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1 | INTRODUCTION

The quality of the water and the air of swimming pools is currently
a topic of interest in occupational and environmental health. Even
though the beneficial effects of swimming on increasing physical
activity, cardiopulmonary fitness, and improving lung function are
undeniable,! concerns have been raised regarding the potential neg-
ative effects on human health of water disinfectants used in swim-
ming pools.

The World Health Organization (WHO) highlights the need of
adequate water disinfection of swimming pools to prevent micro-
bial proliferation.? Disinfectants are the principal management-
derived chemicals added to minimize the risk of microbial
contaminants; chlorine-based products are the most commonly
used in indoor pools,? typically preferred due to their effective-
ness and lower overall relative cost, in spite of possibly leading to
unwanted effects. Although several disinfection options are avail-
able such as bromine, ozone, copper-silver, UV irradiation, electro-
chemically generated mixed oxidants, and UV/hydrogen peroxide,
some of these kill or inactivate microorganisms as the water un-
dergoes treatment, but there is no lasting disinfectant effect or
“residual” that reaches the pool and continues to act upon chemi-
cals and microorganisms in the water. Thus, where these types of
disinfection are used, a chlorine- or bromine-type disinfectant is
also employed to provide continued disinfection.? Swimming pools
treated exclusively with chlorine were found to be more toxic than
those treated in combination with ozone® or UV,*® due to the
lower chlorination by-product (CBPs) formation when these sec-
ondary treatments were employed, compared to that when chlori-
nation was used alone.

The addition of chlorine-based disinfectants (chlorine gas, so-
dium or calcium hypochlorite, di- or trichloroisocyanurates) to the
swimming pools water releases hypochlorous acid (HCIO), which is
the active biocide. HCIO is a weak acid with a pKa of 7.5 at 25°C
that reversely dissociates into hypochlorite (CIO”) and hydrogen ion.
The sum of HCIO and CIO™ is referred to as free chlorine. HCIO is
a non-specific biocide that inactivates most waterborne pathogens
but also reacts with organic matter to produce a wide range of
CBPs.® Compared to tap water, CBP formation in pools is much more
important due to the higher input of organic matter and the con-
stant addition of disinfectants.” In chlorinated pools, major groups
of CBPs include chloramines, trihalomethanes (THMs), haloacetics

exposures in different populations (work-related exposures, intensive sports, and rec-

reational attendance) and identify the main recommendations and unmet needs for

chlorination by-products, disinfection by-products, occupational exposure, recreational

acids (HAAs), haloacetaldehydes (HALs), and haloacetonitriles
(HANSs) (Figure 1).

Indoor swimming pools are of particular concern since they are
used regularly all year round, and volatile CBPs can accumulate in
the indoor environment over time in swimming facilities where the
fresh air supply is insufficient,® even if some air movement above
the swimming pools occurs. The higher the concentration of these
volatile CBPs in the water, the higher their concentration in the air
above the pool.9 Besides inhalation of volatile or aerosolized solutes,
there are two other main routes of exposure to chemicals in swim-
ming pools: water ingestion and skin absorption (which may repre-
sent a source of muco-cutaneous symptoms). These several routes
add to the individual “exposome,” which comprises all environmental
exposures that a person experiences from conception throughout
the lifespan.*®

Some CBPs may affect the respiratory and skin health of those
who stay indoor for long periods, such as swimming instructors, pool
staff,'* and the competitive swimmers.'?>*® Whether those who use
chlorinated pools as customers, particularly children, may also be af-
fected has been a matter of debate. We aimed to review this topic,
by describing the chemical nature and toxicity of these compounds
given the types of exposure and reviewing health effects of such
exposures in different populations considering also personal and en-
vironmental risk factors, in order to propose recommendations and
to identify unmet needs in this area.

2 | THE SWIMMING POOL ENVIRONMENT

Swimming pool environment is a complex and dynamic ecosystem
that can be affected by the type of swimming pool (indoor, outdoor)
and by other factors, including water temperature, ventilation, cli-
mate, location, purpose of use (competition, relaxation, recreational
activities), and swimming habits, particularly swimmer's hygiene.“'16
In the case of an indoor swimming pool, the environment consists of
the water in the pool, the air above the pool within the building, and
the people in the pool.’

Both organic and inorganic compounds are continuously enter-
ing this ecosystem via filling waters (eg, tap water, seawater, thermal
water), disinfectant addition (eg, chlorine, bromine, ozone, UV), phar-
maceuticals and personal care products (eg, analgesics, antibiotics,
sunscreens, lotions, cosmetics, soaps), and human body excretions
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FIGURE 1 Chlorination by-products 3
presented at the water and the air of
chlorinated swimming pools—adapted Air
from Bernard A%’ - CHCI3 NC13
Indoor < chloroforme trichloramine
Outdoor vapors and gases aerosols

(eg, urine, sweat, saliva). Interactions between all these compounds
generate CBPs, some of which are of health concern.®

Chloramines are formed as a result of the reaction of HCIO with
urea and other nitrogenous compounds brought by swimmers. This
group comprises monochloramine (chloramide, NH,Cl), dichloramine
(chlorimide, NHCL,), and trichloramine (nitrogen trichloride, NCl,).
Monochloramine and dichloramine (the sum of which is referred
to as combined chlorine) are mainly found in water. Trichloramine,
which is 400 times more volatile than its two congeners, is mainly
found in the air at levels that are inversely proportional to the venti-
lation rate of indoor swimming pools.'"*® The odor and taste of water
are mainly affected by the monochloramine/dichloramine ratio and
the trichloramine concentration. This last compound is also respon-
sible for the distinctive odor of indoor pools, wrongly attributed to
chlorine.” Chloramines are typically controlled in chlorinated swim-
ming pools and regulations guidelines for chloramines (measured
as combined chlorine) are encouraged to be no greater than half of
the free chlorine equivalent concentrations in pool water, although
lower ideal concentrations (<0.2-0.4 mg/L) have been suggested.?’
NCl; in the swimming pool air has also been regulated, with WHO
recommending maximum concentrations of 0.5 mg/m®.2 In 2019, the
Nordic Expert Group published a Criteria Document of health risks
from exposure to inorganic chloramines in which a limit value for
exposure to NCl, of 0.2 mg/m? (stationary samples) was proposed.”

