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Editorial on the Research Topic

Advances in the Pathophysiology, Diagnosis, and Treatment of Dry Eye Disease

INTRODUCTION

Dry eye disease (DED) is a multifactorial disease of the ocular surface characterized by disruption
of tear film homeostasis, causing ocular symptoms that include visual disturbance, discomfort,
dryness and irritation of the eyes. In the development of DED, inflammation, tear hyperosmolarity
and aberrant neurosensory functions are critical components which interact with one another to
form a vicious cycle, leading to a chronic and progressive course of disease (1). The continually
rising prevalence rate of DED, which affects millions of people in the United States and around the
world, has become a major challenge for ophthalmologists (2). Yang W. et al. evaluated data from
three eye facilities in a study of the economic impact of DED in China, finding that a patient’s annual
DED expenses can exceed $422.6, or to $166.6 billion per year nationally. The rising frequency of
DED, as well as the immense economic burden it imposes, necessitates a greater understanding
of its underlying pathophysiology and the development of effective diagnostic and therapeutic
measures. As a result, we introduced the Research Topic “Advances in the Pathophysiology,
Diagnosis, And Treatment of Dry Eye Disease” with the hopes of offering a comprehensive
summary of the most recent findings on DED.

PATHOPHYSIOLOGY

Risk Factors
As amultifactorial disease, the onset of DED is related to both intrinsic characteristics of the patient
and external influences. Identification of these risk factors is crucial for research and early diagnosis
of DED, yet the search for DED’s risk factors is far from complete.

Several studies in this Research Topic have focused on the relationship between DED and
other medical conditions which may be potential risk factors. Chen et al. conducted a study
concerning children diagnosed with diabetes mellitus. At the end of their follow-up, 22.5% of the
subjects developed DED, which is a prevalence rate much higher than that of normal children.
Wu H. et al. explored that meibomian gland dysfunction (MGD) parameters were associated
with the HbA1c level and diabetic duration and suggested that asymptomatic MGD may be an

7
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early indicator of DED onset. Gu et al. showed that SLE
patients are at higher risk of developing DED which may result
from poorer meibomian gland function. Chen et al. observed a
tendency of schizophrenia patients developing DED signs and
symptoms. A rise in inflammatory cytokines expression level was
also detected within schizophrenia patients. However, this might
be a result of antipsychotic medicine usage. Li S. et al. revealed
that patients with severe obstructive sleep apnea hypopnea
syndrome (OSAHS) exhibited worse conditions of upper lid
meibomian gland and had higher incidence of DED compared
with patients with non-severe OSAHS. They also pointed out that
the damage of ocular surface cannot be reversed in a short time
in OSAHS patients. Zheng et al. carried out a study including
257,932 patients to investigate the connection between DED and
sleep disorders. The statistics showed a three-time increased risk
for patients with sleep disorders to develop DED, which is a
strong indicator of sleep disorders as a risk factor of DED based
on the vast sample size. Consistently, Zhu Y. et al. reported that
patients with poorer sleep qualities presented more extensive
meibomian gland dropout, contributing to the development of
evaporative DED. Hao et al. regarded Demodex folliculorum
infestation as an important factor in the pathogenesis of DED
based on higher prevalence of chalazion and worsen meibomian
gland functions in infected patients.

Aside from infectious or non-modifiable medical conditions,
the treatments patients receive, especially ophthalmic surgeries,
are invasive and can irritate the ocular surface, therefore possibly
giving rise to iatrogenic DED. Zhao S. et al. enrolled patients
who underwent bilateral upper blepharoplasty and collected their
DED associated parameters. They demonstrated that preexisting
dry eye leads to a higher chance of persistent ocular surface
damage along with higher levels of inflammatory cytokines.
Similarly, Zhang S. et al. showed that blepharoplasty had a
temporal negative effect on ocular surface and blinking functions.
Chang et al. recruited 40 patients who underwent unilateral
cataract surgery and found varying degrees of meibomian
gland deterioration. Gong et al. evaluated the meibomian gland
of patients subject to corneal refractive surgery and found
a correlation between dry eye symptoms and preoperative
meibomian gland status. Besides surgeries, the application of
contact lens is another factor that may provoke the ocular
surface given that they require lone-period contact and frequent
change. Xu et al. reported that clinical signs and subclinical
inflammation manifested at 1 week and 1 month post first-time
contact lens wear respectively. The clinical signs may recover
after quitting contact lens wear whereas inflammation tend to
retain, suggesting a pathogenic effect of short term contact lens
wear. In the long term, Yu H. et al. demonstrated that 2 years
of orthokeratology lens wear increased lower eyelid meibomian
gland dropout.

With the rapid development of technology, mobile phones
and other smart devices have become an integral part of our
daily lives. However, eye specialists are concerned since frequent
use of smartphones and other electronic devices with screens is
hazardous to the eyes and may increase the occurrence of DED.
To clarify the relationship of DED and video display terminal
(VDT) use, Zhao H. et al. discovered that increasing VDT use

is associated with increased blinking, potentially leading to an
increased risk of DED development, in which case a thicker lipid
layer of the tear-film serves as a protective factor. Wang C. et al.
investigated the influence of smartphone usage on the rate of dry
eye diagnosis. They came to the conclusion that high-intensity
smartphones use increases DED incidence, but that there is
also an increase in false positive rate due to disturbed ocular
surface homeostasis. Lin et al. investigated the immediate effects
of VDT and found that following short-term usage of VDT, the
tear-film lipid layer in patients with thick lipid layers decreased
significantly. Notably, myopia has been linked to the smartphone
usage (3). Wang N. et al. investigated the prevalence of DED in
myopia patients in a cross-sectional study. The statistics revealed
a 15.9% DED prevalence among 214 myopia patients, which was
also correlated with eye rubbing and picky eating. In addition,
many of the participants had various degrees of meibomian gland
degeneration. Collectively, these findings add up to persuasive
evidence that VDT exposure may be a significant risk factor for
DED, either directly or indirectly.

