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The Effect of Water Hardness on Surfactant
Deposition after Washing and Subsequent
Skin Irritation in Atopic Dermatitis Patients
and Healthy Control Subjects
Simon G. Danby1, Kirsty Brown1, Andrew M. Wigley1, John Chittock1, Phyoe K. Pyae1, Carsten Flohr2,4

and Michael J. Cork1,3,4

Living in a hard water area is associated with an increased risk of atopic dermatitis (AD). Greater skin barrier
impairment after exposure to surfactants in wash products, combined with the high calcium levels of hard
water and/or high chlorine levels, is a compelling mechanism for this increase. The purpose of this study was to
investigate this mechanism in individuals with and without a predisposition to skin barrier impairment. We
recruited 80 participants: healthy control subjects and AD patients with and without FLG mutations. The skin of
each participant was washed with sodium lauryl sulfate in water of varying hardness levels and chlorine con-
centrations, rinsed, and covered with chambers to determine the effects of surfactant residues. Sites washed
with hard water had significantly increased sodium lauryl sulfate deposits. These deposits increased trans-
epidermal water loss and caused irritation, particularly in AD patients carrying FLG mutations. A clear effect of
chlorine was not observed. Water softening by ion-exchange mitigated the negative effects of hard water.
Barrier impairment resulting from the interaction between hard water and surfactants is a contributory factor to
the development of AD. Installation of a water softener in early life may be able to prevent AD development. An
intervention study is required to test this hypothesis.

Journal of Investigative Dermatology (2018) 138, 68e77; doi:10.1016/j.jid.2017.08.037

INTRODUCTION
Atopic dermatitis (AD)/eczema is a common inflammatory
disease of the skin, affecting 15e30% of children and
2e10% of adults (Odhiambo et al., 2009). An important
pathophysiologic event in the development of AD is
impairment of the skin barrier (Cork et al., 2009). Loss-of-
function mutations in the filaggrin gene (FLG) are an
important cause of skin barrier impairment and represent
the strongest genetic risk factor for AD (McAleer and
Irvine, 2013). Nevertheless, genetics alone cannot fully
explain a person’s susceptibility to AD, and it is believed
that environmental factors play an important role by
contributing to skin barrier impairment. Washing the skin
with hard water is one such environmental factor

purported to increase the risk of developing AD
(Ewence et al., 2011).

Hard water contains high levels (�100 mg/L) of calcium
and magnesium carbonates such as the minerals calcite,
gypsum, and dolomite (Ewence et al., 2011). Domestic water
hardness varies throughout the world depending on the ge-
ography of the land. A number of studies have now reported
an increased prevalence of AD among infants and school-age
children living in hard, compared with soft, water areas
(Arnedo-Pena and Bellido-Blasco, 2007; Chaumont et al.,
2012; Engebretsen et al., 2016; McNally et al., 1998; Miyake
et al., 2004). Moreover, a predisposition to skin barrier
impairment due to carriage of an FLG loss-of-function mu-
tation additively increased the risk of developing AD for
those living in a hard water area (Perkin et al., 2016). A
cogent pathological process is suggested whereby the effects
of washing with hard water contribute to skin barrier
impairment in addition to genetic factors to determine an
individual’s overall risk. What is still unclear is how hard
water impairs the skin barrier, and a better understanding of
the underlying mechanisms will aid the design of future
intervention studies aimed at reducing the incidence of AD
by eliminating water hardness.

As part of a systematic review for the UK Drinking Water
Inspectorate, we identified several possible mechanisms by
which hard water may damage the skin barrier that need
further investigation (Ewence et al., 2011). The most prom-
ising of these is the interaction between hard water and the
surfactants (detergents) used in wash products. High calcium
levels are thought to reduce the solubility of surfactants and
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thereby potentially increase their deposition on the skin after
washing (Young and Matijevic, 1977). Common surfactants
used in wash products, such as the harsh anionic surfactant
sodium lauryl sulfate (SLS), are widely established skin irri-
tants and important environmental stressors contributing to
the severity of AD (Ananthapadmanabhan et al., 2004).

We therefore conducted a case-control study to investigate
the effects of water type on surfactant skin deposition after
washing and subsequently assess the effects of the deposits
on skin barrier function and skin irritation in individuals
with healthy skin compared with AD patients with and
without FLG loss-of-function mutations. In addition to the
high calcium and magnesium levels, hard domestic water
often also has a high chlorine level (Perkin et al., 2016).
Chlorine is often added to domestic water and is a known
skin irritant, which could potentially modify or contribute to
the effects of water hardness on the skin (Ewence et al.,
2011). We therefore controlled for both water hardness and
chlorine levels. We also wanted to evaluate the potential of
an ion-exchange water softener to mitigate or eliminate the
effects of high calcium and magnesium levels on skin barrier
function.