Trihalomethanes represent between 5 and 10% of total organo-
halogens in swimming pool water and air, with chloroform (CHCI,)
being the dominant species or bromoform (CHBr3) when bromide is
present in high concentrations or used as disinfectant.® THMs also
include dichlorobromomethane and bromodichloromethane. For the
purposes of testing and regulation, the concentrations of these four
compounds are often added to form a parameter commonly referred
to as total THMs (TTHMs). THMs are generated from the complex
reaction between active chlorine and carbonaceous organic mat-
ter naturally present or imported. Parameters influencing the for-
mation of THMs include organic matter concentration, chlorine

concentration, contact time, water pH, temperature, and bromine ion

concentrations.?! THMs are regulated in swimming pool waters. For
the TTHM concentrations (sum of trichloro-, bromodichloro-, dibro-
mochloro-, and tribromo-methane), the German standard DIN 19643
issued by the German Institute for Standardization in 2012 suggests
a guideline value of 20 pg/L, while Denmark's Statutory in 2012 rec-
ommended TTHM concentrations not to exceed 25 pg/L. THMs are
generally well absorbed by inhalation, ingestion, and skin contact.
People working in swimming pools (lifeguards, instructors, and tech-
nical staff) are largely exposed to THMs by inhalation, while the main
source of THM exposure for swimmers is expected to be the pool
water. In agreement, some studies identified the dermal exposure
route to be dominant.??%3 It turns out that THMs are highly volatile,
and some reports claim that THMs are absorbed via the respiratory
route.?*"2% Erdinger et al*’ demonstrated that the content of THMs
in swimmers’ blood is correlated with their content in the ambient air
of swimming pools and not with the content in the water, and with
a direct impact of swimming intensity on THM accumulation in the
organism of swimmers.

Haloacetics acids (HAAs), haloacetaldehydes (HALs), and halo-
acetonitriles (HANs) are less frequent CBPs and therefore described
in the Appendix S1.

Respiratory risks of CBPs are not limited to indoor pools. A
Belgian study shows that regular attendance at an outdoor chlo-
rinated pool, at home or during holidays, is associated with an
exposure-dependent increase in the risk of asthma.?® Adolescents
having regularly attended a residential pool were also more likely
to have a positive result in the exhaled nitric oxide test result and,
when attendance was during infancy, to be sensitized against cat or
house dust mite allergens. According to the authors, the cause of
these respiratory effects has to be sought among the chlorination
products that are present in pool water or that build up at the sur-
face of the pool. Trichloramine is indeed unlikely to be responsible
for these effects as this highly volatile gas is very quickly dispersed
into the atmosphere.
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For similar pool attendance, health risks are likely to be more
important in seawater swimming pools as in addition of reacting
with organic matter from swimmers, chlorine also reacts with or-
ganic matter natural present in sea water, releasing thus more CBPs.
Furthermore, the bromide and iodine ions present in great concen-
trations in seawater are known to increase the cytotoxicity and
genotoxicity of CBPs.?”

3 | EFFECTS OF ACUTE EXPOSURES

Pool chemical-associated health events resulted in >4.500
emergency department visits annually during 2008-2017 in the
United States, as reported by the Centers for Disease Control and
Prevention (CDC), and over one-third were children or teenagers.30
Irritated eye, nose, throat, and respiratory complaints are the most
frequent symptoms in swimmers and workers of indoor swim-
ming pools caused by CBPs; NCl; causes the most irritative symp-
toms.1+3t A significant concentration-response relation was found
between NCI, exposure concentrations and irritant eye, nasal, and

throat symptoms.32

3.1 | Respiratory symptoms

Fantuzzi et al identified cold and sneezing as the most frequent
self-reported complaints (65.4% and 52.6%, respectively) among
indoor swimming pool workers, while only 7.5% described an asth-
matic condition.! It is discussed whether recreational swimming or
working in indoor swimming pools may aggravate asthma or actually
cause it.%® Irritant-induced asthma (HA) is defined as development
of asthma, non-specific bronchial hyperresponsiveness (BHR), and
airway inflammation induced by irritant mechanisms, as opposed to
occupational asthma (OA) caused by immunologic mechanisms.3*
Reactive airway dysfunction syndrome and acute-onset irritant-
induced asthma are associated with a single, most often acciden-
tal, high-level exposure to irritant substances in subjects without
pre-existing asthma and can be induced by ammonia, chlorine, and
chloramine present in the swimming pools.34 Three cases of OA in
swimming pool workers have been documented,® two of them had
a positive bronchial provocation test to chloramine. Another study
with a large sample of swimming pool workers (n = 624) also showed
increased risk of respiratory symptoms indicative of asthma upon

31
NCl, exposure.

3.2 | Short-term changes in respiratory biomarkers
Chlorination by-products have a strong oxidizing potential and
may contribute to airway damage through opening tight junctions,
causing barrier disruption.36’37 A summary of the studies describ-

ing short-term changes in respiratory biomarkers is presented in

Table 1. It is important to note that some of these studies did not
measure NCl, and/or did not compare with a nonchlorinated pool,
which precludes drawing clear conclusions. Biomarkers measured
included biomarkers of airway inflammation, oxidative stress, lung
permeability and immunologic response and lung damage. FeNO
is the most commonly used in clinical practice. In a recent study,
Karetsi et al suggested that the presence of chlorine in the indoor
swimming pool could be responsible for the elevated FeNO levels
before and after swimming in asthmatic swimmers compared to
adolescents practicing a different exercise field.*® This, however,
is inconsistent with previous literature. Carbonelle et al found an
increase in FeNO after the exercise session performed in the non-
chlorinated pool, whereas in the chlorinated one FeNO remained
unchanged, suggesting that chlorination might inhibit NO-induced
vasodilation observed during exercise.? Consistently, Font-Ribera
evaluated short-term changes in several respiratory biomarkers in
healthy nonsmoking adults before and after they swam for 40 min-
utes in a chlorinated indoor swimming pool and FeNO was un-
changed overall but tended to decrease among atopics.*® Bonetto
et al reported a decreased FeNO in the acute phase after acci-
dental exposure of children to high chlorine concentrations and
suggested it may occur as a consequence of massive epithelial
destruction with subsequent damage of NO-producing epithe-
lial, endothelial, and nervous cells, an hypothesis supported by
the increased values of serum CC16 observed in the intoxicated
children, interpreted as a sign of injury to the lung epithelial per-
meability barrier.** On the contrary, other studies reported an in-

creased FeNO after similar incident*?

