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A B S T R A C T

Background: Exposure to disinfectants and disinfection byproducts (DBPs) due to swimming in chlorinated water
has been associated with allergic and respiratory health effects, including asthma.
Objectives: Biological mechanisms contributing to these associations are largely unknown. We hypothesized a
potential pathway involving modulation of the immune system.
Methods: We assessed levels of immune markers (CCL11, CCL22, CXCL10, CRP, EGF, GCSF, IL-8, IL-17, IL-1RA,
MPO, VEGF, Periostin) in serum collected from 30 women and 29 men before and after 40 min of swimming in a
chlorinated pool. Exposure to DBPs was assessed by measuring bromodichloromethane, bromoform, chloroform,
and dibromochloromethane in exhaled breath before and after swimming. Covariate data including information
on physical activity was available through questionnaires and measurements. We assessed the association
between indicators of swimming in a chlorinated pool and changes in serum immune marker concentrations
using linear regression with bivariate normal distributions and adjusted for multiple comparisons by applying
the Benjamini-Hochberg procedure.
Results: We observed a significant decrease in serum concentrations of IL-8 (−12.53%; q = 2.00e-03), CCL22
(−7.28%; q = 4.00e-04), CCL11 (−7.15%; q = 9.48e-02), CRP (−7.06%; q = 4.68e-05), and CXCL10
(−13.03%; q = 6.34e-14) and a significant increase in IL-1RA (20.16%; q = 4.18e-06) from before to after
swimming. Associations with quantitative measurements of DBPs or physical activity were similar in direction
and strength. Most of the observed associations became non-significant when we adjusted the effects of exposure
to DBPs for physical activity or vice-versa.
Conclusions: Our study indicates that swimming in a chlorinated pool induces perturbations of the immune
response through acute alterations of patterns of cytokine and chemokine secretion. The observed effects could
not be uniquely attributed to either exposure to DBPs or physical activity. Evidence in the literature suggests that
observed decreases in immune markers are possibly due to an immunosuppressive effect of DBPs, while the
increase in IL-1RA might be due to physical activity.
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1. Introduction

Even though the beneficial effect of swimming as a form of physical
activity on human health is undisputed, concerns have been raised with
regards to potential negative effects on human health of swimming in
pools in which water disinfectants are applied. Disinfectants such as
chlorine react with organic matter in the water creating a range of
disinfection by-products (DBPs), some of which (especially trichlora-
mine) have been linked with chronic allergic and respiratory health
effects, including asthma, in epidemiological studies (Villanueva et al.,
2015; Villanueva and Font-Ribera, 2012). Biological mechanisms
contributing to these observed associations are largely unknown though
might involve modulation of the immune system.

Two studies previously assessed the effect of swimming in chlori-
nated pools on acute changes in immune marker concentrations. Font-
Ribera et al. (2010) assessed a suite of markers (RANTES (regulated
upon activation, normal T-cell expressed, and secreted), vascular
endothelial growth factor (VEGF), tumor necrosis factor (TNF), inter-
leukin (IL) 12p70, IL-4, IL-8, IL-10, interferon-gamma (IFN-γ), and IFN-
γ–induced protein 10 (IP10) in exhaled breath condensate of nonsmok-
ing adults, collected before and after for 40 min of swimming in a
chlorinated pool. No significant change in any of the immune markers
was observed. A significant change in lung damage marker club cell
secretory protein 16 (CC16) levels in serum was observed. The authors
mentioned that the concentrations of the immune markers in exhaled
breath condensate was low and indicated that further validation of
using these markers assessed in exhaled breath condensate as indicators
of acute inflammation was needed (Font-Ribera et al., 2010). Pedersen
et al. (2009) observed no significant changes in lung function, exhaled
NO, pH of exhaled breath condensate, and cellular composition of
sputum of 45 min of swimming in a chlorinated swimming pool. One
study very similar in design to the study by Font-Ribera observed no
significant associations between the effect of swimming in a chlorinated
pool on oxidative stress and lung damage markers (serum surfactant
proteins A and B) (Llana-Belloch et al., 2016).

Evidence for potential immunotoxic effects of DBPs is available
from a handful of animal studies (Auttachoat et al., 2009; French et al.,
1999; Munson et al., 1982), while studies among humans exposed to
halocarbons that are structurally very similar to DBPs also provide
evidence for immunotoxic effects (Bassig et al., 2013; Griffin et al.,
2000; Iavicoli et al., 2005; Weber et al., 2003).

In addition to DPBs, physical activity might also have an effect on
the immune system. A bout of physical activity has been reported to
induce an anti-inflammatory environment including acute elevations in
production of interleukin 6 (IL-6) from muscle tissue, stimulating the
production of anti-inflammatory cytokines such as IL-1 receptor
antagonist (IL-1RA), and downregulation of the number of monocytes
in blood reducing the production of pro-inflammatory cytokines
(Gleeson et al., 2011). Long-term exposure to regular bouts of physical
activity has been linked to immunosuppression thought to be induced
by the anti-inflammatory effects of exercise (Gleeson et al., 2011).

In this study we assessed the impact of 40 min swimming in a
chlorinated pool on changes in a set of 13 serum immune markers. We
attempted to disentangle the effects of physical activity and exposure to
DBPs on the immune markers by quantitative assessment of both
markers of exposure to DBPs and physical activity and by controlling
potential confounding factors such as age, sex, and Body Mass Index
(BMI).

2. Methods

2.1. Design

We recruited 59 nonsmoking adults through open advertisements at
local universities. A screening questionnaire was used to verify
eligibility among subjects (nonsmoking, non-professional swimmers,

18–40 years of age). Participants were asked to swim for 40 min at a
calm pace in an indoor 25 m long chlorinated swimming pool in
Barcelona, Spain. Participants did not swim during the week before
the swimming session and did not shower or conduct intense physical
activity on the day of the study. Up to four participants were evaluated
between 09:00 and 14:00 each day (before lunch) in June,
September–December 2013. Exhaled breath and blood were collected
before and after the subjects swam in the chlorinated pool in a room
inside the sports center. The study was approved by the ethics
committee of the research center following the international regula-
tions, and all volunteers signed an informed consent before participa-
tion.