RESULTS
We recruited and screened 304 participants (154 with
healthy skin and 150 with AD) between November 2015 and
July 2016 to establish their FLG gene status (based on the five
most common mutations in Europeans [Sandilands et al.,
2007]). An overview of recruitment is provided in Figure 1.
During the predefined recruitment period, we were able to
fill three of the four groups. Because of the rarity of in-
dividuals with healthy skin who carry an FLG mutation (only
7% of the eligible population), we were unable to fully fill
group 2. In total, 12 participants were lost to follow-up (8 did
not attend visit 1 of the patch testing, 3 cancelled their
appointment for visit 1 and withdrew themselves because of
time commitments, and 1 withdrew after visit 1 because of
discomfort of the patches), and 3 completed healthy partici-
pants were excluded because they were later found to be
atopic, which was a predefined exclusion criterion for group
1. A summary of the study groups (completed participants) is
presented in Table 1. With the exception of group 2, the study
groups were evenly sized and matched for sex, age, and
Fitzpatrick skin type. As expected, the participants in the AD
groups reported dryer skin compared with the healthy groups.
A high rate of adverse reactions to wash products was re-
ported by both AD groups (75% and 73%), and no such re-
actions were reported in the groups with healthy skin,
irrespective of FLG gene status.

The deposition of surfactants on the skin after washing
The type of wash water significantly affected surfactant
deposition after washing (Figure 2). Hard water was associ-
ated with the greatest deposition of SLS, which was 2.8 �

0.6-fold greater than when deionized water was used for
washing. The level of chlorine in the water had no effect on
SLS deposition. Softening the water to remove calcium and
magnesium ions significantly reduced the level of SLS
deposition. Upon stratification of the cohort, no effect of AD
or FLG mutations on SLS deposition was found (Figure 2d).

Based on the Fourier-transform infrared (FTIR) spectra
collected from the skin sites, washing with hard water was
associated with a significant shift in the location of the CH2

symmetric stretching band (w 2,850 cme1) to a higher
wavenumber compared with washing with deionized water,
indicative of an increase in lipid disordering/fluidity
(Figure 2e). Similarly, washing with hard water was associ-
ated with a shift in the location of the amide I bond (C¼O)
compared with washing with deionized water, indicative of
protein denaturation (Figure 2f). Both the change in lipid and
protein structure correlated significantly with SLS deposition
on the skin surface (Spearman r ¼ 0.392 and 0.354, P <

0.0001 and < 0.0001 respectively).

Skin irritation from surfactant residues
Patch testing was performed to determine whether SLS de-
posits left on the skin can damage the skin barrier and induce
irritation (Figure 3). Transepidermal water loss (TEWL) was
significantly elevated at all test sites compared with the un-
treated control. This indicates reduced skin barrier function
as a result of SLS deposits on the skin irrespective of the wash
water used. The reduction in skin barrier function was
significantly greater at sites where hard water was used for
washing (10.19 � 0.74 g/m2/h without chlorine vs. 9.45 �

0.80 g/m2/h with chlorine) compared with deionized water
(7.43 � 0.74 g/m2/h without chlorine vs. 7.51 � 0.92 g/m2/h
with chlorine). Moreover, the increase in TEWL directly
correlated with the amount of SLS deposited on the skin after
washing (Figure 3c) and with the amount of residue
remaining on the skin after patch removal (Spearman r ¼

0.4928 and 0.4108, P < 0.0001 and < 0.0001, respectively).
Water softening, in line with the reduction in SLS deposits on
the skin, mitigated the negative effect of hard water on skin
barrier function. The level of chlorine had no significant ef-
fect on skin barrier function. Upon stratification by group, AD
patients carrying the FLG gene mutation were affected by SLS
deposits to a significantly greater extent compared with in-
dividuals with no FLG mutation and healthy skin (Figure 3b).
After washing with SLS in hard water, TEWL increased by
7.12 � 0.84 g/m2/h in people with healthy skin compared
with an increase of 13.84 � 1.68 g/m2/h in people with AD
carrying an FLG mutation.

