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1 | INTRODUCTION

Dry eye disease (DED) is a complex disease of the tear film
and ocular surface that causes symptoms of discomfort,
visual disturbance and tear film instability with a risk of
damage to the ocular surface (Craig et al., 2017). Worldwide,
DED has a prevalence ranging from 5% to 50%, depending
on the population studied and definition adopted (Stapleton
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Purpose: The purpose of this study is to test the hypothesis that greater habitual
water intake is associated with lower risk of dry eye disease (DED).

Methods: We included 51 551 participants from the population-based Lifelines co-
hort (mean age = 51.2years) in this cross-sectional association study. DED was
assessed using the Women's Health Study (WHS) dry eye questionnaire. Water
intake was calculated from food frequency questionnaires. Logistic regressions
were used to analyse the relationship between DED and water intake or 24-h urine
volume, corrected for age, sex, body mass index, physical activity, smoking status,
education, income, 48 comorbidities, and 15 medication groups. The main out-
come measure was WHS-defined DED. Highly symptomatic dry eye and clinical
diagnosis of DED were secondary outcomes.

Results: In total, 9.1% of the population had WHS-defined DED. Higher water
intake was associated with increased prevalence of WHS-defined DED (OR: 1.011
per 100ml/day, 95% CI: 1.004-1.017, p = 0.003). After excluding those with a clini-
cal diagnosis, greater water intake was still tied to increased risk of having DED
symptoms (OR: 1.010 per 100 ml/day, 95% CI: 1.006-1.015, p<0.001). Higher 24-h
urine volumes were also associated with higher risk of WHS-defined DED (OR:
1.010 per 100ml/day, 95% CI: 1.005-1.015, p<0.001).

Conclusions: In this large, population-based study, higher water intake was not
tied to reduced risk of DED. Rather, it was associated with a modest increased
risk of DED. Interventional studies are needed to fully understand the effect of
water intake on DED, but this study found no evidence that greater water intake
is beneficial for DED.
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et al., 2017). Symptoms of dry eye, including ocular pain
and irritation, can cause a substantial reduction in gen-
eral well-being and quality of life (Li et al., 2012; Mertzanis
et al., 2005; Miljanovic et al., 2007). Activities such as driv-
ing, reading, watching television, and work tasks are often
impacted (Miljanovic et al., 2007). In addition, DED yields
a sizable economic burden, with an estimated annual cost of
USD 3.84 billion in the US alone (Yuet al., 2011). Symptoms,
once established, are often hard to treat, and the clinical
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course of DED is often chronic (McDonald et al., 2016;
Messmer, 2015; Stapleton et al., 2017). It is therefore import-
ant to uncover modifiable risk factors and interventions
that may prevent the development of DED.

Adequate hydration is vital for optimal physiological
function (Jéquier & Constant, 2010), especially in the car-
diovascular (Watso & Farquhar, 2019) and renal systems
(Clark et al., 2016). It is also tied to better overall physical
(Murray, 2007) and cognitive (Masento et al., 2014) perfor-
mance. Additionally, increased water intake may combat
dry skin (Palma et al., 2015) and higher water intake was
associated with less dry mouth symptoms in a small, cross-
sectional study (Lee et al., 2020). For DED, clinicians may
recommend drinking more water to alleviate dry eye symp-
toms. However, so far there have been few studies assessing
the effect of hydration status and water intake on ocular
surface health. Previous studies have found a link between
plasma osmolality, a marker of hydration, and tear osmolar-
ity (Fortes et al., 2011; Walsh et al., 2012). Yet, no population-
based study looking at the relationship between water intake
or hydration status and DED has been published.

This cross-sectional study aims to test the hypothe-
sis that greater habitual water intake is tied to a lower
risk of DED using the Lifelines cohort, a large Northern
European population. The relationship between water
intake and DED was investigated in multiple ways, in-
cluding models correcting for a great number of con-
founders and stratification by sex. Additionally, as
another biomarker of hydration status, we also assessed
24-h urine volume for its association with dry eye.

