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Abstract

Rationale: Extrapulmonary manifestations of asthma, including
fatty infiltration in tissues, may reflect systemic inflammation and
influence lung function and disease severity.

Objectives: To determine if skeletal muscle adiposity predicts
lung function trajectory in asthma.

Methods: Adult SARP III (Severe Asthma Research Program III)
participants with baseline computed tomography imaging and
longitudinal postbronchodilator FEV1% predicted (median
follow-up 5 years [1,132 person-years]) were evaluated. The mean
of left and right paraspinous muscle density (PSMD) at the 12th
thoracic vertebral body was calculated (Hounsfield units [HU]).
Lower PSMD reflects higher muscle adiposity. We derived PSMD
reference ranges from healthy control subjects without asthma.
A linear multivariable mixed-effects model was constructed to
evaluate associations of baseline PSMD and lung function
trajectory stratified by sex.

Measurements and Main Results: Participants included 219
with asthma (67% women; mean [SD] body mass index, 32.3
[8.8] kg/m2) and 37 control subjects (51% women; mean [SD]
body mass index, 26.3 [4.7] kg/m2). Participants with asthma had
lower adjusted PSMD than control subjects (42.2 vs. 55.8 HU;
P, 0.001). In adjusted models, PSMD predicted lung function
trajectory in women with asthma (b=20.47 D slope per 10-HU
decrease; P= 0.03) but not men (b= 0.11 D slope per 10-HU
decrease; P= 0.77). The highest PSMD tertile predicted a 2.9%
improvement whereas the lowest tertile predicted a 1.8% decline
in FEV1% predicted among women with asthma over 5 years.

Conclusions: Participants with asthma have lower PSMD,
reflecting greater muscle fat infiltration. Baseline PSMD predicted
lung function decline among women with asthma but not men.
These data support an important role of metabolic dysfunction in
lung function decline.
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Lung function decline in asthma is associated
with increased morbidity andmortality (1).
Previous studies have demonstrated that
increased airway inflammation, mucus
plugging, frequent exacerbations, smoking
history, genetics, and airway remodeling are
potential risk factors for lung function
decline in asthma (2–7). Recent data from
the NHLBI SARP (Severe Asthma Research
Program), a longitudinal cohort of subjects
with mild to severe asthma enriched for
severe asthma (�60%), showed that failure
to improve FEV1% predicted after receiving
parenteral corticosteroids was a predictor of

severe lung function decline (8). Although
several pulmonary predictors of lung
function decline in asthma have been
investigated, the contribution of
extrapulmonary factors has not been well
characterized.

Skeletal muscles play a vital role in
lung function, and prior studies have
demonstrated that sarcopenia is associated
with reduced lung function in both normal
healthy control subjects and individuals with
chronic obstructive pulmonary disease (9, 10).
Furthermore, independent of muscle mass,
muscle composition or density is an important
index of the metabolic quality of the muscle
(11). Skeletal muscle adiposity, a metric of
skeletal muscle metabolic quality, can be
measured noninvasively using noncontrast
computed tomography (CT) (12). Lower
muscle attenuation on CT is reflective of
increased muscle adiposity (12). Skeletal
muscle adiposity, as measured using CT
imaging increases with age and female sex,
is associated with systemic metabolic
disturbances such as obesity, insulin
resistance, and reduced muscle oxidative
capacity, and is an independent predictor
of skeletal muscle strength, highlighting
the importance of the metabolic quality
of skeletal muscle for normal function
(11, 13, 14). The paraspinous muscles are
a common and validated anatomical
region to assess skeletal muscle adiposity
on CT (15–17). Previous studies have
demonstrated important sex-specific
differences in CT attenuation measures of
skeletal muscles (14). Given that metabolic
dysfunction in asthma is associated with
more severe asthma, we hypothesized that
participants with asthma have more
paraspinous muscle adiposity compared
with healthy control subjects and that
baseline muscle attenuation on CT would

predict longitudinal lung function decline
in the SARP cohort (18, 19). We also
hypothesized that there would be effect
modification of this association by sex.

