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Abstract

Objective: Coffee intake has been inversely associated with asthma in adults. We examined the
relation between urinary levels of caffeine or caffeine metabolites and asthma, lung function, and
fractional exhaled nitric oxide (FeNO) in adults.

Methods: Cross-sectional study of 2,832 adults aged 18-79 years in the US National Health and
Nutrition Examination Survey (NHANES). Multivariable logistic or linear regression was used
for the analysis of urinary levels of caffeine or each of its three major metabolites (paraxanthine,
theobromine, and theophylline) and current asthma, lung function, and FeNO.

Results: Subjects with urinary paraxanthine levels in the fourth quartile (Q4) had 53% lower
odds of current asthma than those whose urinary paraxanthine levels were in the first quartile
(Q1; 95% confidence = 0.22 to 1.00). Among never and former smokers, subjects with urinary
theophylline levels above Q1 had 49% lower odds of current asthma than those whose urinary
theophylline level was in Q1 (95% CI = 0.31 to 0.85). Among subjects without current asthma,
each logg-unit increment in paraxanthine level was associated with a 0.83% increment in
percent predicted (Yopred) FEV4 and a 1.27% increment in %pred FVC, while each logg-unit
in theophylline was associated with a 1.24% increment in %pred FVC. Neither urinary caffeine
nor any urinary caffeine metabolite was associated with bronchodilator response or FeNO.

Conclusions: Our findings suggest that two caffeine metabolites (theophylline and
paraxanthine) may contribute to the previously reported inverse association between coffee intake
and asthma in adults.
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Introduction

Methods

Caffeine is the most widely consumed psychoactive agent through dietary intake, largely
through derivative beverages and foods such as coffee, tea, energy and soft drinks, and
cocoa (1). In the United States (U.S.), 90% of adults consume coffee, which in turn
contributes to ~64% of their average caffeine intake (2). Although caffeine intake impacts
the cardiovascular and respiratory systems (3), moderate daily caffeine intake (up to 400
mg/day or about 4 cups of 8 oz. brewed coffee) has no proven adverse effects in healthy
adults (4).

In three cross-sectional studies of adults, coffee consumption was associated with lower
odds of asthma in Italy (5) and the U.S. (6) but not in France (7). Further, a single cross-
sectional study of U.S. adults showed that coffee intake was positively associated with FEV
and FVC in never or former smokers but not in current smokers (8). However, none of those
reports measured caffeine or caffeine metabolites in study participants.

Caffeine (1,3,7-trimethylxanthine) can be absorbed within 45 min after ingestion. Caffeine
is primarily metabolized by CYP1AZ2 in the liver, where it undergoes successive
demethylations and oxidations (9). The half-life of caffeine in adults is typically 2.5t0 5

h (9). The main products of the first steps in caffeine metabolism through demethylations are
paraxanthine (1,7-dimethylxanthine), theobromine (3,7-dimethylxanthine), and theophylline
(1,3-dimethylxanthine)(9). Caffeine and these primary metabolites are methylxanthines, a
purine derived group of pharmacologic agents with bronchodilator properties (10). Caffeine
has been used to treat apnea of prematurity (AOP) in infants (11) and shown to slightly
improve lung function up to four hours post-ingestion in adults with mild to moderate
asthma (12). While theophylline is a mild bronchodilator that has been used to treat

asthma (13,14), there is limited and inconclusive evidence of any bronchodilator effects

of theobromine (10). Although paraxanthine is the major caffeine metabolite, little is known
about paraxanthine and asthma or lung function (9).

Given a plausible role of caffeine or its metabolites on asthma but very limited evidence
from large population-based studies, we examined the relation between urinary levels of
caffeine and its primary metabolites (paraxanthine, theobromine, and theophylline) and
asthma, lung function, and fractional exhaled nitric oxide (FeNO, a marker of eosinophilic
airway inflammation) among adult participants in the U.S. National Health and Nutrition
Examination Survey (NHANES).

Study design and study population

NHANES is a cross-sectional nationwide survey designed to assess the health and nutrition
of the civilian non-institutionalized U.S. population, using a stratified multistage probability
design to select a representative sample of such population. As part of the study design,
ethnic minorities (non-Hispanic blacks, Hispanics, and Asians), low-income persons (at or
below 130% of federal poverty level), and adults 80 years and older are oversampled to
increase statistical power for data analysis in these groups. The NHANES protocol includes
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health interviews, examination components, and laboratory tests administered by highly
trained personnel. Urinary caffeine and caffeine metabolites were measured in a one-third
subsample of adult participants. The flowchart for selection of participants from the 2009—
2010 or 2011-2012 NHANES study cycles into the current analysis is shown in Figure E1
in the Online supplement. Of 11 603 participants aged 18 to 79 years, 2,832 had complete
data on urinary caffeine and caffeine metabolites, current asthma, and relevant covariates,
and were thus included in the current analysis. NHANES is approved by the Institutional
Review Board of the National Center for Health Statistics of the Center for Disease Control
and Prevention (CDC). Informed consent is obtained from all study participants. Further
details of the methods, protocols, and definitions used in NHANES can be found at http://
www.cdc.gov/nchs/nhanes.htm.