Pathogenesis
Among the complicated mechanisms of DED, inflammation is
one of the most well-established factors for DED generation
and has long been a hotspot for pathophysiology research. The
role of long non-coding RNAs (lncRNAs) in DED was explored
by Yang, Chen et al. After profiling the lncRNAs involved
in DED, they identified two of the most significantly altered
lncRNAs, Chrnb2 and Gabarapl2, for further research. Chrnb2
and Gabarapl2 silencing led to a down regulation of dry-eye
related inflammatory cytokines including IL-6, TNF-α and IL-
1β, suggesting that Chrnb2 and Gabarapl2 may play a role
in inflammation regulation in DED. Alam et al. investigated
the immunological response of a mouse strain with an RXRα

mutation, which manifests dry eye-associated degenerative
alterations with aging. They revealed that RXRα prevents γδT
and conventional T cells from producing IL-17, halting the
progression of DED. In DED models, Zhou et al. discussed
the effect of WAY-100635, a 5-HT1A receptor antagonist, and
found that WAY-100635 alleviated DED symptoms as well as
inflammatory responses. Contrarily, 5-HT1A receptor agonist
had the opposite effects. They also found that WAY-100635
had an effect on autophagy through ROS regulation. Wang B.
et al. looked into the oxidative stress in DED and discovered
that dual oxidase 2 (DUOX2), a ROS-producing enzyme, is
elevated in DED. TLR4 was involved in the activation of DUOX2
and gave rise to oxidative stress, which in turn promoted
HMGB1 release and inflammation. Morphologically, Zheng et al.
evaluated patients with MGD with in vivo confocal microscopy
(IVCM) and observed considerable amount of inflammatory cell
infiltration in their meibomian glands.

In recent years, the relationship between microbiota and
diseases has become an emerging topic (4). Song et al. studied
the microbial communities and microbiome profiles of DED
patients. They detected a reduced microbiome diversity in
patients with DED compared with normal population. The
composition of microbiome was similar in DED patients with or
without SS, whereas the proportions were significantly different.
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By colonizing mice with microbiota from SS patients, Schaefer
et al. confirmed the decreased microbiome diversity in their
research and further highlighted the significance of the dysbiotic
microbiome in the pathogenesis of DED. Interestingly, the
transferred microbiota resulted in a decrease in regulatory T
cells and ocular barrier function, which can be passed on to the
offspring. Notably, the bacterial community on the ocular surface
is altered by the injection of sodium hyaluronate, a medicine that
is most widely used for DED therapy, regardless of preservative
addition, according to Zhong et al.

On a global perspective, Yang et al. provided a comprehensive
understanding of the ion-channels distributed on the ocular
surface. Zhu, Inomata et al. summarized the animal models
utilized for DED research. They classified and depicted each
model with detailed description in terms of the underlying
pathophysiologic mechanisms and measures of establishment.
The thoroughly sorted information granted researchers a vast
and more precise choice for animal models when studying DED.

DIAGNOSIS

The early and precise diagnosis of DED is beneficial to treatment
and necessary for favorable prognosis. Unfortunately, DED
shares a set of symptoms with a variety of other ocular surface
diseases, making it difficult to distinguish between them. Wu Y.
et al. systematically reviewed the current diagnostic measures in
DED and summarized the most recent breakthroughs in novel
examination approaches. They provided a valuable resource
for DED diagnosis choices by assessing the indications and
limitations of each procedure. Wang J. et al. designed an
eyelid pressure measuring device for DED assessment. They
found a correlation between eyelid pressure and ocular surface
parameters. They also demonstrated that the device is safe and
accurate. For examination of corneal sub-basal nerve plexus
images derived from IVCM, Zhang Y. et al. compared a fully
automated software, ACCMetrics, with a semi-automated one.
ACCMetrics showed a reliable diagnostic performance. Similarly,
Zhang Y-Y. et al. applied artificial intelligence for IVCM image
processing, which also demonstrated excellent accuracy. These
approaches, with further upgrade, might prove to be practical
tools for DED diagnosis. For DED induced by systemic disease,
Huang et al. studied DED patients with SS using single-photon
emission computed tomography (SPECT). They scanned the
salivary glands of the patients with SPECT and calculated
different parameters, of which excretion fraction displayed a
strong correlation with Schirmer’s I test and could be an indicator
of lacrimal gland secretion dysfunction.

TREATMENT

The therapy of DED has advanced dramatically over the last
three decades. With the understanding of DED pathophysiology,
a slew of new treatments have emerged, each focusing on a
distinct pathway of DED pathogenesis. Liu T. et al. evaluated
the effect of punctal plugs in DED patients and analyzed their
clinical characteristics before and after surgery. Punctal plugs
insertion found to be an effective therapy for DED, specifically

aqueous-deficient dry eye, due to increased meibomian gland
function and dry eye characteristics. Lin et al. conducted a single-
center, randomized, controlled clinical trial to see if hydroxybutyl
chitosan (HBC), which is also used for lacrimal drainage system
blockage, is effective. HBC is a liquid form plug that, after
administration, converts to a hydrogel solid form in 50 s. HBC
demonstrated equivalent efficacy to another intracanalicular
plug on the market in their trial, and its liquid qualities gave
it the advantages of flexibility and individualization, making
it a promising technique for DED treatment. Qin et al.
inquired into the efficacy of lycium barbarum polysaccharide
(LBP), a substance which can suppress inflammation, for the
treatment of DED in murine models. They illustrated that topical
utilization of LBP performed its anti-inflammatory effects and
is capable of improving DED. Liu K. et al. treated meibomian
gland dysfunction associated DED patients with a formulation
comprised of omega-3 free fatty acids, lutein, aronia extract,
vitamin C, and vitamin E. They reported that combining this
dietary supplement with traditional DED treatment can further
ameliorate indications and symptoms of the patients. Demodex
folliculorum infestation, as previously indicated, contributes to
the pathogenesis of MGD-related dry eye and could induce
chalazion. Relevantly, Zhu, Huang et al. found that treating
recurrent chalaziosis with a combination of strong pulse light and
meibomian gland expression treatment was effective.