or after long-term exposure
to chlorine,*® while Bonsignore et al reported a decreased FeNO
after swimming in a chlorinated pool, whereas FeNO remained un-
changed in seawater,** suggesting that chlorinated sanitation of
swimming pools can interfere with the ability of the lung to pro-
duce NO. This is also supported by a study demonstrating that
L-arginine chlorination results in the formation of a nonselective
nitric oxide synthase inhibitor.*’

The role of physical activity should not be neglected in this
type of studies measuring biomarkers before and after swimming.
Actually, swimming in pools entails two kinds of exposures with an
impact on the respiratory health: chemical (or biological) exposure
and physical activity. The mechanical stress on the epithelial bar-
rier caused by overinflation and/or hyperventilation during intense
exercise may acutely increase airway permeability, as shown in the
study by Carbonnelle et al*® where serum levels of CC16 peaked
immediately after the swimming session, both in the copper/silver
pool and in the chlorinated pool. In a different study, the increase in
serum CC16 concentration was significantly correlated with energy
expenditure, an indicator of physical activity.*® A physiological role
of NO during exercise has been suggested,*” but studies focused on
changes in FeNO during exercise provided inconsistent results with
increases, decreases, or even no changes of FeNO depending on the
health status of the subjects, the nature, the duration, and the inten-

sity of exercise 444851
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TABLE 1 Studies describing short-term changes in respiratory biomarkers

Authors Conditions

Carbonnelle et al. 2002%¢  Chlorinated pool (NCI3 mean
concentration: 490 pg/mS) for
recreational swimmers.

Chlorinated pool (NCI; mean
concentration: 355 pg/m3) vs. copper/

silver pool for trained swimmers

Carbonnelle et al. 2008%°  Chlorinated pool (NCI, concentration:
160-280 pg/m3) vs. copper/silver

pool (NCl, <20 pug/m°)

Font-Ribera et al. 2010*°  Chlorinated indoor pool

Fernédndez-Luna et al. Chlorinated pool vs. ozone-treated pool

201342

Font-Ribera et al.
201943

Chlorinated pool (NCI; mean
concentration: 473 pg/m3)

Biomarkers

Main findings

Serum SP-A, SP-B and CC16 e CC16 was not increased in

recreational swimmers

e In trained swimmers CC16 peaked
immediately after strenuous exercise,
both in the copper/silver and in the
chlorinated pools

e SP-A and SP-B were unaffected by
strenuous exercise in the copper/
silver pool

e SP-A and SP-B were significantly
increased in a time-dependent manner
in recreational and trained swimmers
attending the chlorinated pool

FeNO; serum SP-A, SP-B, e FeNO increased in the copper/silver

CC16, KL-6 pool, whereas it did not change in
the chlorinated pool, suggesting that
chlorination might inhibit NO-induced
vasodilation in exercise

e Serum pneumoproteins were
unchanged excepted SP-A which
decreased after exercise in the

chlorinated pool (p < .05)

FeNO; serum SP-D and o CC16 slightly increased after a

CC16; 8-isoprostane, swimming session
several cytokines® and e No significant changes in lung

VEGF in EBC function, SP-D, 8-isoprostane,
cytokines, or VEGF.
Serum SP-D and CC16 e No change was observed in lung

function and SP-D in swimmers
attending both pools

e CC16 was significantly increased in
subjects attending the chlorinated
pool but not in those using the ozone-
treated pool

Serum CC16; exhaled breath e Creatinine-adjusted urinary TCAA

THMs; urinary TCAA; increased by 3.1 pmol/mol
genotoxicity biomarkers® o Urine mutagenicity, MN-PBL, MN-Ret
and serum CC16 levels remained
unchanged after swimming
e No correlation between CBP exposure
and MN-PBL, urine mutagenicity and
CC16
e Moderate associations observed for
MN-Ret and CBP exposure

Abbreviations: CBPs, chlorination by-products; CC, Clara cell protein; EBC, exhaled breath condensate; FeNO, fractional exhaled nitric oxide; KL-6,
Krebs von den Lungen-6 protein; SP, surfactant-associated protein; TCAA, trichloroacetic acid; THMs, trihalomethanes; VEGF, vascular endothelial

growth factor.
*RANTES, Ip10, TNF, IL-12p70, IL-10, IL-8, IFN-y, and IL-4.

bUrine mutagenicity, micronuclei in peripheral blood lymphocytes (MN-PBL), and micronuclei in reticulocytes (MN-Ret).

3.3 | Non-respiratory symptoms

Concerning self-reported ocular symptoms, in the study by Fantuzzi

et al indoor swimming pool employees declared frequently having

red (48.9%) and itchy (44.4%) eyes, mostly lifeguards and trainers.!!
Regarding the skin, both water itself and CBPs have negative ef-

fects due to a dilution or flushing out of the natural moisturizing.

An increasing risk of irritative skin symptoms was demonstrated

dependent on the NCI, concentrations.”? Recreational swimming
leads to transient but significant changes in skin surface properties of
women with healthy skin®3; skin dryness, itch and erythema are non-
specific complains in swimming pool attendants.’*>> Additionally,
both allergic contact dermatitis and contact urticaria due to chlori-
nated pool water have been identified.375456:57 Swimming in public
pools/spas in the current or previous week has been associated with
dermal symptoms (rash, generalized itching, dermal infection).>®
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Besides, more verrucas, mycosis, eczema, and rash have been iden-
tified in lifeguards and trainers compared to other workers at swim-
ming pools.11

Three different disinfection systems (chlorine, chlorine/ozone,
and bromine/ozone) were investigated to assess adverse skin and
eye effects®”: Compared with the bromine/ozone pool, the odds
ratio (OR) of having a rash <24 h after pool use was 1.91 (Cl 0.71-
5.10) for the chlorine pool and 1.88 (Cl 0.61-5.81) for the chlorine/

ozone pool. Goma et al®®

reported the efficacy of a new disinfection
method (based upon on replacement of the strong hydrochloric acid
(HCI) by CO,, inclusion of a low concentration salt electrolysis sys-
tem, and ultraviolet radiation phase) to markedly reduce the irritant
substances levels in the pool atmosphere and significantly reduce
eye, nose, skin, and cough complaints, in both recreational and com-

petitive swimmers.