2.2. Assessment of physical activity

Physical activity was estimated by measuring the distance swum by
each participant, calculating energy expenditure (in kilocalories) using
the swimming speed and the weight of the participant, assuming that
swimming at 46 m/min equals 8.3 metabolic equivalent tasks (METs;
kilocalories per kilogram per hour) (Ainsworth et al., 2000):

⎛
⎝⎜

⎞
⎠⎟

Kcal weight kg distance swam m
minute

swimming duration hr= ( ) × ( ) × ( )

× 8.3
46 (hr m

min)

kcal
kg

Study participants also wore a RCX5 heart rate (HR) monitor while
swimming (Polar, Kempele, Finland). We calculated the percentage of
monitored heart rate values during swimming that was higher than
69% of the individual theoretical maximum heart rate according to sex
and age, indicating high intensity physical activity (%HR; 220-age for
males, 206–0.88*age for females) (Gulati et al., 2010). Two participants
did not register HR data. We imputed the missing values with the
median value of the %HR calculated for the remaining study partici-
pants.

2.3. Markers of exposure to DBPs

We measured concentrations of four trihalomethanes
(THMs)–chloroform (CHCl₃), bromodichloromethane (BDCM), dibro-
mochloromethane (DBCM), bromoform (CHBr₃)–in exhaled breath
before swimmers entered the swimming pool and right after (median
4 min) they left the pool (median 4 min). We used the THMs as
surrogate for DBP exposure because they are easily measured in exhaled
breath. Measurement of THMs in exhaled breath for this study has been
described before (Font-Ribera et al., 2016). Briefly, exhaled breath
samples were collected using a portable system for exhaled breath
sampling (Bio-VOC™ Sampler, Markes International Ltd., UK). A total of
600 mL exhaled breath volume was collected. THM concentration were
detected using a Gas Chromatograph 7890 (Agilent Technologies)
coupled to Mass Spectrometer 5975C Inert XL MSD with a source in
Electron Impact Mode (Agilent Technologies). Concentrations were
expressed as micrograms per cubic meter.

In addition swimming water concentrations of a range of DBPs,
including the THMs measured in exhaled breath, were measured on the
days the study was conducted. A detailed description of sampling and
analytical methods for DBPs in the poolwater in this study was provided
in Font-Ribera et al. (2016).

To measure trichloramine, air samples were collected every day
with a sampling pump at a constant flow rate of 1.2 L/min for 115 min
within 1 m of the pool at a height of 60 cm above the water level.
Trichloramine was collected on a quartz fibre filter, reduced to chloride
ions and subsequently analyzed by ion chromatography. Further details
on the applied methods are provided in Jacobs et al. (2007).
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2.4. Immune markers

Serum samples were collected directly before swimming and 2 h
after swimming and were cold-stored within 2 h after collection. A
panel of 23 immune markers in serum was assessed using an R &D
Systems (Abingdon, UK) Luminex® screening assay according to the
protocol described by the manufacturer. The panel includes Interleukin
(IL)-1β, IL-1rA, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17, TNF-α,
Epidermal Growth Factor (EGF), Macrophage Inflammatory Protein 1
beta (MIP1 beta), chemokine (C-X-C motif) ligand 1 (CXCL1), myelo-
peroxidase (MPO), C-X-C motif chemokine 10 (CXCL10), vascular
endothelial growth factor (VEGF), C-C motif chemokine 22 (CCL22),
Periostin, chemokine (C-C motif) ligand 2 (CCL2), Basic fibroblast
growth factor (FGF basic), granulocyte colony-stimulating factor (G-

CSF), and C-C motif chemokine 11 (CCL11). In addition, C-reactive
protein (CRP) was assessed using an R &D Systems Solid Phase
Sandwich ELISA. Samplesthat were collected from the same individual
before and after swimming were analyzed in the same analytical batch.
Quality control samples were run in duplicate with the study samples in
each batch. Serum concentrations for IL-1β, IL-4, IL-5, IL-6, IL-10, IL-
13, IL-17, TNF-α, MIP1 beta, CXCL1, and FGF basic were below the
limits of quantification (LOQ) in> 60% of the samples and were
therefore excluded from main analyses. The remaining markers were
imputed using a maximum likelihood estimation procedure (Lubin
et al., 2004). To allow for plate to plate variation we imputed based on
each plate-specific limit of quantification and included plate as a
predictor variable in the imputation model.

Fig. 1. Density plots of natural log (ln) transformed serum immune marker concentrations before (continuous line) and after (dashed line) swimming.
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2.5. Covariate data

Questionnaires were used to collect information on personal and
family history of atopic diseases, exposure to environmental tobacco
smoke, diet, sociodemographic data, frequency and duration of swim-
ming pool attendance and other physical activity, and way of commut-
ing to the swimming pool facility. Weight and height were measured
with standard procedures.

2.6. Statistical analysis

We calculated Pearson correlation coefficients to assess the correla-
tion between quantitative markers of exposure due to swimming in a
chlorinated pool, and between immune markers measured in serum. In
addition we calculated intraclass correlation coefficients (ICC) for
THMs in exhaled breath and immune markers in serum. We used
density plots to present serum immune marker concentration distribu-
tions before and after swimming. We natural log transformed all
immune marker concentrations, as distributions were skewed.

We assessed the association between indicators of swimming in a
chlorinated pool and changes in serum immune marker concentrations
using a bivariate normal model which estimated the mean immune
marker level before swimming (intercept), the change in immune
marker level due to swimming, and the residual variance covariance
matrix across the two immune marker measurements per subject.

Our main model included a dichotomous indicator for swimming (pre
vs. post swimming) to assess the percentage change in immune marker
concentrations due to 40 min of swimming in a chlorinated pool. To assess
the independent contribution of the quantitative exposure markers (THMs
in exhaled breath and physical activity) in addition to the swimming
indicator, we added these to our main model, assessed their association with
immune marker concentrations, and assessed their influence on the
percentage change in immune marker concentration from before to after
swimming. For immune markers that were below the LOQ in> 60% of the
samples, but had at least 10 observations≥ LOQ and not< 10
observations≤ LOQ we conducted logistic regression to assess the impact
of 40 min of swimming on the odds of an observations being≥ LOQ. We
also fitted models without the pre/post swimming indicator, including
quantitative exposure markers one by one and correcting the effect of THMs
for the effect for physical activity and vice versa. Finally, we assessed the
association between change in concentrations of serum immune markers
and air concentrations of trichloramine at the day of swimming. We
consider this marker a relatively poor proxy for exposure, as true internal
exposure is affected by physical activity, sex, and temperature (Marco et al.,
2015).

All regression analyses were adjusted for age, sex, and BMI. We
adjusted for multiple comparisons by calculating for each immune
marker q-values based on p-values reported by the regression models
using the Benjamini-Hochberg procedure. We defined q = 5e-02 as the
threshold for a significant association.

