and visceral adipose tis-
sue.10 Recently, the clinical relevance of intramuscular fat accumula-
tion has gained recognition in various medical conditions.11

Computed tomography (CT) can detect increased intramuscular fat as
a lower skeletal muscle density.12 A lower skeletal muscle density on
CT is associated with insulin resistance independent of BMI and
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visceral fat.13 In female patients with asthma, a lower density of para-
spinal muscle on CT is predictive of a subsequent decline in respira-
tory function independent of BMI.8 On the basis of these findings, we
hypothesized that lower skeletal muscle density reflects increased
intramuscular fat, potentially contributing to airway wall remodeling
independent of BMI in patients with asthma.

Chest CT is widely used for differential diagnosis and morphologic
evaluations of airways and parenchyma in patients with asthma. In
addition, chest CT allows for the quantification of the density of skele-
tal muscles, including the pectoralis muscle (PM) and erector spinae
muscle (ESM), and the cross-sectional areas of subcutaneous adipose
tissue (SAT) near the PM and epicardial adipose tissue (EAT). With
the use of these technical advantages, this study retrospectively ana-
lyzed archived chest CT data from patients with asthma and controls
to evaluate whether the density of PM and ESMwas lower in patients
with asthma than in controls and to assess whether the lower density
of PM and ESM was associated with airway wall thickening and
altered airway lumen tree structure (independent of BMI) in patients
with asthma and controls.
Methods

Study Design and Population

This was a retrospective, cross-sectional, single-center study
including patients with asthma and healthy controls. Patients with
asthma undergoing chest CT and spirometry between 2011 and 2020
were consecutively included. Laboratory and spirometry data were
obtained within exacerbation-free 3 months of chest CT. No addi-
tional systemic corticosteroid treatment was performed between
chest CT scan, blood test, and spirometry. The diagnosis and severity
of asthma were assessed according to the Global Initiative for Asthma
guidelines.14 Smokers were defined as those with a life-long smoking
history of at least 10 pack-years. The details of treatment were con-
firmed on the basis of medical records in the previous 3 months
before the CT scan. The exclusion criteria were as follows: (1) concur-
rent respiratory disease other than chronic obstructive pulmonary
disease; (2) history of lung resection; (3) acute respiratory tract infec-
tions or asthma exacerbations within the preceding 3 months; (4)
insufficient quality of CT images, such as inappropriate breath hold-
ing during scans; and (5) unavailable spirometry data obtained
within exacerbation-free 3 months of chest CT. Healthy controls aged
between 40 and 60 years without history of lung diseases who were
voluntarily registered as candidates for living-donor lung transplan-
tation and who underwent chest CT and spirometry between 2010
and 2022 were also consecutively included. This study was con-
ducted in accordance with the Declaration of Helsinki and approved
by the ethics committee (number R1660-5). Written informed con-
sent was waived because of the retrospective nature of this study.
Pulmonary Function Test

Postbronchodilator spirometry was performed in patients with
asthma, and prebronchodilator spirometry was performed in healthy
controls following the American Thoracic Society/European Respira-
tory Society guidelines.15 The predicted forced vital capacity and
forced expiratory volume in 1 second were calculated by using Japa-
nese reference values.16
Computed Tomography Scan Acquisition

Full inspiratory whole-lung CT images were obtained by using 3
scanners from the same CT manufacturer, including Aquilion One,
Aquilion Prime, and Aquilion Precision (Canon Medical Systems, Ota-
wara, Tochigi, Japan), with the same scanning conditions being used,
including 120 kVp and autoexposure control. Images with a 1.0 mm
slice thickness were reconstructed with a soft (FC13 or FC11) kernel
for quantification of muscle density, adipose tissue area, and total
lung volume (TLV). Images with a 0.5 mm slice thickness were recon-
structed with a sharp (FC51) kernel for airway morphologic analysis.
Computed Tomography Analysis of Skeletal Muscle Density and Fat Area