Urinary caffeine and caffeine metabolites

Outcomes

Urine samples were processed, stored, and shipped to the Centers for Disease Control
(CDC) for analysis. Caffeine and its metabolites (paraxanthine, theobromine, and
theophylline) were quantified in urine using of high-performance liquid chromatography-
electrospray ionization-tandem quad-rupole mass spectrometry (HPLC-ESI-MS/MS) with
stable isotope labeled internal standards. Levels below the lower limit of detection (LLOD)
were divided by the square root of 2 (LLOD/sqrt[2]). Measures below the LLOD for
caffeine, paraxanthine, theobromine, and theophylline were 142 (5.0%), 42 (1.5%), 14
(0.5%), and 80 (2.8%), respectively. All quality control (QC) procedures recommended by
the manufacturers were followed. Because urinary caffeine and caffeine metabolites were
measured by different instruments (same type of HPLC-ESI-MS/MS) for NHANES 2009-
2010 and 2011-2012, regression equations recommended by NHANES to combine two
study cycles of urine caffeine data were adopted. Urinary creatinine was measured by the
Roche/Hitachi Modular P Chemistry Analyzer. Urinary caffeine and caffeine metabolites
were divided by the urinary creatinine concentration to account for variation in dilution of
spot urinary samples (i.e. caffeine to creatinine ratio in pmol/L). A detailed description of
the approach used can be accessed at the NHANES Laboratory Method Files (15).

Current physician-diagnosed asthma (heretofore referred to as “current asthma”) was
defined by a positive answer to both following questions: “Has a doctor or other health
professional ever told you that you have asthma?” and “Do you still have asthma?”. Control
subjects were participants without current asthma (i.e. those who reported never having had
asthma diagnosed by a healthcare professional and those who reported having ever had
asthma diagnosed by a healthcare professional but who denied still having asthma).

Eligible participants performed spirometry following American Thoracic Society and
European Respiratory Society recommendations (16). The best forced expiratory volume in
1s (FEV,) and forced vital capacity (FVC) were selected for analysis. Percent (%) predicted
FEV{, FVC and FEV{/FVC were calculated using Global Lung Initiative 2012 equations
that account for age, sex, race/ethnicity, and height (17). Participants were not eligible for
spirometry if they had current chest pain or a physical problem with forceful expiration;
were taking supplemental oxygen; had recent surgery of the eye, chest, or the abdomen;
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had had a heart attack, stroke, or tuberculosis exposure; or had recently coughed up blood.
Adults with a personal history of detached retina or a collapsed lung were also excluded.
A total of 2,430 participants with (7= 189) and without (r7= 2,241) current asthma were
included in the analysis of lung function.

Based on the NHANES protocol, participants whose baseline FEV1/FVC was below the
lower limit of normal (LLN)(18) and/or whose baseline FEV; was below 70% of the
predicted value for their demographic characteristics underwent a repeat spirometry, 15 min
after inhalation of albuterol. Participants were excluded from bronchodilator administration
if they had recently used a short-acting inhaled p2-agonist or had a previous adverse

reaction to albuterol; had a history of congenital heart disease, hypertension, major
arrhythmias, or an implanted defibrillator; or were pregnant or breastfeeding. Bronchodilator
response (BDR) was calculated as: ([post-bronchodilator FEV - pre-bronchodilator FEV1]/
pre-bronchodilator FEV1) x 100. A total of 155 participants without current asthma and 23
participants with current asthma had BDR testing.

FeNO was measured using the Aerocrine NIOX MINO, a portable, hand-held NO

analyzer (Aerocrine AB, Solna, Sweden). The NHANES protocol required two valid FeNO
measurements that were reproducible in accordance with testing procedures recommended
by the manufacturer and ATS (19). A total of 2,553 participants were included in the
analysis of FeNO.

Statistical analysis

Primary sampling units and strata for the complex NHANES survey design were taken

into account for data analysis. Sampling weights, stratification, and clusters provided in the
NHANES dataset were incorporated into the analysis to obtain proper estimates and their
standard errors. Two-sided Wald chi-square tests and t-tests were used for bivariate analyses.
The Spearman’s rank correlation coefficient (r) was used to examine the correlation between
daily total caffeine intake and urinary caffeine and caffeine metabolites. Logistic regression
was used for the multivariable analysis of urinary caffeine or each caffeine metabolite (as
quartiles, due to skewness of the distribution) and current asthma, which was adjusted for
known or potential confounders of the relation between caffeine or caffeine metabolites and
current asthma or lung function. All models were adjusted for age, sex, race and ethnicity
(non-Hispanic white, non-Hispanic black, Mexican American, or other Hispanic, or other),
annual household income (< vs. = $20 000 per year), body mass index (BMI, in kg/m?),
family history of asthma, serum cotinine, pack-years of smoking, and time of the day when
the samples were collected (morning, afternoon, or evening). Daily total caffeine intake (mg)
was obtained from the 24-h dietary recall interviews. Log10-transformed urinary levels of
caffeine or caffeine metabolites were used for the analysis of lung function measures, BDR,
and FeNO because of linear trends in bivariate analyses. Linear regression was used for the
multivariable analysis of lung function, BDR, and FeNO, which was first conducted in all
subjects and then separately in subjects with and without current asthma. Models for percent
predicted lung function measures were adjusted for annual household income, BMI, serum
cotinine, pack-years of cigarette smoking, use of oral or inhaled steroids in the past 2 days,
time of the day when the samples were collected, and (in all subjects) an asthma diagnosis.
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Models for BDR and FeNO were additionally adjusted for age, sex, and race and ethnicity
(as no percent predicted values are available for these two outcomes).

Multicollinearity was assessed by examining the variance inflation factor and tolerance,
which were <5 and >0.1, respectively, in all models. Model fitness was assessed using
standard approaches. All statistical analyses were conducted using the SAS SURVEY
procedure and SAS 9.4 software (SAS Institute Inc., Cary, NC).

