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Abstract

Background : Asthma prevalence decreases post-puberty in males.
Testosterone inhibits airway smooth muscle contraction and attenuates type 2

inflammation.

Objective : To investigate the relationship between serum testosterone and
current asthma prevalence and lung function in a nationally-representative

dataset.

Methods : Serum testosterone and self-reported physician-diagnosed current
asthma were obtained from 7,584 participants ages 6-80 years from the cross-
sectional 2011-2012 National Health and Nutrition Examination Survey
(NHANES). We wused logistic regression to test associations between
testosterone and current asthma, adjusting for demographics and stratifying by
sex and age; linear regression to evaluate correlations between testosterone and
lung function among asthmatic patients; and interaction terms to test for effect
modification by blood eosinophils and FeNO.

Results : Serum testosterone inversely associated with odds of current asthma in
both men and women but this association was nonlinear. Similar protective effect
sizes were observed for both sexes after log.-transformation of serum
testosterone. For every 1-unit increase in log, testosterone, the odds of current
asthma decreased by 11% in men and 10% in women, although the association
was statistically significant in women only among those =12 years old after
multiple imputation. Serum testosterone did not associate with current asthma
prevalence among those <12 years old. Testosterone associated with increases
in FEV; in asthmatic participants of both sexes. Neither blood eosinophils nor

FeNO modified the association between testosterone and current asthma.

Conclusion : Serum testosterone inversely associates with current asthma

prevalence regardless of sex and correlates with better lung function in a



nationally-representative database. Androgen therapy for asthma should be
further investigated.

Highlights

What is already known about this topic?

Sex hormones may underlie the sex disparities observed in asthma.
What does this article add to our knowledge?

Serum testosterone inversely associates with current asthma prevalence and
correlates with greater lung function in a nationally-representative dataset.

How does this study impact current management guide lines?

Androgen therapy should be further evaluated in asthma.

Key words

Asthma, testosterone, androgens, sex disparities, bronchoconstriction, airway
smooth muscle, type 2 inflammation, airway obstruction, FeNO

Abbreviations

BMI: body mass index

FeNO: fractional exhaled nitric oxide

FEV1: forced expiratory volume in the first second of expiration
FVC: forced vital capacity

ILC2: type 2 innate lymphoid cells

NHANES: National Health and Nutrition Examination Survey
PIR: poverty index ratio

PPB: parts per billion
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Introduction

The relationship between sex hormones and asthma is incompletely
understood. Epidemiological studies describe sex disparities in asthma which
fluctuate throughout life(1-4). During childhood, asthma prevalence and morbidity
are higher among males than females(5, 6). A reversal occurs during
adolescence whereby asthma prevalence and morbidity decrease in males and
increase in females(6-10). This sex disparity remains so until menopause(11).
Asthma prevalence and morbidity increase again in males after the fifth
decade(12), when testosterone levels coincidentally decrease(13). These
observations suggest that sex hormones play a pivotal role in asthma
pathobiology.

Airway smooth muscle hypertrophy and hyperplasia are cardinal features
of asthma, and in vitro and in vivo studies have demonstrated that testosterone
attenuates airway smooth muscle hyperplasia and constriction(14, 15). Male sex
hormones (i.e. androgens) seem to attenuate type 2 airway inflammation, which
is present in most asthmatic patients(16-18). These findings suggest that
androgens have effects on cellular targets that may attenuate asthmatic
pathobiology.

Complementary to in vitro and in vivo data in other species, interventional
studies with androgens in humans suggest a potential therapeutic role. Wenzel et
al reported improved Asthma Control Questionnaire (ACQ) scores in patients
with  moderate-to-severe  asthma receiving 70 mg of nebulized

dehydroepiandrosterone-3-sulfate  vs. those receiving placebo (median
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improvement in ACQ =-0.72 vs. -0.43, respectively)(19). Further, epidemiological
data suggest that androgens associate with better lung function in the general
population(20), but a similar large-scale epidemiological study among
phenotypically characterized asthmatic patients has not been conducted. A
recent study also showed that androgens associate with better lung function and
symptom control among adolescents with asthma(21), but although it analyzed
data from well characterized asthmatic patients, it was not nationally-
representative nor did it consider asthma across the ages. Data are lacking on
the relationship between serum testosterone, current asthma prevalence, and
lung function among asthmatic patients in a large, nationally-representative
dataset across the age spectrum. We hypothesized that greater serum
testosterone levels would associate with a lower asthma prevalence and better
lung function among asthmatic participants, and investigated these associations

in regards to markers of type 2 inflammation.
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Methods
Study design and population

Cross-sectional data were obtained from the 2011-2012 National Health
and Nutrition Examination Survey (NHANES). NHANES consists of voluntary
US-based surveys administered every two years to assess non-institutionalized
individuals’ health through interviews, physical exams, and diagnostic
evaluations(22). NHANES was approved by the IRB of the National Center for

Health Sciences of the US CDC. All participants gave informed consent.

