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Abstract

Background: Dry eye (DE) and hay fever (HF) show synergistic exacerbation of each other’s pathology through inflammatory
pathways.

Objective: This study aimed to investigate the association between DE and HF comorbidity and the related risk factors.

Methods: A cross-sectional observational study was conducted using crowdsourced multidimensional data from individuals
who downloaded the AllerSearch smartphone app in Japan between February 2018 and May 2020. AllerSearch collected the
demographics, medical history, lifestyle and residential information, HF status, DE symptoms, and HF-related quality of life. HF
symptoms were evaluated using the nasal symptom score (0-15 points) and nonnasal symptom score (0-12 points). HF was defined
by the participants’ responses to the questionnaire as HF, non-HF, or unknown. Symptomatic DE was defined as an Ocular Surface
Disease Index total score (0-100 points), with a threshold score of 13 points. HF-related quality of life was assessed using the
Japanese Allergic Conjunctival Disease Standard Quality of Life Questionnaire (0-68 points). We conducted a multivariable
linear regression analysis to examine the association between the severity of DE and HF symptoms. We subsequently conducted
a multivariable logistic regression analysis to identify the factors associated with symptomatic DE (vs nonsymptomatic DE)
among individuals with HF. Dimension reduction via Uniform Manifold Approximation and Projection stratified the comorbid
DE and HF symptoms. The symptom profiles in each cluster were identified using hierarchical heat maps.

J Med Internet Res 2023 | vol. 25 | e38481 | p. 1https://www.jmir.org/2023/1/e38481
(page number not for citation purposes)

Inomata et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

mailto:tinoma@juntendo.ac.jp
http://www.w3.org/Style/XSL
http://www.renderx.com/


Results: This study included 11,284 participants, classified into experiencing HF (9041 participants), non-HF (720 participants),
and unknown (1523 participants) groups. The prevalence of symptomatic DE among individuals with HF was 49.99% (4429/9041).
Severe DE symptoms were significantly associated with severe HF symptoms: coefficient 1.33 (95% CI 1.10-1.57; P<.001) for
mild DE, coefficient 2.16 (95% CI 1.84-2.48; P<.001) for moderate DE, and coefficient 3.80 (95% CI 3.50-4.11; P<.001) for
severe DE. The risk factors for comorbid symptomatic DE among individuals with HF were identified as female sex; lower BMI;
medicated hypertension; history of hematologic, collagen, heart, liver, respiratory, or atopic disease; tomato allergy; current and
previous mental illness; pet ownership; living room and bedrooms furnished with materials other than hardwood, carpet, tatami,
and vinyl; discontinuation of contact lens use during the HF season; current contact lens use; smoking habits; and sleep duration
of <6 hours per day. Uniform Manifold Approximation and Projection stratified the heterogeneous comorbid DE and HF symptoms
into 14 clusters. In the hierarchical heat map, cluster 9 was comorbid with the most severe HF and DE symptoms, and cluster 1
showed severe HF symptoms with minimal DE-related symptoms.

Conclusions: This crowdsourced study suggested a significant association between severe DE and HF symptoms. Detecting
DE among individuals with HF could allow effective prevention and interventions through concurrent treatment for ocular surface
management along with HF treatment.

(J Med Internet Res 2023;25:e38481) doi: 10.2196/38481

KEYWORDS

dry eye; hay fever; mobile health; personalized medicine; smartphone; pollinosis; rhinitis; allergic conjunctivitis; nasal symptom
score; nonnasal symptom score; Ocular Surface Disease Index; Japanese Allergic Conjunctival Disease Standard Quality of Life
Questionnaire; mobile phone

Introduction

Background
Dry eye (DE) and hay fever (HF) are common immune-related
diseases with chronic negative effects on the quality of life
(QoL) and work productivity [1-7]. Both diseases ultimately
affect the ocular surface, with the latter manifesting as allergic
conjunctivitis. Moreover, they synergistically exacerbate the
pathology of the other through inflammatory pathways [7,8].
Both diseases have high comorbidity [9], which could be
attributed to overlapping environmental risk factors, lifestyles,
and behaviors [10]. The symptoms of DE and HF are
heterogeneous and tend to overlap [11-14]. The symptoms of
both diseases can lead to contact lens (CL) discontinuation
[15,16]; therefore, it is important to concomitantly treat DE and
HF to prevent ocular damage and QoL decline. However,
cross-disciplinary clinical assessment of the comorbidity of DE
and HF has not been achieved because of the diversity of
symptoms and the involvement of various departments, such
as ophthalmology, otorhinolaryngology, dermatology, and
allergy [17-19].

Patient-reported outcomes (PROs) are increasingly valuable
data sources that can be used to quantify a patient’s health
perception for clinical and research use [20-22]. However, PROs
often vary depending on the health and treatment experiences,
and this phenomenon is known as a response shift [23].
Response shift may interfere with the interpretation of PROs
and the consistency between PROs and clinician-reported
outcomes (ClinROs) [22]. Therefore, PROs should be evaluated
after detecting and considering response shifts. Accurately
measured ClinROs can quantify a patient’s health status and
relate it with that of others. However, as in the case of DE, some
cases show inconsistencies between PROs and ClinROs [24].
The World Health Organization defined health as a state of
complete physical, social, and mental well-being and not merely
the absence of disease or infirmity [25]. Thus, reviewing the

patient’s history, PROs, and ClinROs to elucidate the pathology
and severity is crucial [26], and it is important to concurrently
assess the PROs and ClinROs [27,28]. DE and HF manifest as
ocular itching, redness, and dryness [9]. Moreover, their
symptoms vary across patients and severity; therefore, clinicians
should evaluate all disease aspects continuously and provide
personalized advice and treatment [17,18].

