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Lean mass predicts asthma better than fat
mass among females

A. Sood*, C. Qualls*, R. Li*, M. Schuyler*, W.S. Beckett’, L.J. Smith",
B. Thyagarajan®, C.E. Lewis’ and D.R. Jacobs Jr***# for the CARDIA Investigators

ABSTRACT: The obesity phenotype associated with asthma is not known. Our objective was to
define the relative contribution of various distributions of fat and lean mass to asthma prevalence.

Data were obtained from 2,525 participants (including 1,422 females) who underwent dual-
energy X-ray absorptiometry (DEXA) at the year 20 examination in the Coronary Artery Risk
Development in Young Adults (CARDIA) cohort. Total, truncal, arm and leg distributions of fat and

lean mass were adjusted to the person’s height. Self-reported asthma was the outcome.

Asthma among females was associated with greater total fat mass, arm fat mass, total lean
mass, truncal lean mass and arm lean mass. Among males, none of these mass measures were
significantly associated with asthma. Among females, the association with asthma was stronger
for total lean mass than for total fat mass. Further, among various regional distributions of lean
and fat mass in females, truncal lean mass was the strongest predictor.

Total lean mass is more strongly associated with asthma than total fat mass among females.
These findings are contrary to the popular perception that excess physiological fat drives the
obesity-asthma association. Rather, we hypothesise that ectopic fat within the “lean” tissues

drives this association among females.
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besity is a risk factor for asthma, particu-
o larly among females [1-3]. The mechan-

istic basis for the association between
obesity and asthma is unknown and was con-
sidered a research priority at a United States
National Heart, Lung and Blood Institutes work-
shop [3]. A major limitation of the obesity—asthma
literature is that it has focused on body mass
index (BMI) to define obesity. It is now known
that a large value for BMI is in fact a collection of
various phenotypes, some, but not all, relating to
adiposity. It is unclear whether asthma is asso-
ciated with a specific phenotype of obesity.

Various distributions of fat and skeletal muscle
(such as in the trunk, arm and leg) may have
varying mechanical and inflammatory properties
and consequent health-related effects. For instance,
truncal fat may carry a higher risk than arm or leg
fat for diseases that constitute the metabolic
syndrome [4]. In fact, leg fat may be “metabolically
protective” and may mitigate insulin resistance [5].
Further, truncal fat may have greater mechanical
impact on forced vital capacity than arm or leg fat,

an effect that may be important in asthma patho-
genesis [6]. Truncal fat itself is a collection of fat
compartments with varying metabolic activity,
including visceral, deep abdominal wall subcuta-
neous and superficial abdominal wall subcutaneous
fat. Among the various components of truncal fat,
visceral fat is the most strongly correlated with
features of the metabolic syndrome [4]. While
visceral fat may be a relatively more important
source of adiponectin [7], abdominal subcutaneous
fat may be a relatively more important source of
leptin [8]; these adipokines have opposing associa-
tions with asthma [1, 9]. Furthermore, it has become
increasingly apparent that intramuscular fat is
strongly associated with insulin resistance [10]
and low serum adiponectin concentrations [11],
although its relationship with asthma is not known.
The objective of this study was to define the relative
contributions of various distributions of fat and lean
mass to asthma prevalence in males and females
separately. Since this is the first study in the
literature to evaluate the various distributions of
fat and lean mass in relation to asthma, we chose a
cross-sectional study design.
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METHODS

Study design

This was a cross-sectional data analysis from the year 20
examination of the prospective Coronary Artery Risk
Development in Young Adults (CARDIA) cohort. During
1985-1986, CARDIA randomly recruited 5,115 black and white
males and females, 18-30 yrs of age, from the general
population of Birmingham, AL, Chicago, IL and Minneapolis,
MN, and from the membership of the Oakland Kaiser-
Permanente Health Plan in Oakland, CA (USA). Follow-up
examinations were completed 2, 5, 7, 10, 15 and 20 yrs later.
Detailed methods, instruments and quality control procedures
are described at the CARDIA website [12] and in other
published reports [13, 14]. Retention of CARDIA participants
has been excellent, as 3,549 persons were examined at the Year
20 examination, constituting 72% of the survivors from the
baseline cohort. Of those examined at year 20, 2,705 partici-
pants (76.2%) underwent dual-energy X-ray absorptiometry
(DEXA) examination. After excluding those with former
asthma (n=180) at year 20, data on 2,525 participants were
analysed. Participants with former asthma were excluded in
the primary analysis to obtain the greatest discrimination
between those with current asthma and without asthma.
Alternate analyses were performed by separately combining
participants with former asthma with either of the two groups
with current or never asthma. Self-reported information was
obtained from all participants using standardised question-
naires. Height and weight were measured by certified
technicians using standardised equipment with participants
wearing light clothing and no shoes.