3. Results

We included 30 women and 29 men with a median age of 24 years
in this study. All study participants were non-smokers and none of them
were professional swimmers. Further descriptive statistics and median
concentrations of relevant DBPs in swimming water and in exhaled
breath are reported in Table 1.

Measured swimming pool water concentrations of DBPs were
comparable to levels previously observed in Europe (Chowdhury
et al., 2014) and the United States (Weaver et al., 2009). Correlations
between serum immune markers before and after swimming were
generally low, though some markers were significantly correlated
(Appendix Table A.1). CCL2 and CCL11 were the only pair of markers
with a Pearson correlation> 0.50 (r= 0.68 and 0.66, before and after
swimming, respectively). ICCs for serum immune markers ranged from

0.33 (EGF) to 0.99 (CRP). We observed significant correlations between
the THMs measured in exhaled breath before swimming (r > 0.35)
and these increased after swimming (r > 0.57; Appendix Table A.2).
ICCs for all THMs were close to zero. Quantitative markers of exposure
to TTHM, Kcal, %HR, and distance swum were highly correlated when
calculated across pre- and post-swimming measurements (r > 0.80;
Table 2), and correlations among post-swimming measurements were
generally much lower (r 0.18–0.83; Table 2).

We show density plots of natural log transformed serum immune
marker concentrations before (continuous line) and after (dashed line)
swimming in Fig. 1. We observe a visual shift in the distribution of
serum concentrations of IL-8, CCL22, CCL11, CRP, CXCL10, IL-1RA,
and CCL2 from before to after swimming. Results from our main
regression model (Table 3) are in line with this observation.

We observed a significant decrease in serum concentrations of IL-8
(−12.53%; q = 2.00e-03), CCL22 (−7.28%; q = 4.00e-04), CCL11
(−7.15%; q = 9.48e-02), CRP (−7.06%; q = 4.68e-05), and CXCL10
(−13.03%; q = 6.34e-14) and a significant increase in IL-1RA
(20.16%; q = 4.18e-06) from before to after swimming. When we
added the quantitative estimate of TTHM measured in exhaled breath
or the total distance swum to the model, the magnitude of change
(adjusted for these quantitative variables) dropped for all markers and
no longer met our threshold for significance. A similar effect was
observed when we added Kcal or %HR to the models, though in these
models the remaining effect for CXCL10 still met our threshold for
significance. Estimates for TTHM or Kcal from these models also did not
meet our threshold for significance (Appendix Table A.3). Effects for
men and women were in the same direction for the significantly
changed serum markers. We observed a statistically significant multi-
plicative interaction for IL-1RA (p = 1.52e-02) (Appendix, Table A.4).

Effects of quantitative estimates of TTHM, distance swum, and %HR
on serum immune marker concentrations presented in Table 4 paral-
leled the results reported in Table 3. We observed significant negative
associations between increasing exposure of the quantitative markers of
swimming in a chlorinated pool and IL-8, CCL22, CCL11, CRP, CXCL10,
and a significant positive association with IL-1RA. When we added
quantitative estimates of %HR and Kcal to the model that contained
TTHM as the main effect, none of the significant associations remained
(with the exception of a significant effect for CXCL10 in a model
adjusted for %HR). Results for TTHM adjusted for distance swum were
marginally different from the analyses that were adjusted for Kcal
(Pearson correlation between these two variables r = 0.97; results not
shown). None of the immune markers were associated to either Kcal or
%HR in analyses that were adjusted for TTHM. Results for individual
THMs (Cl3CH, BDCM, DBCM, Br3CH) were similar to those obtained for
TTHM (Appendix, Table A.5).

We observed that a borderline significantly increased odds ratio of
serum level ≥ LOQ after swimming for IL-6 (nominal p-value = 0.05).
Odds ratios were non-significantly above unity for TNF-α and below
unity for CXCL1, G-CSF, and CCL11 (Appendix, Table A.6).

Reasoning that air concentrations of trichloramine can serve as a
proxy for internal exposure to DBPs not affected by an effect of physical
activity, we assessed the association between trichloramine in air and
changes in immune marker concentrations (results in Appendix, Table
A.7). We observed no significant associations between trichloramine
measured in air and changes in immune marker serum concentrations.

4. Discussion

We observed acute changes in seven immune markers (CCL2,
CCL11, CCL22, CXCL10, CRP, IL-8, and IL-1RA) after swimming in a
chlorinated pool. The observed changes were significantly associated to
quantitative markers of exposure to DBPs (measured by THMs in
exhaled breath) and quantitative markers of the physical activity spent
during 40 min of exercise. No significant association remained when we
adjusted the effects of exposure to DBPs for physical activity (or vice
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versa). We did not observe associations between air concentration of
trichloramine and changes in serum immune marker concentrations.

4.1. Biological role of the affected immune markers

The immune markers that were affected by 40 min swimming in a
swimming pool can be functionally divided into pro-inflammatory (Th1
associated; CXCL10, IL-8) and anti-inflammatory (Th2 associated; CCL2,
CCL11, CCL22) chemokines, a pro-inflammatory cytokine inhibitor (IL-
1RA), and an acute-phase protein (CRP). Chemokines are a superfamily of
homologous 8–10 kDa heparin-binding proteins involved in leukocyte
recruitment to sites of inflammation, but are also involved in angiogenesis
in both physiological and pathological contexts (Zlotnik and Yoshie, 2000).
For example, CCL-2 and IL-8 are co-expressed during the initial stages of
wound healing (Salcedo et al., 2000). IL-1RA antagonizes the strong pro-
inflammatory cytokine IL-1 by binding to the IL-1 receptor with high

affinity without activating the cell. In several diseases IL-1RA is elevated,
compensating for the increase in IL-1 induced by the disease process
(Hurme and Santtila, 1998). We observed a significant difference between
men and women in the response of IL-1RA to swimming in a chlorinated
pool. This is in line with previous reports of a sex specific response of IL-1RA
to external triggers (Daun et al., 2000). CRP is a plasma protein that binds to
specific molecular configurations found on the surface of pathogens. After
an acute inflammatory stimulus, CRP levels rise rapidly as part of the acute
phase response (Black et al., 2004).