As a digital extension of PROs, there has been increasing
traction for electronic PROs (ePROs) used as an element of
PRO data regarding symptoms in the field of mobile health
(mHealth) [29]. mHealth is well suited for collecting
comprehensive individualized data, such as demographics,
lifestyle habits, continuous PROs, behavior, and digitalized
biosensing data [11-13,30]. The collection of comprehensive
individualized data has been further supported by the increased
development of mHealth apps, especially for chronic illnesses
and allergic diseases [13,17,31]. We developed 2 in-house
ePRO-embedded smartphone apps, DryEyeRhythm and
AllerSearch, to elucidate the diversity and heterogeneity of
diseases such as DE and HF, respectively [11,14,32]. Our
previous study using AllerSearch demonstrated that HF, which
was previously considered a singular disease with heterogeneous
presentations, was found to exhibit 10 stratified clusters with a
combination of 9 HF symptoms based on the nasal symptom
score (NSS) and non-NSS (NNSS) [13,33,34]. This
demonstrates the potential utility of mHealth in elucidating
symptom-based subgroups with highly variable diseases. By
analyzing comprehensive individual information collected via
mHealth, mHealth may allow elucidation of the pathologic link
between DE and HF symptoms, which could facilitate the
development of more effective prevention and treatment
regimens for patients undergoing ClinRO assessments. Previous
studies on DE using the DryEyeRhythm smartphone app have
demonstrated that HF is a risk factor for DE, further supporting
the pathologic link between both diseases [11,12]. However,
few studies exist on the comorbidity between DE and HF
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because collecting both symptoms precisely is challenging
owing to their cross-disciplinary characteristics [9,17,35].

Objectives
This study aimed to assess the association between DE and HF
symptom comorbidity as well as the related risk factors using
the AllerSearch smartphone app and stratify the heterogeneous
presentations with respect to both diseases.

Methods

Recruitment Process Using the AllerSearch App
This crowdsourced cross-sectional, observational study
involving prospective data collection was conducted using the
iOS version of the AllerSearch app between February 1, 2018,
and May 1, 2020 [13]. The prospective participants downloaded
the AllerSearch app using their own App Store credentials. All
the users provided electronic informed consent for participation.
No financial compensation was provided for participation in
the study. We included participants in Japan who freely
downloaded and used the iOS version of AllerSearch and
completed the questionnaires. Duplicate users were excluded
from the study.

In Japan, the AllerSearch smartphone app was initially
developed by the Department of Ophthalmology at the Juntendo
University Graduate School of Medicine, Tokyo, Japan. The
app is currently owned by the aforementioned department and
InnoJin Inc, Tokyo, Japan. The AllerSearch smartphone app
was released for iOS on Apple’s App Store on February 1, 2018,

and for Android on Google Play on August 26, 2020. The
AllerSearch smartphone app is freely available on the App Store
and Google Play. AllerSearch is compatible with iOS 13.0 and
Android 7.0 and all later versions (as of September 2022). The
AllerSearch smartphone app was initially developed in house
using ResearchKit, the open-source framework of Apple Inc
[13,17], which contains functionalities for ePRO collection with
questionnaires in the formats specified by the validated scales.
Detailed user data collection information is provided in the
following paragraph.

User Data Collection
The AllerSearch smartphone app collected data regarding the
demographic characteristics, medical history, lifestyle and
residential information, HF status, preventative behavior for
HF (Multimedia Appendix 1), DE symptoms, HF-related QoL,
lower eyelid conjunctival hyperemia using the smartphone
camera, and location information GPS [32]. The AllerSearch
screen is shown in Figure 1A. The participants reported daily
disease-specific symptoms, including NSS (Figure 1B) and
NNSS (Figure 1C) for HF (Multimedia Appendix 2) [33], the
Japanese version of the Ocular Surface Disease Index (J-OSDI)
for DE (Figure 1D; Multimedia Appendix 3) [36], and the
Japanese Allergic Conjunctival Disease Quality of Life
Questionnaire (JACQLQ; Multimedia Appendix 4) for the
HF-related QoL score measurement (Figure 1E) [37].

The survey questionnaires in AllerSearch were consensus
versions produced by a scientific committee including allergy
specialists, ophthalmologists, otolaryngologists, epidemiologists,
and the Patient and Public Involvement members [13,17,32,38].

Figure 1. Screenshots of the AllerSearch app. Screenshots of the (A) top screen, (B) nasal symptom score, (C) nonnasal symptom score, (D) Ocular
Surface Disease Index, and (E) Japanese Allergic Conjunctival Disease Quality of Life Questionnaire.

HF Assessment
The participants were initially classified into the non-HF, HF,
and unknown groups based on their responses to the question:
“Do you have hay fever?” [13]. HF symptoms were evaluated
using NSS and NNSS (Multimedia Appendix 2) [33]. NSS
(score range: 0-20) comprised items regarding rhinorrhea, nasal
congestion, nasal itching, sneezing, and interference with daily
life. NNSS (score range: 0-16) comprised items regarding itchy
eyes, watery eyes, eye redness, and itchy ears or mouth. Ocular
manifestation was defined as a score of ≥1 in any of the NNSS

items 1 to 3. Each NSS and NNSS item was reported on a
4-point Likert scale. The sum of the individual numeric scores
for NSS and NNSS was obtained as the total symptom score
(TSS; score range: 0-36).

DE Assessment
Subsequently, all participants were classified into 4 cohorts
(normal, mild, moderate, and severe DE). DE symptoms were
assessed using the 12-item J-OSDI questionnaire (Multimedia
Appendix 3), which evaluates the severity of DE symptoms
based on the ocular symptoms, impact on visual functioning,

J Med Internet Res 2023 | vol. 25 | e38481 | p. 3https://www.jmir.org/2023/1/e38481
(page number not for citation purposes)

Inomata et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


and environmental triggers [36,39]. The J-OSDI total score was
based on a 100-point scale, with scores of 0 to 12, 13 to 22, 23
to 32, and 33 to 100 representing normal healthy eyes, mild DE,
moderate DE, and severe DE, respectively [40]. Symptomatic
DE was defined as a J-OSDI total score of ≥13 [12].

HF-Related QoL Score Assessment
The QoL score was assessed using JACQLQ [37], which has
been validated in Japan and comprises 26 items related to HF
symptoms (domain I; 9 items) and QoL (domain II; 17 items;
Multimedia Appendix 4). Each item is rated on a 5-point Likert
scale. This study used only the 17 items in domain II of
JACQLQ for the assessment of HF-related QoL. The total QoL
score was calculated as the sum of the 17 QoL-related items
(score range: 0-68). The reliability and validity of the app-based
and paper-based JACQLQ have been confirmed [34].