DEXA

DEXA (Hologic QDR 4500; Hologic, Bedford, MA, USA) was
used to determine fat mass and lean mass (i.e. nonfat and
nonbone soft tissue content) for the whole body and its regions
(i.e. trunk, arms and legs). DEXA-assessed lean mass primarily
comprises of skeletal muscle and visceral mass but includes fat
deposits present within and around muscle and viscera.
Analogous to the commonly used BMI, all DEXA-assessed
mass measures were adjusted for the person’s height [15].
Additional details about DEXA measurements and quality
control are provided in the supplementary material. As
discussed in the depository, we noted no evidence of selection
bias on the obesity—asthma association with respect to DEXA
measurement at year 20 examination.

Outcome

Participants with self-reported current asthma were compared
to those without asthma. Current asthma was defined as
participant self-report of healthcare provider-diagnosed
asthma at any time plus either presence of current asthma
symptoms during the previous 12 months or a validated
participant report of current use of asthma medication(s). This
definition is more stringent than in most epidemiological
studies, where provider diagnosis is the sole criterion for
defining asthma [16]. Validation of medication use was
performed whenever possible by direct examination of the
medication containers by study personnel. Those who never
reported having asthma or taking asthma medications at any
of the examinations were included in the referent group.
Former asthma was similarly defined as participant self-report
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of provider-diagnosed asthma at any time, plus absence of
both current asthma symptoms during the previous 12 months
and current use of asthma medication(s).

Covariates

All multivariate models include the following covariates: self-
reported smoking status, race, age, study centre at which the
DEXA was performed and physical activity; all of which were
measured at the Year 20 examination. Smoking status was
treated as a categorical variable, comprising current, former
and never-smokers. The frequency of participation in a range
of specific heavy- and moderate-intensity physical activities in
the previous year was obtained from a validated questionnaire
[17]. Data were converted into a weighted physical activity
score (in exercise units), using the methods of FOLSOM ef al. [18].
The score was logarithmically transformed because of its non-
normal distribution.

Statistical analysis

Tertiles of predictor variables were studied since several
variables were not normally distributed, despite logarithmic
transformation. Multivariate logistic regression analyses were
used in males and females separately (since our previous
studies had demonstrated the obesity—asthma association only
in females) [1, 2]. The effect of total lean and fat mass measures
on asthma was separately studied after adjusting for covariates
and is presented as minimally adjusted models. Each mass
measure was then adjusted for the other, presented as a full
model, to obtain the stronger predictor. Similar analyses for
additional components of fat and lean mass were performed,
as discussed in the supplementary information. Multiplicative
interactions of sex on the associations between various
predictor measures and asthma status were also studied. A
two-sided p-value of <0.05 was considered statistically
significant for all tests. All statistical analyses were performed
using the Statistical Analysis Software (SAS) package version
9.1 (SAS Institute, Cary, NC, USA). All subjects gave informed
consent for their participation in the study. This study was
approved by the Institutional Review Boards at University of
New Mexico, Albuquerque, NM and at each of the CARDIA
study sites.

RESULTS

Participant characteristics

Data on 2,525 subjects (1,103 males and 1,422 females) were
analysed. Almost twice as many females (146 or 10.3%) as
males (59 or 5.3%) had asthma. As expected, males had greater
lean mass and lesser fat mass than females in all regions of the
body (p<<0.001, table 1). For every unit of total fat mass, males
had approximately twice as much total lean mass as females. A
greater proportion of fat mass was distributed in the trunk in
males, as compared to females.

Fat and lean mass measures associated with asthma

In bivariate analyses (table 1), females with asthma had greater
fat and lean mass than females without asthma, irrespective of
the region of distribution (p <0.02 for all analyses). Interestingly,
males with asthma had lower mass measures than males without
asthma, but these differences were not significant.

In multivariate analyses, total fat mass and arm fat mass were
both positively associated with asthma among females