1A
2007-2013

1B

2011-2014

2 | METHODS

2.1 | Lifelines cohort and participants

Lifelines is a multidisciplinary, prospective, population-
based cohort study examining the health and health-
related behaviours of 167729 persons living in the north
of the Netherlands. It uses a broad range of investiga-
tive procedures in assessing the biomedical, sociodemo-
graphic, behavioural, physical, and psychological factors
which contribute to the health and disease of the general
population, with a special focus on multi-morbidity and
complex genetics (Stolk et al., 2008). Participants, almost
exclusively of European ancestry, were included via gen-
eral practitioners or self-enrolment between 2006 and
2013 and will be followed for at least 30 years. The cohort
is described in detail elsewhere (Scholtens et al., 2015;
Sijtsma et al., 2021). The Lifelines protocol has been ap-
proved by the medical ethics committee of the University
Medical Center Groningen under number 2007/152 and
carried out in accordance with the Declaration of
Helsinki, and all participants provided written informed
consent.

The first (baseline) general assessment (1A) was con-
ducted between 2007 and 2013, with two follow-up ques-
tionnaires sent out on average 1.5years (1B) and 2.5years
(IC) later. The second general assessment (2A) was be-
tween 2014 and 2017. Figure 1 shows the timeline of as-
sessments of exposure and outcome measures included
in the current study.

1C
2012-2015

2A
2014-2017
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FIGURE 1

This chart shows when exposures and outcomes were assessed. The Food Frequency Questionnaire (FFQ) was administered in

four parts. The first part assessed baseline dietary data at 1A. Each of the three subsequent visits at 1B, 1C, and 2A recorded additional dietary
information. The complete FFQ data available at 2A was used to calculate total daily water intake for each participant. Both 24-h urine volume
and dry eye status using the Women's Health Study questionnaire were assessed at 2A.
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2.2 | Assessment of DED

This study used the Women's Health Study (WHS) dry
eye questionnaire (Gulati et al., 2006) to assess DED at
assessment 2A. This questionnaire is the most frequently
used tool when assessing DED status in population-
based studies (Stapleton et al., 2017). The instrument
has been validated against a standardized clinical exam
and has a similar sensitivity and specificity as a 16-item
survey (Gulati et al., 2006). The WHS questionnaire
consists of the following three questions: (1) “How often
do your eyes feel dry (not wet enough)?” (2) “How often
do your eyes feel irritated?” and (3) “Have you ever re-
ceived a diagnosis of dry eye?” Question 1 and 2 have
possible answers of: “Never,” “Sometimes,” “Often,” and
“Constantly.” Question 3 has possible answers of: “Yes,”
“No,” and “I don't know.” WHS-defined DED was the
main outcome measure of this study. WHS-defined
DED requires either a self-reported clinical diagnosis
of DED or “highly symptomatic dry eye” (both dryness
and irritation at least “often”) (Bazeer et al., 2019; Gulati

TABLE 1 Demographics of the study population

Acta Ophivimloi S

et al., 2006). We further defined two secondary dry eye
outcomes based on questionnaire answers, described in
further details elsewhere (Magno et al., 2021): (i) a re-
ported clinical diagnosis of DED and (ii) “highly symp-
tomatic dry eye.”

2.3 | Assessment of water intake

A 110-item semi-quantitative food frequency question-
naire (FFQ) assessing dietary consumption over the
previous month was specially developed for the Lifelines
cohort study (Brouwer-Brolsma et al., 2017). The FFQ
was administered in four parts, with an assessment of
major food groups at baseline (1A) and three follow-up
questionnaires investigating micronutrients at 1B, 1C,
and 2A.