Symptom-Based Stratification for Heterogeneous
Symptoms Between DE and HF Comorbidity
DE and HF exhibit various symptoms with synergistic
exacerbation of the pathology of the other through inflammatory
pathways. Therefore, we stratified the heterogeneous symptoms
of DE and HF comorbidity using the NSS, NNSS, and J-OSDI
questionnaires. We used the normalized maximum eigengap
values to estimate the number of clusters during spectral
clustering [41]. We used the Uniform Manifold Approximation
and Projection (UMAP) with spectral clustering for dimension
reduction based on the 12 items of J-OSDI as well as the 9 items
of NSS and NNSS. UMAP was performed using the
UMAP-learn Python package (version 0.4.6; Python 3) [42].

Visualization of Individual DE and HF Symptoms
The hierarchical clustering heat map was used to visualize each
surveyed symptom of DE and HF based on the clusters stratified
by the dimension reduction algorithm UMAP [14]. The
hierarchical clustering heat map, a graphical representation of
data with the individual values of NSS, NNSS, and J-OSDI
items (0-4) contained in a matrix, was represented as grids of
colors with clustering on the rows and columns. The rows were
used to group a set of stratified clusters using dimension
reduction UMAP. The clustering of the columns was used to
observe the correlations between the scores of each NSS, NNSS,
and J-OSDI items. A hierarchical clustering heat map was
constructed using the matplotlib module (version 0.9.0; Python
3).

Descriptive Statistical Analysis
We assessed the characteristics of patients with nonsymptomatic
and symptomatic DE based on the presence of HF (non-HF,
HF, and unknown groups) to derive descriptive and inferential
statistics. Continuous and categorical variables are presented
as median (IQR) and percentages, respectively. The
Mann-Whitney U test [43] or Kruskal-Wallis test [44] was
performed for the continuous variables, whereas the chi-square
test [45] was used for the categorical variables. Statistical
significance was set at P<.05. All data were analyzed using
Stata (version 15.1; Stata Corp).

Inferential Statistical Analysis
Multivariable linear regression analyses [46] were used to assess
the association between DE (based on the J-OSDI total score)
and HF symptoms (based on TSS), reporting the coefficient and
95% CI. Multivariable logistic regression analyses [47] were
conducted to identify the risk factors for symptomatic DE
comorbid with HF (vs nonsymptomatic DE comorbid with HF),
reporting odds ratio (OR) and 95% CI. The covariates were
selected based on a previously established methodology
[13,32,38], and all covariates were included in the multivariable
linear regression and multivariable logistic analyses. The
correlation of the J-OSDI items with the NSS and NNSS items
was assessed using the Pearson correlation coefficient [48].
Statistical significance was set at P<.05. All data were analyzed
using Stata (version 15.1).

Ethics Approval
This study was approved by the Independent Ethics Committee
of the Juntendo University Faculty of Medicine (17-061) and
adhered to the tenets of the Declaration of Helsinki.

Results

App Downloads and Clinical Study Enrollment
A flowchart of the study cohort is shown in Figure 2 [13]. We
identified 17,597 individuals’ data points between February 1,
2018, and May 1, 2020. Of these 17,597 individuals, 15,749
(89.5%) provided consent, of whom, we excluded 4365
(27.72%) individuals with incomplete daily HF monitoring
surveys, outlier data, and without geographic data, leaving
11,284 (64.12%) users.
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Figure 2. Study cohort description, with the number of participants at each enrollment stage. eConsent: electronic consent.

Characteristics of the Participants With and Without
Symptomatic DE Among Individuals With HF
The characteristics of the participants are provided in
Multimedia Appendix 5. Among the individuals with HF, the
individuals with symptomatic DE were more likely to be female
(P<.001) and had a lower BMI (P<.001) than the individuals
with nonsymptomatic DE. Among the individuals with HF,
those treated for hypertension showed a higher prevalence of
symptomatic DE than those not treated for hypertension
(P<.001). Individuals with HF and symptomatic DE had a higher
prevalence of diabetes (P<.001), hematologic disease (P=.003),
collagen disease (P=.004), liver disease (P=.005), respiratory
disease (P<.001), atopic disease (P<.001), tomato allergy
(P<.001), mental illness (P<.001), and pet ownership (P<.001)
than those without comorbid symptomatic DE. Individuals with
HF and symptomatic DE showed a lower prevalence of a history
of DE diagnosis than those without comorbid symptomatic DE
(P<.001). In terms of the associated risk factors related to
lifestyle habits, individuals with HF with symptomatic DE had
a lower coffee intake (P=.03) and were more likely to be current
CL users (P<.001) and smokers (P=.001) as well as have <6
hours of sleep per day (P<.001) than those without comorbid
symptomatic DE.

Individuals without HF and with symptomatic DE were more
likely to be female (P<.001) and had a higher prevalence of
history of diabetes (P=.02), malignant tumor (P=.02), mental
illness (P=.04), history of DE (P<.001), and pet ownership
(P=.006) than those without comorbid symptomatic DE.

HF Symptoms According to the Severity of DE
Symptoms
The prevalence of ocular manifestations was 37.1% (267/720),
64.63% (5843/9041), and 58.77% (895/1523) in the non-HF,
HF, and unknown groups, respectively.

Table 1 shows the DE and HF symptoms and QoL among the
participants with HF according to the severity of DE symptoms
(J-OSDI total score). The median J-OSDI total score for all
participants with HF was 12.5 (IQR 6.3-22.9) points.
Approximately half (4612/9041, 51.01%) of the participants
with HF met the criteria for nonaffected eyes, whereas 24.34%
(2201/9041), 11.07% (1001/9041), and 13.57% (1227/9041) of
the participants had mild, moderate, and severe DE symptoms,
respectively. The median scores regarding indicators of HF
symptoms for all participants with HF were 3 (IQR 1-6), 2 (IQR
0-4), and 5 (IQR 2-10) points for the total NSS, total NNSS,
and TSS, respectively. The frequency of ocular manifestations
(NNSS item 1-3) in individuals with HF assessed using NNSS
was positively correlated with the severity of DE symptoms
(normal, 2532/4612, 54.9%; mild DE, 1523/2201, 69.2%;
moderate DE, 747/1001, 74.63%; and severe DE, 1032/1227,
84.11%). Moreover, there was a positive correlation between
the DE and HF symptoms when assessed using TSS and the
J-OSDI total scores (TSS: normal, 4 [IQR 1-8]; mild DE, 5
[IQR 2-10]; moderate DE, 7 [IQR 3-12]; and severe DE, 9 [IQR
5-14]; Multimedia Appendix 3).
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Table 1. Hay fever symptoms and quality of life (QoL) according to the dry eye (DE) severity in the participants with hay fever (n=9041)a.