Patients with DED suffer from ocular discomfort, which
has a negative impact on their eyesight quality of life. Thus,
the correlation between DED and mental illness has gotten
a lot of attention. Yu H. et al. enrolled DED patients with
anxiety and depression and discussed the relationship between
them. They outlined the challenges that DED patients may
face through interviews and qualitative research of 47 patients.
They also quoted some of the patients to provide a more direct
understanding. They pointed out that anxiety and depression
may impair a patient’s initiative and cooperation, causing the
condition to worsen. As a result, in addition to physical and
chemical treatments for signs and symptoms of DED, mental
health of DED patients should not be disregarded and proper
management is necessary.

CONCLUSION

Many researches under this topic studied the risk factors of DED
thatmainly falls into three categories, namelymedical conditions,
clinical interference and VDT usage. Simultaneously, multiple
new mechanisms concerning inflammation and dysbiotic
microbiome were revealed in the pathogenesis of DED. These
articles illustrated that DED can derive from a wide range of
causes through various pathways, highlighting the multifactorial
feature of DED. When it comes to diagnosis and treatment,
several novel measures that bare promising effects were
introduced, which will be of huge benefit to patients of DED.
Taken together, this Research Topic has pushed forward our
understanding of DED in terms of pathophysiology, diagnosis
and treatment. We have great confidence that, in the years to
come, the research of DED will see a rapid progress.
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Geriatric Disease Clinical Research Center, People’s Hospital of Ningxia Hui Autonomous Region, Yinchuan, China

Purpose: To explore the therapeutic effect of a dietary supplement on dry eye with

meibomian gland dysfunction (MGD).

Methods: Sixty patients with MGD-related dry eye were included in this prospective

and randomized, placebo-controlled study. All the subjects were treated with eye hot

compress, artificial tears, and antibiotic ointment. After that, the patients received dietary

supplementary or placebo daily for 12 weeks. The dry eye signs, function of MG, and

visual quality of the patients were assessed at 4, 8, and 12 weeks after the treatment.

Results: Twelve weeks after the treatment, patients who received dietary supplement

had a significantly better improvement of dry eye symptoms, in terms of ocular surface

diseases index and tear breaking-up time (TBUT), than those who received placebo

(P < 0.05). The functions of MG, in terms of meibum quality and MG exclusion and MG

obstruction scores, were significantly improved in both dietary supplement and placebo

groups (P < 0.05). Patients who received dietary supplement had a significantly better

improvement in the MG structure, in terms of acinar diameter and acinar density, than

those who received placebo (P < 0.05). The number of inflammatory cells near MG was

significantly lower in the dietary supplement group when compared with the placebo

group (P < 0.05). The objective visual quality was significantly improved in the dietary

supplement group, but not in the placebo group (P < 0.05).

Conclusion: The dietary supplement can effectively improve the symptoms and signs

of MGD-related dry eye, reduce the inflammatory reaction of MG, restore the gland

structure, and indirectly improve the visual quality.

Keywords: dietary supplements, meibomian gland dysfunction (MGD), dry eye, Retaron®, symptoms and signs
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INTRODUCTION

Meibomian gland dysfunction (MGD) is a chronic, diffuse
meibomian gland lesion. The main features of MGD are the
obstruction of the terminal duct of the meibomian glands and
the abnormal quality or quantity of the meibum secretion (1).
This disease causes tear film abnormalities with inflammatory
reactions, resulting in eye irritation. The cornea gets damage
and visual function is affected in severe MGD (1). When MGD
occurs, the change of meibum, the main component of the lipid
layer of the tear film, affects the steady state of the tear film
and results in evaporative dry eye. Since the publication of the
Tear Film and Ocular Surface Society Dry Eye Workshop (TFOS
DEWS) report, numerous studies have conducted to investigate
the correlation between MGD and dry eye (2). MGD is believed
to be the most common cause of dry eye (3, 4). Epidemiological
surveys of MGD patients from different ages, genders, and races
showed that the prevalence of MGD over 40 years is from 38
to 68% (5–7). Other epidemiological surveys based on different
ethnic groups have found that around 53.6–89.7% of patients
in the dry eye population are with MGD (8, 9). Therefore, the
functional improvement of MG becomes the major strategy to
treat MGD-related dry eye patients (10).

The current treatment of MGD-related dry eye includes
physical and oral drug therapies, such as eye drops, hot eye
compresses, and MG massage (11). However, these treatments
also have own limitations. Hot eye compresses need to maintain
a constant temperature to liquefy the secretions that block MG,
which is troublesome in real practice (12, 13). Similarly, although
MG massage has a better theoretical therapeutic effect, it is
easy to cause damage to the MG or cornea, and more severely
secondary infection. Moreover, patient compliance is poor (14).
At present, systemic oral bioactives, such as various vitamins
and antibiotics, are needed for patients with severe MGD or
MGD with seborrheic dermatitis, rosacea, and other skin lesions
(15). As patients require a long-term use of antibiotics, they may
suffer from the emergence of drug-resistant bacteria, bacterial
imbalance and double infections, and other serious side effects
(15). Meanwhile, among the commercially available drugs that
treat dry eye diseases, most of them have poor acceptance from
the stakeholders. Therefore, it is of great importance to find
a bioactive that can safely and effectively treat MGD-related
dry eye.

Dietary supplements have been widely used as an adjunct
therapy for patients with various diseases (16). Many clinical
studies have shown that dietary supplements can safely and
effectively be used as adjuvant therapy (17). The American
epidemiological survey shows that as many as 53% of the U.S.
population have routine intake of dietary supplements, showing a
very high population acceptance to the dietary supplements (18).
The identification of dietary supplements that can treat MGD-
related dry eye safely and effectively will have important clinical
value and significance. Retaron R© is a new dietary supplement
formulation on themarket that has recently obtained the national
safety standard identification in China. Its main ingredients
include omega-3 free fatty acids, lutein, aronia extract, vitamin C,
and vitamin E. It has potent antioxidant and anti-inflammatory

TABLE 1 | Formula of dietary supplement Retaron® in the study.