CXCL10 is the immune marker that was most strongly affected in our
study. It plays a role in a multitude of biological pathways including
stimulation of monocytes, natural killer cells and T-cells, regulation of T-cell
and bone marrow progenitor maturation, modulation of adhesion molecule
expression and inhibition of angiogenesis (Zhao et al., 2012). CXCL10 is
involved in chemotaxis, induction of apoptosis, and regulation of cell
growth and has been reported to play a dual role in cancer by both
inhibiting and stimulating cell proliferation (Liu et al., 2011). Furthermore,
CXCL10 has been reported to play a role in airway hyperreactivity and
airway inflammation (Medoff et al., 2002), and health outcomes that have
been associated with swimming in a chlorinated pool (Villanueva et al.,
2015; Villanueva and Font-Ribera, 2012).

4.2. Independent effects of DBPs on immune markers

A challenge of the current study design was the strong correlation
between the quantitative markers THMs in exhaled breath and quantitative
markers of physical activity. The correlation is explained by the large role
that physical activity plays in the total internal exposure to THMs that is
received due to swimming in a chlorinated pool (Marco et al., 2015). Due to
the strong correlations that were observed between air concentrations of
THMs (not available in this study), physical activity, and THMs measured in
exhaled breath, inhalation has been suggested as the primary mechanism of
THM uptake (Marco et al., 2015). The strong correlation between these
quantitative markers makes that with our study design it was not possible to
attribute the effect to either exposure to DBPs or to physical activity. Even
though it has a different composition of DPBs (and in much lower
concentrations), literature on the effect of chlorinated drinking water (no
confounding by physical activity) and exercise (no confounding by exposure
to DBPs) does provide some insight into the independent effects of these
factors on the affected immune markers.

Evidence from a handful of animal studies points towards an immuno-
suppressive effect of DBPs in drinking water. Munson et al. (1982) reported
immunosuppression in mice after administration of BDCM or DBCM; Exon
et al. (1987) reported immunosuppression in rats after high doses to
chlorine-based disinfectants, Ueno et al. (1999) reported suppression of
immune responses in mice after exposure to chlorinated humic acid-
concentrate as a mixture of chlorination by-products, and Auttachoat
et al. (2009) observed a decreased number of circulating neutrophils in
blood of mice exposed to chloroform, though neutrophil function in lung
homogenates was not compromised. French et al. (1999) found no effects of
BDCM on the immune function of mice and rats after exposure through
drinking water and oral gavage.

Further evidence for immunosuppressive effects of DBPs comes from
studies of halocarbons that are structurally very similar to DBPs.
Trichloroethylene differs from chloroform by the presence of an additional
carbon atom and a carbon-carbon double bond, while one of the major
metabolites of TCE is trichloroacetaldehyde (TCAA), a DBP. Increased
serum levels of interferon-gamma and decreased levels of IL-4 were
observed in mice exposed to trichloroethylene (Griffin et al., 2000).
Occupational exposure to trichloroethylene has been associated with
elevated serum levels of interferon-gamma and IL-2 and decreased levels
of IL-4 and IL-10 (no effect on IL-6 or tumor necrosis factor (TNF)-alpha was
observed) (Bassig et al., 2013; Iavicoli et al., 2005). Tetrachloride is another
haloalkane similar to chloroform for which mechanistic studies have

Table 1
Descriptive statistics for anthropometric characteristics, exposure to disinfection bypro-
ducts, and physical activity of the study population.

Measurement (unit) N or median (range)

individuals (N) 30 women and 29 men
Age (yr) 24 (18–38)
BMIa (kg/m2) 23.2 (16.6–32.5)
Distance swum (m) 1050 (200–1850)
Energy expenditureb (Kcal) 197.8 (58.3–417.3)
Percentage heart rate values indicating high

intensity physical activityc (%)
70.3 (0.0–99.1)

Concentration trichloramine in air (μg/m3) 472.0 (248.5–858.3)
Concentration DBPsd in swimming water (μg/

L)
CHCl3 35.8 (25.4–60.6);
BDCM 7.3 (3.8–12.9); DBCM 2.5
(1.1–4.7);
Br3CH 0.9 (0.2–1.9); TTHM 46.9
(31.2–73.6).

Concentration TTHMsd in exhaled breath after
swimming (μg/m3)

Cl3CH 11.7 (2.7–26.3); BDCM
2.2 (0.4–6.4);
DBCM 0.5 (0.1–1.7); Br3CH 0.1
(0.0–0.4);
TTHM 14.5 (3.3–32.6).

a Body Mass Index
b

⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟ ⎛

⎝⎜
Kcal weight kg swimming duration hr= ( ) × × ( ) ×distance swaum m

minute

kcal
kg

hr m( ) 8.3
46 min)

c Change in the percentage of monitored heart rate values during swimming that was
higher than 69% of the individual maximum heart rate (indicating high intensity physical
activity).

d Chloroform (CHCl3), bromodichloromethane (BDCM), dibromochloromethane
(DBCM), bromofor (Br3CH), total trihalomethanes (TTHM).

Table 2
Pearson correlation coefficients for quantitative markers of exposure due to swimming in
a chlorinated poola. Significantly correlated markers (q value< 0.05) were bolded.

TTHMb Distancec Kcald %HRe

TTHMb 0.30 0.29 0.27
Distancec 0.85 0.83 0.25
Kcald 0.83 0.97 0.18
%HRe 0.80 0.82 0.80

a The lower triangular part of the matrix contains correlation coefficients between
markers when pre- and post-swimming measurements are combined in one dataset. The
upper triangular part of the matrix contains correlation coefficients between the markers
measured post-swimming.

b Change in total trihalomethanes (TTHM) measured in exhaled breath.
c Distance swum (meters).
d Change in energy expenditure (kilocalories).
e Change in the percentage of monitored heart rate values while swimming that was

higher than 69% of the individual maximum heart rate (indicating high intensity physical
activity).
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Table 3
Percentage difference in serum immune marker concentrations before and after swimming in a chlorinated pool.