Methods

Participants with Asthma
SARP III is a prospective cohort study of 709
participants (526 adults, 183 adolescents)
investigating the mechanisms and
phenotypes of severe asthma (20). Details of
the baseline definitions and characteristics of
this cohort have previously been described
(21). The subjects were enrolled for their
baseline examinations from 2012 to 2015.
For this investigation, to avoid the
confounding effect of adolescent lung
growth, we included only adult (>18 years of
age) participants (8). The study was
approved by the institutional review boards
of all participating centers. All participants
provided written informed consent. Our
analysis included the 219 SARP participants
who elected to undergo noncontrast chest
CT imaging at the baseline visit, with lung
function measures and complete baseline
covariate data (Figure 1).

Control Participants
Asymptomatic community participants
referred for CT colonography screening were
recruited to serve as control subjects for this
study (22). Between February 2013 and June
2014, a total of 50 consecutive participants
were recruited (22). The study was approved
by the institutional review board, and all
participants provided oral and written
informed consent. Of the 50 consecutive
participants, 37 were included in the present
study; 8 were excluded for current asthma
and 5 for current diabetes mellitus (Figure 1).

At a Glance Commentary

Scientific Knowledge on the
Subject: Body composition analysis
from computed tomography (CT)
images of the body and chest has
been shown to be reflective of
outcomes for various diseases and a
metric for sarcopenia. What is not
well understood is how body
composition, as defined from CT,
helps predict lung function in
individuals with asthma.

What This Study Adds to the
Field: We show that CT
measurement of the Hounsfield unit
density of the erector spinae
musculature at the T12 vertebral
body level predicts lung function
loss over time in women with
asthma. This suggests that the
metabolome, as quantified by CT
body composition, is of potential
importance for asthma outcomes.
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Chest CT Methodology
The quantitative CTmethods used in this
multicenter study have been previously
published using the SPIROMICS
(Subpopulations and Intermediate Outcome
Measures in COPD Study) methodology
(23). For the control participants, CT data
were acquired using a dual-energy 64-slice
multidetector row CT scanner (GE
Discovery CT750 HD; GEHealthcare).
Muscle attenuation was measured in the
right and left erector spinae muscles at the

12th rib (paraspinous muscle density
[PSMD]) on a picture archiving and
communication system workstation
(Change; McKesson) using a defined region
of interest with an area range of 500–510mm2

(Figure 2) (24). The average of right
and left PSMDwas then calculated.
Three experienced readers performed all
measurements. For reader reproducibility
assessment, three blinded readers read 26
scans representing all clinical sites. The
intraclass correlation coefficients for

intrareader reproducibility were 0.96 for
right PSMD and 0.92 for left PSMD. Fleiss’s
kappa values for interreader agreement (for
all three readers) of dichotomized (above and
below the mean) left and right PSMD
indicated substantial to almost perfect
agreement (0.66 and 0.89, respectively) (25).

Airway volume measured on CT was
calculated using VIDA software (VIDA
Diagnostics). Airway generations 3–6
from each participant’s baseline chest CT
examination were segmented, and the
luminal volumes were calculated. Body
surface area (BSA) was calculated using
the Du Bois method (26). Airway volume
was adjusted for BSA by performing a
linear regression of airway volume on BSA
and sex (allowing for a different intercept
for each sex but similar slopes, as the
interaction term was not significant).
The residual from the model is used for
analyses.

Lung Function Assessment
Details of spirometry andmaximum
bronchodilator reversibility measures in
SARP have been previously described (20).
Annual measures were performed according
to the American Thoracic Society guidelines.
Normative comparisons were assessed using
the Global Lung Function Initiative data set
(27). Consistent with other reports from
SARP, we used postbronchodilator
measurements (four puffs of 90 μg/dose of

NIH/NHLBI Severe Asthma Research Program: 526 Adults Enrolled 

N = 219 included in 
longitudinal PSMD- lung 
function analysis 

Excluded due to: 
 N = 304 without baseline 
 CT/PSMD 
 N = 1 missing baseline lung 
 function

Community Based Controls N = 50 

Excluded due to: 
 N = 8 with asthma 
 N = 5 with diabetes 

N = 37 Healthy Controls 

Asthmatic Participants

Healthy Control
Participants

Figure 1. Strengthening the Reporting of Observational Studies in Epidemiology patient flow diagram. CT=computed tomography;
PSMD=paraspinous muscle density.