TotalP valueSevere DE
symptoms
(n=1227)

P valueModerate DE
symptoms
(n=1001)

P valueMild DE symp-
toms (n=2201)

Normal
(n=4612)

DE symptom status

J-OSDIb (0-100), median (IQR)

12.5 (6.3-
22.9)

<.00141.7 (37.5-52.1)<.00127.1 (25-29.2)<.00118.2 (15.6-20.8)6.3 (2.1-9.1)J-OSDI total score

15 (5-25)<.00145 (35-55)<.00130 (25-35)<.00120 (15-25)5 (0-12.5)Ocular symptoms (J-
OSDI item 1-5)

6.3 (0-
16.7)

<.00131.3 (16.7-50)<.00118.8 (6.3-25)<.0018.3 (0-18.8)0 (0-0)Vision-related func-
tion (J-OSDI item 6-
9)

16.7 (0-25)<.00158.3 (41.7-75)<.00133.3 (25-50)<.00125 (16.7-25)0 (0-16.7)Environmental trig-
gers (J-OSDI items
10-12)

NSSc (0-4), median (IQR)

1 (0-2)<.0011 (1-2)<.0011 (0-2)<.0011 (0-2)1 (0-2)Rhinorrhea (NSS item
1)

1 (0-1)<.0011 (0-2)<.0011 (0-2)<.0011 (0-2)1 (0-1)Nasal congestion
(NSS item 2)

1 (0-1)<.0011 (0-2)<.0011 (0-2)<.0011 (0-1)0 (0-1)Nasal itching (NSS
item 3)

1 (0-1)<.0011 (0-2)<.0011 (0-2)<.0011 (0-1)1 (0-1)Sneezing (NSS item
4)

1 (0-2)<.0011 (1-2)<.0011 (0-2)<.0011 (0-2)1 (0-1)Effects on daily life
(NSS item 5)

3 (1-6)<.0015 (2-8)<.0014 (2-7)<.0014 (1-6)3 (1-5)Total NSS (0-20)

NNSSd (0-4)

1 (0-2)<.0011 (1-2)<.0011 (0-2)<.0011 (0-2)0 (0-1)Eye itching (NNSS
item 1), median (IQR)

0 (0-1)<.0011 (0-2)<.0010 (0-1)<.0010 (0-1)0 (0-1)Tearing (NNSS item
2), median (IQR)

0 (0-1)<.0011 (0-1)<.0010 (0-1)<.0010 (0-1)0 (0-1)Eye redness (NNSS
item 3), median (IQR)

0 (0-1)<.0010 (0-1)<.0010 (0-1)<.0010 (0-1)0 (0-0)Ear and mouse itching
(NNSS item 4), medi-
an (IQR)

5834
(64.53)

<.0011032 (84.11)<.001747 (74.63)<.0011523 (69.2)2532 (54.9)Ocular manifestation
(yes), n (%)

2 (0-4)<.0014 (1-6)<.0013 (1-5)<.0012 (0-4)1 (0-3)Total NNSS (0-16),
median (IQR)

5 (2-10)<.0019 (5-14)<.0017 (3-12)<.0015 (2-10)4 (1-8)Total NSS and NNSS (0-
36), median (IQR)

JACQLQe QoL score (0-4), median (IQR)

1 (0-2)<.0012 (1-3)<.0011 (0-2)<.0011 (0-2)0 (0-2)Reduced productivity
at work, school, or
home

1 (0-2)<.0012 (1-3)<.0011 (0-2)<.0011 (0-2)0 (0-2)Poor mental concentra-
tion

0 (0-2)<.0011 (0-3)<.0011 (0-2)<.0011 (0-2)0 (0-1)Reduced thinking
power

0 (0-1)<.0011 (0-2)<.0010 (0-1)<.0010 (0-1)0 (0-1)Impaired reading
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TotalP valueSevere DE
symptoms
(n=1227)

P valueModerate DE
symptoms
(n=1001)

P valueMild DE symp-
toms (n=2201)

Normal
(n=4612)

DE symptom status

0 (0-1)<.0011 (0-2)<.0010 (0-1)<.0010 (0-1)0 (0–0)Poor memory

0 (0-2)<.0011 (0-3)<.0010 (0-2)<.0010 (0-2)0 (0-1)Limitation of outdoor
life

0 (0-2)<.0011 (0-3)<.0011 (0-2)<.0010 (0-2)0 (0-1)Limitation of going
out

0 (0-1)<.0011 (0-2)<.0010 (0-1)<.0010 (0-1)0 (0–0)Reluctance to visit
friends

0 (0-1)<.0010 (0-2)<.0010 (0-1)<.0010 (0-1)0 (0–0)Reduced contact with
friends

0 (0-1)<.0010 (0-2)<.0010 (0-1)<.0010 (0-1)0 (0–0)Uneasy with people
around you

0 (0-2)<.0011 (0-3)<.0010 (0-2)<.0010 (0-2)0 (0-1)Impaired sleeping

0 (0-2)<.0012 (0-3)<.0011 (0-2)<.0011 (0-2)0 (0-1)Tiredness

1 (0-2)<.0012 (1-3)<.0011 (0-3)<.0011 (0-2)0 (0-1)Fatigue

0 (0-2)<.0012 (0-3)<.0011 (0-2)<.0011 (0-2)0 (0-1)Frustrated

0 (0-2)<.0011 (0-3)<.0011 (0-2)<.0010 (0-2)0 (0-1)Irritable

0 (0-1)<.0011 (0-3)<.0010 (0-2)<.0010 (0-1)0 (0-1)Depressed

0 (0-1)<.0011 (0-3)<.0010 (0-2)<.0010 (0-2)0 (0-1)Unhappy

6 (0-20)<.00119 (3-36)<.00111 (0-26)<.0018 (0-21)3 (0-14)QoL total score (0-68)

aThe Kruskal-Wallis test was performed for continuous variables. Statistical significance was set at P<.05.
bJ-OSDI: Japanese version of the Ocular Surface Disease Index.
cNSS: nasal symptom score.
dNNSS: nonnasal symptom score.
eJACQLQ: Japanese Allergic Conjunctival Disease Quality of Life Questionnaire.