Immune marker % changea % changea adjusted for TTHMb % changea adjusted for Kcalc % changea adjusted for %HRd % changea adjusted for distancee

CCL11 −7.15%
(q = 9.48e-02)

−1.8%
(q = 8.32e-01)

−7.33%
(q = 6.59e-01)

4.95%
(q = 8.60e-01)

−4.60%
(q = 7.74e-01)

CCL2 −6.29%
(q = 9.48e-02)

−11.6%
(q = 3.94e-01)

−9.76%
(q = 4.97e-01)

−3.86%
(q = 8.79e-01)

−4.50%
(q = 7.74e-01)

CCL22 −7.28%
(q = 4.00e-04)

−3.3%
(q = 8.03e-01)

0.03%
(q = 9.96e-01)

−1.14%
(q = 9.23e-01)

8.15%
(q = 4.11e-01)

CRP −7.06%
(q = 4.68e-05)

−6.6%
(q = 3.94e-01)

−9.11%
(q = 2.80e-01)

−7.81%
(q = 2.59e-01)

−9.63%
(q = 1.84e-01)

CXCL10 −13.03%
(q = 6.34e-14)

−10.4%
(q = 7.12e-02)

−15.66%
(q = 2.90e-03)

−16.33%
(q = 6.21e-05)

−15.56%
(q = 1.35e-02)

EGF −20.76%
(q = 1.63e-01)

−52.3%
(q = 1.56e-01)

−34.61%
(q = 4.97e-01)

−10.15%
(q = 9.23e-01)

−23.35%
(q = 7.69e-01)

G-CSF −0.74%
(q = 9.38e-01)

−4.7%
(q = 8.32e-01)

−24.61%
(q = 4.97e-01)

−2.63%
(q = 9.23e-01)

−24.40%
(q = 5.31e-01)

IL-17 2.67%
(q = 8.84e-01)

23.1%
(q = 5.45e-01)

11.98%
(q = 6.59e-01)

12.94%
(q = 8.60e-01)

34.92%
(q = 4.01e-01)

IL-1RA 20.16%
(q = 4.18e-06)

1.8%
(q = 8.32e-01)

19.37%
(q = 3.03e-01)

10.05%
(q = 7.43e-01)

31.59%
(q = 7.13e-02)

IL-8 −12.53%
(q = 2.00e-03)

−7.1%
(q = 8.03e-01)

−1.93%
(q = 9.28e-01)

−9.35%
(q = 7.43e-01)

−2.30%
(q = 9.18e-01)

MPO −3.49%
(q = 8.77e-01)

−21.8%
(q = 5.45e-01)

−16.32%
(q = 6.59e-01)

16.72%
(q = 8.60e-01)

0.45%
(q = 9.87e-01)

Periostin 1.21%
(q = 3.05e-01)

1.1%
(q = 8.32e-01)

1.74%
(q = 6.59e-01)

−0.23%
(q = 9.23e-01)

2.14%
(q = 7.69e-01)

VEGF 1.20%
(q = 9.38e-01)

11.7%
(q = 8.32e-01)

47.98%
(q = 3.03e-01)

31.34%
(q = 7.26e-01)

90.38%
(q = 7.13e-02)

a Percentage change in serum immune markers concentration determined before and after swimming in a chlorinated pool, adjusted for sex, age, and BMI. Serum concentrations were
log-transformed in the regression model. q-values were based on p values reported by the regression models using the Benjamini-Hochberg procedure.

b Additionally adjusted for change in total trihalomethanes (TTHM) measured in exhaled breath.
c Additionally adjusted for change in energy expenditure (kilocalories).
d Additionally adjusted for change in the percentage of monitored heart rate values while swimming that was higher than 69% of the individual maximum heart rate (indicating high

intensity physical activity).
e Additionally adjusted for distance swum (meters).

Table 4
Association between quantitative markers of exposure due to swimming in a chlorinated pool and absolute change in concentration of serum immune markersa.

Immune
marker

TTHM Kcal %HR TTHM adjusted for
Kcalb

TTHM adjusted for %
HRc

Kcal adjusted for
TTHMd

%HR adjusted for
TTHMd

CCL11 −4.92e-03
(q = 7.92e-02)

−3.55e-02
(q = 1.43e-01)

−1.35e-03
(q = 2.01e-02)

−5.16e-03
(q = 7.71e-01)

3.48e-04
(q = 9.33e-01)

2.29e-03
(q = 9.52e-01)

−1.41e-03
(q = 4.48e-01)

CCL2 −3.18e-03
(q = 2.39e-01)

−2.99e-02
(q = 1.49e-01)

−9.15e-04
(q = 8.73e-02)

4.12e-04
(q = 9.31e-01)

1.79e-03
(q = 8.78e-01)

−3.30e-02
(q = 7.57e-01)

−1.26e-03
(q = 4.81e-01)

CCL22 −4.95e-03
(q = 3.10e-04)

−4.27e-02
(q = 1.48e-04)

−1.16e-03
(q = 1.42e-04)

−1.37e-03
(q = 7.71e-01)

−1.60e-03
(q = 8.63e-01)

−3.25e-02
(q = 7.57e-01)

−8.46e-04
(q = 4.48e-01)

CRP −4.40e-03
(q = 2.50e-04)

−3.50e-02
(q = 3.36e-04)

−9.38e-04
(q = 4.19e-04)

−2.97e-03
(q = 7.71e-01)

−3.02e-03
(q = 4.59e-01)

−1.29e-02
(q = 7.57e-01)

−3.47e-04
(q = 6.77e-01)

CXCL10 −8.58e-03
(q = 1.05e-11)

−6.73e-02
(q = 3.29e − 10)

−1.72e-03
(q = 1.61e-08)

−6.48e-03
(q = 5.75e-02)

−7.85e-03
(q = 7.37e-03)

−1.92e-02
(q = 7.57e-01)

−1.85e-04
(q = 7.66e-01)

EGF −7.13e-03
(q = 6.27e-01)

−9.94e-02
(q = 2.94e-01)

−3.34e-03
(q = 1.52e-01)

1.77e-02
(q = 7.71e-01)

2.38e-02
(q = 4.59e-01)

−2.31e-01
(q = 7.57e-01)

−7.95e-03
(q = 4.48e-01)

G-CSF 1.69e-04
(q = 9.94e-01)

1.94e-02
(q = 8.18e-01)

−2.66e-05
(q = 9.84e-01)

−7.50e-03
(q = 7.71e-01)

9.23e-04
(q = 9.33e-01)

7.36e-02
(q = 7.57e-01)

−2.01e-04
(q = 9.35e-01)

IL-17 −1.59e-03
(q = 9.79e-01)

3.25e-03
(q = 9.38e-01)

−4.55e-05
(q = 9.84e-01)

−6.94e-03
(q = 7.71e-01)

−4.44e-03
(q = 8.78e-01)

5.24e-02
(q = 7.57e-01)

7.66e-04
(q = 7.66e-01)

IL-1RA 1.27e-02
(q = 3.33e-07)

9.20e-02
(q = 2.20e-05)

2.63e-03
(q = 4.96e-06)

1.43e-02
(q = 5.75e-02)

1.00e-02
(q = 1.84e-01)