Figure 2. Example of paraspinous muscle density (PSMD) measurement on noncontrast
computed tomography images. The method for measurement of the PSMD at the T12
costovertebral junction is illustrated. The right 12th rib’s junction with the T12 vertebral body is
the axial location for the measurement on that scan. A 500-mm2 region of interest is used. In
this case, right PSMD has an average value of 42.89 HU, and left PSMD has an average value
of 40.01 HU. These two measurements are then averaged to yield the mean PSMD for the
participant on this specific examination. HU=Hounsfield units; Max=maximum;
Min=minimum; Perim=perimeter.
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metered-dose inhaler albuterol) as the
primary outcome (8).

Biologic Covariates
A complete blood count with differential
and eosinophil count was obtained at
baseline. Oral corticosteroid use in the
preceding year was verified at the baseline
examination visit. History of asthma
exacerbations was obtained at enrollment
on the basis of self-reported increased
asthma symptoms that led to the need
for systemic corticosteroid courses
lasting>3 days (28). Whole blood was
collected following a 12-hour fast in a
subset of participants at examination visit
6 or 7 in Fisher lithium heparin tubes for
analysis of plasma glucose and insulin and
Fisher plasma ethylenediaminetetraacetic
acid tubes for analysis of HbA1c. Plasma
IL-6 was measured at baseline in a subset
of participants using ultrasensitive ELISA
(Quantikine HS Human IL-6
Immunoassay; R&D Systems).

Statistical Analysis
Baseline descriptive statistics are reported as
mean (SD) for continuous variables and as
percentages for categorical variables. Paired
t tests were used to compare baseline
continuous variables, the Kruskal-Wallis
nonparametric test for ordinal variables, and
chi-square tests for categorical variables
between the SARP participants in the CT
subset and those in the non-CT subset.
Comparison of characteristics in participants
with asthma and control subjects was done
using ANOVA. Associations of factors with
PSMD at baseline were analyzed using linear
regression. Amixed-effects linear regression
model was used to investigate the association
of baseline PSMD and lung function
trajectory over all annual study visits,
adjusting for biologic confounders. This
model was fit with the FEV1% predicted
measurement at each time and random
slopes and intercepts for each participant.
A series of models were created by adding
potential known biological confounders into
each model: model 1 was unadjusted; model
2 was adjusted for age and sex; model 3 was
also adjusted for baseline blood eosinophils
and asthma exacerbations; model 4 was also
adjusted for baseline oral corticosteroid use;
andmodel 5 was also adjusted for baseline
body mass index (BMI). All models use the
baseline covariate with an interaction term
for visit (to assess the effect of the covariate
on the slope). These models allow subjects

with only baseline data to still contribute to
the analyses. The models allow for separate
associations for each covariate with the
intercept and the slope (interaction of
covariate with the time measure). Our lung
trajectory primary model results focus on the
slope terms, where b values represent the
shift in slope per decrease of 10 Hounsfield
units (HU) in PSMD. The models are
centered on PSMD at 50 HU. The slope term
in the model estimates the slope at this
PSMD level, and the interaction term
represents the shift in this slope as PSMD
decreases.