Definitions of variables

Questionnaires were used to obtain sociodemographic, respiratory
disease, comorbidity, modified poverty index ratio (PIR), and smoking history
data. A participant was considered to have ‘current asthma’ if he/she responded
affirmatively to both questions: “Has a doctor or other health professional ever
told you that you have asthma?”, and “In the past 12 months have you had
wheezing or whistling in your chest?”. Body mass index (BMI) was categorized
as: <20 (underweight), 20 to <25 (normal weight), 25 to <30 (overweight), and
>30 (obese), accounting for age. Modified PIR was used as a socioeconomic
status measure, defined as a family income to poverty threshold ratio (from the
Health and Human Services Department guidelines; 21, ‘high income’). Smoking
status was classified as ‘never smoked’, ‘ex-smoker’ and ‘active smoker’ using
participants’ answers to the questions “Have you smoked at least 100 cigarettes

in your entire life?” and “Do you now smoke cigarettes?”. A participant was
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considered to be ‘physically active’ if he/she answered affirmatively to any

guestion on vigorous or moderate work or recreational activities.

Lung function and fractional exhaled nitric oxide

Participants had body measurements, spirometry and fractional exhaled
nitric oxide (FeNO) acquired at a subsequent visit to a NHANES clinic.
Spirometry was based on current American Thoracic Society standards(23),
performed using Ohio 822/827 dry-rolling spirometers (Ohio Medical, Gurnee, IL,
USA) Technologists required training by NIOSH. FeNO was measured with NIOX

MINO™ monitors following ATS/ERS 2005 recommendations(24).

Blood eosinophils and serum testosterone

Peripheral blood was collected from participants aged 6+ years during the
NHANES clinic visit, from which eosinophil counts and serum testosterone were
determined. Absolute eosinophil counts were analyzed using Beckman Coulter
method on Coulter® HMX hematology analyzers. Serum testosterone was
measured through isotope dilution liquid chromatography/tandem mass

spectrometry using NIST methods(25).

Definition of type 2 inflammation
Type 2 inflammation was assessed by blood eosinophils and FeNO, with

high levels defined as 300+ eosinophils/uL and 25+ parts per billion (ppb),
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respectively. Effect modification for associations between testosterone and

current asthma by type 2 inflammation markers was tested with interaction terms.

Statistical analysis

Statistical analyses were performed with SAS 9.4 software (SAS Institute,
Cary, NC, USA). Sampling units for each variable were used to account for the
survey design complexity representative of the larger U.S. population. Weighted
means and standard deviations (SDs) were used to describe continuous
variables. Weighted frequency and percentages were used for categorical
variables. Univariate analysis using Pearson’s chi-square test assessed
differences among participants with and without current asthma.

Serum testosterone was analyzed using continuous (ng/dL), log-
transformed, and ordinal data. Regression analyses were sex-stratified
considering biological differences in sex hormones across sexes. Weighted
logistic regression examined the relationship between serum testosterone and
binary “current asthma.” Weighted regression examined the association between
serum testosterone and spirometric readouts. Multivariate models were adjusted
for age, race/ethnicity, PIR, BMI, physical activity, and smoking status. The
following models were constructed to evaluate covariates effects on “current
asthma”: age, race/ethnicity, PIR, BMI (model A), model A plus physical activity
(model B) and model A plus smoking status (model C). Since models B and C
showed similar findings as model A, model A was used throughout, prioritizing
parsimony (fewest covariates that do not substantially change results). Missing

data was handled by listwise deletion. Since missing observations in serum
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testosterone exceeded 10%, multiple imputation was performed to confirm

similarity of estimates, using hot-deck

considered statistically significant.

imputation.

P-values<0.05 were
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Results

Data on current asthma status were available for 7,584 participants from
NHANES 2011-2012 (Table 1). Consistent with contemporary estimates, 601
participants (7.9%) had current asthma, 450 of whom (215 males and 235
females) had serum testosterone measured. Those with current asthma, relative
to those without, were younger (34 vs 37 years, p<0.01), more likely Black (37 vs
27%, p<0.01) and with a PIR<1 (37 vs 29%, p=0.02). Currently asthmatic
participants were more likely overweight or obese (52 vs 46%, p<0.01) and
current or former smokers (53 vs 40%, p<0.01). Those with current asthma had a
lower mean pre-bronchodilator forced expiratory volume in the first second of
expiration (FEV;) (2.8 vs 3.2 L, p<0.01), a higher mean FeNO (25 vs 15 ppb,
p<0.01) and higher peripheral blood eosinophil counts (302 vs 190 cells/pL,
p<0.01) than those without current asthma. The mean serum testosterone level
was statistically significantly lower among those with current asthma compared to
those without (148 vs 201 ng/dL, p<0.01). Log-transformed serum testosterone
showed a bimodal distribution due to sex differences in testosterone. Mean
testosterone levels were higher in men (347 vs. 23 ng/dL, respectively)

(Supplementary table 1, Supplementary figure 1 ).