Table 1 shows a comparison of the main characteristics of study participants by current
asthma. Compared to those without current asthma (n= 2,611), those with current asthma
(n=221) were more likely to be: female, non-Hispanic Black, and current smokers; to have
an annual household income of less than $20 000 and to report a family history of asthma
and hay fever episodes in the previous year; to have a higher BMI (or obese) and serum
cotinine; to use oral or inhaled steroids in the previous 2 days; and to have lower %predicted
lung function measures (FEV1, FVC and FEV1/FVC) but higher BDR. Among participants
who had BDR testing, 22 (14%) without current asthma and 11 (57%) with current asthma
had clinically significant BDR (an increment of =212% and =200 ml from baseline FEV1
after bronchodilator administration). Moreover, urinary paraxanthine was lower in subjects
with current asthma than in those without. Among participants with current asthma, 46%
had =1 asthma attack and 12% had =1 emergency room or urgent care visit for asthma in the
previous year.

Figure E2 shows the correlation between daily total caffeine intake (mg) and caffeine and
each of the three caffeine metabolites in urine samples from study participants. In this
analysis, both paraxanthine and theophylline were moderately correlated with total dietary
intake of caffeine (> 0.50 and < 0.01 in both instances), while there was a weak
correlation between theobromine and caffeine (r=0.27, £< 0.01).

The results of the multivariable analysis of urinary caffeine or caffeine metabolites and
current asthma are shown in Table 2. Participants whose urinary paraxanthine level was in
the fourth (highest) quartile had 53% lower odds of current asthma than those whose urinary
paraxanthine level was in the first (lowest) quartile (95% confidence interval [CI] for the
odds ratio [OR] = 0.22 to 1.00). Urinary levels of caffeine, theobromine, or theophylline
were not associated with current asthma.

To reduce potential misclassification of chronic obstructive pulmonary disease (COPD)

as asthma and to account for potential effects of smoking on theophylline metabolism
(8,20), we repeated the analyses of current asthma after excluding current smokers and
former smokers with =10 pack-years of smoking from the analysis. These analyses yielded
similar results to those including all subjects, except for that of urinary theophylline, which
suggested a potential threshold effect above the first quartile. Indeed, we found that never or
former smokers whose urinary theophylline was above the first quartile had 49% lower odds
of current asthma than those whose level was in the first quartile (95% CI for OR = 0.31 to
0.85). Because alcohol consumption can affect CYP1AZ2 activity (9), we also repeated the
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multivariable analysis of current asthma in all subjects after additional adjustment for daily
alcohol consumption (from a 24-h dietary recall), obtaining similar results (Table E1).

Table 3 shows the multivariable analysis of urinary levels of caffeine or its metabolites and
lung function. In adults without current asthma, each log10-transformed unit increment in
urinary paraxanthine was associated with a 00.83% increment in %predicted FEV; and a
1.27% increment in %predicted FVC. Similarly, each log10-transformed unit increment in
urinary theophylline was associated with a 1.24% increment in %predicted FVC. In adults
with current asthma, each log10-transformed unit increment in urinary theophylline was
associated with a 2.40% decrement in %predicted FEV1/FVC. We repeated this analysis
using absolute values of lung function measures, obtaining similar results (Table E2).

Table 4 shows the results of the multivariable analysis of urinary caffeine or its metabolites
and BDR. In this analysis, caffeine, paraxanthine, and theophylline were associated with
increased BDR in adults with current asthma (Model 1). However, these associations
became non-statistically significant (P> 0.05) after additional adjustment for baseline (pre-
bronchodilator) FEV, (Model 2).

Next, we examined the relation between urinary caffeine or its metabolites and FeNO. In
this analysis, neither urinary caffeine nor any caffeine metabolite was associated with FeNO,
regardless of an asthma diagnosis (Table E3). Our results for lung function, BDR, and FeENO
were essentially unchanged in analyses restricted to never or former smokers with <10
pack-years of cigarette smoking (data not shown).

We conducted a secondary analysis that matched 3 controls to each subject with clinically
defined BDR (7= 33, including subjects with and without asthma, as shown in Table 1)

by age, sex, race and ethnicity, BMI, and serum cotinine level. Although urinary levels

of caffeine or caffeine metabolites were not significantly associated with asthma in this
analysis, these results have to be cautiously interpreted due to very limited statistical power
and potential misclassification of COPD as asthma (Table E4).

Discussion

To our knowledge, this is the first population-based study of urinary caffeine or its
metabolites and current asthma, lung function, BDR, or FeNO. In a cohort of U.S. adults, we
report that a urinary paraxanthine level in the highest quartile is associated with lower odds
of current asthma and that a urinary theophylline level above the lowest quartile is associated
with lower odds of current asthma in never or former smokers. Further, we show that urinary
levels of both paraxanthine and theophylline are associated with small increments in FEV,
and FVC in subjects without current asthma, and that urinary theophylline is associated with
a small and reduction in FEV1/FVC in subjects with current asthma. Neither urinary caffeine
nor any urinary caffeine metabolite is associated with BDR or FeNO in this cohort.

Our study differs from prior reports in that we analyzed urinary levels of caffeine and
caffeine metabolites. Our negative results do not support beneficial effects of caffeine per se
on asthma or lung function in adults. An inverse association between self-reported estimated
intake of coffee or caffeine has been found in some (5,6,21) but not all prior epidemiologic
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studies (7), with some reporting a dose-response relationship. More recently, a population-
based study of Korean adults with (7= 3,146) and without (n7= 158 902) asthma showed
that consuming coffee 1-2 times per day was associated with 13% decreased odds of asthma
compared with no coffee consumption (21).