Formula Retaron®

β-Carotene –

Lutein 10 mg

Zeaxanthin 2 mg

Vitamin C 100 mg

Vitamin E 20 mg

Zinc 10 mg

Copper –

Selenium 25 µg

Taurine 50 mg

Aronia extract 50 mg

Omega-3 free fatty acids, 250mg DHA/30mg EPA 500 mg

effects, which play an important role in promoting retinal
development and improving visual function (19). In this study,
we investigated the effect of the dietary supplement as an adjunct
treatment of MGD-related dry eye. Our hypothesis was that the
use of dietary supplement can improve dry eye symptoms and
signs, reduce the inflammatory reaction of MG, and restore the
gland structure in patients with MGD.

MATERIALS AND METHODS

Study Population
Between September 2018 and May 2019, 60 patients with
binocular MGD-related dry eye were recruited from the
ocular surface specialist outpatient clinic at Xiangya Hospital
Ophthalmology Center. The diagnostic criteria of MGD and dry
eye are based on Chinese Expert Consensus on the Diagnosis and
Treatment of MGD (2017) (20) and TFOS DEWS II (2017) (21).

The inclusion criteria include (1) the age of patients in
between 18 and 80 years and (2) the best-corrected visual acuity
in both eyes that is higher than 0.1. The exclusion criteria include
(1) systemic diseases such as systemic lupus erythematosus,
rheumatism, and diabetes; (2) history of eye surgery and trauma;
(3) other eye diseases; (4) systemic and ocular medications; (5)
pregnant or lactating women; (6) patients who are allergic to the
ingredients of the dietary supplement formulation or the drugs
involved in this study; and (7) people who cannot take care of
themselves and cooperate with treatment and follow-up.

Informed Consent
All patients have agreed and signed the consent form to be
included in the study. This study followed the Declaration of
Helsinki, conformed to the principles of medical ethics, and was
approved by the Ethics Committee of XiangyaHospital of Central
South University (Document number: 201912528).

Study Design
The MGD-related dry eye patients included in this study were
randomly divided into two groups, the experimental dietary
supplement group (60 eyes of 30 cases) and placebo control group
(60 eyes of 30 cases). Both the groups were respectively treated
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with oral dietary supplementary formulation Retaron R© (Table 1)
and placebo capsule daily for 12 weeks. The eyelid margins of
all patients were applied with tobramycin and dexamethasone
ophthalmic ointment (once per night) for the first 2 weeks,
followed by levofloxacin ophthalmic gel (once per night) for the
next 10 weeks. Eye hot compress (once per night) and eye drops
of 0.1% sodium hyaluronate (four times a day) were applied in
adjunct with the dietary supplement for 12 weeks.

Clinical Examinations
All subjects were followed up for 12 weeks with a 4-week interval.
To avoid systematic errors, all the inspections and operations
described below were completed by the same experienced
ophthalmologist or technician. All subjects underwent routine
examinations, such as vision, optometry, intraocular pressure,
and fundus, at each follow-up.

Dry eye symptoms and signs were evaluated by Ocular Surface
Disease Index (OSDI) Questionnaire Scale, (20) tear breaking-
up time (TBUT), and corneal fluorescein (FL) staining. TBUT
is an index used to evaluate the stability of the tear film. For
each patient at each time point, TBUT was obtained by averaging
the values from three measurements. TBUT value > 10 s is
regarded as normal. Corneal FL staining helped us to examine
the severity of corneal epithelial damage and was quantitatively
evaluated using the 4-quadrant 12-point method as previously
described (22).

The MG obstruction (23) of each eyelid was evaluated using
a slit lamp microscope and anterior segment camera system
with the following self-defined scoring system (24): 0 point,
unobstructed opening; 1 point, MG with <1/3 obstruction;
2 points, between 1/3 and 2/3 obstruction; and 3 points,
over 2/3 obstruction.

All the five MGs in the upper eyelid of each subject were
squeezed, and the function of MG was assessed by the following
MG discharge capacity score (20): 0 point, all five glands have
discharge; 1 point: three or four glands have discharge; 2 points,
only one or two glands have discharge; and 3 points, no gland
with discharge. The meibum was evaluated according to the
viscosity and turbidity of meibum using the meibum quality
score: (20) 0 point, clear, transparent liquid; 1 point, turbid liquid;
2 points, turbid granular discharge; and 3 points, thick discharge
like toothpaste.

The acinar morphology and inflammation of MG were
examined using in vivo confocal microscopy (IVCM)
(Heidelberg, Germany) and evaluated by (1) the diameter
of MG opening, (2) acinar diameter, (3) acinar density, and (4)
local inflammatory cell count (25, 26). For each parameter, ten
photographs were randomly evaluated, and the average value
of the ten measurements of the four previously mentioned
parameters was recorded.

The visual quality of the patients was objectively assessed
using the Optical Quality Analysis System (Visiometrics, Spain).
Several visual quality assessment parameters were assessed,
including modulation transfer function cutoff frequency
(MTFcutoff), Strehl ratio (SR), and objective scatter index (OSI).
MTFcutoff reflects the resolution of the optical system, and its
value is directly proportional to the visual quality. The value

below 30 c/deg is considered as abnormal visual quality. SR is
the ratio of the light intensity at the Gaussian image point of the
actual refractive medium to the light intensity at the Gaussian
phase point of the normal refractive medium. The higher the SR
value, the closer it is to an aberration-free optical system. Below
0.15, the visual quality is considered abnormal. OSI reflects the
degree of turbidity of the refractive medium. Values higher than
2.0 are regarded as abnormal, and higher values represent more
turbid refractive media.

Statistical Analysis
Statistical analysis was performed using SPASS 19.00 (IBM
Corp, Armonk, NY, United States). The Kolmogorov–Smirnov
test was used to test the normality of the data. Normally
distributed data were expressed as mean ± SD, and non-
normally distributed data were expressed as median and
interquartile range. If the data conformed to be normally
distributed, the comparisons between groups at each time
point were tested by repeated-measures ANOVA (multiple time
points) and independent-sample t-test (two time points). If
the data did not meet the “spherical symmetry” assumption,
the Greenhouse–Geisser estimate was used for correction. The
LSD t-test (multiple time points) and paired t-test (two time
points) were used for group comparison at each time point.
If the data did not conform to be normally distributed, the
Mann–Whitney U-test and the Kruskal–Wallis test were used
for pairwise comparisons between groups at each time point.
The test level was α = 0.05, and P < 0.05 was considered
statistically significant.