Total daily water intake was calculated from water
stemming from: beverages consumed (“beverage
water”), foods ingested (“food water”), and the meta-
bolic breakdown of the ingested macronutrients and

All (N = 51551)

Males (N =20377) Females (N =31174)

Age, years, mean (standard deviation [SD]) 51.2(12.4) 52.1(12.4) 50.5 (12.3)
Ethnicity—White, European, % 98.7 98.9 98.5
Income

<2000 Euro per month, % 27.1 21.4 30.8

2000-3000 Euro per month, % 29.8 334 27.5

>3000 Euro per month, % 33.7 38.2 30.7

Chose not to answer, % 9.4 7 11
Smoker

Current, % 14.1 15.4 13.3

Former, % 33.7 36.7 31.8

Never, % 52.2 479 54.9
Dry eye

Women's Health Study-definition, % 9.1 5.0 11.7

Highly symptomatic dry eye, % 1.9 0.8 2.5

Clinical diagnosis, % 8.5 4.7 11.0

Symptomatic dry eye, % 30.0 22.3 349
Comorbidities®

Number of comorbidities, mean (SD) 2921 2.4(1.9) 3322

Presence of 21 comorbidity, % 89.5 85.7 92.0
Food Frequency Questionnaire

Energy intake, kcal/day, mean (SD) 2111 (619) 2444 (658) 1893 (479)

Water intake
Total water intake, ml/day, mean (SD)
Beverage water, ml/day, mean (SD)
Food water, ml/day, mean (SD)
Metabolic water, ml/day, mean (SD)

2491.3 (606.0)
1538.9 (501.7)
693.4 (195.4)
259.0 (76.7)

2610.7 (631.4)
1578.2 (515.4)
731.4 (208.5)
301.1 (81.4)

2413.3 (575.6)
1513.3 (490.9)
668.5 (182.0)
231.5 (59.1)

Note: Baseline demographics. Data are mean (standard deviation), or percentage.

“Contact lens wear, hypertension (measured), macular degeneration, glaucoma/ocular hypertension, eye surgery (any), allergic conjunctivitis, Bell's palsy,
keratoconus, laser refractive surgery, irritable bowel syndrome, fibromyalgia, osteoarthritis, spinal disc herniation, repetitive strain injury, rheumatoid arthritis,
systemic lupus erythematosus, Sjogren's disease, atherosclerosis, cardiac arrhythmia, liver cirrhosis, chronic cystitis, urinary incontinence, spasticity, migraine,
chronic fatigue syndrome, depression, burnout, autism, gastric ulcer, Crohn's disease, asthma, acne, psoriasis, eczema, rosacea, hay fever, allergy (any), anaemia,
diabetes mellitus, osteoporosis, thyroid disease (any), Graves' disease, carpal tunnel syndrome, obstructive sleep apnea, lichen planus, sarcoidosis, chronic back

pain, and sinusitis.
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alcohol (“metabolic water”), similar to past work in-
vestigating hydration status in the general population
(Manz et al., 2012). Food and beverage water were de-
termined by multiplying the weight consumed of each
food and beverage item with its relative water content,
based on the Dutch National Institute for Public Health
and the Environment's Nevo Tables (NEVO-tabel, 2011).
Metabolic water was computed based on the following
equation (Manz et al., 2012):

Metabolic water (ml)=0.41 X protein intake (g)
+0.55x carbohydrate intake (g)
+1.07 x fat intake (g)+ 1.17 X alcohol intake (g).

In addition to self-reported water intake over the last
month, we also assessed 24-h urine volume, which was
collected on average half a month after the DED assess-
ment (2A). The 24-h urine volume strongly correlates
with same-day fluid intake and provides information
about the acute hydration status (Perrier et al., 2013;
Zhang et al., 2017). Despite there being no “gold stan-
dard” for assessing hydration status (Armstrong, 2007),
24-h urine volume could be useful in validating the
questionnaire-based findings (Gandy, 2015).

Energy intake from all sources, in kcal/day, was also
computed. Caloric intake is a determinant of recom-
mended daily water intake (EFSA Panel on Dietetic
Products, 2010), and a hypocaloric diet has been found
to improve clinical signs of dry eye (Molina-Leyva
etal., 2020). Subjects with likely erroneous FFQ data were
excluded. FFQ data were deemed unreliable if the ratio
between energy intake and basal metabolic rate, calcu-
lated using the Schofield equation (Schofield, 1985), was
<0.5 or >2.75, or the total energy intake was <800 kcal/
day for men or <500 kcal/day for women, similar to that
of past studies (Vinke et al., 2020).