Relationship Between DE and HF Symptoms
Table 2 shows the factors associated with severe HF symptoms
based on TSS according to the multivariate linear regression
analysis. Severe DE symptoms based on the J-OSDI total score
were significantly associated with severe HF symptoms:
coefficient 1.33 (95% CI 1.10-1.57; P<.001), coefficient 2.16
(95% CI 1.84-2.48; P<.001), and coefficient 3.80 (95% CI

3.50-4.11; P<.001) for mild, moderate, and severe DE,
respectively. In addition, the following covariates were
significant (all P<.05): younger age, female sex, medicated
hypertension, history of liver and respiratory disease, lack of
history of systemic disease, mental illness, CL discontinuation
during the HF season, lack of current CL use, pet ownership,
and the presence of a carpeted floor in the bedroom.
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Table 2. Association between dry eye and hay fever symptoms according to the multivariate regression analysis (n=11,284)a.

Multivariable linear regressionUnivariate linear regressionVariables

P valueCoefficient (95% CI)P valueCoefficient (95% CI)

J-OSDIb total score

N/A1 (reference)N/Ac1 (reference)Normal

<.0011.33 (1.10 to 1.57)<.0011.46 (1.21 to 1.70)Mild

<.0012.16 (1.84 to 2.48)<.0012.36 (2.03 to 2.69)Moderate

<.0013.80 (3.50 to 4.11)<.0014.31 (4.00 to 4.61)Severe

Demographic characteristics

<.001−0.10 (−0.11 to −0.09)<.001−0.11 (−0.12 to −0.10)Age (years), every 1 y

<.0010.96 (0.74 to 1.18)<.0012.04 (1.84 to 2.25)Sex (female vs male)

.130.02 (−0.01 to 0.05)<.001−0.11 (−0.14 to −0.08)BMI

Medical history

.0080.62 (0.16 to 1.08)<.001−1.80 (−2.25 to −1.35)Medicated hypertension (yes vs no)

Diabetes

N/A1 (reference)N/A1 (reference)No

.460.24 (−0.40 to 0.89)<.001−1.48 (−2.15 to −0.81)Yes

.0450.35 (0.01 to 0.69)<.0011.19 (0.83 to 1.56)Unknown

Systemic disease (yes)

.720.17 (−0.74 to 1.07).01−1.11 (−1.97 to −0.25)Hematologic disease

.290.54 (−0.47 to 1.55).08−0.89 (−1.86 to 0.09)Brain disease

.330.68 (−0.69 to 2.05).770.21 (−1.19 to 1.61)Collagen disease

.350.38 (−0.42 to 1.19).02−0.87 (−1.59 to −0.16)Heart disease

.160.61 (−0.24 to 1.46).04−0.84 (−1.63 to −0.05)Kidney disease

.0021.43 (0.54 to 2.31).81−0.10 (−0.93 to 0.72)Liver disease

.080.87 (−0.11 to 1.85)<.001−1.64 (−2.50 to −0.78)Malignant tumor

.0050.98 (0.30 to 1.66).200.23 (−0.13 to 0.59)Respiratory disease

.0011.13 (0.45 to 1.82)<.0010.56 (0.28 to 0.83)None

.060.24 (−0.01 to 0.50)<.0010.75 (0.48 to 1.03)Atopic disease

.060.59 (−0.02 to 1.20)<.0011.67 (1.02 to 2.33)Tomato allergy

Mental illness

N/A1 (reference)N/A1 (reference)No

.03−0.46 (−0.89 to −0.03).0060.64 (0.18 to 1.09)Yes

.27−.23 (−0.64 to 0.18).070.41 (−0.03 to 0.85)Previously had

Residential environment

Living room

N/A1 (reference)N/A1 (reference)Hardwood

.610.07 (−0.20 to 0.34)<.0010.61 (0.35 to 0.87)Carpet

.460.17 (−0.29 to 0.64).040.49 (0.02 to 0.96)Tatami (Japanese straw–based floor)

.20−0.57 (−1.45 to 0.31).20−0.49 (−1.23 to 0.26)Vinyl

.600.26 (−0.71 to 1.23).021.11 (0.20 to 2.02)Other

Bedroom

N/A1 (reference)N/A1 (reference)Hardwood
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Multivariable linear regressionUnivariate linear regressionVariables

P valueCoefficient (95% CI)P valueCoefficient (95% CI)

.030.32 (0.03 to 0.61)<.0010.60 (0.32 to 0.88)Carpet

.060.27 (−0.01 to 0.55).71−0.05 (−0.33 to 0.23)Tatami (Japanese straw–based floor)

.497−0.35 (−1.35 to 0.65).39−0.37 (−1.23 to 0.47)Vinyl

.620.23 (−0.70 to 1.17).011.13 (0.25 to 2.00)Other

.010.26 (0.05 to 0.46)<.0010.60 (0.38 to 0.82)Pet ownership

Lifestyle habit

.950.01 (−0.07 to 0.07)<.001−0.41 (−0.48 to −0.35)Coffee intake (cups/d)

Contact lens use

N/A1 (reference)N/A1 (reference)No

.18−0.19 (−0.49 to 0.09).003−0.43 (−0.72 to −0.14)Past use

<.0011.49 (0.88 to 2.10)<.0012.52 (1.87 to 3.18)Discontinued during the hay fever
season