RESULTS

Clinical Outcomes
A total of 60 subjects (120 eyes) were included in this study,
namely, 30 subjects (60 eyes) in the dietary supplement
group and 30 subjects (60 eyes) in the control group.
Before the treatment, there were no significant differences
in age, best-corrected visual acuity, or intraocular pressure
between the two groups (P > 0.05 for all indices)
(Table 2).

Dry Eye Symptoms and Signs
Before the treatment, there was no significant difference between
the two groups in terms of the symptoms and signs of dry
eye as quantified by OSDI and FL scores and TBUT (P
> 0.05 for all indices). Twelve weeks after the treatment,
punctate staining of corneal epithelium disappeared in both
groups (Figure 1D), and both the OSDI and FL scores of
the two groups of subjects were significantly lower than
the baseline values (P < 0.001) (Figures 1A,C). However,
TBUT score of the two groups was significantly higher
than the baseline values (P < 0.001) (Figure 1B). Moreover,
the dietary supplement group showed better outcomes, with
lower OSDI and FL scores, and a higher TBUT, when
compared with the control group (P < 0.05 for all indices)
(Figure 1).
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TABLE 2 | Comparison of the demography of the two groups of patients.

Range Dietary supplement group Control group P

Sex (Male/female) / 10/14 13/17 N/A

Age (years) 18–80 44.23 ± 14.03 46.83 ± 12.03 0.444

BCVAU 0.1–1.5 1.2 (1.0, 1.2) 1.2 (1.0, 1.2) 0.954

IOP (mmHg) 10–21 17.10 ± 2.07 16.03 ± 2.31 0.065

UData are tested by Mann–Whitney U-test.

BCVA, best-corrected visual acuity; IOP, intraocular pressure.

FIGURE 1 | The (A) OSDI, (B) TBUT, and (C) FL of the two groups. (D) Anterior segment images of corneal FL staining between the two groups before and after the

treatment. *P < 0.05 vs. before the treatment; #P < 0.05 vs. control group.

The Function of MG and MG Obstruction
Before the treatment, the upper eyelid margin congestion and
MG obstruction were significant in both groups, and the
meibum was viscous and turbid and difficult to be excreted
when the MG was compressed (Figure 2D-a,c). There was no
difference between the two groups in MG obstruction, MG
discharge function, and meibum quality (P > 0.05 for all
indices). After 12 weeks of treatment, the upper eyelid margin
congestion was reduced in both groups, and MG obstruction
was significantly improved. The meibum was also clear and
easy to be excreted when the MG was compressed (Figure 2D-
b,d). The MG exclusion score, meibum quality score, and the
obstruction score of the two groups were significantly improved
after the treatment at 8 and 12 weeks (P ≤ 0.001 for all time
points). However, there is no significant difference between the
two groups at the same time point (P > 0.05 for all indices)
(Figures 2A–C).

Morphological Structure of MG and Local
Inflammatory Response
Before the treatment, there was no significant difference between
the two groups in inflammatory cell number (Figures 3A,E-
a,c), MG opening diameter (Figures 3B,E-i,k), acinar density
(Figures 3C,E-e,g), and acinar diameter (Figures 3D,E-
e,g) (P > 0.05 for all indices). Twelve weeks after the
treatment, the number of inflammatory cells (Figures 3A,E-
b), acinar density (Figures 3C,E-f), and acinar diameter
(Figures 3D,E-f) in the dietary supplement group were
significantly improved (P ≤ 0.001 for all indices) and were
significantly better than in the control group (P ≤ 0.001
for all indices) (Figures 3A,C–E-d,h). The diameter of
MG in both groups was not significantly improved when
compared with the baseline level (P > 0.05 for two groups)
(Figures 3B,E-j,l).
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FIGURE 2 | The function of MG and MG obstruction between two groups. (A) The MG obstruction score, (B) the MG exclusion, and (C) the meibum quality score.

(D) Anterior segment images of palpebral margin between the two groups before and after the treatment. *P < 0.05 vs. before the treatment.

FIGURE 3 | The IVCM between two groups. (A) Inflammatory cell number. (B) The longest diameter of MG opening. (C) MG acinar density. (D) MG acinar longest

diameter. (E) IVCM images of MG before and after treatment in both groups. (a–d) Inflammatory cells. (e–h) Acinar morphology and density. (i–l) The shape of MG

opening. *P < 0.05 vs. before treatment; #P < 0.05 vs. control group.

Objective Visual Quality
Before the treatment, there was no significant difference in the
three visual quality parameters, namely, PMTFcutof , PSR, and POSI ,
between the two groups (P > 0.05 for all indices). Twelve

weeks after the treatment, the MTFcutoff and SR of the dietary
supplement group were significantly improved (P < 0.001 for
MTFcutoff and SR). In contrast, the improvement of the control
group, when compared with the baseline, was not significant (P
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FIGURE 4 | Objective visual quality between two groups. (A) MTFcutoff, (B) SR, and (C) OSI. *P < 0.05 vs. before treatment; #P < 0.05 vs. control group.

> 0.05 for MTFcutoff and SR). Moreover, the difference between
the two groups was significant (PMTFcutoff = 0.003, PSR< 0.001)
(Figures 4A,B). However, there was no significant difference
in OSI between two groups (POSI > 0.05 for two groups)
(Figure 4C).

Adverse Reactions
During the follow-up, no obvious local or systemic adverse
reactions were observed in all subjects.

DISCUSSION

The MG is a special exocrine gland. The meibum secreted
by the acinar epithelium forms a lipid layer on the tear film
surface to make the tear film stable. When the MG is blocked
or atrophic, this causes pathological changes in both the quality
and quantity of the meibomian ester and its excretion, and finally
leads to MGD. At the same time, MGD is often accompanied
by local inflammatory reaction, which will eventually lead to
lipid deficiency-type dry eye. Current studies have confirmed that
MGD is one of the most important causes of dry eye (4).