2.4 | Assessment of possible

confounding factors

At baseline (1A), participants were asked to: “..indi-
cate which of the following disorders you have or have
had?” with a wide range of possible answers relating to
cardiovascular, chronic pain, gastrointestinal, kidney
and urinary, neurological, haematological, autoim-
mune, skin, and mental conditions. Additionally, sub-
jects were asked to report, using free text, any other
disorders that they have or have had. At repeat visits,
the participants were requested to provide informa-
tion about the occurrence of new conditions since their
last questionnaire. A specific questionnaire assessing
ocular conditions and traits was also given to the par-
ticipants at the same time as the DED assessment (2A).
Using this information, dichotomous variables were
created for the occurrence of a broad range of diagno-
ses and conditions, as previously described in greater
detail (Vehof et al., 2021). 48 comorbidities were found
associated with WHS-defined DED (Vehof et al., 2021).
In addition, the Anatomical Therapeutic Chemical
(ATC) codes for the medications used by the partici-
pants were carefully recorded at visit 1A.

2.5 | Statistics

Descriptive statistics were used to assess the population
characteristics. Multivariable logistic regression models
were used to investigate the relationship between the dry
eye phenotypes (dependent variables) and water intake
(independent variable, base unit 100 ml/day). The analyses

WHS-defined DED
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FIGURE 2 The relationship between age-decade specific
quintiles of water intake and prevalence of (a) Women's health study
(WHS)-defined dry eye (DED), (b) clinical diagnosis, and (c) highly
symptomatic dry eye, in males and in females. Prevalence with 95%
confidence intervals. Quintiles were generated in an age-decade
specific manner to correct for the additional effect of increasing (in
females) and decreasing (in males) age with increasing water intake.
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TABLE 2 Relationship between continuous total water intake (100ml) and dry eye phenotypes

All (N =51551)

OR (95% CI), OR (95% CI), OR (95% CI),
Dry eye phenotypes Model 1* p-value Model 2° p-value  Model 3° p-value
WHS-defined DED 1.013 (1.008-1.018) <0.001 1.020 (1.013-1.026) <0.001 1.011 (1.004-1.017) 0.001
Highly symptomatic 1.024 (1.013-1.034) <0.001 1.033 (1.020-1.046) <0.001 1.020 (1.006-1.033) 0.004
dry eye
Clinical diagnosis 1.013 (1.007-1.018) <0.001 1.019 (1.013-1.026) <0.001 1.010 (1.004-1.017) 0.002

Note: Odds ratio of having dry eye per 100ml of total water intake per day.

Abbreviations: CI, confidence interval; OR, odds ratio; WHS, Women's Health Study.

“Model 1: Corrected for age and sex only.

®Model 2: Corrected for age, sex, body mass index, physical activity score, daily caloric intake, alcohol intake, smoking status, education level, and net monthly

household income, full data available for 46367 participants.

“Model 3: corrected for age, sex, physical activity score, body mass index, daily caloric intake, alcohol intake, smoking status, education level, net monthly
household income, 48 comorbidities associated with dry eye, and 15 medications and medication groups associated with dry eye and dry mouth, full data available

for 45730 participants.