.007−0.31 (−0.54 to −0.09)<.0010.73 (0.49 to 0.96)Current use

.73−0.002 (−0.01 to 0.01).200.008 (−0.004 to 0.020)Exercise (h/wk)

.98−0.0003 (−0.02 to 0.02).04−0.03 (−0.05 to −0.001)Bowel movement (times/wk)

Sleep duration (h/d)

.250.14 (−0.10 to 0.38).280.14 (−0.12 to 0.40)<6

N/A1 (reference)N/A1 (reference)6-9

.080.78 (−0.09 to 1.65)<.0012.57 (1.64 to 3.50)>9

Smoking habit

N/A1 (reference)N/A1 (reference)No

.080.25 (−0.03 to 0.53).59−0.08 (−0.37 to 0.21)Yes

.120.22 (−0.06 to 0.51)<.001−1.08 (−1.38 to −0.79)Previously had

Yogurt intake

N/A1 (reference)N/A1 (reference)Rarely

.36−0.12 (−0.39 to 0.14).16−0.21 (−0.50 to 0.08)Once/wk

.29−0.15 (−0.44 to 0.13).03−0.34 (−0.65 to −0.04)Twice or thrice/wk

.37−0.17 (−0.54 to 0.20)<.001−0.71 (−1.1 to −0.31)4 or 5 times/wk

.85−0.03 (−0.33 to 0.27)<.001−1.03 (−1.34 to −0.72)Everyday

aThe association between dry eye (based on the Japanese version of the Ocular Surface Disease Index total score) and hay fever symptoms (based on
total symptom score) was assessed using univariate and multivariable linear regression analyses. The multivariable linear regression analysis included
all covariables.
bJ-OSDI: Japanese version of the Ocular Surface Disease Index.
cN/A: not applicable.

Risk Factors for HF in Symptomatic DE
Table 3 shows the crude and adjusted ORs of each factor for
symptomatic DE in individuals with HF. Compared with
nonsymptomatic DE, symptomatic DE showed an independent
association with female sex (OR 2.00, 95% CI 1.82-2.20); lower
BMI (OR 0.98, 95% CI 0.971-0.996); medicated hypertension
(OR 1.29, 95% CI 1.05-1.59); history of atopic disease (OR
1.19, 95% CI 1.06-1.33), hematologic disease (OR 1.82, 95%
CI 1.16-2.86), collagen disease (OR 2.36, 95% CI 1.16-4.80),
heart disease (OR 1.57, 95% CI 1.04-2.36), liver disease (OR
1.97, 95% CI 1.29-3.00), respiratory disease (OR 1.66, 95% CI

1.17-2.35), current mental illness (OR 2.18, 95% CI 1.78-2.67),
previous mental illness (OR 1.44, 95% CI 1.20-1.73), and
tomato allergy (OR 1.62, 95% CI 1.23-2.13); discontinuation
of CL use during the HF season (OR 1.67, 95% CI 1.29-2.16);
current CL use (OR 1.35, 95% CI 1.22-1.50); smoking habits
(OR 1.40, 95% CI 1.23-1.59); pet ownership (OR 1.23, 95%
CI 1.12-1.35); sleep duration of <6 hours per day (OR 1.29,
95% CI 1.16-1.44); living room furnished with materials other
than hardwood, carpet, tatami, and vinyl (OR 0.62, 95% CI
0.39-0.99); and bedroom furnished with materials other than
hardwood, carpet, tatami, and vinyl (OR 1.68, 95% CI
1.06-2.67).
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Table 3. Risk factors for dry eye among individuals with hay fever versus individuals with hay fever without dry eyea.

P valueAdjusted odds ratio (95% CI)P valueCrude odds ratio (95% CI)Variables

Demographic characteristics

.061.00 (1.00-1.01).161.00 (1.00-1.00)Age (years), every 1 y

<.0012.00 (1.82-2.20)<.0012.09 (1.92-2.27)Sex (female vs male)

.010.98 (0.971-0.996).0020.98 (0.97-0.99)BMI

Medical history

.011.29 (1.05-1.59).961.00 (0.84-1.20)Medicated hypertension (yes vs no)

Diabetes

N/A1 (reference)N/Ab1 (reference)No

.600.92 (0.68-1.25).410.89 (0.67-1.12)Yes

<.0011.50 (1.28-1.76)<.0011.50 (1.29-1.75)Unknown

Systemic disease (yes)

.0091.82 (1.16-2.86).0041.67 (1.18-2.37)Hematologic disease

.071.59 (0.97-2.62).231.28 (0.86-1.91)Brain disease

.022.36 (1.16-4.80).0052.47 (1.32-4.61)Collagen disease

.031.57 (1.04-2.36).071.32 (0.98-1.78)Heart disease

.291.25 (0.83-1.91).461.12 (0.82-1.53)Kidney disease

.0021.97 (1.29-3.00).0051.59 (1.15-2.20)Liver disease

.940.98 (0.61-1.58).570.90 (0.64-1.28)Malignant tumor

.0051.66 (1.17-2.35)<.0011.54 (1.34-1.78)Respiratory disease

.091.37 (0.96-1.96)<.0010.73 (0.65-0.81)None

.0031.19 (1.06-1.33)<.0011.32 (1.19-1.47)Atopic disease

.0011.62 (1.23-2.13).141.96 (0.80-42.8)Tomato allergy

Mental illness

N/A1 (reference)N/A1 (reference)No

<.0012.18 (1.78-2.67)<.0012.57 (2.11-3.13)Yes

<.0011.44 (1.20-1.73)<.0011.69 (1.41-2.01)Previously had

Residential environment

Living room

N/A1 (reference)N/A1 (reference)Hardwood

.231.08 (0.95-1.22).111.09 (0.98-1.21)Carpet

.331.11 (0.93-1.36).151.15 (0.95-1.38)Tatami (Japanese straw–based floor)

.081.46 (0.95-2.22).0091.51 (1.11-2.07)Vinyl

.0460.62 (0.39-0.99).200.77 (0.52-1.14)Other

Bedroom

N/A1 (reference)N/A1 (reference)Hardwood

.890.99 (0.87-1.13).421.04 (0.94-1.17)Carpet

.720.98 (0.86-1.11).551.03 (0.93-1.16)Tatami (Japanese straw–based floor)