Dietary supplements have been widely used for long time
in all age groups worldwide, especially in developed countries,
where dietary supplement use is as high as 11.7–66% (27). It
plays an important role in balancing the nutrition of the normal
population and the auxiliary treatment of the sick population,
and it has been proved safe and effective. In our study, dietary
supplement was used as an adjunct therapy to treat and to explore
the safety and efficacy on MGD-related dry eye. Our results
indicated that the adjunct therapy using dietary supplement
can improve the ocular symptoms and signs, MG structure,
local inflammatory response, and objective visual quality of
MGD-related dry eye patients, but no significant advantage
in the improvement of the properties and excretion capacity
of meibum.

Meibomian gland produces and secretes meibomian ester in
a constant manner, which makes it a high oxygen consumption
tissue. Long-term and excessive oxidative reaction is an
important reason for the dysfunction of MG. Oxidative stress
is often accompanied by local inflammation of the MG.
The clinical manifestations are mucous and muddy meibum,

abnormal increase or decrease in secretion, gland obstruction
and pathological dilatation, ester embolization obstruction at
the opening, congestion and edema at the edge of eyelid, and
neovascularization, which may lead to lipid deficiency-type dry
eye (28). Our study showed that the symptoms and signs of
the dry eye, MG structure, local inflammatory response, and
objective visual quality were all significantly improved after the
treatment. The possible mechanism is that the active ingredients
in the dietary supplement formulation, which have strong
antioxidant and anti-inflammatory effects, promote the repair of
acinar epithelial and peripheral nerve damage. Ares 2 formula
contains vitamin C, vitamin E, beta carotene, zinc, and copper,
which are similar to the dietary supplement we used in this
study. Eskina et al. observed the improvement of visual quality
by using the drug complex responding to the Ares 2 formula
(29). Told et al. confirmed that dietary supplement Retaron R© can
play an antioxidant role in the human body, thus affecting the
retinal dynamic function (30). However, their study did not assess
the therapeutic effect of the dietary supplement on the ocular
surface microenvironment.

Among the components in the dietary supplement we tested
in this study, the high concentration of polyphenol compounds
and cyanidin-3-O-glucoside chloride in aronia extracts can
quickly and effectively remove oxygen free radicals and play
a strong antioxidant effect (31). In addition, aronia extract
contains active components such as nitric oxide synthase-2 and
cyclooxygenase-2, which can effectively inhibit inflammatory
and oxidative reactions (32). Cavet et al. also confirmed that
polyphenols have anti-inflammatory and antioxidant effects on
human corneal epithelial cells, which can be used to treat eye
inflammation caused by diseases and have a potential value in the
treatment of dry eyes (33).

Omega-3 free fatty acids can optimize the transformation
of meibum from saturated fatty acids to unsaturated fatty
acids under pathological conditions (4), so it may effectively
promote the generation and excretion of meibomian esters,
improve the obstruction of glandular ducts, and reduce the
local inflammatory reaction, thus restoring the structure of MG.
By improving the properties of eyelid esters and reducing the
inflammation at the edge of the eyelid, the stability of the
lipid layer of the tear film should be gradually restored, and
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therefore, the symptoms and signs of dry eyes could be indirectly
improved and eventually improve the visual quality. Macsai
evaluated the ocular symptoms of MGD patients and found
that the use of omega-3 fatty acids improved the scores of
OSDI, TBUT, and meibomian, which was similar to the results
of our study (34). Meanwhile, Deinema et al. also confirmed
that omega-3 fatty acids can reduce tear osmolality and improve
tear film stability in patients with dry eye, thus improving
the symptoms of dry eye (35). However, our results showed
that there were no obvious advantages in the improvement of
meibomian ester and MG excretion after dietary supplement
was added, which might be related to the short-term treatment
and observation period, and small sample size in this study.
We will increase the sample size and extend the study period
in the future, which may lead to more representative and
conclusive results.

In summary, for the treatment of MGD-related dry eye
that is based on conventional treatment strategies, the
addition of dietary supplement can further improve the
symptoms and signs of dry eye, reduce the inflammatory
response of MG, restore the glandular structure, and
improve the visual quality, without any systemic or local
adverse reactions. However, there were no significant
advantages in the improvement of meibomian ester and
MG excretion. Dietary supplement is expected to be a safe
and effective systemic drug in the treatment of MGD-related
dry eye.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

This study followed the Declaration of Helsinki, conformed to
the principles of medical ethics, and was approved by the Ethics
Committee of Xiangya Hospital of Central South University
(Document Number: 201912528). The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

KL and YC: data acquisition and/or research execution, data
analysis and/or interpretation, and manuscript preparation. XP
andML: data acquisition and/or research execution, data analysis
and/or interpretation. RY: data analysis and/or interpretation,
manuscript preparation. JL, XT, and YX: data acquisition
and/or research execution. YC and QL: data analysis and/or
interpretation. HW: research design, data acquisition and/or
research execution, data analysis and/or interpretation, and
manuscript preparation. All authors contributed to the article
and approved the submitted version.

FUNDING

This study was supported by National Natural Science
Foundation of China (No. 81170823), Natural Science
Found of Hunan Province (No. 2019JJ40502), Science and
Technology Project of Hunan Administration of Traditional
Chinese Medicine (No. 201856), Central Committee Guides
Local Science and Technology Development Special Project
by Ministry of Science and Technology (No. 2020YDDF0043),
and Major Special Project of Key Research and Development
Program of Ningxia Province (No. 2021BEG01001).