As illustrated in Figure 1, after manual masking by using ImageJ Fiji
software (https://imagej.net/software/fiji), the density of the PM and
ESM and the areas of the SAT and EAT were calculated by using custom-
made Python scripts, as previously reported.17 One inspector quantified
these CT parameters for all the CT scans without knowledge of clinical
information. The left and right ESMs were manually segmented on a
single axial slice at the level of the lower margin of the 12th thoracic
vertebra with CT values ranging between �50 and +90 Hounsfield units
(HUs).18 The mean attenuation values in HU were calculated as the ESM
density. The left and right PMs were manually segmented from regions
with CT values ranging between �50 and +90 HU on a single axial slice
at the level of the top of the aortic arch.19 The mean attenuation values
in HU were calculated as the PM density. The SAT was automatically
identified as regions located between the PM and the skin surface on
the same axial slice.20 The EAT regions at the origin of the left main cor-
onary artery level were localized by manually tracing the pericardium
and extracting areas with CT values between�230 and�30 HU.21
Computed Tomography Analysis of Airway Parameters

Airway dimensions and TLV were measured by using Synapse Vin-
cent software (Fujifilm Medical, Tokyo, Japan). Lumen areas and diam-
eters were measured at 14 specific airway branches, including the
trachea, right and left main bronchus, bronchus intermedius, segmen-
tal and subsegmental (third and fourth generations) bronchus of the
right apical (RB1), right lateral (RB4), right posterior basal (RB10), left
apicoposterior (LB1+2) and left anteromedial basal (LB10) paths. The
geometric mean lumen diameter of these 14 locations was divided by
the cube root of the TLV to determine the airway-to-lung size ratio.22

In addition, the wall areas were measured for the third- and fourth-
generation bronchus in the 5 paths, and the percentage of wall area to
the sum of wall and lumen areas was calculated as the wall area per-
cent (WA%) and averaged for the third and fourth generations.23

Moreover, after the automatic segmentation of the entire airway
tree, the airway fractal dimension (AFD) was calculated with a cus-
tom Python script on the basis of the box-counting method.22,24,25

The number of boxes that were needed to completely cover the air-
way tree (N) was determined by 3-dimensionally placing a square
grid of size L onto the airway tree. The process was repeated for vari-
ous L values. AFD was calculated as the absolute slope of the regres-
sion line on a log-log plot, with L on the x-axis and N on the y-axis.
Statistics

Continuous and categorical variables are expressed as the mean
(SD) and absolute number (percentage) unless otherwise indicated.
Student t test and Fisher exact test were used for comparisons. For CT
scans from 20 patients with asthma that were randomly selected
from the entire study population, the PM and ESM density and the
SAT and EAT areas were repeatedly assessed by the same inspector
and independently assessed by 2 inspectors to assess the intraob-
server variability and interobserver variability, respectively, by using
intraclass correlation coefficients. In the first analysis, patients with
asthma aged 60 years or younger were compared with controls
because the age of controls ranged between 40 and 60 years owing to
the age limit for donors for living-donor lung transplantation. Multi-
variable linear regression models were constructed to evaluate
whether category (patients with asthma vs controls) was associated
with CT parameters independent of BMI.