A similar picture emerged for the effects of SLS deposits on
objective skin redness (Figure 3d). All test sites, except the
sites washed with deionized water, showed significantly
elevated redness compared with the untreated control sites.
Additionally, there was a significant difference between the
test sites, with the hard water and the deionized water with
high chlorine test sites showing the greatest increases in
redness. Redness was also significantly correlated with SLS
levels; however, this was most evident for residues quantified
after patch removal (Figure 3f, r ¼ 0.411) compared with
deposits quantified before patch application (r ¼ 0.238, P <

0.0001). Again, the increase in objective redness was
significantly different in each group (Figure 3e).

The secondary outcome measures are presented in
Figure 4. Visual scoring of erythema followed a similar
pattern to objective skin redness, with the two parameters
showing significant association (r ¼ 0.508, P < 0.0001).
However, as expected, the visual score showed reduced
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sensitivity to detecting differences between the water types.
Stratum corneum levels of the proinflammatory cytokine
IL-1a were significantly different between the test sites, with
the hard water plus chlorine wash water showing the highest
levels. The use of hard water without chlorine did not lead to
elevated IL-1a levels compared with the deionized water
control. The levels of IL-1a did not correlate with skin redness
(visual or objective) and were consistently lower (not

significant) in the AD FLGnull group compared with the other
groups. The type of wash water also significantly affected the
change in skin surface pH after patching. There was a sig-
nificant association between the change in skin surface pH
and SLS deposits on the skin (r ¼ 0.3649, P < 0.0001) and a
weak association with the change in TEWL and objective
redness. In contrast to TEWL and objective redness, skin
surface pH was most affected by the softened water

Table 1. Cohort demographics

Characteristic
Group 1

(Healthy FLGwt)
Group 2

(Healthy FLGnull)
Group 3

(AD FLGwt)
Group 4

(AD FLGnull)

n 26 8 24 22

AD, n (%) 0 (0) 0 (0) 24 (100) 22 (100)

Asthma, allergic rhinitis, or food allergy, n (%) 0 (0) 0 (0) 16 (67) 16 (73)

FLGe/þ, n (%) 0 (0) 8 (100) 0 (0) 21 (95)

FLGe/e, n (%) 0 (0) 0 (0) 0 (0) 1 (5)

FLG mutations, n

2282del4 — 2 — 9

3702delG — 0 — 0

R2447X — 3 — 3

R501X — 3 — 11

S3247X — 0 — 0

Female, n (%) 16 (62) 8 (100) 17 (71) 14 (64)

Age, mean � SD (range) 24 � 7 (18e46) 29 � 14 (20-55) 27 � 9 (18-46) 25 � 9 (19-56)

Fitzpatrick skin type (1e6), mean � SD (range) 2 � 1 (1-3) 2 � 1 (1-3) 2 � 1 (1-3) 2 � 1 (1-3)

Self-reported general skin dryness (1e5), mean � SD (range) 2.0 � 0.8 (1e4) 1.5 � 0.5 (1e2) 3.1 � 1.0 (1e5) 3.5 � 1.0 (2e5)

SCORAD, mean � SD NA NA 15.6 � 10.9 20.4 � 10.1

Participant-reported reactions to wash products, n (%) 0 (0) 0 (0) 18 (75) 16 (73)

Abbreviations: AD, atopic dermatitis; SCORAD, Scoring Atopic Dermatitis; SD, standard deviation; wt, wild type.

Figure 1. Recruitment flowchart. AD,

atopic dermatitis; wt, wild type.
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containing chlorine compared with all other water types.
Additionally, this exaggerated response was predominantly
displayed by the AD FLGnull group. Softened water with
chlorine had the highest alkalinity of all the water types tested
(Table 2).

DISCUSSION
Skin exposure to SLS is enhanced by washing in hard water,
compared with deionized water, because of an increased
persistence of surfactant residues on the skin after rinsing. By
using an ion-exchange water softener to reduce hardness to
less than 25 mg/L CaCO3, SLS residues were dramatically
reduced, indicating that it is the metal ion (Ca2þ and Mg2þ)
concentration in the water that affects deposition. No effect
of chlorine level in the water or of the study population on
surfactant deposition was found.

The SLS residues left on the skin after washing altered
protein secondary structure, solubilized stratum corneum
lipids, and elevated skin surface pH in a dose-dependent
manner.