REFERENCES

1. Vu CHV, Kawashima M, Yamada M, Suwaki K, Uchino M, Shigeyasu
C, et al. Influence of meibomian gland dysfunction and friction-related
disease on the severity of dry eye. Ophthalmology. (2018) 125:1181–
8. doi: 10.1016/j.ophtha.2018.01.025

2. The International Dry Eye WorkShop. Design and conduct of
clinical trials: report of the clinical trials subcommittee of the
international dry eye workshop (2007). Ocular Surface. (2007)
5:153–62. doi: 10.1016/S1542-0124(12)70084-8

3. Galor A, Feuer W, Lee DJ, Florez H, Venincasa VD, Perez VL. Ocular
surface parameters in older male veterans. Invest Ophthalmol Vis Sci. (2013)
54:1426–33. doi: 10.1167/iovs.12-10819

4. Jones L, Downie LE, Korb D, Benitez-Del-Castillo JM, Dana R, Deng SX,
et al. TFOS DEWS II management and therapy report. Ocul Surf. (2017)
15:575–628. doi: 10.1016/j.jtos.2017.05.006

5. Jie Y, Xu L, Wu YY, Jonas JB. Prevalence of dry eye among adult Chinese in
the Beijing eye study. Eye. (2009) 23:688–93. doi: 10.1038/sj.eye.6703101

6. Viso E, Rodriguez-Ares MT, Gude F. Prevalence of and associated factors for
dry eye in a Spanish adult population (the Salnes Eye Study). Ophthalmic

Epidemiol. (2009) 16:15–21. doi: 10.1080/09286580802228509
7. Han SB, Hyon JY, Woo SJ, Lee JJ, Kim TH, Kim KW. Prevalence of dry eye

disease in an elderly Korean population. Arch Ophthalmol. (2011) 29:633–
8. doi: 10.1001/archophthalmol.2011.78

8. Stapleton F, Alves M, Bunya VY, Jalbert I, Lekhanont K, Malet F,
et al. TFOS DEWS II epidemiology report. Ocul Surf. (2017) 5:334–
65. doi: 10.1016/j.jtos.2017.05.003

9. Viso E, Gude F, Rodríguez-Ares MT. The association of meibomian
gland dysfunction and other common ocular diseases with
dry eye: a population-based study in Spain. Cornea. (2011)
30:1–6. doi: 10.1097/ICO.0b013e3181da5778

10. Mendoza R L. Clinical trials with multiple endpoints can establish a
correlation, but not (yet) causality, between dietary supplementation with
omega-3 fatty acids and keratoconjunctivitis sicca. J Med Econ. (2018) 21:733–
44. doi: 10.1080/13696998.2018.1478838

11. Lee L, Garrett Q, Flanagan JL, Vaddavalli PK, Papas EB. Treatment
practices and outcomes of meibomian gland dysfunction at
a tertiary center in Southern India. Eye Contact Lens. (2018)
44:S138–S43. doi: 10.1097/ICL.0000000000000356

12. Alghamdi YA, Camp A, Feuer W, Karp CL, Wellik S, Galor A. Compliance
and subjective patient responses to eyelid hygiene. Eye Contact Lens. (2017)
43:213–7. doi: 10.1097/ICL.0000000000000258

13. Giannaccare G, Taroni L, Senni C, Scorcia V. Intense pulsed light therapy
in the treatment of meibomian gland dysfunction: current perspectives. Clin
Optometry. (2019) 11:113–26. doi: 10.2147/OPTO.S217639

14. Wang DH, Liu XQ, Hao XJ, Zhang YJ, Zhu HY, Dong ZG. Effect of the
meibomian gland squeezer for treatment of meibomian gland dysfunction.
Cornea. (2018) 37:1270–8. doi: 10.1097/ICO.0000000000001682

Frontiers in Medicine | www.frontiersin.org 7 November 2021 | Volume 8 | Article 76913217

https://doi.org/10.1016/j.ophtha.2018.01.025
https://doi.org/10.1016/S1542-0124(12)70084-8
https://doi.org/10.1167/iovs.12-10819
https://doi.org/10.1016/j.jtos.2017.05.006
https://doi.org/10.1038/sj.eye.6703101
https://doi.org/10.1080/09286580802228509
https://doi.org/10.1001/archophthalmol.2011.78
https://doi.org/10.1016/j.jtos.2017.05.003
https://doi.org/10.1097/ICO.0b013e3181da5778
https://doi.org/10.1080/13696998.2018.1478838
https://doi.org/10.1097/ICL.0000000000000356
https://doi.org/10.1097/ICL.0000000000000258
https://doi.org/10.2147/OPTO.S217639
https://doi.org/10.1097/ICO.0000000000001682
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liu et al. Dietary Supplement Improved MGD

15. Voils SA, Evans ME, Lane MT, Schosser RH, Rapp RP. Use of macrolides and
tetracyclines for chronic inflammatory diseases. Ann Pharmacother. (2005)
39:86–94. doi: 10.1345/aph.1E282

16. Alsharairi NA. The effects of dietary supplements on asthma and lung cancer
risk in smokers and non-smokers: a review of the literature. Nutrients. (2019)
11:725. doi: 10.3390/nu11040725

17. Saccà SC, Cutolo CA, Ferrari D, Corazza P, Traverso CE. The eye,
oxidative damage and polyunsaturated fatty acids. Nutrients. (2018)
10:668. doi: 10.3390/nu10060668

18. Avigan MI, Mozersky RP, Seeff LB. Scientific and regulatory perspectives in
herbal and dietary supplement associated hepatotoxicity in the United States.
Int J Mol Sci. (2016) 17:331. doi: 10.3390/ijms17030331

19. Shaik-Dasthagirisaheb YB, Varvara G, Murmura G, Saggini A, Caraffa
A, Antinolfi P, et al. Role of vitamins D, E and C in immunity
and inflammation. J Biol Regulat Homeost Agents. (2013) 27:291–5.
doi: 10.1016/B978-0-12-386960-9.00025-3

20. China Dry Eye Society. Chinese expert consensus on the diagnosis
and treatment of MGD Chinese J Ophthalmol. (2017) 53:657–61.
doi: 10.3760/cma.j.issn.0412-4081.2017.09.005

21. Craig JP, Nichols KK, Akpek EK, Caffery B, Dua HS, Joo CK, et al. TFOS
DEWS II definition and classification report. Ocular Surface. (2017) 15:276–
83. doi: 10.1016/j.jtos.2017.05.008

22. Wang S, Zhao H, Huang C, Li Z, Li W, Zhang X, et al. Impact of
chronic smoking on meibomian gland dysfunction. PLoS ONE. (2016)
11:e0168763. doi: 10.1371/journal.pone.0168763