Consistent with potential beneficial effects of coffee on lung function, a prior study

reported that consumption of at least 4 cups of coffee per day was associated with 2%

to 3% increments in %predicted lung function measures (FEV; and FVC) in never and
former smoking adults without known asthma, COPD, or emphysema (8). Moreover, a
meta-analysis of six randomized controlled trials including a total of 55 subjects showed that
caffeine led to a small increment in FEVq in adults with mild to moderate asthma up to two
hours after consumption (but not afterwards) (7).

Caffeine is known to inhibit phosphodiesterase (PDE), modulate intracellular calcium

levels, and act as an antagonist at adenosine receptors that can alter cyclic adenosine
monophosphate (CAMP) regulation of nitric oxide (NO) synthase and NO production (22).
Consistent with our results, two small, randomized crossover studies of nonsmoking adults
with well-controlled asthma reported that caffeine intake (200 ml or 16 ounces of caffeinated
coffee) was not associated with FeNO (23,24). On the other hand, two small interventional
studies have yielded conflicting results for caffeine intake and FeNO, with one such study
showing short-lived increased FeNO in 11 children with asthma (25) and another showing
that caffeine was associated with reduced FeNO in 11 nonsmoking healthy adults (22).

Theophylline is a PDE inhibitor and mild bronchodilator that has been shown to have anti-
inflammatory effects through upregulation of 1L-10, inhibition of tumor necrosis factor-a
(TNF-a), and reduced migration of eosinophils and CD4* lymphocytes into the airways
(26). Further, cigarette smoking interacts with theophylline by increasing its clearance. Thus,
our findings for current asthma in never or former smokers and FEV4 or FVC in subjects
without asthma are consistent with known interactions and effects of theophylline. The weak
inverse association between urinary theophylline and FEV1/FVC in adults with asthma, is
surprising and could be explained by reverse causation (i.e. if those who had worse asthma
consumed more coffee). This association was also seen in participants who reported =1
emergency department visit for asthma in the previous year (data not shown), but these
results must be cautiously interpreted due to small sample size.

Our findings for paraxanthine are novel and suggest that a high paraxanthine level is linked
to lower odds of current or active asthma in adults. Although less studied than theophylline,
paraxanthine has been shown to have immunoregulatory effects such as reduced production
of interferon (IFN)-y and IL-5 (27). Of the three major caffeine metabolites, paraxanthine
has been shown to be the most potent inhibitor of transforming growth factor (TGF)-p
related to fibrotic processes (28). Because TGF- B can mediate pro-inflammatory responses
and fibrotic tissue remodeling in asthmatic airways (29), the mechanisms underlying
potential effects of paraxanthines on asthma warrant further investigation.

We acknowledge several study limitations. First, we cannot examine temporal relationships
in this cross-sectional analysis. Second, due to the relatively short half-lives of caffeine
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metabolites (< 8 h) (30), spot urinary samples do not account for daily and seasonal
variability or long-term intake of caffeine. Thus, we cannot examine long-term effects of
caffeine or its metabolites. Repeated measures of caffeine consumption and urinary caffeine
and its metabolites would be helpful to understand caffeine metabolism and its health or
functional consequences. Third, we had limited statistical power in analysis restricted to
subjects with asthma, particularly for BDR (7= 23). Fourth, we could not account for
factors affecting caffeine pharmacokinetics such as liver function, use of medications, and
genetic variants. It has been suggested that caffeine intake, metabolism, and functional
effects can be influenced by a large variety of exogenous and endogenous factors (9).

For example, polymorphisms in the CYP1A2 gene have been shown to downregulate
theophylline metabolism in patients with asthma (31). Fifth, misclassification of asthma

is possible (32). However, self-reported current asthma has been previously validated and

is extensively used in epidemiologic studies. Moreover, we obtained similar results in a
sensitivity analysis excluding current smokers and former smokers with =10 pack-years of
smoking. Lastly, we cannot exclude residual confounding by unmeasured risk factors or
behaviors. Although we adjusted the analysis for only one indicator of socioeconomic status
(annual household income) because of collinearity with other indicators, we obtained similar
results in multivariable models adjusting for health insurance coverage instead of annual
income (Data not shown).

Pending confirmation in longitudinal studies, our overall results in a cohort of U.S. adults
suggest that prior reports of an inverse association between coffee intake and asthma

may be explained by two caffeine metabolites (theophylline and paraxanthine). Moreover,
our results suggest weak and non-clinically significant effects of caffeine or any caffeine
metabolite on lung function in this cohort.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding
Dr. Celed6n’s contribution was supported by grants HL117191, HL152475, and MD011764 from the U.S. National
Institutes of Health. Dr. Han’s contribution was supported by grant MD011764. Dr. Forno’s contribution was
supported by HL 149693.

References

1. Fredholm BB, Battig K, Holmen J, Nehlig A, Zvartau EE. Actions of caffeine in the brain with
special reference to factors that contribute to its widespread use. Pharmacol Rev. 1999;51(1):83—
133. [PubMed: 10049999]

2. Fulgoni VL 3rd, Keast DR, Lieberman HR. Trends in intake and sources of caffeine in the diets
of US adults: 2001-2010. Am J Clin Nutr. 2015;101(5):1081-1087. doi:10.3945/ajcn.113.080077.
[PubMed: 25832334]

3. van Dam RM, Hu FB, Willett WC. Coffee, caffeine, and health. N Engl J Med. 2020;383(4):369—
378. doi:10.1056/NEJMral816604. [PubMed: 32706535]

4. Temple JL, Bernard C, Lipshultz SE, Czachor JD, Westphal JA, Mestre MA. The safety of ingested
caffeine: A comprehensive review. Front Psychiatry. 2017;8:80. [PubMed: 28603504]

J Asthma. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Han et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 9

. Pagano R, Negri E, Decarli A, La Vecchia C. Coffee drinking and prevalence of bronchial asthma.