were adjusted for: age and sex only (Model 1), relevant de-
mographic variables (age, sex, education level [low, mid-
dle, high], and net monthly household income [<2000,
2000-3000, >3000 euros/month]), body mass index (BMI),
daily caloric intake, alcohol intake, and smoking status
(never, current, past history of smoking; Model 2), and
the factors in Model 2 and 48 medical comorbidities as-
sociated with WHS-defined DED (Vehof et al., 2021) and
15 medications and medication groups associated with
both dry eye (Wolpert et al., 2021) and dry mouth (Wolff
et al., 2017) (Model 3). The medications and comorbidities
corrected for are presented in Table Sla,b. The association
between 24-h urine volume and the dry eye phenotypes
was assessed in a similar way. As the prevalence and risk
factors of DED are highly sex-specific (Magno et al., 2021;
Sullivan et al., 2017), sex-stratified analyses were also
conducted. The interaction term [sex*water intake] was
included to assess the statistical significance of any sex-
specific relationship. Age-decade specific quintiles of
water intake were made for males and females, and the ef-
fect of extreme values, 5th vs. 1st quintile was also assessed
in each sex separately. The quintiles were generated in an
age-neutral way (water intake was ranked within subjects
in the same decade of life before summation), as the males
tended to get younger with increasing water intake, while
females tended to increase in age.

Patients with a DED diagnosis or substantial symp-
toms of dry eye may increase their water intake which
could thus affect the relationship between water in-
take and dry eye. Therefore, the association between
“symptomatic dry eye” and water intake was addition-
ally assessed after exclusion of diagnosed participants.
“Symptomatic dry eye” was defined as having both dry-
ness and irritation at least “Sometimes,” or having either
symptom “Often” or more, similar to past work (Magno
et al., 2021). Furthermore, persons with symptoms only
“sometimes” (as opposed to those with more frequent
symptoms) would likely not increase their water intake
to alleviate symptoms. Thus, the association between
water intake and experiencing symptoms of dryness
“Sometimes” vs. “Never” was also additionally assessed.

A p-value under 0.05 was regarded as statistically sig-
nificant for all analyses. All analyses were conducted
using SPSS software, version 25.0 (SPSS Inc.).

3 | RESULTS

Of all participants, 51 551 subjects had available data and
were included in this study. Table 1 provides a summary
of population characteristics. The prevalence of WHS-
defined DED was 9.1%, with females more likely to have
DED than men. Mean total water intake was 2491 ml/
day with beverage water contributing 62% of total water
consumed. The rest was made up of food water (28%) and
metabolic water (10%). On average, males had a higher
intake of water from all sources than females. Table S2
provides a more detailed presentation of study character-
istics broken down for each age-decade specific quintile
of total water intake. Interestingly, the mean female age
went up with increased water intake, while men's mean
age went down. Figure 2 depicts the prevalence of WHS-
defined DED, clinical diagnosis of dry eye, and highly
symptomatic dry eye in each age-decade specific quintile
of water intake for both sexes. Females had an increase
in the prevalence of WHS-defined DED with increasing
water intake, with the Ist quintile (1684 ml/day) having
a prevalence of 11.1% compared with 13.4% in the 5th
quintile (3257 ml/day). In the male population, the preva-
lence of WHS-defined DED was 4.7% in the 1st quintile
(1824 ml/day) and 5.3% in the 5th quintile (3539 ml/day).

Table 2 shows the relationship between continuous
total water intake and the primary and secondary out-
comes. A greater total water intake was tied to a higher
risk of having the main outcome variable, WHS-defined
DED, in all analyses. When correcting for comorbidities
and medications, Model 3, the OR of having DED was
1.011 per 100ml/day (95% CI: 1.004-1.017, p = 0.003). An
increased total water intake was similarly associated
with an increased risk of both secondary outcomes,
highly symptomatic dry eye and clinical diagnosis. No
significant difference in WHS-defined DED prevalence
was seen between the 5th and the 1st quintile in Model
3 (OR: 1.05, 95% CI: 0.91-1.21, p = 0.53, for females and
OR: 1.25, 95% CI: 0.93-1.69, p = 0.14, for males).