EUROPEAN RESPIRATORY JOURNAL
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=88 B Distribution of selected characteristics among males and females according to asthma status at the Coronary Artery
Risk Development in Young Adults (CARDIA) year 20 examination
Characteristic Males Females
Asthma p-value Asthma p-value
Present Absent Present Absent
Subjects n 59 1044 146 1276
Demographic characteristics
Age yrs 449+36 452435 0.56 452437 452437 0.85
Black subjects 32.2 40.6 0.20 57.5 45.9 0.008
Household income <$25,000 17.2 1.9 0.23 20.7 15.8 0.13
Physical activity exercise units 343.8 (67.6-1749.0) 292.9 (36.7-2339.3) 0.15 165.7 (8.8-2495.9) 172.4 (11.8-2528.0) 0.21
Current smokers 17.0 20.7 0.63 24.7 15.4 0.01
Presence of hay fever” 57.6 28.5 <0.001 44.5 28.4 <0.001
BMIY kg-m™ 27.6+4.2 28.3+5.7 017 31.0+7.1 28.947.0 <0.001
Mass indices’ kg-m™?
Fat
Total 6.4+28 6.6+2.7 0.42 11.7+4.6 10.4+4.5 0.001
Trunk 32415 34+15 0.48 52422 46+23 0.002
Arm 0.8+05 0.8+0.4 0.67 1.841.1 1.5+1.0 0.003
Leg 2.0+0.9 21+0.9 0.33 43+1.7 40+1.6 0.02
Lean
Total 20.142.2 207437 0.22 18.242.7 17.3+2.7 <0.001
Trunk 97+1.2 99+1.8 0.47 89+1.3 85+1.3 <0.001
Arm 2.6+0.4 27+06 0.25 1.9+0.4 1.8+0.4 <0.001
Leg 6.6+0.9 6.8+1.2 0.31 6.0+1.1 5.8+1.1 0.004

Data are presented as mean +sb, % or geometric mean (95% Cl), unless otherwise stated. Chi-squared and unpaired t-tests were used as appropriate. *: all variables
were measured at CARDIA year 20 examination except for the presence of hay fever (which was assessed at the year 0 examination on 1,098 males and 1,419 females).
Y analogous to the commonly used body mass index (BMI), all DEXA-assessed mass measures were adjusted to the height of the person by dividing the mass (in kg) by
the square of height (in m), the difference between total and sum of the components of fat and lean mass was due to the head measures, and tertiles of BMI (<25.5, 25.5—

30.2 and >30.3 kg-m™) corresponded well to the standard definitions of normal weight, overweight and obese.

(p<0.02 for both analyses; weak sex interactions with p<0.13
for both analyses; table 2). Surprisingly, truncal fat mass was
not significantly associated with asthma in either sex in the
multivariate analysis. Total lean mass, truncal lean mass and
arm lean mass were positively associated with asthma in
females (p <0.004 for all analyses; sex interactions with p <0.11
for all analyses). Neither fat nor lean mass measures were
significantly associated with asthma among males.

Relative contributions of fat and lean mass measures
towards asthma

To better understand the relative contributions of fat and lean
mass measures towards the odds for asthma, we first
performed correlational analysis between corresponding fat
and lean mass measures (table 3). The overall correlations
were stronger among females than males. However, formal
tests of collinearity suggested that the corresponding fat and
lean mass variables were not collinear. Further, in order to
quantify the relative contributions of total fat mass and total
lean mass to the odds for asthma among females, we
performed multivariate logistic regression analyses (table 4).
In the minimally adjusted models, total lean mass was found to
be a slightly stronger predictor of asthma among females than
total fat mass. Adjusting total lean mass for total fat mass (in

EUROPEAN RESPIRATORY JOURNAL

the full model) did not eliminate the association of total lean
mass with asthma among females. On the other hand,
adjusting total fat mass for total lean mass reduced the
association of total fat mass with asthma among females to a
nonsignificant level. This suggests that lean mass is a stronger
predictor for asthma among females than fat mass and that the
lean mass—asthma association is not confounded by fat mass.

We further analysed the relative contribution of the various
distributions of fat and lean mass to the odds for asthma in
females in table 5. Among various measures of lean and fat
mass studied, truncal lean mass and arm fat mass were found
to be the strongest predictors of asthma respectively among
females in the minimally adjusted models. After full adjust-
ment, truncal lean mass remained a strong predictor of asthma
among females but arm fat mass did not. However, leg lean
mass was inversely associated with asthma among females.
Truncal fat mass was, however, not associated with asthma
among females.

Alternate analytic strategies

Alternate analytic strategies are discussed in the supplemen-
tary material and show no effect of atopy, menopause or race
on the described associations. We reanalysed the data,
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1y-\:={ 858 Multivariate analyses of the associations of asthma with tertiles of various obesity measures at the Coronary Artery Risk
Development in Young Adults (CARDIA) year 20 examination

Mass measures Males

Mass measure-by-sex multiplicative
interaction p-value

Females

OR (95% CI) p-value OR (95% CI) p-value

Subjects n 103 1422

BMI 1.0 0.39 1.0 0.006 0.01
0.87 (0.47-1.58) 1.48 (0.91-2.43)
0.60 (0.28-1.25) 2.10 (1.33-3.30)