Chest. 1988;94(2):386-389. doi:10.1378/chest.94.2.386. [PubMed: 3396420]

. Schwartz J, Weiss ST. Caffeine intake and asthma symptoms. Ann Epidemiol. 1992;2(5):627-635.

d0i:10.1016/1047-2797(92)90007-D. [PubMed: 1342314]

. Annesi |, Kauffmann F, Oryszczyn MP, Neukirch F, Dore MF. Coffee drinking and prevalence of

bronchial asthma. Chest. 1990;97(5):1268-1269. doi:10.1378/chest.97.5.1268c.

. Nettleton JA, Follis JL, Schabath MB. Coffee intake, smoking, and pulmonary function in

the Atherosclerosis Risk in Communities Study. Am J Epidemiol. 2009; 169(12): 1445-1453.
doi:10.1093/aje/kwp068. [PubMed: 19372215]

. Nehlig A Interindividual differences in caffeine metabolism and factors driving caffeine

consumption. Pharmacol Rev. 2018;70(2):384—411. doi:10.1124/pr.117.014407. [PubMed:
29514871]

Onatibia-Astibia A, Martinez-Pinilla E, Franco R. The potential of methylxanthine-based therapies
in pediatric respiratory tract diseases. Respir Med. 2016;112:1-9. d0i:10.1016/j.rmed.2016.01.022.
[PubMed: 26880379]

Moschino L, Zivanovic S, Hartley C, Trevisanuto D, Baraldi E, Roehr CC. Caffeine

in preterm infants: where are we in 2020? ERJ Open Res. 2020;6(1):00330-2019.
doi:10.1183/23120541.00330-2019.

Welsh EJ, Bara A, Barley E, Cates CJ. Caffeine for asthma. Cochrane Database Syst Rev. 2010;
(1):CD001112. [PubMed: 20091514]

Weinberger M, Hendeles L. Therapeutic effect and dosing strategies for theophylline

in the treatment of chronic asthma. J Allergy Clin Immunol. 1986;78(4 Pt 2):762—768.
doi:10.1016/0091-6749(86)90058-8. [PubMed: 3534057]

Gong H Jr., Simmons MS, Tashkin DP, Hui KK, Lee EY. Bronchodilator effects of caffeine

in coffee. A dose-response study of asthmatic subjects. Chest. 1986;89(3):335-342. doi:10.1378/
chest.89.3.335. [PubMed: 3948545]

Centers for Disease Control and Prevention. Laboratory Procedure Manual-Caffeine and Caffeine
Metabolites. In: Division of Laboratory Sciences National Center for Environmental Health, editor.
Atlanta, GA: Centers for Disease Control and Prevention; 2018.

Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo R, Enright P, van der
Grinten CPM, Gustafsson P, ATS/ERS Task Force, et al. Standardisation of spirometry. Eur Respir
J. 2005;26(2):319-338. d0i:10.1183/09031936.05.00034805. [PubMed: 16055882]

Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, Enright PL, Hankinson JL,

Ip MSM, Zheng J, ERS Global Lung Function Initiative, et al. Multi-ethnic reference values for
spirometry for the 3-95-yr age range: the global lung function 2012 equations. Eur Respir J.
2012;40(6):1324-1343. doi:10.1183/09031936.00080312. [PubMed: 22743675]

Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a sample of

the general U.S. population. Am J Respir Crit Care Med. 1999;159(1):179-187. doi:10.1164/
ajrccm.159.1.9712108. [PubMed: 9872837]

American Thoracic S, European Respiratory S. ATS/ERS recommendations for standardized
procedures for the online and offline measurement of exhaled lower respiratory nitric oxide and
nasal nitric oxide, 2005. Am J Respir Crit Care Med. 2005;171(8):912-930. [PubMed: 15817806]
McSharry CP, McKay IC, Chaudhuri R, Livingston E, Fraser I, Thomson NC. Short and long-
term effects of cigarette smoking independently influence exhaled nitric oxide concentration in
asthma. J Allergy Clin Immunol. 2005;116(1):88-93. doi: 10.1016/j.jaci.2005.03.025. [PubMed:
15990779]

Wee JH, Yoo DM, Byun SH, Song CM, Lee HJ, Park B, et al. Analysis of the relationship between
asthma and coffee/green tea/soda intake. Int J Environ Res Public Health. 2020;17(20):7471.
doi:10.3390/ijerph17207471.