https://imagej.net/software/fiji


Figure 1. Illustration of extrapulmonary and airway CT structures. Representative extrapulmonary and airway CT images are illustrated. Images reconstructed with a soft kernel are
used for quantification of the PM (red) on a single axial slice at the level of the top of the aortic arch, SAT adjacent to the PM (blue), ESM (green) on a single axial slice at the level of
the lower margin of the 12th thoracic vertebra, EAT (magenta) at the origin of the left main coronary artery level, and TLV. Frequency distributions of PM and ESM density are also
displayed. Images reconstructed with a soft kernel are used for quantification of WA% in the third- and fourth-generation bronchus, ALR, and AFD. AFD, airway fractal dimension;
ALR, airway-to-lung size ratio; CT, computed tomography; EAT, epicardial adipose tissue; ESM, erector spinae muscles; PM, pectoralis muscles; SAT, subcutaneous adipose tissue;
TLV, total lung volume; WA%, wall area percent.
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In the second analysis, the Pearson correlation test was used to
evaluate associations of the PM and ESM density and the SAT and EAT
areas with WA%, airway-to-lung size ratio, and AFD in all the patients
with asthma (irrespective of age) and controls (separately) after visual
confirmation of the normality of each parameter on histograms. Multi-
variable linear regression models for WA% and AFD were constructed
for male and female patients with asthma. The models for asthma
included each of the CT parameters including the PM and ESM density,
SAT and EAT areas, and age, height, BMI, smoking status, blood eosino-
phil count, and oral corticosteroid use as independent variables.

Finally, the lower limit of normal (LLN) for PM and ESM density in
the male and female sexes was calculated as mean −1.645 £ SD using
data from male and female controls. Patients with asthma were cate-
gorized into 2 groups on the basis of each LLN to evaluate whether
PM (or ESM) density below the LLN was associated with higher WA%
and lower AFD.
Figure 2. Patient flowchart of this study. COPD, chronic pulm
Statistical analysis was performed by using R software version
4.2.3 (R Foundation for Statistical Computing, Vienna, Austria), and a
P value less than .05 was considered statistically significant.
Results

Characteristics of Healthy Controls and Patients 60 Years Old or Younger
With Asthma

As illustrated in Figure 2, 88 of 95 healthy controls between 40
and 60 years old and 179 of 208 patients with asthma undergoing
chest CT scans and spirometry were included in the analysis. Among
them, 49 patients were 60 years old or younger (n = 13 and n = 29 for
male and female patients, respectively). Table 1 details the character-
istics of the controls and patients with asthma aged 60 years or youn-
ger stratified by sex.
onary obstructive disease; CT, computed tomography.



Table 1
Baseline Characteristics of Controls and Patients Aged 60 Years or Younger With Asthma

Demographics Male sex Female sex

Control (n = 47) Asthma, age ≤ 60 y (n = 13) Control (n = 41) Asthma, age ≤ 60 y (n = 29)

Age, y 50.4 (5.4) 46.5 (14.9) 48.8 (5.6) 52.1 (6.4)a

Height, cm 171.4 (5.8) 169.2 (3.6) 159.1 (5.6) 158.4 (4.3)
BMI, kg/m2 24.1 (2.8) 26.7 (4.9)a 22.5 (3.3) 24.6 (3.30)b

Smokers, current/former, n (%) 0 (0)/33 (51.1) 0 (0)/7 (53.8) 0 (0)/4 (9.8) 0 (0)/10 (34.5)b

Pack-years 12.1 (12.5) 19.0 (18.4) 2.41 (6.5) 14.2 (21.4)b

Diabetes mellitus, n (%) 2 (4.3) 2 (15.4) 1 (2.4) 1 (3.4)
FEV1, L 3.49 (0.44) 3.01 (0.93)a 2.64 (0.38) 2.29 (0.50)b

FEV1/FVC, % 79.9 (6.0) 72.9 (7.4)b 82.6 (6.3) 76.1 (8.0)c

%predicted FEV1, % 102.9 (9.8) 88.2 (20.0)c 106.7 (13.5) 95.2 (17.7)b

FVC, L 4.38 (0.57) 4.30 (1.01) 3.20 (0.45) 2.93 (0.48)b

%predicted FVC, % 103.6 (11.2) 102.5 (21.5) 105.7 (13.8) 98.6 (13.3)a

Abbreviations: BMI, body mass index; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.
NOTE. Values indicate the mean (SD) or number (%).
aP < .05.
bP < .01.
cP < .001.
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Comparison of the Density of Erector Spinae and Pectoralis Muscles and
Areas of Subcutaneous and Epicardial Adipose Tissue Between Controls
and Patients With Asthma Aged 60 Years or Younger