−1.44e-02
(q = 8.59e-01)

6.75e-04
(q = 6.77e-01)

IL-8 −3.85e-05
(q = 9.94e-01)

−8.77e-03
(q = 9.15e-01)

−9.54e-04
(q = 5.59e-01)

5.08e-03
(q = 7.71e-01)

1.65e-02
(q = 4.59e-01)

−4.63e-02
(q = 8.59e-01)

−4.17e-03
(q = 4.48e-01)

MPO 7.21e-04
(q = 3.98e-01)

5.65e-03
(q = 3.86e-01)

1.95e-04
(q = 2.25e-01)

5.38e-04
(q = 7.71e-01)

−2.37e-04
(q = 9.33e-01)

1.66e-03
(q = 9.52e-01)

2.41e-04
(q = 6.77e-01)

Periostin −4.32e-04
(q = 9.94e-01)

−2.06e-02
(q = 8.18e-01)

−5.72e-04
(q = 7.46e-01)

9.29e-03
(q = 7.71e-01)

7.62e-03
(q = 8.63e-01)

−8.92e-02
(q = 7.57e-01)

−2.05e-03
(q = 6.77e-01)

VEGF −8.53e-03
(q = 2.25e-03)

−7.42e-02
(q = 8.89e-04)

−1.83e-03
(q = 3.20e-03)

−2.33e-03
(q = 7.71e-01)

−5.69e-03
(q = 5.71e-01)

−5.70e-02
(q = 7.57e-01)

−7.25e-04
(q = 6.77e-01)

a Change in serum immune markers concentration determined before and after swimming in a chlorinated pool, adjusted for sex, age, and BMI. Serum concentrations were log-
transformed in the regression model. q-values were based on p values reported by the regression models using the Benjamini- Hochberg procedure.

b Analyses additionally adjusted for change in energy expenditure (Kcal; kilocalories).
c Analyses additionally adjusted for change in the percentage of monitored heart rate values while swimming that was higher than 69% of the individual maximum heart rate,

indicating high intensity physical activity (%HR).
d Analyses additionally adjusted for change in total trihalomethanes (TTHM) measured in exhaled breath.
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demonstrated an effect on the production of TNF-alpha, transforming
growth factors (TGF)-alpha and beta, IL-6, and IL-10 (Weber et al., 2003).

4.3. Independent effect of physical activity on immune markers

Short-term, transient increases in serum CRP, IL-1RA, and IL-8 after
strenuous exercise due to an exercise-induced acute phase response)
have been reported consistently in the literature (Kasapis and
Thompson, 2005). Importantly, the majority of these studies were
conducted among trained athletes that are known to experience a
decrease in several immune markers resulting from prolonged (long-
term) exercise. In our study the effect for IL-1RA was in the same
direction as the effect observed for physical activity, but the effects for
CRP and IL-8 were in the opposite direction. We did observe a
significantly elevated odds ratio for detection after swimming for IL-6
(indicating IL-6 levels increased from before to after swimming), which
is a potent inducer of IL-1RA and has been reported to increase after
physical activity (Ostrowski et al., 2000; Steensberg et al., 2003). We
did not identify any studies among healthy individuals reporting on the
effects of exercise on the other immune markers included in our study.

4.4. Using peripheral blood to assess changes in immune markers

While our rate of detection for some immune markers was low, for
most of the immune markers that we did successfully detect, we
observed strong associations with swimming in a chlorinated pool.
This is in contrast with previous studies in chlorinated swimming pools
that used exhaled breath condensate collected 1 hour after swimming
(in contrast to two hours after swimming in our current study) to
measure immune markers (and in which high detection rates were
reported) (Font-Ribera et al., 2010; Pedersen et al., 2009). Blood
sampling is also much less labor intensive than collection of exhaled
breath condensate. We therefore suggest serum as a suitable and
sensitive biological matrix for sampling immune markers in future
studies of the effects of swimming in chlorinated pools.

4.5. Disentangling the effect of exposure to DBPs on immune markers from
physical activity

In the current analysis we were not able to statistically distinguish
the effect of exposure to DBPs on immune marker levels from the effect
of physical activity on immune marker levels. Future studies should
focus on designs that decrease the correlations between THMs mea-
sured in exhaled breath and physical activity. A recent example of such
a design was provided by Llana-Belloch et al. (2016). In this study three
pools with different characteristics and different methods for water
disinfection were included in a cross-over design.

4.6. Conclusion

In this study we observed strong acute changes in seven immune
markers (CCL2, CCL11, CCL22, CXCL10, CRP, IL-8, and IL-1RA) after
swimming in a chlorinated pool. With our study design, it was not
possible to attribute this effect to either exposure to DBPs (measured by
THMs in exhaled breath) or to physical activity. Reviewing the
literature we observed evidence for an immune response due to
physical activity and evidence for immunosuppression due to exposure
to DBPs. This provides support that the decrease in immune markers
concentrations we observed for most significantly associated markers is
more likely attributable to exposure to DBPs rather than to physical
activity, though the effect of other (unmeasured) influences on these
immune markers cannot be fully excluded.
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Appendix A

Table A.1
Matrix of Pearson correlation coefficients between immune markers measured before (below diagonal) and after (above diagonal) swimming. Significantly correlated markers (q
value< 0.05) were bolded.

CCL11 CCL2 CCL22 CRP CXCL10 EGF G-CSF IL-17 IL-1RA IL-8 MPO Periostin VEGF

CCL11 0.66 0.06 −0.22 0.17 0.21 0 −0.15 0.08 0.09 −0.22 0.11 0.07
CCL2 0.68 0.27 −0.21 0.36 0.18 0 −0.1 0.36 0.21 −0.23 0.09 0.2
CCL22 0.16 0.28 0.14 0.31 −0.06 0.11 0.2 0.36 0.35 −0.15 0.03 0.25
CRP -0.19 −0.15 0.17 0.14 −0.1 0.31 0.04 0.13 0.19 0 −0.07 0.13
CXCL10 0.33 0.4 0.3 0.07 −0.19 −0.17 0.04 0.19 0.16 −0.06 0.1 0.06
EGF 0.03 0.31 0.12 −0.14 0.15 0.17 −0.02 0.26 −0.06 −0.16 0.28 0.18
G-CSF 0.14 0.19 0.15 0.21 −0.17 0.16 −0.09 0.12 0.16 −0.19 0.3 0.12
IL-17 0.03 0.07 0 −0.07 0.16 0.07 −0.26 0.03 0.27 0.26 −0.11 0.12
IL-1RA 0.14 0.34 0.41 0.33 0.41 0.04 0.2 −0.02 0.14 −0.11 −0.03 0.46
IL-8 0.01 0.1 0.28 0.24 0.16 0.17 0.17 0.11 0.32 −0.13 −0.02 0.25
MPO -0.11 −0.34 −0.11 −0.06 −0.08 0.06 −0.3 0.27 −0.26 −0.04 −0.39 0.15
Periostin 0.17 0.22 0.01 −0.08 0.16 0.2 0.16 −0.13 −0.01 −0.01 −0.32 -0.09
VEGF 0.07 0.11 0.29 0.1 0.05 0.04 0.03 0.13 0.32 0.25 0.14 −0.04
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Table A.2
Matrix of Pearson correlation coefficients between trihalomethanes in exhaled breath before (below diagonal) and after (above diagonal) swimming. Significantly correlated markers (q
value< 0.05) were bolded.