Bruce C, Yates DH, Thomas PS. Caffeine decreases exhaled nitric oxide. Thorax. 2002;57(4):361-
363. doi:10.1136/thorax.57.4.361. [PubMed: 11923558]

Taylor ES, Smith AD, Cowan JO, Herbison GP, Taylor DR. Effect of caffeine ingestion on
exhaled nitric oxide measurements in patients with asthma. Am J Respir Crit Care Med.
2004;169(9):1019-1021. doi:10.1164/rccm.200310-14730C. [PubMed: 15001463]

J Asthma. Author manuscript; available in PMC 2022 November 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Han et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 10

Yurach MT, Davis BE, Cockcroft DW. The effect of caffeinated coffee on airway response

to methacholine and exhaled nitric oxide. Respir Med. 2011;105(11):1606-1610. doi:10.1016/
j.rmed.2011.06.006. [PubMed: 21726992]

Abuzayan |, Paraskavi U, Turner SW. Changes to exhaled nitric oxide in asthmatic children after
drinking a caffeine-containing cola drink. Pediatr Pulmonol. 2010;45(12):1228-1232. doi:10.1002/
ppul.21313. [PubMed: 20717934]

Barnes PJ. Theophylline: new perspectives for an old drug. Am J Respir Crit Care Med.
2003;167(6):813-818. doi:10.1164/rccm.200210-1142PP [PubMed: 12623857]

Horrigan LA, Kelly JP, Connor TJ. Immunomodulatory effects of caffeine: friend or
foe? Pharmacol Ther. 2006;111(3):877-892. doi:10.1016/j.pharmthera.2006.02.002. [PubMed:
16540173]

Klemmer I, Yagi S, Gressner OA. Oral application of 1,7-dimethylxanthine (paraxanthine)
attenuates the formation of experimental cholestatic liver fibrosis. Hepatol Res. 2011;41(11):1094—
1109. d0i:10.1111/j.1872-034X.2011.00856.x. [PubMed: 22032678]

Al-Alawi M, Hassan T, Chotirmall SH . Transforming growth factor  and severe asthma: a
perfect storm. Respir Med. 2014;108(10):1409-1423. doi: 10.1016/j.rmed.2014.08.008. [PubMed:
25240764]

Lelo A, Birkett DJ, Robson RA, Miners JO. Comparative pharmacokinetics of caffeine and its
primary demethylated metabolites paraxanthine, theobromine and theophylline in man. Br J Clin
Pharmacol. 1986;22(2):177-182. doi:10.1111/j.1365-2125.1986.tb05246.x. [PubMed: 3756065]
Obase Y, Shimoda T, Kawano T, Saeki S, Tomari SY, Mitsuta-1zaki K, et al. Polymorphisms in
the CYP1A2 gene and theophylline metabolism in patients with asthma. Clin Pharmacol Ther.
2003;73(5):468-474. d0i:10.1016/S0009-9236(03)00013-4. [PubMed: 12732846]

Aaron SD, Boulet LP, Reddel HK, Gershon AS. Underdiagnosis and Overdiagnosis of

Asthma. Am J Respir Crit Care Med. 2018;198(8):1012-1020. doi:10.1164/rccm.201804-0682Cl.
[PubMed: 29756989]

J Asthma. Author manuscript; available in PMC 2022 November 01.



Page 11

Han et al.

200 (599) TT (1) 22 IW 00Z Pue %¢T 2&Ad
100> IETFVET 690 F 9T'9 % ‘(4ag) asuodsa. Joye|ipoyouolg
€To VTI¥6'LT SOFT9T QQQ ,wU_xo JL1IU pajeyXs |euolioelq

€00 9TF8YL TOFT8L (%) OA4/*A34 Jorejipoyouoigaid
100> 8'T¥606 T0F2796 OAL/*A3 Joyepoyouoigaid pajorpaid %
200 9TF9.6 7'0FGT0T DA Joe|ipoyduoigaid paoipald o
100> 97FG68 S0F6'L6 TA34 Jojejipoyouoigaid pajotpaid o
100> (97se) 29 (6T T7 sAep z 15ed ‘SpI0J8IS Pajeyul o [eJo JO 8sn)
920 YTFv8 S0F89 Buyows anasebhid Jo sieak-yoed

(8°0¢) v2 (6'L1) L¥S wauny

(902) vv (°61) 8% J8wog

(5'8v) €01 (5'vS) 9TGT 13AaN
100 snyels Bujows
200 0Z0F 650 €00 SZ'0  1W/BU ona) ulunod winiss
100> (6'62) €9 (8'91) 0L€ 129k snotnaad ayp Ul Jonay AeH

500 (eev) LTT (T9¢) €66 Aussqo
100> 90F60¢ 20F88¢ 2W/B ‘xapul ssew Apog
100> (0'v¥) 80T (5'L1) €9 ewise jo Aloisiy Ajiuwes
100> (Lg2) 1L (8'€1) 2¥s 000'02$ > 8LOdUI POYasnoyY [enuuy
0 (z'89) 86 (9°€9) z/€T afe19n02 92UBINSUI U}[eaY B1eALId

(ev) 9T (9°2) 612 1ayo

(g8) e (6°€T) 729 J1uedSIH JaY10/uRdLIBWY UBDIXSIA

(#'91) 29 (2°07) v85 oe|g ouedsiH-uoN

(8'02) 901 (8'29) ¥0TT SNUM DluedsiH-UON
T0'0> ANd1uy3s pue aoey
100> (T99) ov1 (c09) TEET Xas a[ewa4
€10 LTFCEY 90F09Y (sseak) aby
anfen-d  (Tzgg = u) ewiyise uadand YA (TT9'z=U) sa1s1I8)oRIRYD

BLIYISE 1U3LIND INOUYUAA

"(2T02-6002) SANVHN Ul siuedionJed 3npe Z€g'z 0 solslaloeieyd
‘T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Asthma. Author manuscript; available in PMC 2022 November 01.



Page 12

Han et al.