As illustrated in Figure 3, the PM density (but not the other CT
parameters) was significantly lower in male patients with asthma
than in male controls. In contrast, the density of the PM and ESM was
significantly lower and the areas of the SAT and EAT were signifi-
cantly greater in female patients with asthma than in female controls.
These associations in female patients with asthma remained signifi-
cant (except for SAT area) after adjustment for BMI (PM density:
b = �0.48, P = .02; ESM density: b = �0.61, P = .01; SAT area:
b = 0.24, P = .12; EAT area: b = 0.71, P < .001) (eTable 1). The intra-
and interobserver intraclass correlation coefficients (95% CI) for the
PM and ESM density and the SAT and EAT areas were excellent (intra-
observer, PM density 0.98 [0.95-0.99], ESM density 0.95 [0.86-0.98],
SAT area 1.00 [1.00-1.00], EAT area 0.99 [0.98-1.00]; interobservers,
PM density 0.99 [0.95-1.00], ESM density 0.90 [0.71-0.96], SAT area
1.00 [0.99-1.00], EAT area 0.99 [0.96-1.00]).
Associations of the Density of Erector Spinae and Pectoralis Muscles and
Areas of Subcutaneous and Epicardial Adipose Tissue With Airway
Computed Tomography Parameters in All Patients With Asthma and
Controls

The characteristics of all the male and female patients with
asthma (of any age) are summarized in Table 2. Age, BMI, and Global
Figure 3. Comparisons of skeletal muscle density and adipose tissue areas between control
and EAT area in controls and patients with asthma stratified by sex (A, male; B, female). Each
dent t test. *P < .05, **P < .01, ***P < .001. EAT, epicardial adipose tissue; ESM, erector spinae
Initiative for Asthma severity did not differ between male and female
patients. As detailed in Table 3, a lower density of ESM and PM and
greater areas of EAT was significantly and weakly associated with
greater WA% in the fourth-generation airways and with lower AFD in
female patients with asthma. A statistically significant association
was found only between lower ESM density and lower AFD in male
patients with asthma. In contrast, the PM and ESM density were not
associated with the WA% or AFD in male or female controls. Figure 4
illustrates the associations of PM and ESM density with WA% in the
fourth generation and AFD in male and female patients with asthma
and controls. The associations for the other CT parameters are illus-
trated in eFigure 1. As illustrated in eFigure 2, the density of the ESM
and PM did not significantly correlate with the blood neutrophil or
eosinophil count.
Multivariable Models for Airway Computed Tomography Parameters in
Patients With Asthma

According to the multivariable models illustrated in Figure 5, a
lower ESM density was associated with a lower AFD but not a lower
WA% in the fourth-generation airways in male patients with asthma.
In contrast, a lower ESM density was associated with both a greater
WA% in the fourth-generation airways and a lower AFD in female
patients with asthma after adjusting for age, height, BMI, smoking
status, blood eosinophil count, and oral corticosteroid use (AFD: esti-
mate [95% CI] = .01 [0.0001-0.02], P = .048; WA%: estimate [95%
s and patients with asthma stratified by sex. Distribution of PM and ESM density, SAT,
parameter was compared between controls and patients with asthma by using the Stu-
muscle; PM, pectoralis muscle; SAT, subcutaneous adipose tissue.