Table 3 shows the sex-stratified analyses. In general,
results were similar in males and in females. The interac-
tion term [sex*water intake] was not significant in any of
the analyses shown in Table 2, indicating no sex-specific
effects of this relationship.
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p-value
0.033
0.015
0.060

OR (95% CI),
Model 3¢
(1.001-1.016)
(1.004-1.034)
1.007
(1.000-1.015)

1.008
1.019

p-value
<0.001
<0.001
<0.001

OR (95% CI),
Model 2°
(1.010-1.025)

1.033
(1.019-1.047)

1.017
(1.009-1.024)

1.017

p-value
<0.001
<0.001
<0.001

31174)

Females (V
OR (95% CI),
Model 1*
(1.007-1.019)
1.026
(1.013-1.038)
1.013
(1.007-1.019)

1.013

p-value
0.024
0.14
0.027

OR (95% CI),
Model 3¢
1.016
(1.002-1.029)
1.024
(0.992-1.056)
1.016
(1.002-1.030)

p-value
0.001
0.09
0.001

OR (95% CI),
Model 2°
(1.009-1.036)

1.026
(1.009-1.037)

(0.996-1.058)

1.022
1.023

p-value

0.48
0.10

20377)
0.1

Males (NV

OR (95% CI),
Model 1*
(0.998-1.018)
1.008
(0.985-1.032)
1.009
(0.998-1.019)

1.008

Highly symptomatic
dry eye

Clinical diagnosis

“Model 3: corrected for age, sex, physical activity score, body mass index, daily caloric intake, alcohol intake, smoking status, education level, net monthly household income, 48 comorbidities associated with dry eye, and 15 medications and

®Model 2: Corrected for age, sex, body mass index, physical activity score, daily caloric intake, alcohol intake, smoking status, education level, and net monthly household income, full data available for 46367 participants.
medication groups associated with dry eye and dry mouth, full data available for 45730 participants.

TABLE 3 Relationship between continuous total water intake (100ml) and dry eye phenotypes, stratified by sex

Abbreviations: CI, confidence interval; OR, odds ratio; WHS, Women's Health Study.

Note: Odds ratio of having dry eye per 100ml of total water intake per day.
“Model 1: Corrected for age and sex only.

Dry eye phenotypes
WHS-defined DED

Table 4 shows the relationship between sources of
water and WHS-defined DED. Greater consumption of
beverage water and food water were both independently
related to a higher risk of WHS-defined DED. There was
no significant association between metabolic water in-
take and WHS-defined DED.

Table 5 shows the relationship between 24-h urine vol-
ume and dry eye outcomes. When adjusting for all co-
morbidities and medications (Model 3), each 100ml of
urine volume increased the risk of having WHS-defined
DED with around 1% (OR: 1.010 per 100 ml/day, 95% CI:
1.005-1.015, p<0.001). Greater urine volumes were asso-
ciated with a higher risk of WHS-defined DED in both
males and females, as shown in Table S3.

In addition, after exclusion of participants with a re-
ported clinical diagnosis of DED, higher total water in-
take was still associated with increased odds of having
symptomatic dry eye in all models (OR: 1.010 per 100 m1/
day, 95% CI: 1.006-1.015, p<0.001, Model 3). Similarly,
total water intake was tied to an increased likelihood of
experiencing dryness “Sometimes” rather than “Never”
(OR: 1.010 per 100ml/day, 95% CI: 1.006-1.014, p<0.001,
Model 3).

4 | DISCUSSION

While greater water intake has been associated with
health benefitsin other general populations, such aslower
risk of nonalcoholic fatty liver disease (Wang et al., 2021)
and chronic kidney disease (Wang & Jiang, 2021), this
large epidemiological study did not find it to be associ-
ated with a reduced risk of having DED. The findings
contradicted our hypothesis. In fact, both a higher self-
reported water intake and a greater measured 24-h urine
volume were tied to an increased prevalence of DED.
The same relationship was found when beverage water
and food water were assessed separately. However, there
was no significant difference in DED prevalence in the
5th and 1st age decade-specific quintiles of water in-
take in either sex after correcting for comorbidities and
medications.

The European Food Safety Authority recommends
daily intake of food and beverage water of 2.0 L/day for
females and 2.5 L/day for males, but no upper limit was
defined (EFSA Panel on Dietetic Products, 2010). This
includes water from all food and beverage sources, but
excludes metabolic water. In this study, when excluding
metabolic water, 74.5% of males and 39.8% of females
consumed less than these recommendations. Using this
cutoff in a sensitivity analysis, the results were similar to
that of the analyses presented in the current study, with
water intake above the cut-off being significantly associ-
ated with more WHS-defined DED in all models (data
not shown).