(BLUYISE 1UBLIND 10J £Z =/ PUR BLUYISE OU 10} GGT = /) sainsesw ¥Aag pey siuedionsed mﬁk

‘NS 101 3S F (IND) uesw 91118W0ab se UMOYS aJe S1INsay
¥

"BLUYISE JUBLIND INOYIIM pue yim s10algns usamiaq uostiedwod 1oy sanjen d 'sejqeliea Aseuiq 104 (95) N Se pue ‘sajgelieA SnoNUIIUO0D 10} (3S) 10418 pJepuels F Ueall Se UMOUS ale S} nsay

S20 C0FST TOF.LT (auryiuexjAyrawip-g‘T) auljjAydoay L
980 6TFCST 90F29T (suIyauexjAyraWIp-2'€) BUIWOIGOdY L
200 LTFTIT 90FLYT (auypuexjAyiawip-2 ‘1) aulyiuexered
250 S0FLT z0¥F9¢ (ourypuexjAylswin-2 €' 1) auteyed

. (1/jowrl sayjogelaw aurayea pue sulajyed Areunin

280 8'0C ¥G'88T 1'8F 08T (hw) uondwnsuod aulaes [e1o} Ajreq
090 ¥'S T 610T 62F2S6 *._EmE ‘auluneald Aleurn

- (0°59) ovT - syjuow ¢ Ised ‘suoliealpau ewyise pagliasaid usxel

- (zen) L€ - Jeak snoinaidayy ul ewyise 104 1SIA Juawitedap Asuablaws T2

- (eop) €11 - 1eak snolaid ay) Ul Yoeye ewyise T2
anjen-d  (Tgg = u) ewyise JuaLund YUpn (T19'7=U) sansi8RIRYD

BWYise Juaiind 1JnoYuaa

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Asthma. Author manuscript; available in PMC 2022 November 01.



Page 13

Han et al.

'pa129]109 alam sajdwies ay) usym Aep ayl Jo awi pue ‘(syuedionted jje ui) Buiows aa1ebid Jo sieak-yoed ‘BUIUNOD WNJSS ‘ellyise Jo

Ki0is1y Ajiwey ‘xapui ssew Apog ‘aliodul ployasnoy [enuue ‘A1Io1uyia pue soel ‘xas ‘abe 1oy paisnipe sjapow |1V ‘|9As] sulUIIesId Aleurin Ag PapIAID SeMm S831j0geIaw S) JO Yora 10 8UI9JJed JO [aA8] AJeurn ayL

Author Manuscript

1070 (90°T 03 62°0) G5°0

6T°0 ‘(22T 03 6£°0) 69°0

10°0 (58°0 03 T€°0) TS0
(y) 0T

9€'0 ‘(25T 01 EE0) TL'O

120'(2T20109°0) €T'T

GT'0(cL'20158°0) 2S'T
(d) 0T

20°0'(€8°0 03 8T'0) 8€°0

¥5°0 (LG T 01 €¥°0) 28'0

91°0 (02T ‘2€°0) 29°0
(Yot

62°0 (TS'T 01 92°0) €9°0

12°0'(92°T 01 9€°0) 290

12°0'(€9'T 03 2G°0) 26'0
(y) ot

110 ‘(TTT 04 £°0) 29°0

6v'0 ‘(97T 03 L°0) 28'0

0T°0 ‘(Z0°T 03 9%°0) 0L'0
@ oT

190 ‘(TL'T 04 T'0) ¥8'0

05°0 ‘(8€'T 04 €5°0) 58'0

050 ‘(T8 T0IGL°0) 9T'T
U)ot

G0'0'(00°T 03 22°0) L¥'0

760 '(88'T 03 G5°0) 20'T

G7'0 ‘(GE'T 04 25°0) ¥8'0
(y) 01

17'0 (29T 039€°0) 92°0

6€°0 ‘(LE'TON G#°0) 62°0

€90 '(GLTOITLO) TT'T
(304) 0'T

¥ apend

€ anend

Z dend

T 9[1end
aunjiAydoay L

¥ 31end

€ 8|1end

zanend

T 9[1end
auIwo.agoay

¥ 31end

€ 9[1end

Z apnend

T 3pend
aulyluexeaed

¥ apend

€ anend

Z dend

T 9[1end

aulayeD

anfeA-d ‘(JeAdaiul 80UapLU0D 94G6) O1red SPPO

(e€0c =u)

Burows a1184e619 J0 saeak-xoed QT
SUHM SI9XOWS JaWII0) 10 SIOWS JaASN

(ze8'z = u) syuedionaed ||v

S311|0CeIaW BUIBYLD pUR auldyed Areurin

‘¢ alqeL

Author Manuscript

Author Manuscript

"BLUYISE 1UBLIND PUR S811]0GRIBL BUIajed AJeulin pue aulayjed Areunn Jo sisAjeue ajgeLeAnniA

Author Manuscript

J Asthma. Author manuscript; available in PMC 2022 November 01.



Page 14

Han et al.

'sisoubelp ewyse (syuedioned |e ur) pue ‘paids]|od alem
sajdwes ay) uaym Aep ay3 Jo awi} ‘sAep g ised ay} Ul Sp10Ja)S pafeyul Jo [eJo Jo asn ‘Bupsjows 811aJehid Jo sreak-yoed ‘auIUN0D WinJas ‘Xapul ssew Apog ‘awodul pjoyasnoy [enuue 1oy paisnipe sjapow ||y

‘pawIojsuen-THO| Uayl pue [9A3] auIUnesd Areurin ayl Ag papIAIp 1SJ1) 313M S8)1|0CeIBW S) O BUISYED JO S|ans] Aleurin