Mass indices

Fat
Total 1.0 0.47 1.0 0.01 0.13

0.69 (0.38-1.25)
0.92 (0.39-2.17)
Trunk 1.0 0.38
0.67 (0.37-1.21)
0.74 (0.35-1.58)
Arm 1.0 0.86
0.97 (0.55-1.70)
0.74 (0.25-2.19)
Leg 1.0 0.85
0.85 (0.46-1.58)
1.11 (0.38-3.28)
Lean
Total 1.0 0.15
0.49 (0.21-1.15)
0.43 (0.19-1.01)
Trunk 1.0 0.52
1.11 (0.44-2.81)
0.80 (0.32-2.03)
Arm 1.0 0.07
0.26 (0.08-0.86)
0.27 (0.08-0.86)
Leg 1.0 0.44
0.62 (0.27-1.40)
0.60 (0.26-1.37)

1.40 (0.76-2.59)
2.13 (1.21-3.78)

1.0 0.07 0.13
1.27 (0.75-2.16)
1.71 (1.05-2.76)

1.0 0.02 0.08
1.80 (0.92-3.50)
2.46 (1.30-4.66)

1.0 0.07 0.75
1.04 (0.50-2.15)
1.60 (0.80-3.20)

1.0 <0.001 0.005
2.07 (1.37-3.12)
2.18 (1.33-3.55)

1.0 <0.001 0.11
1.72 (1.14-2.59)
2.32 (1.48-3.64)

1.0 0.004 0.003
1.87 (1.26-2.80)
2.23 (1.18-4.21)

1.0 0.07 0.17
1.61 (1.07-2.41)
1.27 (0.77-2.09)

All analyses were adjusted for age, race, clinical centre, smoking status and log-transformed physical activity score. All mass measures were height-adjusted by dividing
the mass (in kg) by the square of height (in m). Lowest tertile for each measure was used as referent value. Similar results were obtained after additional adjustment for
atopic status (as evidenced by self-reported hay fever) at baseline (year 0) examination. BMI: body mass index. Bold indicates statistically significant p-values. n=2,525.

including participants with former asthma among either of the
two groups with current asthma and never-asthma and
obtained similar results. Principal components analysis was
performed and showed that no combination of regional fat and
lean mass measures was superior to truncal lean mass alone in
predicting asthma in females.

DISCUSSION

We found that increased total lean mass was associated with
higher odds for asthma only among females in this cross-
sectional analysis nested within the prospective CARDIA study.
This association was stronger than the association of total fat
mass with asthma among females. Among all the regional fat
and lean mass measures, truncal lean mass was the strongest
predictor. However, neither fat nor lean mass measures were
associated with asthma among males. These findings are
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contrary to the popular perception that excess physiological
fat drives the obesity—asthma association in females.

Why might greater lean mass be associated with higher odds
for asthma among females? DEXA-assessed ““lean” mass is not
entirely fat-free but includes the smaller and highly metabolic-
ally active ectopic fat within the skeletal muscle and viscera.
SUTHERLAND et al. [19], in their study of lung function,
suggested that, while lean mass was a measure of muscle bulk
in males, excess lean mass in females was a measure of obesity.
It is therefore possible that excess ectopic fat may explain our
findings in obese females.

Intramuscular fat infiltration, also described in lay terms as
“marbling of muscle”, is more pronounced in females than
males, independent of overall obesity [20, 21]. Consistent
with these observations, our data demonstrate that positive

EUROPEAN RESPIRATORY JOURNAL
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17:\:1B58 Correlation coefficients between dual-energy
X-ray absorptiometry-assessed fat and lean

mass measures in males and females at the
Coronary Artery Risk Development in Young
Adults (CARDIA) year 20 examination

Fat and lean mass components Males Females
Subjects n 1103 1422
Total fat verus total lean mass 0.52 0.77
Truncal fat versus truncal lean mass 0.53 0.73
Arm fat versus arm lean mass 0.38 0.67
Leg fat versus leg lean mass 0.53 0.72

Body mass index tertile cut points used in this analysis were <25.5, 25.5-30.2
and >30.3 kg-m™. The p-values for all correlation coefficients in the table were
<0.001. An expanded table is provided in supplementary table E2.

correlations between lean mass and fat mass measures are
stronger among obese females than obese males (table 3).
Further, intramuscular fat is associated with high systemic
leptin and low systemic adiponectin concentrations [11, 22-25]
and increased expression of tumour necrosis factor (TNF)-o
[22], changes possibly associated with asthma [1, 9, 23].

Additionally, truncal lean mass includes visceral fat compo-
nents that may be associated with asthma. Visceral fat,
constituting only about 10% of total fat, surrounds and
infiltrates internal organs in the intrathoracic, intra-abdominal
and intrapelvic compartments. Our study is unable to show
whether a specific component of visceral fat (such as epicardial
or hepatic fat) drives the obesity-asthma association in
females. Nevertheless, pro-inflammatory adipokines expressed
by visceral fat components may have direct access to portal
and systemic circulation [24], accounting for the disproportion-
ately greater inflammatory effect of visceral fat relative to its
small size. Furthermore, like intramuscular fat, visceral fat may
be associated with high systemic leptin and TNF-o. and low
systemic adiponectin concentrations [25-29], changes again
possibly associated with asthma [1, 9, 22]. Also, truncal mass
(of which there is disproportionately more lean than fat mass)
may have direct mechanical effects on diaphragmatic position

ASTHMA AND ALLERGY

and movement and chest wall recoil that may increase airway
responsiveness [30].