We found that serum testosterone inversely associates with current asthma
prevalence in both sexes after adjustment by age, race/ethnicity, PIR, and BMI
(Supplementary table 2) . Considering we had missing data, we corroborated
these results and found similar point estimates and confidence intervals through

multiple imputation (Supplementary table 3 ). Inspection of these results
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suggested a non-linear association between testosterone and current asthma.
We addressed non-linearity by repeating our analyses through log.-
transformation of continuous testosterone data. For every 1-unit increase in log,
testosterone, the odds of current asthma decreased by 11% (95%CI 3-19%,
p=0.01) in men, after adjustment by age, race/ethnicity, PIR, and BMI (Table 2).
The point estimate was similar in women (10% decrease in the odds of current
asthma) but not statistically significant (95%CI - 4 to 21% decrease, p=0.14). We
corroborated these results through multiple imputation (Supplementary table 4 ).
To further clarify the relationship between testosterone and current asthma for
both sexes, we analyzed serum testosterone as an ordinal variable. We found
that the point estimate for odds of current asthma for the middle and highest
tertile in serum testosterone was similar in men, while in women, only the highest
tertile showed a similar inverse association with current asthma, although not
statistically significant (Table 3). We further delineated the range of serum
testosterone that exhibit inverse associations with current asthma in women by
dividing the data into smaller percentiles (deciles), and found that only the top
decile (range 40-379ng/dL) exhibited a non-statistically significant inverse
association with current asthma (Supplementary table 5 ). These findings
suggest that serum testosterone inversely and non-linearly associates with
current asthma regardless of sex, but that differences in this inverse relationship
may exist between sexes.

As with sex, testosterone also varies by age, with post-pubertal individuals

typically having greater testosterone levels (mean serum testosterone levels for
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ages <12 and >12 years were 11 and 213 ng/dL, respectively) (Supplementary
table 6). We therefore examined whether the association between log,-
transformed testosterone and asthma persists before and after puberty, for which
we used age 12 years as a defining (and arbitrary) cutoff (Table 4). Among male
participants aged 12+ years, for every 1-unit increase in log, testosterone the
odds of current asthma decreased by 28% (n=2,170, 95%CI 19-37%, p<0.01),
after adjustments. The point estimate also suggested a protective effect for
females aged 12+ years but the association was not statistically significant.
However, the association between log,-transformed serum testosterone and
current asthma prevalence among females age 12+ was protective and
statistically significant when applying multiple imputation (Supplementary table
7), which also confirmed other non-imputed results. No significant association
was seen in participants <12 years old (n=735, non-imputed; n=2,103, imputed).
We sought to understand the association between type 2 inflammation
(using blood eosinophils and FeNO as markers), serum testosterone and current
asthma. We found that for every 1-unit increase in log,-transformed serum
testosterone there is 0.13 unit increase in log-transformed FeNO (95% CI 0.10-
0.16, p=<0.01) (Supplementary table 8 ). Log.transformed eosinophils did not
associate with log,-transformed serum testosterone. Further, we did not find
evidence of effect modification on the association between testosterone and
current asthma by type 2 inflammatory markers, as neither interaction term
achieved statistical significance. Further, although point estimates had the same

directionality as the above unstratified analyses, associations between
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testosterone and current asthma were not statistically significant in FeNO- and
eosinophil-stratified analyses.

Having characterized the association between serum testosterone level
and current asthma prevalence, we then sought to determine if testosterone level
related to lung function among currently asthmatic participants (Table 5). In men,
we found that for every 1-unit increase in log, testosterone there was a 268.3 mL
increase in FEV; (n=151, 95%CI 203.8-332.7mL, p<0.01), 352.1 mL increase in
FEV: in women (n=161, 95%CI 188.7-515.5mL, p<0.01). We corroborated our
findings through multiple imputation (Supplementary table 9 ). Finally, we found
that the serum testosterone-FEV; correlation was slightly larger among female
participants with current asthma compared to female participants without (352.1
vs. 251mL, respectively; n=1,788, 95%CI| 228.5-274.7mL, p<0.01), and smaller
among male participants with current asthma compared to male participants
without (268.3 vs. 362.2 mL, respectively; n=1,903, 95%CIl 342.6-381.7mL,

p<0.01).
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Discussion

Using a large, nationally-representative dataset, we found that serum
testosterone inversely and non-linearly associated with current asthma
prevalence in both sexes. This association seems to be present only post-
puberty and does not seem to vary by type 2 inflammatory status. Lastly, our
analysis demonstrates that increased serum testosterone levels associate with
better lung function among asthmatic participants demographically representative
of the American population.