Moreover, the SLS residues caused skin irritation and skin
barrier impairment, the extent of which was dependent on
the hardness of the wash water and could be directly related
to the level of SLS deposits on the skin. Patients with AD and

an FLG mutation had significantly greater skin barrier dam-
age and irritation in response to SLS residues compared with
healthy individuals without FLG mutations, suggesting an
increased sensitivity to SLS. The use of an ion-exchange water
softener to remove calcium and magnesium ions protected
against skin barrier damage and irritation by reducing SLS
deposits on the skin.

The strength of this study is the very controlled nature of
the intervention, which has enabled us to focus in on a single
exposure and assess the effects of varying the key properties
of wash water associated with the development of AD. As a
result, the effects of confounders such as age, skin type, and
water composition (beyond hardness and chlorine levels)
have been controlled. A limitation of our study is the small
sample size of the healthy group carrying FLG mutations,
which stems from the low number of these individuals in the
population (<10%) (Bandier et al., 2015). The effect of this
limitation is a reduction in statistical power to compare group
means, so although we may have missed some potentially
significant differences, we can be confident that the differ-
ences we have reported are true.

Our findings are supported by a number of epidemiolog-
ical studies that have identified a link between living in a
hard water area and the prevalence of AD. Furthermore, we
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Figure 2. SLS deposition on the skin after washing with different water types. (a) Representative spectra of the skin before and after washing. (b) The
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spectroscopy, deposited on the skin by test site. A significant difference between the test sites was found (Friedman test, P < 0.0001, square root transformation

of SLS deposition to equalize variance). (d) SLS deposition by study population. No difference between the groups was identified. (e) Lipid chain conformation,

as indicated by the position of the spectral band for CH2 symmetric stretching (w2850 cme1) at the skin surface after washing. A higher band position indicates

a more disordered lipid chain conformation associated with surfactant damage. A significant difference between the treatments was found (Friedman test,

P < 0.0001). (f) Protein denaturation indicated by the change in location of the peak associated with the amide I bond (1610e1690 cme1). A significant
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within the no-chlorine and high-chlorine sets are displayed (no significant differences between chlorine/no chlorine pairs). SLS, sodium lauryl sulfate.
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offer a mechanism by which water hardness contributes to
AD development by increasing skin exposure to harmful
surfactants. Although our study illustrates the deposition of
the common synthetic surfactant SLS, a previous study re-
ported similar increases in skin deposition of surfactants
found in traditional soaps (alkyl carboxylates) when hard
water is used for washing compared with ultrapure soft water
(Tanaka et al., 2015). An explanation for the increased skin
deposition of surfactants is their reduced solubility in solu-
tions containing metal ions such as calcium (Young and
Matijevic, 1977). For instance, greater precipitates of
metallic surfactants (precipitates comprising calcium salts of
anionic surfactants) form on clothing fabrics when washed
with SLS in hard versus soft water (Gotoh et al., 2016).
Moreover, as a result of this precipitation, wash products
produce less foam in hard water compared with soft water,
necessitating the use of more wash product to produce the
same amount of foam. In this regard, our results are likely to
underestimate the real impact of hard water on surfactant
deposits in everyday washing habits because of the
controlled use of SLS in this study.

Harsh surfactants are known to have a broad range
of effects that contribute to both their cleansing efficacy

and potential to cause skin irritation/barrier damage
(Ananthapadmanabhan et al., 2004). The direct negative
effects of SLS residues we report here on the stratum corneum
are consistent with the effects of SLS reported in the literature
(Saad et al., 2012). The low-level residues of SLS left on the
skin were sufficient to elicit mild irritation and skin barrier
damage, consistent with the effects of higher concentrations
reported previously. Topical products causing this level of
skin barrier damage are associated with a high rate of adverse
skin reactions (Danby et al., 2011). In infants at 2 months of
age, an increase in TEWL of just 1.4 g/m2/h above the mean is
a predictive biomarker for AD (Kelleher et al., 2015). This
suggests that washing in hard water, through an interaction
with surfactants in wash products, could damage the skin
barrier sufficiently to increase the risk of developing AD in
this age group.