Unlike truncal lean mass, which was positively associated with
asthma among females, we report that leg lean mass was
inversely associated with asthma among females. One possible
explanation is that skeletal muscle in different regions may
have different metabolic and inflammatory effects [31].
However, the bases for these differences remain unknown.

Our study also suggests that lean mass may be a better
predictor than fat mass for asthma among females. A plausible
explanation is that the smaller ectopic fat depots (components
of DEXA-assessed lean mass) may be more important from the
inflammatory standpoint than the larger, physiological fat
depots.

Furthermore, why might arm fat (which constitutes approxi-
mately 13% of total fat) be a better predictor for asthma among
females than other, larger fat compartments in the body
(table 5 and supplementary table E3)? Arm fat may have a
different metabolic profile compared to either truncal fat or leg
fat [32]. Relative to other fat compartments, leg fat may
enhance serum adiponectin concentrations and be ““metabolic-
ally benign” [31]. However, truncal fat is not a uniform
compartment but includes two subcomponents with varying
metabolic activity: superficial abdominal subcutaneous fat that
is metabolically benign and deep abdominal subcutaneous fat
that is metabolically active (similarly to visceral fat) [33].
However, since DEXA cannot separate these two subcompo-
nents, the net effect of truncal fat mass on asthma in females
may be neutralised.

We also note a sexual dimorphism of specific lean mass
measures with respect to asthma, since the odds ratios are
directed oppositely in males and females. This is not due to the
smaller height in females, since height-adjusted mass indices
were used for these analyses. Possible explanations include the
effect of sex hormones, gonadotrophic hormones or sex
hormone-binding globulin, sex-specific effects of adipokines,
sex-specific differences in adiponectin isoform distribution and
intramuscular lipid deposition.

Finally, participants with asthma at CARDIA year 20 examina-
tion were mostly of intermittent or mildly persistent severity.

):\=1B S8 Multivariate analysis showing a stronger association of total lean mass than total fat mass on asthma in females at the
Coronary Artery Risk Development in Young Adults (CARDIA) year 20 examination

Fat and lean mass Minimally adjusted model

Full model

component
OR for third tertile versus

first tertile (95% CI)

Overall p-value

OR for third tertile versus
first tertile (95% Cl)

Overall p-value

Total lean mass
Total fat mass

2.18 (1.33-3.55)
2.13 (1.21-3.78)

<0.001
0.01 1.46 (0.77-2.77) 0.52

1.87 (1.04-3.36) 0.03

To assess the relative strength of the associations of both total fat and lean mass on asthma, we show the effect of each of our two measures in separate logistic
regression analyses in the minimally adjusted model and each of their effect after adjustment for the other measure in the full model. In addition, both minimally adjusted
and full models were adjusted for covariates: age, race, clinical centre, smoking status and log-transformed physical activity score. Similar results were obtained after
additional adjustment for atopic status (as evidenced by self-reported hay fever) at baseline (year 0) examination.
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1).\:18 5850 Multivariate analysis of six lean and fat mass components showing that truncal lean mass has the strongest positive
association with asthma among females (n=1,422) at the Coronary Artery Risk Development in Young Adults (CARDIA)

year 20 examination

Fat and lean mass Minimally adjusted model Full model
components
OR for the third tertile only (95% CI) Overall p-value OR for the third tertile only (95% CI) Overall p-value

Truncal fat mass 1.71 (1.05-2.76) 0.07 0.66 (0.29-1.49) 0.58

Arm fat mass 2.46 (1.30-4.66) 0.02 2.51 (0.86-7.31) 0.17

Leg fat mass 1.60 (0.80-3.20) 0.07 0.83 (0.31-2.21) 0.41
Truncal lean mass 2.32 (1.48-3.64) <0.001 2.81 (1.39-5.69) 0.02

Arm lean mass 2.23 (1.18-4.21) 0.004 1.79 (0.82-3.91) 0.22

Leg lean mass 1.27 (0.77-2.09) 0.07 0.40 (0.19-0.84) 0.02

To assess the relative strength of association of various components of fat and lean mass on asthma, we show the effect of each component in separate logistic
regression analyses in the minimally adjusted model and each of their effect after adjustment for all other components in the full model. Each row presents the third tertile
compared to the first. In addition, both minimally adjusted and full models were adjusted for covariates: age, race, clinical centre, smoking status, and log-transformed
physical activity score. Similar results were obtained after additional adjustment for atopic status (as evidenced by self-reported hay fever) at baseline (year 0)

examination. Bold indicates statistically significant p-values.