Potential differences in the associations
by sex were evaluated by testing for an
interaction among sex, visit, and PSMD.
The interaction P value was less than 0.10
(Pinteraction = 0.07), which is suggestive
evidence of effect modification to warrant
stratified models (29). Consistent with
reporting guidelines, our results are
presented as sex stratified (14, 29, 30).
Eosinophil count was log transformed for
analyses. IL-6 was measured in a subset of
SARP participants at the baseline
examination. Serummarkers of insulin
sensitivity were not measured at baseline but
were measured in a subset of participants at
examination 6 or 7. Sensitivity analyses were
performed on the subsets with IL-6
measured at baseline (n=151) and markers
of insulin sensitivity including glucose
(n=151), insulin (n=151), homeostasis
model assessment–estimated insulin
resistance (n=151), and Hb A1c (n=169) at
examination visits 6 and 7 (see the online
supplement). Current or significant smoking
history (.5 pack-years if,30 years of age
and.10 pack-years if.30 years of age) was
an exclusion criterion for the SARP III
cohort and therefore was not included in our
primary models (20). A sensitivity analysis
was performed adjusting for smoking status
(ever/never) and duration (see the online
supplement). Statistical analysis and figures
were generated using SAS 9.4 and SAS/JMP
software (SAS Institute). All statistical tests
were two-sided, with P, 0.05 indicating
statistical significance without adjustment for
multiple comparisons.

Results

Participant Characteristics
The characteristics of the 219 participants
with asthma who underwent CT imaging
(CT subgroup) are shown in Table 1.

The subgroup was very similar to the entire
SARP III cohort, although the CT subgroup
was slightly more likely to have severe
asthma (Table 1). These 219 participants
contribute 1,132 person-years, with a median
follow-up duration of 5 years. The female
participants with asthma, compared with
the male participants, had higher baseline
BMI (33.7 vs. 31.0 kg/m2; P=0.03), higher
prebronchodilator FEV1% predicted (75.9%
vs. 65.6%; P, 0.001), and lower (worse)
PSMD (41.5 vs. 44.2 HU; P=0.04) (Table 1).

The 37 healthy control subjects had a
mean (SD) age of 55.6 (5.0) years and a mean
(SD) BMI of 26.3 (4.7) kg/m2. Compared
with control subjects, and regardless of sex,
participants with asthma were younger
(P, 0.001) and had higher BMI (P, 0.001).
Fifty-one percent of control subjects were
female, and there were no sex differences in
age (P=0.67) and BMI (P=0.73).

PSMD in Participants with Asthma
and Control Participants
Among control subjects, women had lower
PSMD compared with men (mean [SD], 51.8
[14.9] vs. 57.2 [5.0] HU; P=0.076), with
similar findings among participants with
asthma: women had significantly lower
PSMD compared with men (mean [SD], 41.5
[9.3] vs. 44.2 [8.5] HU; P=0.04) (Figure 3).
Overall, participants with asthma had lower
unadjusted PSMD compared with control
subjects (mean [SD], 42.4 [9.1] vs. 54.4 [11.4]
HU; P, 0.001), this was consistent for both
sexes (P, 0.001 for both). In age- and BMI-
adjusted models, both female and male
participants with asthma had lower PSMD
compared with control subjects (P, 0.001
for both).

Asthma Characteristics by
PSMD Tertile
The descriptive statistics of asthma-related
characteristics by baseline PSMD tertile are
shown in Table 2. Overall, many of the
asthma-related characteristics within each
PSMD tertile were similar between men and
women, except for age and BMI. The
participants in the lowest (worst) tertile of
PSMDwere older (men: first tertile PSMD
[highest] mean [SD] age, 42.0 [13.7] yr vs.
third tertile [lowest] PSMDmean [SD] age,
54.3 [10.2] yr [P=0.005]; women: first tertile
PSMD [highest] mean [SD] age, 41.0 [12.3]
yr vs. third tertile [lowest] PSMDmean [SD]
age, 52.8 [12.9] yr [P, 0.001]) and had
higher BMI (men: first tertile PSMD
[highest] mean [SD], 27.6 [4.8] kg/m2 vs.
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third tertile [lowest] PSMDmean [SD], 36.1
[6.9] kg/m2 [P, 0.001]; women: first tertile
PSMD [highest] mean [SD], 29.9 [7.8] kg/m2

vs. third tertile [lowest] PSMDmean [SD],
39.0 [10.3] kg/m2 [P, 0.001]). Similarly,
participants in the lowest (worst) tertile of
PSMD, both men and women, had larger
BSAs. Asthma control–related characteristics
(exacerbations, Asthma Control Test score)
and length of time with asthma did not differ
by tertile of baseline PSMD (P. 0.05). BSA-
adjusted airway volume was lower in those in
the lowest tertile of PSMD (P=0.03 in men,
P=0.002 in women). Both men and women
have airway volumes below expected for
their BSA when PSMD is in the lowest (third)
tertile and above what is expected when the
PSMD is in the highest (first) tertile (Table 2).