The biological link behind the relationship between
habitual water intake and DED is unknown. One, small,
hospital-based cross-sectional study found that patients
with elevated tear osmolarity or symptoms of DED and
impaired visual acuity score, had higher plasma osmo-
larity, a proxy of hydration status, than a non-DED con-
trol group (Walsh et al., 2012). Plasma osmolality and
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TABLE 4 Relationship between sources of water intake (100ml) and Women's Health Study-defined dry eye

All (N =51551)

OR (95% CI), OR (95% CI), OR (95% CI),
Water intake Model 1* p-value Model 2° p-value Model 3¢ p-value
Beverage water (100ml) 1.013 (1.007-1.019) <0.001 1.018 (1.011-1.025) <0.001 1.009 (1.002-1.016) 0.012
Food water (100 ml) 1.037 (1.020-1.053)  <0.001 1.048 (1.027-1.069) <0.001 1.035 (1.014-1.057) 0.001
Metabolic water (100 ml) 0.965(0.920-1.012)  0.15 0.967 (0.917-1.019) 0.21 0.997% (0.944-1.052) 0.90

Note: Odds ratio of having Women's Health Study-defined dry eye per 100 ml of water intake per day.
Abbreviations: CI, confidence interval; OR, odds ratio; WHS, Women's Health Study.
“Model 1: Corrected for age and sex only.

"Model 2: Corrected for age, sex, body mass index, physical activity score, daily caloric intake, alcohol intake, smoking status, education level, and net monthly
household income, full data available for 46367 participants.

“Model 3: corrected for age, sex, physical activity score, body mass index, daily caloric intake, alcohol intake, smoking status, education level, net monthly
household income, 48 comorbidities associated with dry eye, and 15 medications and medication groups associated with dry eye and dry mouth, full data available
for 45730 participants.

dMetabolic water intake was not corrected for energy intake due to high correlation between them (Pearson's = 0.999).

TABLE 5 Relationship between 24-h urine volume (100ml) and dry eye phenotypes

All (N =49332)

OR (95% CI), OR (95% CI), OR (95% CI),
Dry eye phenotypes Model 1* p-value Model 2° p-value Model 3¢ p-value
WHS-defined DED 1.013 (1.009-1.018)  <0.001 1.012 (1.007-1.016) <0.001 1.010 (1.005-1.015) <0.001

Highly symptomatic dry eye ~ 1.010 (1.001-1.020)  0.028

1.013 (1.008-1.017) ~ <0.001

1.013 (1.003-1.023) 0.011
1.011 (1.006-1.016) <0.001

1.010 (1.000-1.021) 0.06

Clinical diagnosis 1.009 (1.004-1.014) <0.001

Note: Odds ratio of having dry eye per 100ml of 24-h urine volume.

Abbreviations: CI, confidence interval; OR, odds ratio; WHS, Women's Health Study.

“Model 1: Corrected for age and sex only.

®Model 2: corrected for age, sex, body mass index, physical activity score, daily caloric intake, alcohol intake, smoking status, education level, and net monthly

household income, full data available for 44384 participants.

“Model 3: corrected for age, sex, physical activity score, body mass index, daily caloric intake, alcohol intake, smoking status, education level, net monthly
household income, and 48 comorbidities associated with dry eye, and 15 medications and medication groups associated with dry eye and dry mouth, full data

available for 43780 participants.

tear osmolarity were also found to be strongly correlated
(r=0.93) in a different study, and the authors speculate
that dehydration increases tear osmolarity through de-
creased lacrimal gland function (Fortes et al., 2011).
However, an RCT observed no change in Schirmer's
test 45 to 180min after drinking 200ml of water (Osei
et al., 2014). Moreover, Masmali et al. found red thread
test and tear ferning test scores to be unchanged before
and after acute consumption of hot water (Masmali
et al., 2019). Likewise, the present population-based
study did not find habitual water intake to be tied to
less DED in any way. Future studies assessing the im-
pact of water intake on dry eye should include both sub-
jective and objective measures and include a prolonged
follow-up.