Thus, systemic steroid intake for the treatment of asthma was
reported by only two participants at that examination, both
being males. Therefore, we do not think our findings can be
explained by the effect of systemic steroids on the repartition
of fat and lean tissues.

The strengths of our study include its sex-specific stratified
analysis, well-defined study population set within a cohort
structure, adjustment for physical activity and use of DEXA
data to assess regional body composition. Instead of using
absolute mass obtained DEXA, we have adjusted all mass
measures for height, which may allow for better comparison of
individuals of different sizes [34]. Furthermore, the study
results generate innovative hypotheses regarding the mechan-
istic basis for the obesity—asthma association.

Nevertheless, DEXA itself has some limitations. Current DEXA
software assumes a constant water content of lean mass, but
whether this is true in fluid-overloaded obese populations is
unknown. DEXA inaccurately assesses ectopic fat as lean mass.
Its accuracy in the obese may also be adversely affected by the
effect of increased body thickness on beam hardening and
increased body size falling outside the scan range or scanner
weight limit. Although whole-body region DEXA strongly
correlates with site-specific DEXA, the measurement may
provide somewhat different estimates. Several limitations of
DEXA may be overcome in future studies of the role of the
lipid content of skeletal muscle and viscera in asthma by using
computerised tomography, magnetic resonance spectroscopy
or histopathological techniques.

The study has some additional limitations as well. Atopic
status was measured not at year 20 but at year 0 examinations,
using self-report. The results of this study may not be
generalisable to populations other than black and white
subjects. This study will not be able to evaluate objectively
defined asthma phenotypes. Self-reported asthma definitions
are well accepted in the epidemiological literature but may
result in misclassification bias [16, 35]. However, this bias is
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likely to be nondifferential between obese and nonobese
populations [35]. Nondifferential misclassification biases the
estimate of association towards the null value and is unlikely
to produce a spurious effect [16]. Finally, this is an observa-
tional, cross-sectional study which allows for hypothesis
generation but does not prove causality or the direction of
association. However, prior prospective studies have sug-
gested that obesity precedes asthma and not vice versa [16].

Our findings that increased total lean mass is more strongly
associated with asthma than fat mass among females are
contrary to the popular perception that excess physiological fat
drives the obesity—asthma association. Rather, we hypothesise
that ectopic fat within the lean tissues drives this association
among females. Our cross-sectional results do allow for
innovative hypothesis generation in the field of obesity and
asthma. However, our hypotheses would need further con-
firmation with longitudinal study designs and/or use of more
sophisticated techniques of measuring ectopic fat, such as
computed tomography and magnetic resonance spectroscopy.
If true, decreasing ectopic fat mass, and not simply increasing
the fat-free lean mass or decreasing physiological fat mass,
would be a reasonable goal in the prevention and treatment of
asthma among obese females.
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SUPPLEMENTAL METHODS:

Dual-energy X-ray Absorptiometry (DEXA):

DEXA uses attenuation of X-ray radiation for a non-invasive, validated measurement of fat mass, lean mass (i.e.
non-fat and non-bone soft tissue content) and bone mass for the whole body and its regions. DEXA-assessed lean
mass primarily comprises of skeletal muscle and visceral mass, including small fat deposits present within and
around muscle and viscera. Using standard algorithms (Hologic QDR 4500), subjects were placed in a supine
position with arms and legs close to their body for a whole body scan. The truncal region extends downwards from
a line drawn parallel to and through the base of the neck, separated from arms by a line drawn through the arm
socket, and separated from legs by a line perpendicular to the axis of the femoral neck and angled with the pelvic

brim.

Instrument quality control was monitored by scanning daily an anthropomorphic hydroxyapatite spine phantom
(Hologic Spine Phantom) scanned by each instrument participating in the study, according to the instrument quality
control scanning protocol [E1l]. Cross-calibration of DEXA scanners was evaluated by circulating a cross-
calibration phantom (Hologic whole body phantom) to all participating clinical centers; each machine acquired 10
scans of this phantom. The phantom data was collected and centrally analyzed by Synarc, Inc. during the course of
the study. Although the phantom differences between machines were minor, study results were adjusted for clinical

center.

Analogous to the commonly used body mass index (BMI), all DEXA-assessed mass measures were adjusted for the
person’s height [E2]. With this definition, the different compartments are additive components of BMI. While those
with DEXA measured at year 20 examination had lower BMI and lower asthma rates compared to those without

DEXA, the obesity-asthma association was not different between the two groups (p for the interaction between



group with and without DEXA and BMI on asthma was 0.76). There was therefore no selection bias on the obesity-

asthma association with respect to DEXA measurement at year 20 examination.