20°0 ‘(€€°0- ‘8¥'v-) Ov'2—
€7°0'(0T'S '89°0-) 022
180 '(9v°€ '90°'7-) 0€°0—

€7°0'(82°0 '82°5-) 0S'2—
19°0 '(#7°G ‘'90°€-) ¥0'T
690 (067 ‘9T"L-) €€'T—

010 ‘(2¥0 ‘LE7-) 86'T—
690 ‘(8e'v ‘'s2'2-) 18°0
€9°0 '(0¥'€ '95'6-) 80'T-

TT0 '(#€°0 ‘'88°€-) ¢S T-
950 (5L°€ ‘'80'2-) ¥8°0
92°0'(60°€ ‘6T '7-) G5°0—

12°0 '(1€°0 'L€'T-) €5°0—
100 (122 220) ¥2'T
ZT0'(19°T'02°0-) 0L°0

85°0 ‘(€°0 'SL°0-) 9T'0-
690 ‘(2v'T '06'0-) 92°0
98°0 (8€'T'9T'T-) TT°0

¥2'0(82°0 '0T'T-) TV'0-
100> ‘(€12 '0¥°0) L2T
¥0°0 ‘(S9°'T ‘20°0) €8°0

920 (T€'0 '80'T-) 6€°0-
GT'0(S¥'T '€2°0-) T9°0
850 ‘(20T '85°0-) 220

80°0 ‘(0T°0 '¥9'T-) £2°0-
100 (812 ‘1€0) ¥2'T
¥£0 ‘(Ev'T '05°0-) 90

Ge'0 ‘(€70 'T0°T-) 2Z€0-
1%°0(2€'T ' 29°0-) G€°0
¥6°0 “(LT'T '60'T-) ¥0°0

Zr0(9T°0 ‘'2€°T-) 85°0-
100> ‘(202 ‘'T7°0) 12T
€10 '(e7'T'02°0-) 250

670 (TZ°0 '62'T-) ¥5°0-
970 ‘(T¥'T '¥2'0-) 650
68°0 ‘(96°0 '€8°0-) 90°0

JA4/* A4 paropaid o

A4 papipaid o

TA34 paipald o
aulj|Aydoay L

OAA/PA34 panipaid o

D4 paipaid 9

TA3H pajoIpald 9
aulwoaqosy |

OAA/*A34 panipaid o,

D\ paidipaid 9

TAZS pajaIpaid o
aulypuexeed

JA4/*AT4 paroipaid o4

JA4 paripaid o

TA34 papipaid o

aulayeD

anjeA-d ‘(JeAtslul 80UspIU0D 9456) saansesw uonouny Bun-

(68T = U) BLUY3ISe JuaLINd YA (Trg'e=u)
ewyise Jusaind INoYUAA

(ogv'z = u) syueddpnaed ||V

'sisouBelp ewyise Ag sainseaw uonouny Bun| pue salljogeIaW aulaljed Jo aulayed Aleulin Jo sisAjeue ajgerieAlniA

‘€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Asthma. Author manuscript; available in PMC 2022 November 01.



Page 15

Han et al.

“TA34 Jorejipoyouoig-aid 1oy paisnipe Ajjeuoippe sem g [apOA “Pa1os]|0d aam sajdwies ay) uaym Aep ay Jo

awn pue ‘sAep z ised sy} Ul SPI0JSIS pajeyul J0 [e0 Jo asn ‘Buryows anaJeb1d Jo sJeak-yoed ‘BuIuI0d WINJSS Xapul ssew Apog ‘aliodul pjoyasnoy [enuue ‘Auduyis pue aoes ‘xas ‘abe loy paisnipe sjapow |1y

Author Manuscript

‘pawojsuen-0THO| Uayl pue [9A3] auIUesd Aseurin syl Ag papIAIp 1SJ1) 213M S8)1|0CeIBW S) O BUISYED JO S|ans] Ateunin

90°0 ‘(289 '8T'0-) 2€'€
€10 '(v9'S '€L'0-) G¥'C
90°0 ‘(6¥'G '80°0-) TLZ
0T°0'(2T'S '8¥'0-) 2€'C

91°0 (20 ‘TT¥-) 0L'T-
95°0 '(9¥'T '99°2-) 09°0—
8€'0 '(8€'T '€5'2-) 80'T—
€2°0'(LL'0 '60°€-) 9T'T-

100> ‘(69'TT '82'2) 86'9
0T°0 (V5’2 'TL°0-) TY'E
100 '(87'6 '82'T) 8€'S
100> '(S6'8 '9€'T) 9T'S

850 (L0'C '€9'¢-) 8L°0-
06°0 '(S0'C ‘'28'T-) 2T°0
92°0'(LeC '€z’e-) eV 0-

990 (8T 0192°2-) 670~

aulj|Aydoay L
auIWoIqoay |
aulyjuexered

aulayeD

(ez =) ewyise Jua.LINI YM siuedionied

auljjAydoay L
auIWOJgoay L
aulyjuexered

aulayeD

(SGT =) ewyise Jua1INd INOYIM Siuedidnied

anjeA-d ‘(JeAlslul 80UspYUO0D 9456) 'd

¢ [9POIN

T ISPON

(9%) asuodsaa J01e|IpOYdU0Ig

‘v alqeL

Author Manuscript

Author Manuscript

*asu0dsal 1018]1POYIUO0IC PUE S311JOQRISW BUIBLRD PUE aUIa)ed AJeulin Jo sisAeue sjqeLIeAlNA

Author Manuscript

J Asthma. Author manuscript; available in PMC 2022 November 01.



	Abstract
	Introduction
	Methods
	Study design and study population
	Urinary caffeine and caffeine metabolites
	Outcomes
	Statistical analysis

	Results
	Discussion
	References
	Table 1.
	Table 2.
	Table 3.
	Table 4.