.931.02 (0.62-1.69).061.41 (0.98-2.03)Vinyl

.031.68 (1.06-2.67).291.23 (0.84-1.79)Other

<.0011.23 (1.12-1.35)<.0011.35 (1.24-1.47)Pet ownership

Lifestyle habits
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P valueAdjusted odds ratio (95% CI)P valueCrude odds ratio (95% CI)Variables

.111.03 (0.99-1.06).420.9 (0.96-1.02)Coffee intake (cups/d)

Contact lens use

N/A1 (reference)N/A1 (reference)No

.071.11 (0.99-1.26).0011.21 (1.08-1.36)Past use

<.0011.67 (1.29-2.16)<.0011.87 (1.46-2.40)Discontinued during the hay fever season

<.0011.35 (1.22-1.50)<.0011.49 (1.35-1.63)Current use

.131.00 (1.00-1.01).091.00 (1.00-1.01)Exercise (h/wk)

.141.49 (1.00-1.02).160.99 (0.98-1.00)Bowel movement (times/wk)

Sleep duration (h/d)

<.0011.29 (1.16-1.44)<.0011.29 (1.16-1.43)<6

N/A1 (reference)N/A1 (reference)6-9

.510.87 (0.59-1.30).341.20 (0.82-1.76)>9

Smoking habit

N/A1 (reference)N/A1 (reference)No

<.0011.40 (1.23-1.59)<.0011.25 (1.11-1.41)Yes

.311.07 (0.94-1.21).640.97 (0.87-1.09)Previously had

Yogurt intake

N/A1 (reference)N/A1 (reference)Rarely

.981.00 (0.89-1.13).621.03 (0.92-1.16)Once/wk

.441.05 (0.93-1.19).301.07 (0.95-1.20)Twice or thrice/wk

.121.14 (0.97-1.34).161.12 (0.96-1.31)4 or 5 times/wk

.591.04 (0.91-1.18).930.99 (0.88-1.12)Everyday

aMultivariable logistic regression analyses were conducted to identify the risk factors for symptomatic dry eye (DE) comorbid with hay fever (HF; vs
nonsymptomatic DE comorbid with HF), reporting OR and 95% CI. The multivariable logistic analyses included all covariables.
bN/A: not applicable.

Stratification of Individual DE and HF Symptoms
We conducted a symptom-based stratification of individual DE
and HF symptoms. Figure 3A illustrates an overview of the
symptom-based stratification process for DE and HF symptoms
using AllerSearch [13,14,16]. Figure 3B shows the normalized
maximum eigengap values with the estimated number of clusters

during spectral clustering [41]; 14 clusters were identified.
Figure 3C depicts a UMAP plot [42] of these 14 symptom-based
stratified clusters obtained using dimensional reduction analysis.
Figure 3D shows a hierarchical heat map [14], demonstrating
the individual profiles of DE and HF symptoms based on the
stratified clusters.
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Figure 3. Stratification of the heterogeneous symptoms of dry eye (DE) and hay fever (HF). (A) An overview of the stratification process of heterogeneous
and diverse subjective symptoms of DE and HF using AllerSearch. (B) The normalized maximum eigengap values were used to estimate the number
of clusters during spectral clustering. Fourteen clusters were determined using the eigengaps of the normalized affinity matrix. (C) Dimension reduction
of the included individuals—via Uniform Manifold Approximation and Projection (UMAP) with spectral clustering identified through unsupervised
clustering analysis (n=11,284 individuals collected by AllerSearch)—depicted 14 clusters upon stratification for subjective symptoms based on the 12
Japanese version of the Ocular Surface Disease Index (J-OSDI) items and the 9 nasal symptom score (NSS) and non-NSS (NNSS) items. (D) The
fraction of individuals within each cluster is visualized on the left-most panel, along with a corresponding heat map of the subjective symptoms of DE
and HF in individuals within the identified clusters. The dendrogram clusters for each J-OSDI, NSS, and NNSS item are shown at the top of the heat
map.

Symptoms and QoLs of Each Stratified Cluster
Figure 4 shows the total NSS (Figure 4A), total NNSS (Figure
4B), TSS (Figure 4C), J-OSDI total scores (Figure 4D), and
QoL total scores (Figure 4E) for each stratified cluster

(Multimedia Appendix 6). Cluster 9 showed the most severe
HF symptoms (TSS), followed by clusters 1 and 2. Cluster 1
showed the most severe DE symptoms (J-OSDI total score),
followed by clusters 6 and 14. Moreover, cluster 1 had the worst
QoL total score, followed by clusters 9 and 12.
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Figure 4. Symptoms and quality of life (QoL) of dry eye and hay fever in each stratified cluster. A bar graph of the (A) total nasal symptom score
(NSS), (B) total non-NSS (NNSS), (C) total symptom score (TSS), (D) Japanese version of the Ocular Surface Disease Index (J-OSDI) total score, and
(E) QoL total score in each stratified cluster.

Correlation Between Each DE and HF Symptom
Figure 5 shows the correlation heat map between DE and HF
symptoms based on 12, 5, and 4 items of the J-OSDI, NSS, and

NNSS, respectively. All symptoms were positively correlated
with DE and HF; J-OSDI items 2 and 3 showed a stronger
association with NNSS items 1, 2, and 3.

Figure 5. The correlation between each item of Japanese version of the Ocular Surface Disease Index (J-OSDI) and nasal symptom score (NSS) and
non-NSS (NNSS). Pearson correlation coefficients between the 12 J-OSDI items and the 9 NSS and NNSS items are shown in the heat map as a color
gradient.
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Discussion

Principal Findings
DE and HF are both ocular inflammatory diseases; moreover,
their comorbidity may synergistically worsen the pathology and
prognosis. This study identified the high comorbidity between
DE and HF using the AllerSearch app and found that DE
exacerbation coincides with the worsening of HF symptoms.
We identified the specific factors for comorbidity and performed
symptom-based stratification to facilitate the treatment of
comorbid DE and HF. This study demonstrated the stratification
of the variability and heterogeneity of the symptoms among
comorbid DE and HF. Our findings may aid prospective
individualized and precision medicine for the treatment of
various comorbid allergic inflammatory diseases.