Statistical analysis

Supplemental tables were constructed using various distributions of lean and fat mass measures separately,
consisting of the odds ratios of the third relative to the first tertile only in minimally adjusted logistic regression
models in the first column set, and the odds ratio for each component adjusting for the all the remaining mass

components in the final column set.

SUPPLEMENTAL RESULTS:

Correlational analyses

The distribution of various fat and lean mass measures by BMI tertiles for men and women separately are provided
in the Supplemental Table E1. We also performed correlational analyses between corresponding fat and lean mass
measures in order to understand the inter-relationships among these variables (Supplemental Table E2, condensed
information in main text Table 3). These correlations were weakly negative in men and absent in women in the
lowest BMI tertile. On the other hand, these correlations were positive for both men and women in the highest BMI
tertile. The overall correlations were stronger among women than men. Formal tests of collinearity demonstrated

that the corresponding fat and lean mass variables were not collinear.

Alternate Analytical Strategies

We reanalyzed the data by including participants with former asthma among either of the two groups with current
asthma and never asthma and obtained similar results. We further adjusted for atopic status (as assessed by self-
report of hay fever) at baseline (year 0) examination and found similar results as well. Atopic status at year 20

examination was not available. Exclusion of 25 underweight subjects (1%) revealed similar results. Interactions



between menopausal status and various mass measures on asthma were also evaluated among women — being
significant only for arm fat (p = 0.01) with a stronger association among premenopausal women as compared to
postmenopausal women (OR of 3.03 vs. 1.17). Interactions between race and various mass measures on asthma

were not significant in men or women separately.

In order to protect for over-adjustment in our analyses in Table 5 in the main text, we repeated the analyses using
three lean mass measures alone (Supplemental Table E3) and three fat mass measures alone (Supplemental Table
E4) separately. The results for the fully adjusted model in these tables were similar to the corresponding results in
Table 5 in the main text. We further analyzed our mass measure variables two at a time and obtained similar results
as Table 5 in the main text. Principal components analysis was also performed and showed that no combination of

regional fat and lean mass measures was superior to truncal lean mass alone in predicting asthma in women.

We also tested the possibility that our results in Table 5 in the main text were due to misclassifying early COPD
among subjects with asthma. We first excluded those with FEV/FVC percent ratio of less than 70 and found
similar results with even stronger associations. We then excluded current smokers from our analysis and again

found similar results as in Table 5.

We further tested the possibility that our results were affected by prepubertal onset of asthma by excluding those
with asthma developing at age prior to 10 years. We found similar results as in Table 5 in the main text with even

stronger associations.

SUPPLEMENTAL DISCUSSION:

In Tables 2, 4 and 5 in the main text, we intentionally did not additionally adjust for BMI where the predictor

variables in the analyses were components of BMI. As such, our results can be considered a detailed analysis of the



effect of BMI on asthma. Our strategy also limits over-adjustment bias.



SUPPLEMENTAL TABLES:

Table E1: Distribution of fat and lean mass measures by BMI tertiles for men and women; CARDIA

calendar year 20.

Fat and Lean Men \Women
BMI BMI BMI BMI BMI BMI

Mass Components All . . . All . . .
(in kg /m2) (n=1,103) Tertile 1 | Tertile 2 | Tertile 3 (n=1422) Tertile 1 | Tertile 2 | Tertile 3
’ (n=319) | (n=468) |(n=316) i (n=522) [(n=374)| (n=526)
Total Fat Mass 6.6+27 |42+14163+£131(96+23[105+45]63+1.6[|98+1.4|152+33

233+

Total Lean Mass 20.5+£3.6|18.1+1.5(20.2+1.6 50 174+£2.71152+1.4|16.9+1.2(20.0+2.3
Truncal Fat Mass 34+15 120+08132+£09(50+13]| 46+23 (25+09(|44+09]|69+1.8
Truncal Lean Mass | 9.8 +1.8 [ 8.6+0.89.7+0.7 112'15i 85+13 [75+0.7(83+0.6]9.7+1.2
Arm Fat Mass 08+04 |05+02]10.7+£02(12+05(1.6+1.0 |0.8+03(13+04(25+1.1
Arm Lean Mass 27+06 |[23+04(26+0413.0+0.7| 1.8+04 |1.6+02|1.8+0.3(2.1+0.43
Leg Fat Mass 21+09 | 14+£05(20+£0.5({3.0+09| 40+1.6 [2.7+0.7|3.8+0.7|55+1.6
Leg Lean Mass 68+13 |59+07167+£06|7.7+1.7|58+1.1 |[49+0.6(56+0.6|68=+1.0

Note 1: All variables were measured at year 20 examination.
Note 2: BMI tertile cut points used in this analysis were <25.5, 25.5-30.2, and > 30.3 kg/m”.




Table E2: Correlation coefficients between DEXA-assessed fat and lean mass measures in men and women;
CARDIA calendar year 20.