Prior evidence supports the inverse association between androgens and
asthma. DeBoer et al recently reported that pubertal increases in the androgen
dehydroepiandrosterone sulfate associate with improved lung function and
asthma symptoms (based on NHLBI Severe Asthma Research Program
data)(21). Previously, Mohan et al documented positive correlations between
serum testosterone and lung function in community-dwelling Australian men(20).
Our results complement these studies in several important ways. First, serum
testosterone inversely associates not only with asthma symptoms but with the
diagnosis of asthma per se, which may suggest a role for androgens in
decreasing asthma incidence (supported by coincidental decreases in asthma
incidence in adult males relative to females)(26). Second, our results suggest
that the association between serum testosterone and current asthma prevalence
exists not only in teenagers but also in adults. Thus, by considering broad age
ranges our analyses suggest that this association is not relevant only to the

dramatic hormonal changes of adolescence, but likely that the association is
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concentration-dependent across the lifespan. Third, serum testosterone
associates with decreased current asthma prevalence in both sexes despite
widely different ranges. Fourth, we did not find evidence of differences in the
testosterone-asthma association by type 2 inflammation status. Finally, our
results suggest that serum testosterone non-linearly associates with better lung
function in asthmatic relative to non-asthmatic women.

Some findings require clarification. One is the strength of the inverse
association in women vs. men between untransformed serum testosterone and
current asthma prevalence (31% vs. 3% decreased odds of current asthma per
25ng/mL increase in serum testosterone, respectively; Supplementary table 2 ).
We caution against concluding that these results imply stronger associations in
women. First, these results suggested a non-linear association between serum
testosterone and current asthma prevalence and called for our analyses to be
done using log,-transformed data. Second, this difference in the strength of
association by sex using untransformed data relates to the proportion occupied
by 25-unit increments within the range of serum testosterone in men (0.25—
2,544ng/mL) vs. in women (0.25—379ng/mL) being ~1% vs. ~7% of the max
testosterone value, respectively. In fact, changing testosterone-unit increments to
3.8 units (i.e. 1% of the max testosterone value in women, 379ng/mL) then point
estimates for odds of current asthma become similar to those in men (data not
shown). Further, serum testosterone displays a right-skewed distribution in both

sexes, but with extreme values seemingly distributed differently across sexes
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(Supplementary figure 1 ), which likely affects the testosterone-current asthma
association.

Our results using logo-transformed testosterone data also validate the
non-linearity detected in our findings using untransformed testosterone data,
especially among men, although a protective effect may also be present for
women considering supportive results especially among those age 12+ years
(Supplementary table 7 ). We suspect that values above a threshold
concentration in serum testosterone drive the inverse association with current
asthma, which may account for the variation in our results according to sex and
age strata. Indeed, in sex-stratified analyses it is only the highest tertile in women
that showed point estimates for decreased odds of current asthma (Table 3). In
contrast, the middle and highest testosterone tertiles in men showed similar point
estimates for inverse associations with current asthma. Since the max value in
the highest testosterone tertile and decile in women is distributed within the
middle tertile in men (Supplementary table 5 ), it is possible that the threshold
for an inverse association with asthma lies somewhere within the highest decile
for women, which corresponds to the second decile in men. The idea of a
‘protective threshold” may explain the lack of an association between serum
testosterone and current asthma in children, since few individuals <12 years old
exhibit testosterone values above this threshold. Limitations in sample size
prevented us from more precisely estimating such threshold. Further, we caution

that the large missingness (~65%) of testosterone data for participants younger
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than 12 years limits the accuracy of our multiple imputation results and may
underlie the lack of a statistically significant result in this population.