The skin barrier damage and irritation caused as a result of
washing in hard water was significantly different between the
study populations. In line with previous studies, patients with
AD displayed the greatest response to SLS (Bandier et al.,
2015; Darlenski et al., 2013; Jungersted et al., 2010).
Although AD patients exhibit a skin barrier defect irrespective
of their FLG gene status, the extent of the defect is
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and high-chlorine sets are displayed (no significant differences between chlorine/no chlorine pairs). aSignificant differences to the negative control.
bSignificant differences to all other treatments. AU, arbitrary units; SLS, sodium lauryl sulfate; TEWL, transepidermal water loss.
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significantly greater in those carrying an FLG mutation,
leaving them more susceptible to the effects of irritants, as
established in this study for SLS (Scharschmidt et al., 2009;
Winge et al., 2011). This increase in sensitivity to SLS helps
explain the additive effect of FLG mutations on the associa-
tion between living in a hard water area and the risk of

developing AD reported by Perkin et al. (2016). Intriguingly,
and in agreement with a previous study, we found no sig-
nificant difference in effect of SLS and hard water between
the healthy groups with and without an FLG mutation
(Bandier et al., 2015). This suggests that, although an
important contributory factor, loss of functional filaggrin
alone is not sufficient to increase a person’s sensitivity to SLS.

Carrying an FLG mutation has been associated with altered
stratum corneum cytokine levels that may orchestrate the
increased skin response to SLS (Kezic et al., 2012). We did not
observe a significant association between IL-1a levels at the skin
surface and FLG status, but we did observe a trend for reduced
levels inADpatientswithFLGmutations comparedwith all other
groups.We did not quantify baseline levels and therefore cannot
directly relate these findings with the basal levels found in other
study populations. Although contrary to the increase in inflam-
mation, decreased IL-1a levels in response to prolonged or
repeated SLS exposures have been reported previously
(Angelova-Fischer et al., 2012). IL-1a plays an important role in
skin barrier repair (Man et al., 1999), and this findingmay suggest
an impeded repair response in AD patients carrying an FLG
mutation. AD patients carrying an FLG mutation also displayed
an increased propensity for changes to skin surface pH. Skin
surface pH is an important regulator of skin barrier homeostasis
(Hachem et al., 2003).Moreover, increasing evidence supports a
prominent role of skin pH in the pathogenesis of AD as a driver
for increased KLK5 protease activity, with subsequent activation
of the PAR2 receptor, increased expression and release of the
pro-allergic cytokine TSLP, and consequent development of
dermatitis (Jang et al., 2016). Mice with a filaggrin defect exhibit
heightened activity of this pathway (Moniaga et al., 2013).
Nevertheless differences in basal skin surface pH have been
inconsistently reported when comparing AD patients with and
without FLG mutations (Bandier et al., 2015; Jungersted et al.,
2010). The increased susceptibility of the FLGnull AD patients
to pH changes reported here is consistent with the lower levels
of skin-acidifying agents, such as urocanic acid and pyrrolidone
carboxylic acid, in this population type reported elsewhere
(Kezic et al., 2008). Based on the observation that metallic sur-
factants can induce TSLP expression when applied to the skin of
mice, activation of the pH-protease-PAR2 pathway by surfac-
tants, combined with hard water in the context of an FLG gene
defect, is a plausiblemechanism for promoting ADdevelopment
(Tanaka et al., 2015). Our findings add to an increasing body of
evidence suggesting that FLG mutation carriers represent
an important subgroup of AD patients with increased skin
sensitivity.

We report that use of an ion-exchange water softener to
reduce calcium and magnesium levels mitigated the adverse
effects of metallic surfactants formed during washing with
hard water and the synthetic detergent SLS. Although ion-
exchange water softeners do not completely remove cal-
cium and magnesium ions, our findings suggests that the
residual levels remaining (<0.1 mg/L calcium and <0.05
magnesium) have a negligible effect on the skin. Water
alkalinity (the pH buffering capacity of water) is a property
closely related to hardness, and so it has been implicated as a
factor in the association between hard water and AD risk
(Ewence et al., 2011). Although the water softening process
did not appear to affect alkalinity of the water, the softened
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Figure 4. The effect of surfactant residues on the skin: secondary outcome

measures. (a) Visual scoring of erythema, (b) IL-1a, and (c) change in skin

surface pH by treatment stratified by group (stacked), 24 hours after patch

removal. A significant difference in the log transformed IL-1a levels between

the test sites was found using a repeated measures analysis of variance

(P ¼ 0.0114). Significant differences in visual erythema and skin surface pH

between the test sites was found using the Friedman test (P < 0.0001 and

P < 0.0001, respectively). *Significant differences between treatments

identified using Tukey or Dunn posttest, respectively. fSignificant differences

identified using a protected Fisher least significant difference test. gA

significant difference between the groups (group 1 and 4) was found for skin

surface pH only (Kruskal-Wallis with Dunn posttest).
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water supplemented with additional chlorine did display a
higher alkalinity. It was the use of this water, with the highest
alkalinity, that led to the most dramatic change in skin surface
pH after washing. The observed increase in pH was also
associated with decreased skin barrier function. This suggests
that although calcium levels appear to be the key driver for
the skin barrier impairment observed, water alkalinity also
needs to be controlled to prevent the negative consequences
of elevated skin surface pH (Hachem et al., 2003). Although
washing with acidic water appears to be beneficial for
maintaining skin homeostasis (Hachem et al., 2010), it is
necessary to maintain domestically supplied water at neutral-
alkaline pH to control plumbosolvency (Ewence et al., 2011).
The focus therefore needs to be on reducing water alkalinity
and/or strategies for acidifying wash water during washing
(e.g., with appropriately designed wash products).