4 | EFFECTS OF CHRONIC EXPOSURES

Studies based on serum pneumoproteins show that not only acute
but also chronic exposure to NCl, can increase the lung epithelium
permeability and thereby perhaps facilitate the transepithelial deliv-
ery of allergens to dendritic cells*® and contribute to a T2-dependent
immune response.®%? Recent experimental evidence in mice has
shown that chronic chlorine inhalation contributes to exacerbate air-
ways inflammation in asthma by mobilizing pro-inflammatory mac-
rophages into the lung as well as stimulating group 2 and 3 ILCs.6®
The barrier disruption effect may occur also on the dermal layer.
The high temperature of the water, the hydration of the skin, and the
disrupting effects of CBPs on the skin barrier are all factors that in
combination decrease the water-holding capacity of the skin stra-
tum corneum®* and greatly facilitate the permeation of CBPs across

the skin, especially thin areas such as the scrotum.

4.1 | Work-related exposure

Parrat et al identified lifeguards, swim teachers, and physiothera-
pists as having the highest CBP cumulative exposure when com-
pared to other swimming pool workers.>? Although WHO has
imposed a reference value for NCl; of 0.5 mg/m3, airborne NCl,
is not regularly monitored in most European countries and dose-
response relationships between NCI, levels and different respira-
tory (runny nose, blocked nose, voice loss) and ocular (red or itchy
eyes) symptoms have been reported from a level of 0.5 mg/m3
onwards.®® Interestingly, another study demonstrated increasing
risk of respiratory symptoms at a level of 0.2-0.3 mg/m3 of NCl,,
urging to revisit the WHO occupational exposure limit.>> More
recently, in France, the “Agence francaise de sécurité sanitaire de
I'environnement et du travail” (AFSSET) issued a reference limit of
0.3 mg/m3 mainly for young children and workers. This is also in line
with other study, where very low levels of NCl, in indoor swimming
pools (0.017-0.15 mg/m3) were detected with increased risk for sore

throat (OR: 11.28; 95% Cl: 1.44-88.33) and phlegm (OR: 4.22; 95%
Cl: 1.16-15.4).%° In a recent study aiming to investigate exposure
to trichloramine and THMs (chloroform, bromodichloromethane,
dibromochloromethane, and bromoform) and its adverse health ef-
fects on the personnel at swimming pools, a slightly higher, but not
significant, prevalence of reported eye- and throat-related symp-
toms occurred among the exposed workers compared to unexposed
office workers.’ A significantly increased risk of at least one ocular
symptom was attributed to NCl, exposure above the median (20 pg/
m3).67

Bureau et al reported that upper and lower respiratory symp-
toms while on duty were related to duration of lifetime exposure.
Lifeguards exposed >500 h in the previous 12 months experienced
more cough, throat, and eye irritation than non- or less-exposed
lifeguards, and those with prior asthma had a significantly higher
risk of suffering from asthma attack(s) than non-exposed asthmatic
subjects.® Physician-diagnosed asthma was high among lifeguards
(23%).8

Conversely, the Swedish study found no significant change in

lung function before and after shift, and hourly registered PEF val-
ues during the day of the investigation did not show any unusual in-
dividual variability, but an increase in the difference in FeNO during
the work shift of the exposed workers.®”

4.2 | Intensive sports

421 | Respiratory symptoms

Competitive and synchronized swimming ranked second among
sport disciplines associated with increased prevalence of asthma
symptoms.69 The long-term exposure to CBPs in a sport setting un-
derlines some aspects: 1) the role in inducing and sustaining airway
inflammation; 2) the contribution to airway remodeling; and 3) pos-
sible promotion of allergic sensitization in regularly exposed com-
petitive swimmers.

A significantly higher rate of BHR with increased inflammatory
parameters has been observed in elite swimmers. Long-term swim-
ming pool exposure effects included increase in both eosinophilic
and neutrophilic inflammation, as reflected not only in sputum cell
counts but also in higher concentration of sputum eosinophil perox-
idase and human neutrophil lipocalin, respectively.”® Inflammatory
and remodeling changes reported in bronchial biopsies of compet-
itive swimmers were similar to non-exercising mild asthmatics and
were present also during off-training period. Discontinuation of a
swimming career decreases eosinophilic and neutrophilic inflamma-
tion and reduces BHR, although these findings should be interpreted
with caution given the small sample sizes.”*”? These inflammatory
changes did not seem, however, to correlate with BHR. A study
carried out in a mixed population of competitive athletes including
mostly non-asthmatic swimmers and speed skaters indicated that
the baseline pattern of pro-inflammatory cytokine TNF-a and anti-
inflammatory IL-1ra concentrations in the lower airways appears to
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be similar in top level athletes and asthmatic patients, but different
in healthy controls.”®

Increased airway edema due to CBP-induced vascular leakage
has been also hypothesized for airway inflammation in swimmers.
A significant association of vascular permeability index (quotient of
albumin levels in sputum and in serum) with increased sputum eosin-
ophil and neutrophil counts was found,”* although vascular leakage
did not correlate with lung function and BHR. In synchronized swim-
mers, no evidence was found for negative influence of CBPs on the
pulmonary function.””

A study assessing rhinitis in swimmers showed 44% presented
baseline allergic rhinitis and 35% had inflammation with neutrophilic
predominance.”® Neutrophilic influx is mainly attributed to irrita-
tion through CBP exposure and is possibly reversed—contrarily to
eosinophil infiltration—after nose clip introduction.”® Mucociliary
transport impairment and reduced ciliary beats frequency have
been described in swimmers and also attributed to irritation by
CBPs. Nasal lavage fluid (NLF) collected immediately after competi-
tive swimming contains more neutrophils with decreased phagocytic
activity. However, NLF changes tend to subside in swimmers shortly
after training cessation or introduction of protective measures, such
as nose clip.”” In the study’® involving swimmers and speed skat-
ers, TNF-a concentrations in nasal secretions were similar between
athletes, asthmatics, and healthy controls. However, IL-1ra levels in
upper airways were higher in athletes and asthmatics than healthy
subjects. Seemingly paradoxical, this fact may reflect a local anti-

inflammatory response of the nasal mucosa.