Men Women

Fat and Lean All BMI BMI BMI All BMI BMI BMI
Mass Components (n=1,103) * Tertile 1 | Tertile 2 | Tertile 3 (n=1422) Tertile 1 | Tertile 2 | Tertile 3
’ (n=319) | (n=468) |(n=316) ’ (n=522) |(n=374)| (n=526)

Total Fat v. Total 0.52 -0.12 -0.28 0.36 0.77 -0.005 -0.34 0.54
Lean Mass p<0.001 | p=0.04 | p<0.001 |p<0.001| p<0.001 | p=0.91 | p<0.001 | p<0.001

Truncal Fat v. Truncal|  0.53 0.17 -0.05 0.30 0.73 0.10 -0.01 0.50
Lean Mass p<0.001 | p=0.003 | p=0.33 |p<0.001| p<0.001 | p=0.02 | p=0.83 | p<0.001

Arm Fat v. Arm Lean 0.38 -0.03 -0.01 0.28 0.67 -0.02 0.17 0.61
Mass p<0.001 | p=0.54 | p=0.82 |p<0.001| p<0.001 | p=0.59 | p<0.001 | p<0.001

Leg Fatv. Leg Lean 0.53 -0.08 -0.13 0.44 0.72 0.06 0.07 0.58
Mass p<0.001 | p=0.17 | p=0.006 | p<0.001| p<0.001 | p=0.16 | p=0.15 | p<0.001

Note 1: All variables were measured at year 20 examination.
Note 2: BMI tertile cut points used in this analysis were <25.5, 25.5-30.2, and > 30.3 kg/m”.



Table E3: Multivariable analysis showing a stronger association of truncal lean mass than other lean mass
components on asthma in women; CARDIA calendar year 20.

Minimally adjusted model Full model
Fat and Lean Mass
Component OR for third tertile vs. first | Overallp | OR for third tertile vs. first | Overall p
tertile (95% CI) value tertile (95% CI) value
Truncal Lean Mass 2.32(1.48, 3.64) <0.001 2.90 (1.49, 5.62) 0.007
Arm Lean Mass 2.23 (1.18,4.21) 0.004 1.78 (0.82, 3.85) 0.20
Leg Lean Mass 1.27 (0.77, 2.09) 0.07 0.44 (0.21, 0.89) 0.03

Note 1: To assess the relative strength of the associations of the various lean mass components on asthma, we show
the effect of each component in separate logistic regression analyses in the minimally adjusted model and each of
their effect after adjustment for the other components in the full model. In addition, both minimally adjusted and
full model were adjusted for the following covariates - age, race, clinical center, smoking status, and log-
transformed physical activity score. Each row presents the third tertile compared to the first.

Note 2: In the minimally adjusted model, truncal lean mass was found to be a stronger predictor of asthma in
women than the other lean mass components. In the full model after adjustment for other lean mass components,
truncal lean mass was a significant positive predictor; leg lean mass became a significant negative predictor; and
arm lean mass did not predict asthma in women.

Note 3: All variables were measured at CARDIA year 20 examination

Note 4: Similar results were obtained after additional adjustment for atopic status (as evidenced by self-reported
hay fever) at baseline (year 0) examination.



Table E4: Multivariable analysis of three fat mass components showing that arm fat mass may have the
strongest association with asthma among women (n = 1,422); CARDIA calendar year 20.

Minimally-adjusted model Fully Adjusted model
Fat Mass Component|OR for the third tertile only] Overall p OR for the third tertile only | Overall p
(95% CI) value (95% CI) value
Truncal Fat Mass 1.71 (1.05, 2.76) 0.07 0.88 (0.41, 1.89) 0.80
Arm Fat Mass 2.46 (1.30, 4.66) 0.02 3.03 (1.07, 8.62) 0.11
Leg Fat Mass 1.60 (0.80, 3.20) 0.07 0.77 (0.29, 2.02) 0.50

Note 1: To assess the relative strength of association of various components of fat mass on asthma, we show the
effect of each component in separate logistic regression analyses in the minimally adjusted model and each of their
effect after adjustment for the other components in the full model. In addition, both minimally adjusted and full
model were adjusted for the following covariates - age, race, clinical center, smoking status, and log-transformed
physical activity score. Each row presents the third tertile compared to the first.

Note 2: In the minimally-adjusted model (in the first set of columns), arm fat mass was found to be a stronger
predictor of asthma in women than the other fat mass components. In the full model after adjustment for other fat
mass components, arm fat mass showed a weak trend towards a significant positive association while other fat mass
measures did not predict asthma in women.

Note 3: All variables were measured at CARDIA year 20 examination.

Note 4: Similar results were obtained after additional adjustment for atopic status (as evidenced by self-reported
hay fever) at baseline (year 0) examination.
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