Chlorine levels are another parameter of water previously
associated with skin effects (Ewence et al., 2011). Although
considered a skin irritant, the level of chlorine tested in this
study is at the top end of the levels found in domestic water
supplies, which is well within the safe limits permitted in
swimming pools to avoid adverse skin effects. Neither the
level of deposition nor the skin response to SLS appeared to
be consistently affected by chlorine under the conditions
tested. However, chlorine in deionized water, but not hard or
softened water, did appear to increase the level of skin irri-
tation observed in this study. This suggests a specific irritant
effect of free chlorine in ultrapure water independent of
surfactants. It is worth noting that swimming pool attendance
is inconsistently associated with the development of AD in
the literature and, like the association between chlorine in

domestic water and AD, is confounded by whether study
participants live in a hard water area (Chaumont et al., 2012;
Font-Ribera et al., 2014).

Four studies of varying quality have assessed the effect ofwater
softeners on the severity of established AD in humans and dogs
with varying success (Ohmori et al., 2010; Tanaka et al., 2015;
Thomas et al., 2011; Togawa et al., 2014). Of these, the only
statistically powered randomized controlled trial found no
benefit of installing an ion-exchange water softener on estab-
lished moderate to severe AD (Thomas et al., 2011). In estab-
lishedAD, inflammation is a keydriver of skinbarrier impairment
and may overshadow the effects of negative environmental fac-
tors like water hardness (Kim et al., 2008). Furthermore, current
guidance on themanagement of AD recommends the avoidance
of soap and detergents (replacing them with emollient wash
products), meaning that AD patients are already likely to take
steps that avoid exposure tometallic surfactants (Lewis-Jones and
Mugglestone, 2007). The results of this work, and those of more
recent birth-cohort studies, suggest that rather than affecting the
severity of established AD, hard water is likely to play a greater
role in the primary development of AD in the first fewmonths of
life (Engebretsen et al., 2016; Perkin et al., 2016).

In conclusion, washing the skin with hard water increases
exposure to potentially irritant metallic surfactants that can
impair functioning of the skin barrier, especially in people
with a predisposition to a skin barrier defect. By additively
impairing skin barrier function, washing with hard water is
likely to contribute to the early development of AD. Ion-
exchange water softeners could help reduce the risk of
developing AD by reducing the deposition of metallic sur-
factants on the skin during washing.

Table 2. Composition of the test water

Parameter Unit
Deionized
Water

Deionized
Water D
Chlorine

Hard
Water e No

Chlorine (Carbon
Filtered)

Hard
Water D
Chlorine

Softened
Water e No
Chlorine

(Carbon Filtered)

Softened
Water D
Chlorine

Hardness mg/L CaCO3 ND ND 394.5 � 14.9 403.5 � 5.8 14.0 � 8.4 1.0 � 2.2

Alkalinity mmol/L

HCO3
e

0.19 � 0.11 0.19 � 0.11 6.35 � 0.14 6.31 � 0.07 6.33 � 0.29 6.42 � 0.23

Free chlorine before

adjustment

ppm <0.01 <0.01 0.01 � 0.01 0.21 � 0.07 0.02 � 0.03 0.14 � 0.11

Free chlorine after

adjustment

ppm 1.5 � 0.1 1.5 � 0.1 1.5 � 0.1

pH 6.3 7.4 7.4

Conductivity mS/cm <0.1 903 947

Nitrate mg/L <1 �0.2 �0.2

Sulfate mg/L <0.01 101.0 102.4

Boron mg/L <0.01 0.15 0.13

Copper mg/L <0.01 �0.02 �0.02

Manganese mg/L <0.01 <0.01 <0.01

Zinc mg/L <0.01 �0.01 <0.01

Iron mg/L <0.01 <0.01 <0.01

Chloride mg/L <1 84.7 85.4

Phosphorus mg/L <0.2 0.6 0.6

Potassium mg/L �1 10.3 1.45

Magnesium mg/L <0.05 28.3 <0.05

Calcium mg/L <0.1 113.1 <0.1

Sodium mg/L �1 64.3 249

Abbreviations: ND, not determined.
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MATERIALS AND METHODS
Study site and randomization
This case-control observational study was conducted at the Royal