PSMD and Longitudinal Lung
Function Trajectory
To evaluate for the association of PSMD and
lung function change, a series of a priorimixed
models adjusting for biologic confounders

Table 1. Baseline Characteristics, Sex Stratified: Entire Severe Asthma Research Program Cohort Compared with Computed
Tomography Subgroup

Full SARP Cohort and CT Subgroup Sex Stratified in CT Subgroup

Full SARP Data CT Subgroup P Value Men Women P Value

Analytic sample size, n 526 219 73 146
Age, yr* 47.6613.8 47.26 14.0 0.58 46.66 14.5 47.5613.7 0.66
Sex†

Male 174 (33.1) 73 (33.3) 0.92
Female 352 (66.9) 146 (66.7)

Duration of asthma, yr* 27.9615.7 28.06 14.8 0.95 29.66 16.2 27.2614.1 0.25
Primary race†

White 341 (64.8) 144 (65.8) 0.70 51 (69.9) 93 (63.7) 0.66
Black 141 (26.8) 55 (25.1) 16 (21.9) 39 (26.7)
Other 44 (8.4) 20 (9.1) 6 (8.2) 14 (9.6)

Body mass index, kg/m2* 32.56 8.4 32.868.8 0.43 31.066.7 33.76 9.6 0.03
Severe asthma†

No 216 (41.1) 71 (32.4) ,0.001 20 (27.4) 51 (34.9) 0.26
Yes 310 (58.9) 148 (67.6) 53 (72.6) 95 (65.1)

Maintenance OCS†

No 456 (86.7) 185 (84.5) 0.21 61 (83.6) 124 (84.9) 0.79
Yes 70 (13.3) 34 (15.5) 12 (16.4) 22 (15.1)

Number of controller therapies‡ 2 (2–3) 2 (2–3) 0.06 2 (2–3) 3 (2–3) 0.53
Exacerbations in prior 6 mo‡ 1 (0–2) 1 (0–3) 0.42 0 (0–2) 1 (0–3) 0.12
ACT score* 16.96 4.8 16.465.0 0.07 16.265.1 16.66 5.0 0.58
MARS score* 22.06 3.2 22.163.1 0.69 22.263.5 22.06 2.9 0.67
Pre-BD FEV1% predicted* 72.3620.4 72.56 20.0 0.85 65.66 18.8 75.9619.8 ,0.001
Maximum albuterol reversibility* 11.36 7.9 11.067.8 0.39 11.469.8 10.86 6.6 0.57
PSMD, HU* 42.469.1 44.268.5 41.56 9.3 0.04

Definition of abbreviations: ACT=Asthma Control Test; BD=bronchodilator; CT=computed tomography; HU=Hounsfield units;
MARS=Medication Adherence Report Scale; OCS=oral corticosteroids; PSMD=paraspinous muscle density; SARP=Severe Asthma Research
Program.
*Distribution for continuous measures is mean6SD.
†Distribution for categorical measures is n (%).
‡Distribution for ordinal measures is median (interquartile range).

MALE

N = 73
20

P
S

M
D

 (
H

U
) 40

60

N = 19

N = 18

P<.001

PSMD distribution in controls and asthmatics

P<.001

N = 146

FEMALE

Control Asthmatic

Figure 3. Comparison of mean PSMD in control subjects and participants with asthma,
stratified by sex. HU=Hounsfield units; PSMD=paraspinous muscle density.
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were constructed; b values represent the shift
in FEV1% predicted slope per 10-HU decrease
in PSMD. In unadjustedmodels, PSMD
was not associated with FEV1% predicted
trajectory in men (unadjusted shift in slope:
b=0.01 per 10-HU decrease; P=0.98) but
was associated in women (unadjusted shift
in slope: b=20.59 per 10-HU decrease;