Clinicians may recommend drinking more water as
supplemental therapy for dry eye. Additionally, patients
often search the internet for information about symp-
toms and diseases (Van de Belt et al., 2013). A Google
search with “dry eye treatment” yields several results
suggesting drinking water as beneficial for dry eye, and
it has been proposed that improving whole-body hydra-
tion through fluid intervention could have a therapeutic
effect on dry eyes (Walsh et al., 2012). It could thus be
thought that drinking more water could benefit dryness-
related complaints. Indeed, an intervention of increased
daily water intake improved dry skin in one small study
(Palma et al., 2015). Similarly, another study found that

those with dry mouth symptoms had lower water intakes
than those without (Lee et al., 2020). Due to this, patients
may be inclined to think that increasing water intake
would alleviate dry eye symptoms (Yeo & Tong, 2018).

When analysing non-diagnosed participants only,
higher water intake was still positively correlated with
symptomatic dry eye. Notwithstanding, patients ex-
periencing dry eye without a clinical diagnosis might
also try drinking more to lessen dryness symptoms. It
is plausible to assume they would likely do so by drink-
ing more water rather than eat foods with higher water
content. In this study, however, higher food water intake
was also associated with more DED. Additionally, par-
ticipants experiencing only mild symptoms of dryness
were assessed separately as they would likely not have
enough symptoms to alter their lifestyle. Greater water
intake was associated with an increased likelihood of ex-
periencing ocular dryness “Sometimes” compared with
“Never.” Based on these findings, reverse causality is un-
likely to explain the results of this study.

There are several strengths of this study looking at the
relationship between water intake and DED. First, the
substantial sample size and ample information collected
from the Lifelines cohort allowed us to correct for nu-
meral confounding factors, including 48 comorbidities
of dry eye and 15 different medications and medication
groups associated with dry eye and dry mouth, and to
stratify by sex while maintaining a large sample size.
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Second, we included all major sources of water when cal-
culating total water intake, in addition to exploring the
effects of each of them separately. Third, we used 24-h
urine volume as a biomarker of hydration to validate our
findings. The direction of effect was the same in all anal-
yses regardless of source of dietary water, measured uri-
nary volume and definition of dry eye (mild and severe
symptoms, diagnosis), supporting a true effect.

Our study has also some limitations. First, we as-
sessed water intake in the Lifelines cohort through an
FFQ which relies on retrospectively self-reported di-
etary intake, and recall errors are possible. The assess-
ment of water intake could have been further solidified
with the inclusion of a 3- to 4-day diary of water intake
(Mons et al., 2007). Though we used urine volume as a
criterion measurement, there is no consensus on a “gold
standard” for assessing hydration status with biomark-
ers, and other alternatives are plasma osmolality, urine
colour and salivary indices (Armstrong, 2007). Second,
the collection of urine, the DED assessment visit, and
the FFQ administering were at different timepoints,
and changes in diet may have occurred. Third, given the
cross-sectional nature of the data, the causality of the
observed relationship cannot be elucidated. Moreover,
despite correcting for a large range of comorbidities and
confounding factors, there could still be a residual con-
founding effect of other factors. Last, objective measure-
ments of DED were not included as it was not feasible
with the current large population-wide study design.
Objective measures of tear film osmolarity and stability
and meibomian gland status could have given valuable
information about ocular surface health.

In this large, population-based study greater water
intake was not found to be related to a decreased risk of
DED. In fact, it appeared to be associated with a slightly
higher prevalence of WHS-defined DED and dry eye
symptoms. Based on these findings, advising dry eye pa-
tients to increase water intake is not justifiable. To fully
understand any effect of water consumption on dry eye,
future interventional studies should be conducted.
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