Table 2
Baseline Characteristics of All Patients With Asthma Stratified by Sex

All Male patients Female patients
Characteristics N = 179 n = 86 n = 93

Age, y 67.7 (12.1) 68.9 (12.4) 66.6 (11.8)
Height, cm 159.8 (8.8) 165.9 (6.3) 154.2 (6.8)
BMI, kg/m2 24.1 (3.7) 24.3 (3.8) 23.8 (3.6)
Smokers, current/former, n (%) 4 (2.2)/75 (41.9) 4 (4.7)/55 (63.9) 0 (0)/20 (21.5)
Pack-years 20.7 (31.5) 34.7 (37.4) 7.54 (16.1)
Duration of asthma, y 12.8 (12.7) 13.6 (13.9) 12.1 (11.6)
Diabetes mellitus, n (%) 35 (19.6) 24 (27.9) 11 (11.8)
ICS use, n (%) 158 (88.3) 76 (88.4) 82 (88.2)
ICS dose high, % 44 (24.6) 17 (19.8) 27 (29.0)
OCS use, n (%) 15 (8.4) 4 (4.7) 11 (11.8)
Biologic use, n (%) 5 (2.8) 3 (3.2) 2 (2.3)
GINA severe, n (%) 102 (57.0) 47 (54.7) 55 (59.1)
FEV1, L 2.05 (0.66) 2.25 (0.72) 1.86 (0.54)
FEV1/FVC, % 69.8 (9.3) 66.1 (9.6) 73.2 (7.7)
%predicted FEV1, % 86.6 (21.1) 82.6 (20.5) 90.3 (21.1)
FVC, L 2.94 (0.86) 3.45 (0.84) 2.47 (0.56)
%predicted FVC, % 94.9 (19.2) 94.7 (20.6) 95.3 (17.8)
Blood neutrophil count,/mL 4046.9 (1466.9) 4149.2 (1310.5) 3952.3 (1599.5)
Blood eosinophil count,/mL 202.0 (102.6-346.3) 229.1 (160.4-388.6) 152.0 (88.6-337.2)
WA% third, % 58.9 (4.8) 58.4 (5.1) 59.5 (4.5)
WA% fourth, % 61.8 (5.5) 61.7 (5.6) 61.9 (5.3)
AFD 1.75 (0.05) 1.75 (0.05) 1.75 (0.05)
ALR 0.03 (0.01) 0.03 (0.01) 0.03 (0.01)

Abbreviations: AFD, airway fractal dimension; ALR, airway-to-lung size ratio; BMI, body mass index; GINA, Global Initiative for Asthma; ICS, inhaled corticosteroid; OCS, oral cortico-
steroid; FEV1, forced expiratory volume in 1 sec; FVC, forced vital capacity; WA%, wall area percent.
NOTE. Values indicate the mean (SD), median (IQR), or n (%);
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CI] = �1.54 [�2.87 to �0.21], P = .02). A lower PM density was also
associated with a lower AFD and greater WA% in the fourth genera-
tion of female patients with asthma (AFD: estimate [95% CI] = 0.01
[0.001- 0.02], P = .03; WA%: estimate [95% CI] = �1.30 [�2.49 to
�0.11], P = .03). Furthermore, the associations of ESM density with
WA% in the fourth-generation airways and AFD and of PM density
with AFD remained significant even in the multivariable models,
including only female patients with asthma without oral corticoste-
roid or biologics treatment (eFigure 3).
Comparison of Airway Computed Tomography Parameters in Patients
With Asthma Stratified by the Lower Limit of Normal of Pectoralis or
Erector Spinae Muscle Density

As illustrated in eFigure 4, the LLN of PM and ESM density was
determined using the data of controls (LLN of PM density, 31.7 HU
Table 3
Correlation Coefficients Between the Skeletal Muscle Density, Adipose Tissue Areas, and Airw

Variables WA% (third) WA% (fourth)

Control Asthma Control Ast

Male sex
PM density �0.09 �0.12 �0.18 �0
ESM density �0.12 �0.01 �0.26 �0
SAT area 0.19 0.01 0.07 �0
EAT area 0.06 �0.05 0.22 0

Female sex
PM density �0.13 �0.21a �0.07 �0
ESM density �0.07 �0.16 0.15 �0
SAT area 0.29 0.04 0.37a 0
EAT area 0.35a 0.05 0.30 0