We also found that serum testosterone inversely associates with current
asthma regardless of type 2 inflammatory marker levels. We examined the
relationship between testosterone and type 2 inflammatory markers based on in
vitro and in vivo studies showing that androgens attenuate type 2 airway
inflammation(16-18). In this study, we found that greater testosterone levels
associated with an increase in FeNO levels but not blood eosinophil counts
(Supplementary table 8 ), which may reflect tissue-dependent differences in
biomarker readout (FeNO is collected from the airway, eosinophils are collected
from peripheral blood). We tested whether FeENO and eosinophil levels would
modify the testosterone-asthma association through interaction terms, and found
these not to be significant. We should caution that the lack of statistical
significance with interaction terms often results from insufficient statistical power.
Indeed, we found that even though point estimates showed the same
directionality as the above unstratified analyses, those stratified by type 2
inflammatory markers were not statistically significant—another potential sign of
lack statistical power. Considering these limitations, and the complex relationship
between androgens and inflammation subtypes, we cannot conclude based on
our study results that the mechanism by which androgens may mitigate asthma
is unlinked to type 2 inflammation.

Similar to the results of Mohan et al(19), we have found a positive

correlation between serum testosterone and lung function. Our results expand on
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theirs by reporting this correlation among asthmatic participants. Our results are
also derived from the more diverse American population. We found that the
correlation between log,-transformed serum testosterone and FEV; was slightly
larger in female participants with vs. those without asthma (352.1 vs. 251mL,
respectively), but slightly smaller in male participants with vs. those without
asthma (268.3 vs. 362.2mL, respectively). However, differences in samples size
may account for these sex-dependent differences between asthmatic and non-
asthmatic participants (n=312 vs. n=3,691, respectively) as supported by the
difference in the width of the confidence intervals (95%CIl 203.8-332.7mL vs.
342.6-381.7mL for men, 188.7-515.5mL vs. 228.5-274.7mL for women). Further,
the magnitude of these differences is of questionable clinical significance.

This study has several limitations. First, this NHANES dataset only had
information available for serum testosterone and not other sex hormones.
Indeed, in vitro and in vivo studies demonstrate that the relationship between sex
hormones and asthma is complex, complicated by tissue-dependent variations in
sex hormone receptor subtype expression(27). However, although not
statistically significant likely due to sample size limitations, point estimates
suggest that the inverse testosterone-asthma relationship persists among
individuals older than 50 years, which we used to define menopause and sex
hormone waning (data not shown). We also did not find evidence that oral
contraceptive (exogenous sex hormones) use modified the testosterone-asthma
association (interaction term was not significant, data not shown). These data

suggest that serum testosterone inversely associates with asthma regardless of
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variations in other sex hormones. Future studies should account for other sex
hormones. Second, NHANES is a cross-sectional study therefore temporal and
causative relationships cannot be established. Future longitudinal studies with
serial serum testosterone measurements should address temporality. However,
the interventional trial by Wenzel et al documented asthma symptom and lung
function improvements among moderate-severe asthmatic participants to whom
inhaled androgens were administered(19). These results suggest that androgens
may have a causal role in ameliorating asthma symptoms. We speculate that low
serum testosterone (levels lower than the highest decile in women) may serve as
a predictive response biomarker to inhaled androgen therapies, but this
hypothesis needs confirmation. Third, our definition of “current asthma” relied on
participant self-report. However, one would expect misclassification errors with
the current asthma diagnosis to bias our results to the null. Fourth, serum
testosterone data were only available on 75% of participants, with smaller
subsets when considering covariates. However, our results were corroborated
through multiple imputation for missing data. Finally, the relationship between
sex hormones and asthma may be better explained by local tissue sex hormone
levels rather than systemic ones(28). However, one would expect that if local
tissue hormone levels dominated the relationship with asthmatic phenotypes that
any relationship with systemic (serum) testosterone levels would be biased
towards the null. Our results suggest the contrary, and that simple serum assays

provide useful information about testosterone-asthma association. Future studies
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may clarify the interplay between local and systemic androgen levels and
asthmatic phenotypes.

In summary, we have found in a nationally-representative cohort that
serum testosterone inversely associates with current asthma prevalence, and
with better lung function among asthmatic patients, regardless of sex.
Prospective studies are needed to determine whether a threshold exists that
could identify subgroups at higher risk of having asthma symptoms and for whom

androgen therapy may be beneficial.
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TABLES

Table 1. Participant characteristics by current asthma status

Characteristic Current asthma p-value
Yes No

Participant s, n 601 6,983
Age, years mean (SD) 34 (21.8) 37 (22.2) <0.01
Males, n (%) 298 (49.4) 3,478 (45.1) 0.22
Race/ethnicity (%) <0.01

Black 222 (36.9) 1,852 (26.5)

White 187 (31.1) 2,045 (29.4)

Hispanic 111 (18.5) 1,795 (25.7)

Asian 48 (8) 1,037 (14.9)