HallamshireHospital in Sheffield (UK). A sample size of 80 split evenly

between four defined populations was set: group 1 included 20 par-

ticipants with healthy skin (no current or past AD), no atopy, and wild-

type (wt) FLGwt/wt; group 2 included 20 participants, FLGnull/null or

FLGwt/null without current or past AD; group 3 included 20 partici-

pantswithADand FLGwt/wt; andGroup 4 included20participantswith

ADand FLGnull/nullorFLGwt/null. The study is powered at 80% (P¼ 0.05)

to detect a difference in TEWL of 2.0 g/m2/h and in skin redness of

30 Mexameter MX18 (CK Electronic, Cologne, Germany) units, based

on an unpublished pilot study and existing literature (Danby et al.,

2011). To achieve the target samples, we set out to screen 500 volun-

teers over a 9-month period. Inclusion and exclusion criteria are pre-

sented in Supplementary Table S1 online. After group allocation,

participants were enrolled onto the skin washing/patch testing pro-

cedure on a first come/first served basis.Written informed consent was

obtained from all participants. The National Health Service Trent

Research Ethics Committee approved the study, including the consent

procedure used (#04/MREC/70).

Preparation and testing of the study water
There were two sources of water: deionized water and hard water ob-

tained fromadomestic supply in Essex,UK,where thewater hardness is

high, on five separate occasions during the 9-month study period.

Table 1 provides the summary data for the five batches. NRM Labora-

tories (Bracknell, UK) undertook the analysis of the deionized, hard,

and softened water samples. Water hardness and alkalinity were

determined by titration for each of the six samples separately (MCo-

lortest,MerckMillipore, Darmstadt,Germany). The softenedwaterwas

prepared by running the hard water through an ion-exchange water

softener (Harvey’s Drinking Water Filter by Harvey Water Softeners,

Surrey, UK and installed at the source), which brought calcium car-

bonate (total hardness), calcium, and magnesium levels down from

403.5, 113.1, and28.3mg/L to1.0,<0.1, and<0.05mg/L, respectively

(calcium carbonate >300 mg/L ¼ very hard, <50 mg/L ¼ soft). The

water samples without chlorine were prepared by filtering the hard or

softened water through a carbon filter (Q5586, Omnipure, Caldwell,

ID) at the time of collection. The chlorinated water samples were pre-

pared by supplementing each water type with chlorine to a concen-

tration of 1.5 ppm, immediately before use each study day, to provide a

consistent level at the upper end of the spectrum found in domestic

water supplies. The final chlorine level of all water samples was

determined on the day of use using the Palintest Chlorimeter (Pailintest,

Gateshead, UK) according to themanufacturer’s instructions. All water

samples were stored at 4�C.

Skin washing
At the start of each study day, the six different test water samples (Table 2)

and respective 10% SLS (Sigma Aldrich Co., St Louis, MO) wash solu-

tions were prepared by an independent technician not involved in the

data collection and were labeled with only a letter code to facilitate

blinding. For each participant, eight test sites (5 � 4 cm) were clearly

markedon thevolar sideof the forearms (four oneach forearm). Two sites

were reserved as controls: a no treatment negative control and a positive

control for subsequent patch testing. Baselinemeasurementswere taken

at all sites, and then each of the six test sites underwent washing using

one of the six testwater types. Allocation of the testwater to the test areas

was randomized using a randomization list generated online (http://

www.randomization.com) and conducted double-blind to avoid site-

dependent effects and bias. The procedure for washing was as follows:

(i) Pre-wet the test sites with the appropriate water type pre-warmed to

35�C using a wash bottle for 5 seconds. (ii) Place a 12-mmediameter

wash chamber over the test site (separate chambers for each treatment

condition). (iii) Apply 0.5 ml of the appropriate wash solution, pre-

warmed to 35�C, to the test site using a pipette and massage the wash

solution into the skin for 5 seconds with a sterile swab using circular

motions. (iv) Leave thewash solutionon the skin for 30 seconds. (v) Rinse

the test site with the appropriate water type pre-warmed to 35�C using a

wash bottle for 5 seconds; (vi) Gently blot the skin drywith a paper towel

(no rubbing). (vii)Wait 2 minutes for the skin to dry completely. The aim

was to replicate normal skin washing in a controlled manner using a

defined concentration of surfactant.