Abbreviations: AFD, airway fractal dimension; ALR, airway-to-lung size ratio; EAT, epicardia
adipose tissue; WA%, wall area percent.
NOTE. The data are expressed as Pearson correlation coefficients, and their significance is ind
aP < .05.
bP < .01
cP < .001.
and 21.0 HU for male and female patients; LLN of ESM density, 35.2
HU and 28.4 HU for male and female patients). In eFigure 5, when
patients with asthma were divided into those with low ESM (or PM)
density and those with high ESM (or PM) density on the basis of the
LLN for ESM (or PM) density, PM and ESM density below the LLN
were associated with higher WA% in the fourth generation airway
and lower AFD in female patients with asthma but not in male
patients with asthma.
Discussion

This study found that the PM and ESM density were lower in
female patients with asthma who were 60 years old and younger
than in healthy controls who were between 40 and 60 years old,
even after adjusting for BMI. Moreover, a lower density of both PM
and ESM was associated with a greater WA% in the fourth-generation
ay Structure on Computed Tomography in All Patients With Asthma and Controls

ALR AFD

hma Control Asthma Control Asthma

.09 �0.09 �0.01 0.16 0.06

.17 0.12 �0.02 0.18 0.25a

.01 0.09 0.10 �0.05 �0.08

.00 0.08 0.11 �0.02 �0.10

.30b 0.16 0.16 0.19 0.37c

.23a 0.01 0.04 �0.13 0.23a

.10 �0.27 �0.10 �0.16 �0.24a

.22a �0.26 0.01 0.02 �0.34c

l adipose tissue; ESM, erector spinae muscle; PM, pectoralis muscle; SAT, subcutaneous

icated as follows:



Figure 4. Scatterplots for skeletal muscle density and WA% in the subsegmental airway or AFD in male and female patients with asthma. a) and b) Associations between PM and
ESM density andWA% in the fourth generation and AFD in male patients are illustrated as a scatter plot. c) and d) The associations in female patients are illustrated. Pearson’s corre-
lation coefficient is depicted in each graph, and its significance is illustrated as follows: *P < .05. **P < .01, ***P < .001. AFD, airway fractal dimension; ESM, erector spinae muscle;
PM, pectoralis muscle; WA%, wall area percent.
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airways and a lower AFD in female patients with asthma after adjust-
ments for BMI and other potential confounding factors, whereas such
associations were not found in female controls. To the best of our
knowledge, this is the first study to report the associations of skeletal
muscle density with wall thickening of the central airways and less
complexity of the airway lumen tree in female patients with asthma.

The associations of lower ESM and PM density with a greater WA%
in the fourth-generation airways independent of BMI were found in
female patients. These data extend the previous finding that a lower
Figure 5. Multivariable models for the relative associations of skeletal muscle density and
asthma. Multivariable models that included each CT parameter, age, height, body mass index
pendent variables. a) and b) indicate the models for male and female patients, respectively. T
for each CT parameter. AFD, airway fractal dimension; CT, computed tomography; EAT, epic
neous adipose tissue; WA%, wall area percent.
density of paraspinal muscles (which was equal to ESM in this study)
was associated with a subsequent greater decline in forced expiratory
volume in 1 second independent of BMI and worse peripheral airway
resistance and reactance measured with airway oscillometry in
female patients with asthma.8,26 A lower CT density of skeletal
muscles is associated with intramuscular fat and insulin resistance,
which potentially impairs lung function and disease control in
patients with asthma.7,9 Medications that improve insulin resistance,
such as metformin, sulfonylureas, and glucagon-like peptide-1
adipose tissue area with WA% in the subsegmental airways or AFD in patients with
, smoking status, blood eosinophil count, and oral corticosteroid use were used as inde-
he diamonds and lines indicate the standardized coefficients and 95% CIs, respectively,
ardial adipose tissue; ESM, erector spinae muscle; PM, pectoralis muscle; SAT, subcuta-
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receptor agonists, may reduce the symptomatic burden and risk of
exacerbations.6,27,28 Moreover, an increase in serum insulin levels
may cause collagen deposition and smooth muscle proliferation in
the airways in murine models.29 Taken together, our data lead to the
novel hypothesis that intramuscular fat detected as lower ESM and
PM density may induce wall remodeling of the central airways by
means of insulin-related pathways in female patients with asthma.
Because of the lower prevalence of diabetes in female than male
patients with asthma in this study, we further speculate that
improvements in intramuscular fat and insulin resistance might be a
therapeutic target for female patients with asthma even without a
clinical diagnosis of diabetes.