Other 33 (5.5) 254 (3.6)
PIR <1 201 (36.6) 1,821 (28.6) 0.02
Overweight or obese (%) 298 (51.6) 3,040 (45.3) <0.01
Current or former smoker (age 220 171 (52.9) 1,642 (39.7) <0.01
years)
Pre-bronchodilator FEV 1 (L) 28 (2.7-3) 3.2(3.1-3.2) <0.01
FeNO mean (ppb) (SD)® 24.5 (27.3) 15.4 (12.4) <0.01
Eosinophil count (cells/ pL) " (SD) 302.2 190.4 (154) <0.01

(267.6)
Serum testosterone level (ng/dL) * (SD) 147.8 200.6 (228.8) <0.01
(201.3)

Data are presented as % unless otherwise stated. FeNO: fractional exhaled nitric

oxide; FEV;: forced expiratory volume in 1 second; n: number of participants; PIR:
poverty index ratio; PPB: parts per billion; SD: standard deviation.

Sample sizes for each participant characteristic, divided by current asthma status:
®n (with current asthma) = 423, n (without current asthma) = 5,070;

n (with current asthma) = 535, n (without current asthma) = 6,158;

*n (with current asthma) = 450, n (without current asthma) = 5,262.

* In this study, all analyses on the relationship between testosterone and
asthma assumed Model A adjustments (which included age, sex,
race/ethnicity, PIR, and BMI as covariates) and had a sample size = 5,009
(current asthma: 409; without current asthma = 4,600).




Table 2. Association between log,-transformed serum testosterone level and
current asthma, stratified by sex
Current asthma

Measure of testosterone Crude OR Adjusted OR
(95% CI) (95% CI)
Males (n=2, 530)
For each 1-unit change in log, 0.86 0.89
serum testosterone (0.80-0.92) (0.81-0.97)
p-value <0.01 0.01
Females (n=2, 479)
For each 1-unit change in log; 0.97 0.90
serum testosterone (0.84-1.13) (0.79-1.04)
p-value 0.67 0.14

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index. Bolded
values are statistically significant; 95% CI appear in parentheses. OR: odds ratio;
n=5,009




Table 3. Association between serum testosterone level and current asthma,
stratified by sex
Current asthma

Measure of testosterone Crude OR Adjusted OR
(95% ClI) (95% CI)
Males: Tertiles (n, range in ng/dL)
1% (858, 0.25-262.00) 1 (reference) 1 (reference)
2" (848, 262.44-429.29) 0.44 (0.28-0.71)  0.49 (0.32-0.76)
3" (824, 429.62-2,543.99) 0.44 (0.21-0.90) 0.47 (0.21-1.04)
Test for trend p-value 0.03 0.06
Females: Tertiles (n, range in ng/dL)
1% (838, 0.25-13.84) 1 (reference) 1 (reference)
2" (822, 13.85-24.09) 1.35(0.83-2.19) 1.27 (0.77-2.09)
3 (819, 24.13-379.13) 1.05 (0.63-1.74)  0.90 (0.55-1.48)
Test for trend p-value 0.92 0.55

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index. Bold
odds ratios are statistically significant; 95% CI appear in parentheses. OR: odds
ratio. n=5,009




Table 4. Association between log,-transformed serum testosterone level and current
asthma, stratified by age < 12 (n=735) vs. > 12 (n=4,274) years, stratified by sex

Current asthma
Measure of testosterone Crude OR Adjusted OR
(95% CI) (95% CI)
Males age < 12 years (n=368)
For each 1-unit change in log; 0.81 0.85
serum testosterone (0.57 -1.14) (0.64- 1.14)
p-value 0.21 0.27
Females age < 12 years (n=367)
For each 1-unit change in log, 0.89 0.91
serum testosterone (0.61 -1.31) (0.62 -1.34)
p-value 0.55 0.62
Males age > 12 years (n=2,170)
For each 1-unit change in log, 0.72 0.72
serum testosterone (0.63-0.83) (0.63-0.81)
p-value <0.01 <0.01
Females age > 12 years (n=2,104)
For each 1-unit change in log, 0.94 0.90
serum testosterone (0.80-1.10) (0.74-1.05)
p-value 0.40 0.15

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index. Bolded
values are statistically significant; 95% CI appear in parentheses. OR: odds ratio.




Table 5. Association between logz-transformed serum testosterone level and change in
FEV1 (mL) in participants with current asthma, stratified by sex

Current asthma
Crude change Adjusted change
Measure of testosterone o E= i N~
(95% CI) (95% CI)

Males (n=151)

For every 1-unit change in log, 226.1 268.3

serum testosterone (173.2-279.0) (203.8-332.7)

p-value <0.01 <0.01
Females (n=161)

For every 1-unit change in log, 329.0 352.1

serum testosterone (186.6-471.3) (188.7-515.5)

p-value <0.01 <0.01

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index. Bolded values
are statistically significant; 95% CI appear in parentheses. FEV;: forced expiratory volume
in the first second of expiration. n=312 includes only those participants with current
asthma, available spirometric measurements and complete data on all of the above
covariates.