4.2.2 | Non-respiratory symptoms

A wide spectrum of dermatoses of various etiologies (infectious,
traumatic, irritant, allergic, neoplastic, etc.) are listed in the context
of regular swimming pools use or aquatic sports performance.78
Xerosis is one of the most frequent condition experienced by swim-
mers’? and especially among those with sensitive and eczematous
skin.8% The dryness effect is particularly pronounced in atopic skin,
since the threshold residual chlorine concentration required for
considerable drop in water-holding properties is significantly lower
than in healthy subjects (0.5 mg/I vs. 2.0 mg/|, respectively),®* pos-
sibly explaining the higher probability of skin symptoms compared
to other disinfection methods (bromine, ozone, UV lamps, and salt
electrolysis).2® Also eye symptoms are more significantly associated
with chlorine-disinfected pools, comparing with other disinfection
methods®® and often listed as a common problem in competitive
swimmers. The risk of otitis externa in swimmers and water-polo

players was higher than in soccer players.5!

4.3 | Recreational attendance

Table 2 summarizes studies that have investigated the respira-
tory effects of NCl; and other inhalable CBPs among recreational

swimmers. The first study was conducted among schoolchildren in
Belgium.®? While assessing the effects of ambient air pollution, the
authors unexpectedly found that indoor chlorinated pools attend-
ance correlated with lung epithelium hyperpermeability and asthma
prevalence. Further studies in Belgium revealed that the asthma risk
among adolescents and children using chlorinated pools stemmed
from an interaction with atopic status.*>#% The odds of developing
asthma increased with the cumulative chlorinated pool attendance
only among swimmers with elevated total serum IgE or among those
sensitized to aeroallergens. Important to note also that the risk of
allergic asthma was more strongly linked to pool attendance during
early childhood.*® Two studies in Sweden confirmed these observa-
tions while showing that the risk of allergic asthma correlated with
the cumulative inhalation exposure to NCI3.84’85

Associations between asthma and recreational swimming in chlo-
rinated pools were also reported in Ireland,®¢ Italy,87 and Portugal.88
Several other studies, however, provided no evidence of anincreased
asthma risk in recreational swimmers.®?~%2 Of these, one of the most
contradictory but also the most influential owing to its large size is
the UK prospective birth cohort study (ALSPAC study),”* which was
suggestive, if anything, of a protective effect of swimming toward
asthma risk. There are several possible explanations for these con-
trasting observations. A first explanation is that children examined

in these negative studies®”-%2

were too young to detect associations
with allergic asthma. Another possible explanation is an underesti-
mation of the exposure with consequently a risk of miss-classifying
some categories of swimmers.”>?* For instance, data in the ALSPAC
study were collected in the 1990s at a time when there was no suspi-
cion of respiratory risks in chlorinated pools. Therefore, the ALSPAC
questionnaire was not designed for an accurate assessment of the
lifetime attendance of indoor chlorinated pools.”>?* The need for
an accurate exposure assessment is especially important as during
infancy and early childhood the first steps of the allergic march (eg,
eczema or allergic sensitization) leading to asthma can be triggered
after only a few tens hours spent in chlorinated pools (see below).
The pattern of exposure and effects implicating chlorinated
pools might, however, be much broader than initially thought. First,
disorders caused by chlorination products in swimming are probably
not limited to atopic asthma. Swimming in indoor chlorinated pools
during infancy has also been associated with a higher risk of bron-
chiolitis or recurrent respiratory infection mainly in children with
family antecedents of atopic diseases.”?>?® Associations have also
been reported between indoor chlorinated pool attendance and

8397 autonomic changes,®® and airway

the risks of allergic rhinitis,
inflammation assessed by FeNO.*® Further complicating the issue,
some studies suggest that early swimming in chlorinated pools may
increase the risks of allergic sensitization in particular to perennial
allergens.®>72%8 |n other terms, airway irritation by chlorination
products might exert a promoting effect not only on the clinical ex-
pression of respiratory allergies but even on the process of allergic
sensitization itself, that is, on the development of atopy.

Last, respiratory risks when swimming in chlorinated pools are

probably notlimited to the exposure to NCl,. Risks of bronchiolitisand
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of atopic asthma were also found to increase exposure-dependently
with the attendance of outdoor chlorinated pools.”® This suggests
that airways can also be affected by the chlorine-based oxidants at
the surface of water that swimmers actively inhale as aerosols or
gases.

Biomarkers studies have revealed that the attendance of chlo-
rinated pools correlates with a disruption of airway epithelial bar-
rier as reflected by altered serum levels of lung epithelium-specific
proteins (pneumoproteins). Several studies have shown that early
swimming in chlorinated pools is associated with decreased serum
levels of CC16.7929%190 Thjs finding is of particular interest as
CC16 is capable of down-regulating the airway inflammation as
well as the Th2 differentiation both in vitro and in vivo.101-104
Supporting this important protective role of CC16 in the respira-
tory tract, recent research shows that lower levels of circulating
CC16 in children are associated with subsequent decreased lung
function and increased risks of developing asthma and other re-
spiratory diseases.’0%195197 There is also evidence from studies
based on serum pneumoproteins that both chronic and acute ex-
posure to NCl; can increase the lung epithelium permeability and
thereby perhaps facilitate the transepithelial delivery of allergens

to dendritic cells.

4.4 | Other health effects
Many in vitro and in vivo toxicological studies have provided evidence
about genotoxic and cytotoxic effects induced by some CBPs, and
the WHO International Agency for Research on Cancer acknowl-
edges sufficient evidence for the carcinogenicity of chloroform and
some other widespread CBPs in animals.1%®

In humans, however, the epidemiologic evidence overall has
generally been considered insufficient to declare CBPs to be car-
cinogenic. It is worth noting that the majority of the studies eval-
uate the risk of cancer related to drinking water and not exposure
in swimming pools, so this lack of evidence should be considered
with concern and not extrapolated. In fact, a recent study showed
that for elite swimmers and their coaches, the levels of THMs in a
Portuguese swimming pool exceeded the limits for cancer risk.10?