A lower PM and ESM density was associated with a lower AFD in
female patients with asthma independent of BMI in this study. A
lower AFD can reflect the pruning of airway branches, which is possi-
bly because of mucus plugging and luminal narrowing, in patients
with asthma30 and chronic obstructive pulmonary disease.24 More-
over, WA% in the segmental airways is associated with peripheral air-
way resistance and reactance on airway oscillometry in patients with
asthma.31 Together with the observed association between lower
ESM density and higher WA%, we speculate that the increase in intra-
muscular fat may induce greater wall thickening of the relatively
peripheral airways that can reduce luminal narrowing and decrease
the complexity of the airway tree structure in female patients with
asthma. Although WA% in the fifth or more peripheral airways was
not measured because of the limited resolution of the conventional
CT scanner in this study, whether the low PM and ESM density would
be associated with the fifth and sixth generation airways more
closely than with the third and fourth generations in female patients
with asthma should be investigated in future studies using ultrahigh-
resolution CT.32,33

The area of EAT, which represents visceral fat, was greater in
female patients with asthma than in female controls independent of
BMI. However, the EAT area was not associated with the WA% or AFD
in female patients with asthma after adjusting for BMI and other con-
founding factors. The adipose tissue in visceral fat causes low-grade
systemic inflammation.10 In patients with asthma, visceral fat impairs
quality of life and lung function34 and enhances airway hyperrespon-
siveness through leptin overexpression.35 Moreover, a previous study
reported that visceral fat was associated with WA% on CT in patients
with asthma who were infected with HIV; however, it did not assess
the relative associations of visceral fat and BMI with WA%.36 The lack
of associations of EAT with WA% or AFD after adjusting for BMI in this
study extends those findings, suggesting that visceral fat does not
have additional impacts on airway structure over BMI in patients
with asthma.

In the multivariable models adjusted for BMI, significant differen-
ces in the density of ESM and PM and areas of EAT between controls
and patients with asthma were observed in female patients but not
in male patients. These findings confirm and extend a previous report
on the lower ESM in female patients with asthma.8 Obesity is more
problematic in female patients with severe asthma.1,2,37 The airway
lumen is narrower in female than male individuals, even among
healthy ones.23 Therefore, we speculate that the impact of intramus-
cular fat on airway morphology may be greater in female than in
male patients with asthma.

This study has clinical implications. The ESM and PM density and
the SAT and EAT area can be quantified when chest CT is available.
Because chest CT is performed in clinical practice for various reasons,
including lung cancer screening, consideration of treatment with bio-
logics for severe asthma, and differential diagnosis of cough and dys-
pnea, the use of these CT parameters may contribute to a more
personalized understanding of the underlying pathophysiology and
therapeutic management in patients with asthma. However, there
were several limitations regarding this study. First, the retrospective
nature of the study may have generated selection bias in the choice
of patients with asthma who underwent CT imaging. However, we
believe that the consecutive enrolment of nearly 200 patients with
asthma in comparison with healthy controls should increase the
validity of the findings. Second, a causal relationship between intra-
muscular fat and airway structure cannot be established because of
the cross-sectional nature of the study. Third, because of radiation
exposure, it is difficult to perform serial CT assessments, especially in
younger patients with asthma. There is a need to evaluate the poten-
tial of alternative methods such as bioelectrical impedance analysis
and airway oscillometry for assessing intramuscular fat and airway
remodeling in patients with asthma.