Supplementary figure 1 legend: (A) ranges of serum testosterone (ng/mL) by tertiles,
and (B) box plot distributions of log-transformed serum testosterone, both stratified by
sex. For both women and men, the third tertile includes right skewed data with many
outliers. The distribution of the highest testosterone tertile appears slightly more skewed
for women.




Supplementary Tables

Supplementary table 1. Sample size of testosterone tertiles by current
asthma status, categorized by sex

With current Without current
Serum testosterone level asthma asthma
(sample size) (sample size)
Male: tertiles (range in ng/dL)
1% (0.25-262.00) 95 763
2" (262.44-429.29) 54 794
3" (429.62-2,543.99) 47 777
Female: tertiles (range in ng/dL)
1% (0.25-13.84) 73 765
2" (13.85-24.09) 74 748
3" (24.13-379.13) 66 753

* The mean serum testosterone level for males with and without current
asthma was equal to 275.20ng/dL and 347.59ng/dL, respectively.

* The mean serum testosterone level for females with and without current
asthma was equal to 19.56 ng/dL and 21.99 ng/dL, respectively.




Supplementary table 2. Association between serum testosterone level and current
asthma, stratified by sex
Current asthma

Measure of testosterone Crude OR Adjusted OR
(95% CI) (95% CI)
Males (n=2,530)
For each 25-unit change in serum 0.96 0.97
testosterone (ng/dL) (0.93-0.99) (0.93-0.99)
p-value <0.01 0.04
Females (n=2,479)
For each 25-unit change in serum 0.81 0.69
testosterone (ng/dL) (0.64-1.03) (0.54-0.89)
p-value 0.08 <0.01

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index. Bolded
values are statistically significant; 95% CI appear in parentheses. OR: odds ratio;
n=5,009




Supplementary table 3. Association between serum testosterone level and
current asthma, stratified by sex, using multiple imputation for missing data
Current asthma

Measure of testosterone Crude OR Adjusted OR
(95% CI) (95% CI)
Males (n= 3,776)
For each 25-unit change in serum 0.96 0.97
testosterone (ng/dL) (0.93-0.98) (0.94-0.99)
p-value <0.01 0.01
Females (n=3,808)
For each 25-unit change in serum 0.83 0.70
testosterone (ng/dL) (0.68-1.02) (0.60-0.91)
p-value 0.08 <0.01

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index.
Bolded values are statistically significant; 95% CI appear in parentheses.
OR: odds ratio; n (all participants) = 7,584




Supplementary table 4. Association between log,-transformed serum
testosterone level and current asthma, stratified by sex, using multiple
imputation for missing data

Current asthma

Measure of testosterone Crude OR Adjusted OR
(95% CI) (95% CI)
Males (n= 3,776)
For each 1-unit change in log- 0.86 0.88
transformed serum testosterone (0.81-0.92) (0.82-0.95)
p-value <0.01 <0.01
Females (n=3,808)
For each 1-unit change in log- 0.98 0.94
transformed serum testosterone (0.87-1.11) (0.83-1.05)
p-value 0.77 0.26

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index.
Bolded values are statistically significant; 95% CI appear in parentheses.
OR: odds ratio; n (all participants) = 7,584




Supplementary table 5. Association between serum testosterone (deciles) and current asthma,
stratified by sex, adjusted for age, sex, race/ethnicity, PIR, and BMI; n=5,009

Current asthma
Measure of testosterone

Crude OR (95% Cl) Adjusted OR (95% Cl)

Males: Deciles (n, range in ng/dL)

1% (287, 0.25-5.35)

1 (reference)

1 (reference)

2" (287, 5.44-173.42)

0.61 (0.31-1.23)

0.68 (0.30-1.54)

3" (287, 173.53-246.82)

0.53 (0.32-0.90)

0.73 (0.36-1.47)

4™ (287, 246.86-294.96)

0.20 (0.07-0.54)

0.24 (0.06-0.98)

5™ (286, 295.19-344.00)

0.31 (0.15-0.63)

0.35 (0.19-0.64)

6" (287, 344.28-393.27)

0.27 (0.10-0.68)

0.34 (0.15-0.78)

7" (287, 393.34-448.38)

0.34 (0.17-0.67)

0.47 (0.18-1.25)

8" (287, 448.41-516.46)

0.23 (0.07-0.75)

0.28 (0.06-1.31)