Regarding bladder cancer, epidemiologic evidence indicates that
exposure to THMs increases its risk.*1%*1! While the majority of the
studies were related to drinking water, there are also studies find-
ing increased risk of bladder cancer related to exposures to THMs
through showering, bathing, or swimming.?%112113

Associations with other types of cancer have been suggested, but
evidence remains inconclusive. A prior history of swimming during
the summer months in swimming pools and in open waters such as
rivers and seas before the age of 15 years was associated with odds
ratios of 2.20 (95% confidence interval (Cl), 1.05-4.62) and 2.41
(95% Cl, 1.04-5.58), of melanoma, respectively, compared with no
swimming at all or swimming in relatively unpolluted waters, such as
lakes and fens.''* A meta-analysis using the search terms ‘chlorina-
tion by-products’, ‘trichloromethane’, ‘chloroform’ and ‘bromoform’

pointed to an association between exposure to these CBPs in drink-
ing water and an increase in the risk of colorectal cancer.*®

Regarding reproductive effects, there is no clear evidence
linking CBP exposure to poor pregnancy outcomes, except for a
slight association of THM exposure with fetal growth-related out-
comes. A meta-analysis found little or no evidence for associa-
tions between third-trimester trihalomethane exposure and low
birthweight, term low birthweight, preterm delivery, but some
evidence for small for gestational age.116 Meta-analyses of all
currently available studies demonstrate little evidence of an as-
sociation between congenital anomalies and exposure to water
chlorination or TTHMs. 7

Potential impact of CBPs on male fertility has been much less
studied and is of great concern given the remarkable permeability
of the scrotal skin. Most studies have addressed mainly the risks
related to drinking water, while one study addressed the exposure
through swimming pool water and found that adolescents having
attended indoor chlorinated pools for >250 h before the age of
10 years or >125 h before the age of 7 years were three times more
likely to have an abnormally low serum inhibin B and/ or total tes-
tosterone than their peers who never visited these pools and those
who attended outdoor chlorinated pools or a copper-silver pool.118
To which specific CBP adolescents were exposed in the indoor chlo-
rinated pools was not determined.

5 | RISK FACTORS

There is a complex interaction between the building environment,
infectious agents, allergens, occupational exposures, school envi-
ronment, and recreational exposures, which contribute to shape the
exposome.°

The amount and impact of CBP exposure may be influenced by
the dose of disinfectant, the resultant concentration of CBPs in the
water and the air, the number of attending swimmers, temperature
of water and air, ventilation rates in the building, duration of swim-
ming, and the water turbulence.”'™ In a recent study, the distribu-
tion of TTHM 0.05 m and 0.60 m above the water surface at six
different locations in the poolroom and the covariation between the
water and air quality parameters were investigated in 93 air samples
collected via stationary sampling.1?° Based on a linear mixed effects
model, the most important determinants in terms of predicting the
air concentration of CHCI; were height above water surface, air
changes of fresh air per hour, concentration of combined chlorine
in the water, relative humidity, and day of the week; approximately
36% of the total variability could be attributed to these variables.}?°

I,,1#" it was shown that time of day,

In a different study, targeting NC
occupancy, and pool management affect the concentration of NCl,.
Furthermore, using the concentration of CO, to evaluate whether
this contaminant could be used to predict the number of pool occu-
pants as well as the concentration of NCl, in the air, became evident
that CO, was significantly correlated with occupancy level (p = .82,

p = .01) and NClI; concentration (r = .80, p = .01); moreover, the
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concentration of CO, explained 52% of the variation observed in the
air concentration of NCI3.121

The three routes of exposure (inhalation, ingestion, and dermal
absorption) vary for different age groups and are affected by several
factors (Figure 2).

5.1 | Inhalation

Inhalation exposure will be largely associated with volatile sub-
stances that are lost from the water surface. Volatile CBPs include
THMs and trichloramine, which are the most investigated, among
many others such as cyanogen chloride (CNCI), cyanogen chloride
(CNCI), dichloroacetonitrile (CNCHCI,), and dichloromethylamine
(CH3NCI2).122'123 Although HAAs are non-volatile and have little
skin permeability, swimmers may be exposed through inhalation of
aerosol.'?* Swimming pool attendants inhale from the atmosphere
just above the water's surface, and the volume of air inhaled is a
function of the effort intensity and time. In indoor swimming pools,
individuals also breathe air in the wider area of the building housing
the pool. The normal assumption is that an adult will inhale approxi-
mately 10 m?® of air during an 8-h working day.125 However, this will
also depend on the physical effort involved. Therefore, significant
individual variation will be depending upon the type of activity
and level of effort. A recent study using metabolomics identified
a high correlation between physical activity, measured by kcal, and
THM concentrations,126 notably due to the fact that the internal
dose increases significantly with intensity of physical activity.127
The content of THMs in swimmers’ blood is correlated with their
content in the ambient air of swimming pools and not with the con-
tent in the water, suggesting a direct impact of swimming intensity
on THM accumulation in the organism of swimmers.*?® It must be
also noted that experienced swimmers present a peculiar breathing
patter, and they inhale water droplets also through their mouth,
besides the nose.

5.2 | Ingestion

Inadvertent water intake in the swimming pool varies according to
age and sex. The amount of water ingested by swimmers and pool
users will depend upon a range of factors, including experience, age,
skill, and type of activity. The duration of exposure will vary signifi-
cantly in different circumstances, but for adults, extended exposure
would be expected to be associated with greater skill (eg, competi-
tive swimmers), and so there would be a lower rate of ingestion in a
comparable time than for less skilled users.? A pilot study conducted
by Evans et al'?? found that the average water intake by children
(37 ml) was higher than the intake by adults (16 ml). In addition, the
intake by adult men (22 ml) was higher than that by women (12 ml);
the intake by boys (45 ml) was higher than the intake by girls (30 ml).
The upper 95th percentile intake was for children and was approxi-

mately 90 m1.}%?

5.3 | Dermal/mucosal absorption

Exposure to chlorinated bathing water has shown to change the der-
mal barrier function, especially of atopic skin,®* the same being ex-
pected for exposure to the chlorinated swimming pool water. Infant
swimming practice combined with atopy has been shown to increase
the prevalence of eczema.’*® The skin permeability of some CBPs
has been studied. Xu et al investigated THMs, haloketones (HKs),
and HAAs, reporting that THMs had the highest skin permeability,
with brominated THMs being more permeable than chlorinated
THMSs.®®! HKs were reported to be less permeable to human skin
than THMs, but more permeable than HAAs, which showed almost
no permeability.*®* HANs were investigated by Trabaris et al, with
dibromoacetonitrile being found to have the highest permeability
to human skin, while chloroacetonitrile had the least. HANs were
shown to be less permeable to human skin than chloral hydrate.**?
Both studies correlated an increase in temperature to increased
human skin permeability.*31132

Some conditions related to competitive swimmers are high-
lighted in Table 3.