In conclusion, this study revealed that lower skeletal muscle den-
sity is a feature of female patients with asthma and is associated with
central airway remodeling and less complexity of the airway lumen
tree structure (independent of BMI). These findings increase the
understanding of airway-extrapulmonary organ interactions in
asthma and may contribute to more personalized management of
patients with uncontrolled asthma associated with metabolic disor-
ders.
Supplementary Data

Supplementary material associated with this article can be found
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eFigure 2. Scatterplots for PM and ESM density, SAT and EAT area, and blood neutrophil count and eosinophil count stratified by sex in patients with asthma. a) The associations of
PM and ESM density, SAT and EAT area with blood neutrophil count are illustrated as a scatterplot. b) The associations with blood eosinophil count are illustrated. Spearman’s corre-
lation coefficient is depicted in each graph, and its significance is illustrated as follows: **P < .01. EAT, epicardial adipose tissue; ESM, erector spinae muscle; PM, pectoralis muscle;
SAT, subcutaneous adipose tissue.
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eFigure 3. Sensitivity analysis: multivariable models for the relative associations of fat-related CT metrics with WA% in the subsegmental airways or AFD in patients with asthma
without oral corticosteroid and biologic use. Multivariate models that included each CT parameter, age, height, body mass index, smoking status, and blood eosinophil count were
used as independent variables. a) and b) indicate the models for male and female patients, respectively. The diamonds and lines indicate the standardized coefficients and 95% CIs,
respectively, for each CT parameter. AFD, airway fractal dimension; CT, computed tomography; EAT, epicardial adipose tissue; ESM, erector spinae muscle; PM, pectoralis muscle;
SAT, subcutaneous adipose tissue; WA%, wall area percent.

eFigure 4. Histograms of PM and ESM density in male and female controls. a) and b) indicate data for male and female patients, respectively. The vertical lines on the x-axis indicate
the lower limit of normal calculated as the mean −1.645 SD. ESM, erector spinae muscle; PM, pectoralis muscle.
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eFigure 5. Comparisons of PM and ESM density andWA% in the fourth generation or AFD between below and above LLN in patients with asthma stratified by sex. Using the LLN val-
ues calculated from male and female controls, respectively, we divided the patients with asthma into 2 groups for each sex. a) WA% for the fourth generation airways and b) AFD
were compared in male patients. c) WA% for the fourth generation airways and d) AFD were compared in female patients. *P < .05, **P < .01. AFD, airway fractal dimension; ESM,
erector spinae muscle; LLN, lower limit of normal; PM, pectoralis muscle; WA%, wall area percent.

eTable 1
Multivariable Models Adjusted by BMI for Associations of PM and ESM Density and SAT and EAT Area in Controls and Patients With Asthma Stratified by Sex

Variables PM density ESM density SAT area EAT area

Male
Asthma �0.51 (�1.12 to 0.11) �0.49 (�1.14 to 0.17) 0.06 (�0.47 to 0.59) �0.16 (�0.69 to 0.36)
BMI �0.26 (�0.52 to �0.003)a �0.02 (�0.29 to 0.25) 0.59 (0.37-0.82)b 0.64 (0.42-0.86)b

Female
Asthma �0.48 (�0.89 to �0.07)a �0.61 (�1.09 to �0.13)a 0.24 (�0.06 to 0.55) 0.71 (0.29-1.11)b

BMI �0.49 (�0.69 to �0.29)b �0.16 (�0.39 to 0.08) 0.76 (0.61-0.91)b 0.41 (0.21-0.61)b

Abbreviations: BMI, body mass index; EAT, epicardial adipose tissue; ESM, erector spinae muscle; PM, pectoralis muscle; SAT, subcutaneous adipose tissue.
NOTE. Each model included disease (asthma vs control) and BMI as independent variables. Values indicate the standardized estimate (95% CI).
aP < .05.
bP < .001.
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