P, 0.001). This association remained in
a series of models adjusting for biologic
confounders (Table 3). In fully adjusted,
sex-stratified models, baseline PSMD strongly
predicted future lung function trajectory in
women (shift in slope per 10-HU decrease:
b=20.47; 95% confidence interval,20.90 to
20.04; P=0.03) but not in men (shift in

slope per 10-HU decrease: b=0.11; 95%
confidence interval,20.66 to 0.89; P=0.77).
Expected FEV1% predicted slopes by
baseline PSMD tertiles are displayed in
Figure 4. In fully adjusted models, for
women, if baseline PSMD is in the highest
tertile, the expected FEV1% predicted would
increase by about 2.9% from baseline

Table 3. Association of Baseline Paraspinous Muscle Density and Lung Function Trajectory in the Severe Asthma Research
Program

Male Female

b 95% CI P Value b 95% CI P Value

Model 1 0.01 20.59 to 0.61 0.98 20.59 20.94 to 20.25 ,0.001
Model 2 20.01 20.68 to 0.66 0.97 20.54 20.90 to 20.17 0.004
Model 3 20.03 20.73 to 0.66 0.92 20.58 20.95 to 20.22 0.002
Model 4 20.05 20.79 to 0.68 0.89 20.58 20.95 to 20.22 0.002
Model 5 0.11 20.66 to 0.89 0.77 20.47 20.90 to 20.04 0.03

Definition of abbreviation: CI = confidence interval.
Model 1 is unadjusted. Model 2 is adjusted for age and sex. Model 3 includes model 2 parameters plus baseline blood eosinophils and asthma
exacerbations. Model 4 includes model 3 parameters plus baseline oral corticosteroid use. Model 5 includes model 4 parameters plus baseline
body mass index.
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Figure 4. Sex-stratified baseline paraspinous muscle density (PSMD) and lung function decline by tertile of PSMD. The sex-stratified model of
tertiles of baseline mean PSMD predicting longitudinal FEV1% predicted slope from mixed-effects models is illustrated. (A) Unadjusted (model 1).
(B) Adjusted for asthma clinical variables (age, eosinophils, oral corticosteroid use, and exacerbations; model 4). (C) Also adjusted for BMI (model 5).
This shows the trend for change in FEV1% predicted in the SARP (Severe Asthma Research Program) III cohort over the 5-year period of
observation according to baseline computed tomography PSMD. Only women showed a significant loss in lung function with lower PSMD.
BMI=body mass index; HU=Hounsfield units.
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through 5 years. However, as PSMD
decreases, the slope decreases, eventually
showing an FEV1% predicted decline of
about 1.8% over the 5 years when baseline
PSMD is in the lowest tertile for women.
A sensitivity analysis found no attenuation of
the association of PSMD and lung function
trajectory in women whenmodel 5 included
or excluded the respective biomarker in the
subsets of participants with available data
(see Table E1 in the online supplement).

Discussion

In a large, longitudinal, severe asthma cohort
with a median 5 years of follow-up, PSMD,
an easily measurable, highly reproducible CT
imaging biomarker of skeletal muscle
adiposity, was lower (higher adiposity) in
participants with asthma compared with
healthy control subjects and worse in female
participants with asthma compared with
male participants with asthma. In female
participants with asthma, PSMD
independently predicted longitudinal lung
function decline. Women with asthma had
higher baseline BMI compared with men
with asthma, and the association of PSMD
and lung function decline in female
participants with asthma persisted after
adjustment for BMI. PSMD and BMI are
highly correlated measures, and both reflect
systemic metabolic disturbance. Although
BMI is a general measure of metabolic
disturbance, PSMD represents a tissue-level
proxy for metabolic disturbance, and among
women with asthma, this measure provides
additional predictive capability in lung
function trajectory. Adjustment for plasma
insulin sensitivity markers and IL-6, an
adipokine and a marker of systemic
inflammation, in sensitivity analyses did not
attenuate the association of baseline PSMD
and lung function trajectory in women,
suggesting that PSMDmay provide
additional predictive capability beyond the
serum assessments of metabolic disturbance
and inflammation.