Age seems to be the most relevant personal risk factor for respi-
ratory and reproductive health effects of CBP exposure in swimming
pools.’ The first years of life may be seen as a “window of vulnerabil-
ity” given the progressive increase in maturation of respiratory tract
and reproductive system.’®® In acute outbreaks, children were pre-
dominantly affected.’®* As previously mentioned, the use of indoor
chlorinated pools especially by young children interacts with atopic
status to promote the development of childhood asthma,*”® and a
synergistic action of exposure to pets and environmental tobacco
smoke in chlorinated pools attendants predisposes to the develop-
ment of asthma.®?

Age also directly impacts the other risk factors, including the
surface areas of both the head and the body, the breathing rate and
body weight.9 The contribution from each exposure route changes
dramatically for each age group, and the time spent swimming must
also be taken into consideration. Adjusted for body weight, the up-
take of CBPs by all routes is clearly higher in infants or children and
decreases with age.'®® A schematic representation is presented in

Figure 3.

6 | RECOGNIZING CBP EXPOSURE-
ASSOCIATED HEALTH EFFECTS

Depending on the exposed epithelium, the level of exposure, the
past medical history, and/or certain individual characteristics, dif-
ferent signs and symptoms associated with CBP exposure will be
observed. These symptoms will be exacerbated in those patients
with an underlying chronic inflammatory disease (asthma, eczema,
allergy, dermatosis, etc.).

The diversity of tissues exposed to CBPs in swimming pool at-
tendants offers a wide variety of clinical conditions (summarized in

Table 4), which require a differential diagnosis with other disorders
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FIGURE 2 The routes of exposure to disinfection by-products in swimming pools and the factors affecting each route—adapted from
Dyck et al’

TABLE 3 Conditions inherent to the competitive swimmers and the respective consequences on their exposure to disinfection
by-products

Condition Consequence

High physical effort The internal dose of THMs increases significantly with intensity of physical activity.*?’
The content of THMs in swimmers’ blood is correlated with their content in the

ambient air, and not in the water, of swimming pools'?®
Stronger impact of the inhalation route compared to ingestion or dermal absorption
Oral inhalation of water droplets Increases the amount of exposure and may also alter the lung microbiome

Greater swimming skills Lower rate of ingestion in a comparable time than for less skilled users

that present similar symptoms and signs, although their history is
different. More detailed information on this topic is provided as
Appendix S1.

7 | MANAGEMENT

Although evidence is lacking, there is consensus on the recom-
mendation to assure that water treatment processes prevent CBP
formation in order to minimize the chance of an increased risk of
cancer from its long-term exposure. Current standards for the as-
sessment of THM exposure are mostly defined for the THM content

in swimming pool water, although THMs are quite volatile and likely
to be present in appreciable concentrations also in the air of indoor
swimming pool facilities. Though it has been progressively acknowl-
edged that airborne THM levels have a central role in inducing CBP-
related adverse health effects, there are presently no standards or
guidelines for controlling THM levels in indoor air of swimming pool
amenities. There is currently no international standard for the treat-
ment of swimming pools, with different regulations often provided
by state or local governing bodies.

Inhalation of airborne THM and other CBPs is generally con-
sidered to be the predominant route of exposure for competitive
swimmers, who have an increased breathing rate throughout their
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TABLE 4 Differential diagnosis of the chlorine exposure-related clinical conditions in pool attendants

Organ or system

Hair

Eyes

Ear

Nails

Teeth

Skin

Respiratory system

Pathology (signs &
symptoms)

Hair coloration/
discoloration,
fragile and/or dry

Corneal epithelial
erosions or
dysfunction

Conjunctivitis

External Otitis
“Swimmer's Ear”

Surface damage of the
nail plates

Enamel erosion

Dry, itching, fragile skin
Eczema

Nose itching

Anosmia

Dyspnea, respiratory
fatigue, cough,
wheezing, chest
tightness, muscular
fatigue

Diagnosis

Clinical history
Medical examination

Clinical history
Medical examination

Clinical history
Medical examination

Clinical history
Medical examination

Clinical history
Medical examination

Clinical history
Medical examination

Clinical history
Medical examination

Clinical history
Medical examination
Skin prick tests

Clinical history
Medical examination
Olfactive tests
Imaging

Clinical history

Medical examination

Complementary test: Spirometry pre/
post-exposure, Monitored exercise
test, pre/post- exercise DLCO, Skin
prick tests

Differential diagnosis

Other abrasive agents

Corneal abrasion
Recurrent corneal erosion

Allergic conjunctivitis
Irritative conjunctivitis

Skin injuries, foreign bodies, chronic
inflammation

Fungal infection
Nail polish effects

Attrition and abrasion of the enamel

“Primary” eczema

(breaths/min)

Dermatoses and systemic illnesses with dry skin

Allergic rhinitis

Allergic rhinitis
Obstructive/traumatic nasal diseases

Sensorineural diseases of the olfactive tract

Dyspneic pathologies:

e Cardiovascular

e Respiratory

¢ Hematology

e Oncology

e Rheumatology/Immunology
e Environmental stress
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regular and prolonged sports and training actions, and for coaches
and other pool workers and staff, who experience an intense oc-
cupational exposure to the THM-rich environment that surrounds
the pool. In studies using scuba tanks to eliminate inhalation ex-

135 1'% estimated the con-

posure, Erdinger et a and Levesque et a
tribution from dermal contact to be less than inhalation, 1/3 and
24% respectively, for THMs exposure. However, Lindstrom et al ac-
tually found the dermal exposure route to trihalomethanes to be
dominant in competitive swimmers under prolonged, high-effort
training.?? Limited information about the importance of proper
ventilation in preventing the accumulation of DBPs above the
water surface exists. In a recently published study of one indoor
swimming pool in Canada, results showed that some zones have
appropriate air-renewal, while others are poorly ventilated or even
over-ventilated.’” It is also known that parameters such as water
temperature, water turbulence, water surface, relative humidity,
and air temperature can impact air quality.*®® A recent study also
showed that the breathing zones of users and occupants of an in-
door swimming pool, including elite swimmers their coaches and
maintenance staff, presented significantly different concentrations
of airborne THMs, predictably carrying different environment-
related health risks. Ventilation conditions, occupancy rates, and
some water-related parameters were factors that partially ex-
plained these observations.**?