Cl3CHa BDCMb DBCMc Br3CHd TTHMe

Cl3CHa 0.82 0.67 0.57 0.99
BDCMb 0.69 0.96 0.84 0.90
DBCMc 0.40 0.84 0.94 0.78
Br3CHd 0.35 0.74 0.88 0.67
TTHMe 0.98 0.82 0.58 0.52

a Chloroform.
b Bromodichloromethane.
c Dibromochloromethane.
d Bromoform.
e Total trihalomethanes.

Table A.3
Association between DBPs measured in exhaled breath and physical activity and absolute change in concentration of serum immune markers, adjusted for an indicator of swimming in a
chlorinated pool (before swimming vs. after swimming)a.

Immune marker TTHMb Kcalc

CCL11 −3.91e-03
(q = 6.98e-01)

1.10e-03
(q = 9.81e-01)

CCL2 4.14e-03
(q = 6.98e-01)

2.13e-02
(q = 8.59e-01)

CCL22 −2.98e-03
(q = 6.98e-01)

−4.29e-02
(q = 8.41e-01)

CRP −3.25e-04
(q = 9.77e-01)

1.26e-02
(q = 8.59e-01)

CXCL10 −2.09e-03
(q = 6.98e-01)

1.73e-02
(q = 8.59e-01)

EGF 3.57e-02
(q = 5.61e-01)

1.09e-01
(q = 8.59e-01)

G-CSF 2.84e-03
(q = 9.77e-01)

1.55e-01
(q = 8.41e-01)

IL-17 −1.27e-02
(q = 6.98e-01)

−4.90e-02
(q = 8.59e-01)

IL-1RA 1.16e-02
(q = 4.59e-01)

3.72e-03
(q = 9.81e-01)

IL-8 1.48e-02
(q = 6.98e-01)

8.05e-02
(q = 8.59e-01)

MPO 4.25e-05
(q = 9.79e-01)

−2.96e-03
(q = 9.81e-01)

Periostin −6.95e-03
(q = 7.82e-01)

−2.15e-01
(q = 8.41e-01)

VEGF −4.23e-03
(q = 7.04e-01)

−6.46e-02
(q = 8.41e-01)

a Change in serum immune markers concentration determined before and after swimming in a chlorinated pool, adjusted for sex, age, and BMI. Serum concentrations were log-
transformed in the regression model. q-values were based on p values reported by the regression models using the Benjamini-Hochberg procedure.

b Total trihalomethanes measured in exhaled breath.
c Change in energy expenditure (kilocalories).

Table A.4
Percentage difference in serum immune marker concentrations before and after swimming in a chlorinated pool by gender.

Immune marker % change alla % change mena % change womena p-value for interactionb

CCL11 −7.15%
(q = 9.48e-02)

−3.8%
(q = 6.56e-01)

−10.3%
(q = 3.31e-02)

3.54E-01

CCL2 −6.29%
(q = 9.48e-02)

−7.9%
(q = 1.53e-01)

−4.7%
(q = 4.19e-01)

5.98E-01

CCL22 −7.28%
(q = 4.00e-04)

−6.1%
(q = 5.29e-02)

−8.4%
(q = 1.20e-02)

5.04E-01

CRP −7.06%
(q = 4.68e-05)

−7.5%
(q = 5.83e-05)

−6.6%
(q = 4.90e-02)

7.57E-01
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CXCL10 −13.03%
(q = 6.34e-14)

−12.3%
(q = 5.63e-06)

−13.7%
(q = 1.50e-08)

6.20E-01

EGF −20.76%
(q = 1.63e-01)

−5.1%
(q = 8.02e-01)

−33.4%
(q = 8.74e-02)

2.07E-01

G-CSF −0.74%
(q = 9.38e-01)

10.5%
(q = 6.33e-01)

−10.5%
(q = 4.42e-01)

2.66E-01

IL-17 2.67%
(q = 8.84e-01)

15.8%
(q = 4.54e-01)

−8.6%
(q = 4.19e-01)

1.46E-01

IL-1RA 20.16%
(q = 4.18e-06)

30.6%
(q = 2.39e-06)

10.8%
(q = 9.13e-02)

1.52E-02

IL-8 −12.53%
(q = 2.00e-03)

10.7%
(q = 3.34e-02)

−15.5%
(q = 4.19e-01)

2.86E-01

MPO −3.49%
(q = 8.77e-01)

1.4%
(q = 4.54e-01)

1.0%
(q = 4.96e-01)

1.08E-01

Periostin 1.21%
(q = 3.05e-01)

6.0%
(q = 7.19e-01)

−3.2%
(q = 7.53e-01)

8.29E-01

VEGF 1.20%
(q = 9.38e-01)

−16.1%
(q = 1.11e-02)

−8.9%
(q = 1.45e-01)

5.89E-01

a Change in serum immune markers concentration determined before and after swimming in a chlorinated pool, adjusted for age, and BMI and stratified by sex. Serum concentrations
were log-transformed in the regression model. q-values were based on p values reported by the regression models using the Benjamini-Hochberg procedure.

b p-value for interaction term between age and sex added to a model not stratified by sex.

Table A.5
Association between DBPs measured in exhaled breath and absolute change in concentration of serum immune markersa.