PSMD offers a reproducible measure
that is obtainable on noncontrast CT of the
chest, which may have already been
obtained, especially in difficult-to-control or
severe asthma to identify associated
conditions or exclude confounding
conditions. Clinically, identification of
individuals with asthma at high risk of the
morbidity of future longitudinal lung
function decline has the potential to

influence important clinical management
considerations. First, there is heterogeneity in
how individuals with asthma perceive
asthma control, often having a higher
(more uncontrolled) personalized threshold
for the definition of control compared
with standardized asthma questionnaire
definitions (31). Knowledge of higher risks of
lung function decline may compel clinicians
and patients to increase efforts to identify
symptoms in “nonperceivers” to improve
congruency with objective measures of
asthma control. Second, poor asthma
medication adherence and persistence
remains a significant clinical problem and is
a risk factor for lung function decline (32).
Identification of patients at high risk for lung
function decline may be informative to both
patients and clinicians in the framework of a
shared decision-making process in exploring
treatment expectations and goals. Third,
PSMD identified subjects with asthma at
high risk for lung function decline
independent of typical airway markers of
risks of lung function decline (exacerbation
history, blood eosinophils), so early
identification of individuals with asthma at
higher risk for lung function decline provides
an opportunity to target, optimize, and
personalize therapeutic interventions to slow
lung function decline. Finally, PSMD is a
marker of systemic metabolic health. Recent
data have demonstrated associations between
treatment of metabolic dysfunction in the
setting of asthma and improved asthma
control. Addressing the metabolic
disturbance present in asthma has the
opportunity to improve systemic health
and asthma control (33).

The association of lung function decline
and PSMDmay have several potential
mechanistic underpinnings. PSMD reflects
an imaging-based, tissue-level proxy for the
presence of systemic metabolic disturbance.
Muscle is the largest source of insulin
sensitive tissue in the body and is the
primary depot for insulin-mediated glucose
uptake (34, 35). Intramuscular fascicle and
perimuscular fascicle fat accumulation
measured by muscle attenuation on CT
imaging are strongly associated with insulin
resistance (11). In obese individuals,
decreased CT attenuation of skeletal muscle
was a more informative imaging marker of
insulin resistance compared with abdominal
and visceral adiposity imaging measures (11).
The metabolic activity of skeletal muscle
is heterogeneous, but PSMD is an ideal
barometer of metabolic disturbance,

as this muscle group is composed primarily
of slow-twitch (type I) muscle fibers,
which have higher insulin sensitivity than
fast-twitch (type II) fibers (36, 37). Although
intramuscular fat deposition is a marker of
systemic insulin resistance, the fat deposited
is metabolically active, through paracrine
signaling of TNF-a (tumor necrosis factor-a),
creating a vicious circle of intramuscular
adipose tissue inducing more insulin
resistance in the muscle, leading to further
intramuscular adipose accumulation (38).
Metabolic disturbance is an emerging risk
factor in asthma that is associated with
asthma severity and lower lung function (39).
In the ARIC (Atherosclerosis Risk in
Communities) study, participants with more
severe diabetes mellitus regardless of asthma
status had lower baseline lung function
parameters andmore rapid lung function
decline over the observational period,
implicating a role of metabolic disturbance
alone in lung function metrics (40).
Mechanistically, the link between systemic
metabolic dysfunction and lung function
decline has not been fully elucidated.
Proposed mechanistic underpinnings include
dysanaptic airway growth, which has
previously been characterized in obese
children with and without asthma; systemic
inflammation affecting airway function; and
potential deleterious effects of insulin
resistance on airway smooth muscle
contractility and remodeling (19, 39, 41–43).
We observed significantly lower
CT-calculated airway volumes of the third-
to sixth-generation bronchi in both sexes in
the lowest (worst) PSMD tertile, after
adjusting for BSA. This may reflect the
impact of body habitus on airway patency,
the end-organ effects of metabolic syndrome
on airway remodeling, or airway tone in
participants with asthma with low PSMD.
Further research into these mechanisms will
be needed. Regardless of the mechanism,
PSMDmay serve as an early marker of
overall systemic metabolic health.