Comparison With Prior Work
Among individuals with HF, the comorbidity rate for
symptomatic DE was 48.99% (4429/9041), which was consistent
with our previous reports of 52.3% and 52.4% [12,14]. The
reported prevalence of DE in patients with allergic conjunctivitis
is 0.9% to 97.5% [49-53]. HF is a systemic multiorgan disease
resulting from inappropriate immune responses that may present
as allergic conjunctivitis, rhinitis, and dermatitis. Therefore, the
developmental course of allergic conditions, including
dermatitis, food allergy, asthma, and rhinitis, requires monitoring
from infancy to adulthood [54]. There are no comprehensive
data regarding the epidemiology of DE and HF [17,18].
Accordingly, this is among the first studies to holistically
analyze big data regarding HF. Nearly half of the individuals
with HF may present with symptomatic DE, with individuals
with HF showing a higher prevalence of DE than those without
HF (Multimedia Appendix 5). Moreover, there was a positive
correlation between DE severity and HF symptoms (Tables 1
and 2). HF was initially diagnosed and treated by
nonophthalmology clinicians. Furthermore, a system that allows
ocular specialists to manage common ophthalmic comorbidities,
including DE and allergic conjunctivitis, may facilitate the early
prevention of chronic ocular damage.

DE and HF cause a wide range of symptoms, and their
management is complicated by the wide variation in the
presenting symptoms across individuals [13,14,17-19]. Allergic
conjunctivitis, which is frequently observed in HF, has numerous
common clinical features and subjective descriptions as DE [9];
therefore, careful evaluation is necessary. We used a dimension
reduction algorithm to stratify DE and HF into clusters based
on the ePROs collected using AllerSearch. We identified 14
unique clusters using this UMAP dimension reduction strategy,
which successfully distinguished patterns in the presentations
of DE, HF, and their comorbid state. Cluster 1, shown in Figures
1D and 1E, strongly exhibited symptoms of both DE and HF
as well as worse QoL indicators compared with the other
clusters. In contrast, cluster 9 exhibited minimal DE-related
symptoms, with higher scores related to HF. The characteristics
of each cluster demonstrated the proclivity of each patient to
certain symptoms. Furthermore, a targeted approach based on
early identification through stratification strategies using

smartphone app–based data may allow improvement of
long-term outcomes of HF management.

Although we observed a positive correlation between the
individual symptoms of DE and HF, ocular grittiness and sore
eyes (J-OSDI 2 and 3) showed a relatively stronger correlation
with eye itchiness, tearing, and redness (NNSS 1, 2, and 3).
Three environmental trigger–related items of J-OSDI regarding
wind, humidity, and air conditioning (J-OSDI 10, 11, and 12)
correlated with 2 NNSS items regarding eye itchiness and
tearing (NNSS 1 and 2), which could exacerbate the risks of
environmental factors. Five J-OSDI items regarding light
sensitivity, blurred vision, poor vision, difficulty driving at
night, and difficulty working with computers or automatic teller
machines (J-OSDI 1, 4, 5, 7, and 8) appeared to distinguish
individuals with HF and comorbid DE.

This study identified several factors and characteristics
associated with comorbid DE among individuals with HF (Table
3), most of which have been previously reported as risk factors
for DE [55,56]. Our results do not conclusively show a
pathophysiological link between DE and inflammatory
responses, including atopic dermatitis, food allergies,
predisposition to ocular inflammation, and disruption of tear
homeostasis, among patients with an increased lifetime
likelihood of developing chronic allergic ocular surface diseases
[57-60]. This might ultimately contribute to the development
of DE in these populations. CL discontinuation is another
characteristic of patients with comorbid DE and HF. Both
diseases have been reported as common causes of CL
discontinuation; however, their comorbidity is yet to be proposed
as a marker [16]. Our findings suggest that careful evaluation
of certain factors and individual characteristics may facilitate
the prompt diagnosis and management of comorbid DE and HF,
which could prevent long-term end-organ damage caused by
chronic inflammatory states.

Limitations
This crowdsourced clinical study has some limitations, as
previously reported [13,14]. Our findings may be affected by
selection bias for age, socioeconomic factors, health-seeking
behavior, and characteristics of iPhone users in Japan. Moreover,
we used self-administered questionnaires, which could have led
to a recall bias and symptom overreporting. Nonetheless, the
J-OSDI and JACQLQ have been validated through a comparison
between paper-based and app-based questionnaires [11,34],
which suggests that the results of other self-administered
questionnaires are reliable. Finally, we determined the presence
of DE and HF solely based on the questionnaires, which
increased the possibility of false positives because physician-led
clinical examination was not required. Owing to the limitations
associated with the mHealth-based study, the external validity
or generalizability of the findings of this study was also limited
[12,14].

Conclusions
This study demonstrated the epidemiology of comorbid
symptomatic DE and HF as well as their exacerbating effects
on the other and related factors that may indicate or contribute
to their comorbidity. In addition, our findings demonstrated the
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utility of symptom-based stratification techniques for identifying
subgroups of individual diseases as well as risk factors and
characteristics unique to symptomatic DE, HF, and their
comorbid state. Using the symptom-based stratification strategy
could allow early identification of an individual’s associated
subgroup and the underlying pathology. This may in turn

facilitate efficient ocular care for individuals with DE and HF
as well as inform the development of precision and preventative
medicine for highly heterogeneous diseases with various
comorbidities, which may obscure the prompt diagnosis of
chronic disabling diseases.
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ClinRO: clinician-reported outcome
DE: dry eye
ePRO: electronic patient-reported outcome
HF: hay fever
JACQLQ: Japanese Allergic Conjunctival Disease Quality of Life Questionnaire
J-OSDI: Japanese version of the Ocular Surface Disease Index
mHealth: mobile health
NNSS: nonnasal symptom score
NSS: nasal symptom score
OR: odds ratio
PRO: patient-reported outcome
QoL: quality of life
TSS: total symptom score
UMAP: Uniform Manifold Approximation and Projection
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