Patch testing
After washing, the test sites were covered with 12-mm Finn chambers

on Scanpor tape (Smart Practice, Phoenix, AZ). One of the untreated

sites was also covered with an empty chamber as a negative control.

The final site was covered with a chamber containing 50 ml 0.5% SLS

prepared in deionized water on a filter disc insert (Whatman, Maid-

stone, UK) as a positive control. The chambers were then covered with

PatchProtect (Smart Practice) water resistant adhesive dressings and left

in place for 48 hours before being carefully removed by the study team.

Visual grading of erythema was independently performed by two

graders, both before patch application and again 24 hours after patch

removal using a 4-point scale (range ¼ 0e3, where 0 is no erythema

and 3 is strong/marked erythema). The visual scores from each grader

were averaged before analysis.

Biophysical measurements
TEWL measurements were performed using an AquaFlux AF200

condensing chamber probe (Biox Systems, London, UK). Objective

redness and skin surface pH were measured using a Mexameter

MX18 and Skin pH Meter PH905, respectively (CK Electronic). All

assessments were performed in a room maintained at 21 � 2�C and

38e50% relative humidity according to published guidelines

(Pinnagoda et al., 1990). All test sites were acclimatized to room

conditions for 20 minutes before assessment.

FTIR spectroscopy
FTIR spectra were collected using a silver halide-tipped fiber optic

probe (FTIR Flexispec PIR 900, Art Photonics, Berlin, Germany)

attached to a Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific,

Waltham, MA) equipped with a cooled mercury-cadmium-telluride

detector and purged with dry N2. An average of 32 scans were

collected for each measurement at a resolution of four wavenumbers.

Integration of peak intensities and locations was performed using

Omnic 9.0 software (Thermo Electron, Madison, WI). Peak intensities

for the spectral region centered at approximately 1230 cme1 and,

corresponding to sulfate groups (SLS), were normalized relative to

amide II (1520e1560cme1) to account for changes in contact pressure.

To prepare a standard curve for SLS concentration, a dilution series of

SLS in deionized water was prepared. The locations of the spectral

peaks corresponding to lipids (methyl groups,CH2) andprotein (amide I

group, C¼O), sensitive to changes in lipid and protein structure,

respectively, were analyzed in accordance with previously published

works (Boncheva et al., 2008; Saad et al., 2012).

Measurement of IL-1a
Samples of soluble stratum corneum proteins were collected 24

hours after patch removal by rubbing a sterile swab dipped in

phosphate buffered saline across each test site. Samples were stored
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at e20�C before analysis by ELISA according to the manufacturer’s

instructions (BioLegend, San Diego, CA). Protein concentrations

were determined using the bicinchoninic assay according to the

manufacturer’s instructions (Pierce Biotechnology, Rockford, IL), and

the levels of IL-1a were expressed as pg/mg total protein.

FLG genotyping
Genomic DNA was extracted from Buccal swabs using the QIAamp

DNA mini kit (Qiagen, Hilden, Germany). The Mentype multiplex

PCR amplification kit was used to screen individuals for FLG gene

status in accordance with the manufacturer’s instructions (Biotype

Diagnostic, Dresden, Germany), and 2 ng of genomic DNA was

used per reaction. PCR products were run on a 3730 DNA analyzer,

and genotypes were scored using GeneMapper software (Applied

Biosystems, California, USA).

Statistical analysis
The results were analyzed in Prism, version 7 (Graphpad Software,

La Jolla, CA). The significance threshold was P < 0.05. Results are

presented as mean � standard error of the mean. All data were tested

for normality visually and using the Shapiro-Wilk test and for

equality of variance using the Levene test in SPSS Statistics, version

22 (IBM United Kingdom, Portsmouth, UK) before statistical anal-

ysis, and the results were used to inform the need for a nonpara-

metric test. Where variances were unequal, transformation was

applied to normalize the variance before conducting analyses.

Comparisons by treatment were made using a repeated measures

one-way analysis of variance with a Tukey posttest or a Friedman test

with Dunns posttest for nonparametric data. Comparisons by group

were made using a two-way analysis of variance with Tukey posttest

or Kruskal-Wallis test with Dunns posttest for nonparametric data.

Associations were assessed by correlations (Pearson or Spearman,

depending on normality).
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