9" (287, 516.51-621.04)

0.31 (0.10-1.03)

0.41 (0.11-1.56)

10™ (286, 621.12-2,543.99)

0.25 (0.11-0.56)

0.32 (0.12-0.84)

Test for trend p-value

<0.01

<0.01

Females: Deciles (n, range in ng/dL)

1% (285, 0.25-5.63)

1 (reference)

1 (reference)

2" (284, 5.66-9.66)

0.90 (0.41-2.01)

1.14 (0.47-2.80)

3" (287, 9.69-12.9)

0.87 (0.40-1.92)

1.07 (0.46-2.51)

4™ (282, 12.91-15.8)

0.87 (0.43-1.75)

0.98 (0.38-2.53)

5™ (284, 15.81-18.42)

0.99 (0.43-2.27)

1.20 (0.46-3.13)

6" (285, 18.47-21.73)

1.02 (0.43-2.43)

1.04 (0.40-2.71)

7" (284, 21.75-25.64)

1.41 (0.61-3.23)

1.43 (0.60-3.42)

8" (285, 25.66-30.44)

1.14 (0.54-2.41)

1.20 (0.53-2.75)

9" (284, 30.45-39.93)

1.12 (0.52-2.44)

1.05 (0.51-2.19)

10" (284, 39.95-379.13)

0.56 (0.24-1.31)

0.44 (0.17-1.13)

Test for trend p-value

0.13

0.17




Supplementary table 6. Sample size of testosterone tertiles by current
asthma status, categorized by age, cut off at 12 years (total n=5,009)

Serum testosterone level

With current
asthma
(sample size)

Without current
asthma
(sample size)

Age < 12 years: tertiles
(range in ng/dL)

1% (0.25-2.70) 33 215
2" (2.71-5.85) 29 215
3" (5.86-438.37) 14 229
Age > 12 years: tertiles
(range in ng/dL)
1% (0.25-25.7) 131 1,284
2" (25.71-308.77) 114 1,313
3" (308.92-2,543.99) 88 1,344




Supplementary table 7. Association between log, serum testosterone level and current
asthma, stratified by age < 12 vs. > 12 years, using multiple imputation for missing

data

Current asthma

Measure of testosterone Crude OR Adjusted OR
(95% CI) (95% ClI)
Age < 12 years (n=2,103)
Males age < 12 years (n=1,040)
For each 1-unit change in log, 0.90 0.92
serum testosterone (0.80 -1.02) (0.80- 1.06)
p-value 0.11 0.24
Females age < 12 years (n=1,063)
For each 1-unit change in log, 0.86 0.87
serum testosterone (0.64 -1.17) (0.64 -1.17)
p-value 0.33 0.35
Age > 12 years (n=5,481)
Males age > 12 years (n=2,736)
For each 1-unit change in log, 0.73 0.75
serum testosterone (0.64-0.84) (0.66-0.86)
p-value <0.01 <0.01
Females age > 12 years (n=2,745)
For each 1-unit change in log; 0.94 0.85
serum testosterone (0.81-1.09) (0.74-0.97)
p-value 0.43 0.02

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index. Bolded

values are statistically significant; 95% CI appear in parentheses.

OR: odds ratio; n (all participants) = 7,584.




Supplementary table 8. Association between serum testosterone levels and type
2 inflammation markers

Type 2 inflammation marker
coefficient (95% ClI)

Measure of testosterone

Log-transformed | Log-transformed
FeNO AEC
For each 1-unit increase in log;- 0.13 0.02
transformed serum testosterone (0.10-0.16) (-0.04-0.08)
p-value <0.01 0.54

AEC: absolute eosinophil count per microliter (sample size: 5,384); FeNO:
fractional exhaled nitric oxide, parts per billion (sample size: 4,854); OR: odds
ratio. Bolded values are statistically significant.




Supplementary table 9. Association between log, serum testosterone level and
change in FEV; (mL) in participants with current asthma, stratified by sex, using
multiple imputation for missing data

Current asthma
Crude Adjusted
Measure of testosterone changein FEV. in mL | change irjm FEVy in mL
(95% ClI) (95% CI)
Males (n=298)
For every 1-unit change in 215.2 2384
log, serum testosterone (169.5-260.9) (191.2-285.6)
p-value <0.01 <0.01
Females (n=303)
For every 1-unit change in 238.0 247.6
log, serum testosterone (98.6-377.4) (108.1-387.1)
p-value <0.01 <0.01

Adjusted for age, race/ethnicity, poverty index ratio, and body mass index. Bolded
values are statistically significant; 95% CI appear in parentheses. FEV;: forced
expiratory volume in the first second of expiration. n (all participants) = 601.
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