Immune marker TTHMb Cl3CHb BDCMb DBCMb Br3CHb

CCL11 −4.92e-03
(q = 7.92e-02)

−6.08e-03
(q = 9.19e-02)

−2.99e-02
(q = 5.09e-02)

−1.19e-01
(q = 8.71e-02)

−4.17e-01
(q = 3.40e-01)

CCL2 −3.18e-03
(q = 2.39e-01)

−4.08e-03
(q = 2.34e-01)

−1.76e-02
(q = 2.61e-01)

−6.79e-02
(q = 3.78e-01)

−2.46e-01
(q = 7.02e-01)

CCL22 −4.95e-03
(q = 3.10e-04)

−6.13e-03
(q = 5.25e-04)

−3.01e-02
(q = 1.08e-04)

−1.35e-01
(q = 1.03e-04)

−6.44e-01
(q = 6.05e-04)

CRP −4.40e-03
(q = 2.50e-04)

−5.80e-03
(q = 1.15e-04)

−2.18e-02
(q = 1.73e-03)

−8.37e-02
(q = 1.07e-02)

−3.59e-01
(q = 5.49e-02)

CXCL10 −8.58e-03
(q = 1.05e − 11)

−1.09e-02
(q = 1.25e-11)

−4.79e-02
(q = 4.86e-11)

−2.05e-01
(q = 8.65e-10)

−9.64e-01
(q = 2.69e-07)

EGF −7.13e-03
(q = 6.27e-01)

−9.06e-03
(q = 6.28e-01)

−4.17e-02
(q = 6.06e-01)

−1.48e-01
(q = 7.51e-01)

−1.15e-01
(q = 9.41e-01)

G-CSF 1.69e-04
(q = 9.94e-01)

2.74e-04
(q = 9.94e-01)

3.69e-04
(q = 9.94e-01)

−1.64e-03
(q = 9.93e-01)

−1.44e-01
(q = 9.41e-01)

IL-17 −1.59e-03
(q = 9.79e-01)

−2.02e-03
(q = 9.78e-01)

−9.46e-03
(q = 9.60e-01)

−2.55e-02
(q = 9.93e-01)

8.46e-02
(q = 9.41e-01)

IL-1RA 1.27e-02
(q = 3.33e-07)

1.61e-02
(q = 3.45e-07)

7.21e-02
(q = 5.54e-07)

3.14e-01
(q = 1.95e-06)

1.39e + 00
(q = 1.80e-04)

IL-8 −3.85e-05
(q = 9.94e-01)

4.79e-05
(q = 9.94e-01)

−2.28e-03
(q = 9.94e-01)

−1.17e-03
(q = 9.93e-01)

5.15e-02
(q = 9.41e-01)

MPO 7.21e-04
(q = 3.98e-01)

9.54e-04
(q = 3.67e-01)

3.48e-03
(q = 5.31e-01)

1.36e-02
(q = 6.38e-01)

6.16e-02
(q = 7.46e-01)

Periostin −4.32e-04
(q = 9.94e-01)

−7.71e-04
(q = 9.94e-01)

−2.25e-04
(q = 9.94e-01)

2.36e-02
(q = 9.93e-01)

2.51e-01
(q = 9.41e-01)

VEGF −8.53e-03
(q = 2.25e-03)

−1.07e-02
(q = 2.73e-03)

−4.95e-02
(q = 1.73e-03)

−2.16e-01
(q = 2.74e-03)

−1.02e + 00
(q = 8.20e-03)

a Change in serum immune markers concentration determined before and after swimming in a chlorinated pool, adjusted for sex, age, and BMI. Serum concentrations were log-
transformed in the regression model. q-values were based on p values reported by the regression models using the Benjamini-Hochberg procedure.

b Total trihalomethanes (TTHM), bromodichloromethane (BDCM), bromoform (Br3CH),chloroform (CHCl3), dibromochloromethane (DBCM).

Table A.6
Detection rate for all markers included in the study and odds ratio for detection for markers with at least 10 detects and 10 non-detects.

Marker Detects/non-detectsa Included in main analysisb OR (95% CI)c p valued

CCL11 83/35 Yes 0.54 (0.24–1.24) 0.15
CXCL1 12/106 No 0.46 (0.13–1.63) 0.23
G-CSF 103/15 Yes 0.62 (0.20–1.90) 0.40
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IL-6 15/103 No 3.45 (0.98–12.12) 0.05
TNF-α 26/92 No 1.23 (0.51–2.98) 0.65

a Frequency of samples in which markers were detected.
b Indicator for the inclusion of this marker in the main analyses of this study.
c Odds ratio and 95% confidence interval of detecting a marker post swimming versus pre swimming. Estimated for markers with at least 10 detects and 10 non-detects using a logistic

regression model, adjusted for age, sex, and BMI.
d p-value associated with the odds ratio of detecting a marker post swimming versus pre swimming.

Table A.7
Association between trichloramine measured in air and absolute change in concentration of serum immune markersa.

Immune marker Trichloraminea Trichloramine adjusted for Kcalb,c

CCL11 2.07e-03
(q = 7.69e-01)

1.60e-03
(q = 6.12e-01)

CCL2 3.29e-03
(q = 8.45e-01)

2.96e-03
(q = 8.18e-01)

CCL22 1.07e-02
(q = 8.45e-01)

1.08e-02
(q = 5.95e-01)

CRP −1.90e-02
(q = 1.88e-01)

−1.81e-02
(q = 6.12e-01)

CXCL10 2.83e-03
(q = 7.69e-01)

2.50e-03
(q = 6.91e-01)

EGF 7.84e-03
(q = 8.45e-01)

7.00e-03
(q = 9.32e-01)

G-CSF −1.10e-02
(q = 7.69e-01)

−1.08e-02
(q = 9.33e-01)

IL-17 −1.57e-02
(q = 8.45e-01)

−1.58e-02
(q = 9.32e-01)

IL-1RA 6.52e-03
(q = 8.45e-01)

6.94e-03
(q = 8.87e-01)

IL-8 −3.58e-05
(q = 8.45e-01)

−6.55e-05
(q = 6.91e-01)

MPO −3.83e-03
(q = 4.40e-01)

−3.83e-03
(q = 5.95e-01)

Periostin −2.70e-02
(q = 8.45e-01)

−2.72e-02
(q = 9.32e-01)

VEGF −1.18e-02
(q = 8.45e-01)

−1.28e-02
(q = 8.83e-01)

a Change in serum immune markers concentration determined before and after swimming in a chlorinated pool, adjusted for sex, age, and BMI. Serum concentrations were log-
transformed in the regression model. q-values were based on p values reported by the regression models using the Benjamini-Hochberg procedure.

b Change per unit change in trichloramine concentration measured in air (μg/m3).
c Analyses additionally adjusted for change in energy expenditure (Kcal; kilocalories).
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