Second, PSMDmay represent a marker
of overall skeletal muscle quality throughout
the body. In the Health ABC (Health, Aging
and Body Composition) longitudinal study,
lower CT attenuation was associated with
reduced skeletal muscle strength, supporting
the hypothesis that skeletal muscle adipose
infiltration is associated with systemic
functional consequences (14). An intensive
strength training program increased
(improved) muscle attenuation measured on
CT and decreased intramuscular adipose
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tissue in a study of elderly women,
supporting the important role of strength
training in modifying intramuscular
adiposity (44).

Third, inflammatory cytokines (IL-6,
TNF-a) are also associated with lower
skeletal muscle strength (45). It has
previously been shown that individuals with
asthma have higher concentrations of these
proinflammatory cytokines in the serum
compared with those without asthma (46).
IL-6 and TNF-a not only drive declines in
muscle strength and quality but have direct
effects on insulin sensitivity and are
hypothesized to serve as a connection in the
observation of increased intramuscular
adiposity and insulin resistance (47). Taken
together, PSMDmay be an imaging
biomarker reflecting the tissue consequences
of chronic inflammation leading to systemic
metabolic disturbance with deleterious
functional effects on skeletal muscle with sex-
specific differences. The strong association of
baseline PSMD and future lung function
trajectory among female but not male
participants with asthma highlights
important sex-specific differences of the
asthma syndrome and requires future
mechanistic studies to further elucidate.

Strengths and Limitations
The present study includes a subset of SARP
participants who elected to undergo CT
scanning. Analysis of baseline patient
characteristics found that participants in the
CT subset and non-CT subset were similar,

excepting a higher proportion of participants
with severe asthma in the CT subset (Table 1).
The longitudinal, observational nature of
SARP provides a few considerations. The
repeated-measures design provides the
potential for unbalanced (mistimed)
outcome assessments andmissing covariate
data. However, we used a mixed-effects
model approach to allow improved statistical
efficiency given the subject-specific random-
effects structure and maximum use of the
available data, even in those with missing
data. This is an observational study;
therefore, the described associations do not
confirm causation. The mixed-effects
regression models were adjusted for
measured known confounders; however,
unmeasured confounding may result in
residual confounding. The primary
hypothesis of this study was to investigate
whether an extrapulmonary imaging
biomarker of skeletal muscle adiposity
predicted lung function decline. Given the
design of SARP and the baseline PSMD
measures, this study cannot delineate the
mechanism or exclude a bidirectional
relationship in the association of PSMD and
lung function decline. The analyses identified
some relationships with airway volume, sex,
and BMI that could not be fully evaluated
with only baseline measures of PSMD.
A sensitivity analysis was performed to
investigate whether plasma markers of
insulin sensitivity or IL-6 would attenuate
this association, and we did not find evidence
of attenuation. This sensitivity analysis

should be interpreted with caution, as the
subset of participants with baseline IL-6 was
small, which may introduce selection bias.
The measures of insulin sensitivity were not
collected at baseline but at examination 6 or
7 and thus may or may not be representative
of insulin sensitivity measures at baseline.
SARP is a U.S.-based severe asthma cohort,
so generalizability to populations outside the
United States and to milder forms of asthma
may be limited.

Conclusions
PSMD is an easily obtainable, reproducible
marker of skeletal muscle adiposity and is
lower (worse) in participants with asthma,
and its baseline measurement predicts
longitudinal lung function decline in women
with asthma. Muscle adiposity as reflected as
low attenuation on CTmay be able to be
improved with strength training. Future
studies are needed to define the mechanistic
insights among PSMD, markers of systemic
inflammation andmetabolic dysfunction,
and lung function trajectory. Indeed, future
studies are also needed to address whether
consistent exercise-based programs in
individuals with severe asthma can result in
less lung function decline over time. Given
the emerging role of metabolic disturbance
in asthma, further investigations into the
mechanisms of this association of PSMD and
lung function decline are warranted.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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