Traditionally, ventilation strategies in indoor swimming pools
have been based on reducing condensation on the windows rather
than ensuring proper air quality in the users’ breathing zone.'?°
Proper maintenance schedules and ventilation conditions are needed
to guarantee a stable indoor environment—temperature and relative
humidity—in the areas of water activities. Water-related factors—air/
water temperature ratio and pH, the number of swimmers within the
pool—also explain variations of the volatile organic compound (VOC)
levels found in the water-surface air, the air zone that is regularly
inhaled by swimmers. Thus, maintaining water pH between 6.9 and
8.0 and air temperature 2°C above the pool water are recommended
to avoid level fluctuations and the undesired volatilization of CBP,

particularly during periods of high attendance.®” Considering the
results of recent studies, the supplied air should be balanced with
respect to the water quality, and not just the relative humidity and
air temperature, as well as the bather load by the use of CO, sensors
to control the air supply that can help reduce the air concentrations
of NCl, and balance the air supply based on occupancy level."2%12!
Checking declared indoor sources of VOC emissions, and the heat-
ing, ventilation and air conditioning (HVAC) systems (particulate
matter filtration capacity and efficient removal of indoor pollutants),
should also be considered,**® as well as the HVAC system design, in
order to guarantee that fresh air supply and exhaust airflows do not
mix by proximity.

Data on the real long-term exposure to CBPs and the risks that
this exposure may represent for the health of competitive swim-
mers and coaches over the course of their careers are currently
lacking. The United States Environmental Protection Agency (US
EPA) developed a screening level model, SWIMODEL, to assess
swimmers' exposures to chemicals by inhalation, ingestion, and
dermal contact routes, as well as buccal/sublingual, nasal/orbital,
and aural routes. The model allows selection of swimmer age,
gender, and activity level (competitive or non-competitive swim-
ming) and could be of benefit when assessing relevant management
strategies. Nevertheless, a few easy and effective steps that all can
take to maintain water and air quality are presented as a checklist
in Table 5.

8 | RECOMMENDATIONS AND UNMET
NEEDS

The expansion of indoor aquatic activities resulted in a major focus
of public authorities and local legislators on the prevention of wa-
terborne infectious diseases, through the implementation and in-
spection of water disinfection practices. Comparatively, much less
attention has been dedicated from health authorities to the indoor
air quality (IAQ) of aquatic facilities, and there are still unmet needs

TABLE 5 Healthy swimming water and air quality checklist, based on the recommendations of the Centers for Disease Control and

Prevention and the guidelines from the World Health Organization

Swimmers checklist Stay out of the water if you have:

e Diarrhea (for patients with cryptosporidiosis, don't swim for an additional 2 weeks after diarrhea has resolved)
e A gastrointestinal (stomach) upset or skin or respiratory infection

e An open wound (eg, from surgery or a piercing) that is not covered with a waterproof bandage

Keep ears as dry as possible and dry ears thoroughly after swimming

Shower before you get into the water, rinsing off in the shower for just 1 minute removes most of the dirt or

anything else on your body
Remove make-up

Don't pee or poop in the water
Don't swallow the water

Swimming pool checklist Check the pool's latest inspection results

Check the free chlorine level and pH before getting into the water: proper free chlorine level (1-3 mg/L or parts per
million) and pH (7.2-7.8) maximize germ-killing power.
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to guarantee a generally safe and healthy indoor sport environment
for both recreational and professional swimmers, and to those in-
volved in their instruction, training, safety vigilance and pool main-
tenance. While chloramines are typically controlled in chlorinated
swimming pools with guidelines regulating their maximum concen-
trations, THM exposure assessment is mostly defined for the TTHM
content in swimming pool water, although inhalation is a relevant
exposure route. Except for occupational chloroform exposure,
there is currently no international standard or specific regulation
for THM in swimming pools indoor air, and regulations in Europe
should be provided.

Due to the presence of both indoor THM and non-THM VOC,
effective ventilation and acclimatization systems are a particular
need for indoor swimming facilities to prevent the accumulation and
promote the effective elimination of these harmful chlorine-derived
volatile compounds.t2%141

Among the available options for water disinfection, other than
chlorine-derived solutions should be considered in the planning and
development of new public indoor swimming pools. For existing fa-
cilities, avoiding any factors that promote the development, intro-
duction and retention of air pollutants, that is, controlling pollutant
sources and ventilation levels, constitute the major action plans pro-
posed for IAQ improvements of swimming pools. 120121139141

Recommendations concerning prophylactic procedures during
occupational exposure are lacking but given the fluctuations of in-
door pollutants concentrations found throughout a working day,*%’
it is advisable that pool maintenance staff minimize occupational
exposure by carrying in the early morning activities that require a
prolonged stay in the swimming pool surrounding area.

Findings suggest that early and chronic exposure to swimming
pool CBP may have a promoting effect not only on airway inflam-
mation and hyperreactivity, but also on the process of allergic sen-
sitization itself.8¢?% Other health outcomes, namely male fertility
and bladder cancer, are of particular concern, as the majority of pub-
lished studies evaluate these risks in relation to drinking water and
not swimming pool exposure.!'%1318 Early age exposure (baby and
pre-school swimming) may turn to be a relevant personal risk factor
for respiratory and reproductive health effects of CBP exposure in
swimming pools, given the progressive increase in maturation of re-
spiratory tract and reproductive system.%*133

There is still need of more environmental and epidemiological re-
search data, to ascertain the health risk associated with the exposure
of different swimming pool users, namely babies, infants and chil-
dren, lifeguards and swimming pool maintenance staff, coaches and
elite swimmers. Additional prospective and intervention studies are
also needed to confirm the relationship between exposure to pollut-
ants in swimming pool environments and the risk of certain health
effects, to support the development of evidence-based guidelines for

preventive measures and indoor swimming pools’ air quality.
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