23. Korb DR, Henriquez AS. Meibomian gland dysfunction and contact lens
intolerance. J Am Optom Assoc. (1980) 51:243–51.

24. Agnifili L, Mastropasqua R, Fasanella V, Brescia L, Scatena B, Oddone
F, et al. Meibomian gland features and conjunctival goblet cell density
in glaucomatous patients controlled with prostaglandin/timolol fixed
combinations: a case control, cross-sectional study. J Glaucoma. (2018)
27:364–70. doi: 10.1097/IJG.0000000000000899

25. Zhao H, Chen JY, Wang YQ, Lin ZR, Wang S. In vivo confocal microscopy
evaluation of meibomian gland dysfunction in dry eye patients with different
symptoms. Chin Med J. (2016) 129:2617–22. doi: 10.4103/0366-6999.192782

26. Chen T, Li Q, Tang X, LiaoM,Wang H. In vivo confocal microscopy of cornea
in patients with Terrien’s marginal corneal degeneration. J Ophthalmol. (2019)
2019:3161843. doi: 10.1155/2019/3161843

27. Gahche JJ, Bailey RL, Potischman N, Ershow AG, Herrick KA, Ahluwalia
N, et al. Federal monitoring of dietary supplement use in the resident,
civilian, noninstitutionalized US population, national health and nutrition
examination survey. J Nutr. (2018) 148:1436s−44s. doi: 10.1093/jn/nxy093

28. Bron AJ, de Paiva CS, Chauhan SK, Bonini S, Gabison EE, Jain S, et
al. TFOS DEWS II pathophysiology report. Ocul Surf. (2017) 15:438–
510. doi: 10.1016/j.jtos.2017.05.011

29. Eskina EN, Belogurova AV, Gvetadze AA, Smorchkova AS. Practical
application of ophthalmic nutraceuticals in patients with dry form
of age-related macular degeneration. Vestn Oftalmol. (2020) 36:86–
92. doi: 10.17116/oftalma202013604186

30. Told R, Schmidl D, Palkovits S, Boltz A, Gouya G, Wolzt M, et al.
Antioxidative capacity of a dietary supplement on retinal hemodynamic
function in a human lipopolysaccharide (LPS) model. Invest Ophthalmol Vis

Sci. (2014) 56:403–11. doi: 10.1167/iovs.14-15581
31. Sidor A, Gramza-Michałowska A. Black ChokeberryAroniamelanocarpa L.-A

qualitative composition, phenolic profile and antioxidant potential.Molecules.

(2019) 24:3710. doi: 10.3390/molecules24203710
32. Ohgami K, Ilieva I, Shiratori K, Koyama Y, Jin XH, Yoshida K, et al. Anti-

inflammatory effects of aronia extract on rat endotoxin-induced uveitis. Invest
Ophthalmol Vis Sci. (2005) 46:275–81. doi: 10.1167/iovs.04-0715

33. Cavet ME, Harrington KL, Vollmer TR, Ward KW, Zhang JZ. Anti-
inflammatory and anti-oxidative effects of the green tea polyphenol
epigallocatechin gallate in human corneal epithelial cells. Mol Vis1.

(2011) 7:533–42. doi: 10.1515/BC.2002.010
34. Macsai MS. The role of omega-3 dietary supplementation in blepharitis and

meibomian gland dysfunction (an AOS thesis). Trans Am Ophthalmol Soc.

(2008) 106:336–56.
35. Deinema LA, Vingrys AJ, Wong CY, Jackson DC, Chinnery HR,

Downie LE. A randomized, double-masked, placebo-controlled clinical
trial of two forms of omega-3 supplements for treating dry eye
disease. Ophthalmology. (2017) 124:43–52. doi: 10.1016/j.ophtha.2016.
09.023

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Liu, Chan, Peng, Yuan, Liao, Liang, Tang, Xu, Cai, Li and Wang.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Medicine | www.frontiersin.org 8 November 2021 | Volume 8 | Article 76913218

https://doi.org/10.1345/aph.1E282
https://doi.org/10.3390/nu11040725
https://doi.org/10.3390/nu10060668
https://doi.org/10.3390/ijms17030331
https://doi.org/10.1016/B978-0-12-386960-9.00025-3
https://doi.org/10.3760/cma.j.issn.0412-4081.2017.09.005
https://doi.org/10.1016/j.jtos.2017.05.008
https://doi.org/10.1371/journal.pone.0168763
https://doi.org/10.1097/IJG.0000000000000899
https://doi.org/10.4103/0366-6999.192782
https://doi.org/10.1155/2019/3161843
https://doi.org/10.1093/jn/nxy093
https://doi.org/10.1016/j.jtos.2017.05.011
https://doi.org/10.17116/oftalma202013604186
https://doi.org/10.1167/iovs.14-15581
https://doi.org/10.3390/molecules24203710
https://doi.org/10.1167/iovs.04-0715
https://doi.org/10.1515/BC.2002.010
https://doi.org/10.1016/j.ophtha.2016.09.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


CLINICAL TRIAL
published: 18 November 2021

doi: 10.3389/fmed.2021.769448

Frontiers in Medicine | www.frontiersin.org 1 November 2021 | Volume 8 | Article 769448

Edited by:

Xiuming Jin,

Zhejiang University, China

Reviewed by:

Qingfeng Liang,

Capital Medical University, China

Hanjing Peng,

Johns Hopkins Medicine,

United States

*Correspondence:

Lan Gong

13501798683@139.com

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Ophthalmology,

a section of the journal

Frontiers in Medicine

Received: 02 September 2021

Accepted: 19 October 2021

Published: 18 November 2021

Citation:

Lin T, Wang W, Lu Y and Gong L

(2021) Treatment of Dry Eye With

Intracanalicular Injection of

Hydroxybutyl Chitosan: A Prospective

Randomized Clinical Trial.

Front. Med. 8:769448.

doi: 10.3389/fmed.2021.769448

Treatment of Dry Eye With
Intracanalicular Injection of
Hydroxybutyl Chitosan: A
Prospective Randomized Clinical
Trial
Tong Lin 1,2,3†, Wushuang Wang 1,2,3†, Yang Lu 1,2,3 and Lan Gong 1,2,3*

1Department of Ophthalmology, Eye, Ear, Nose, and Throat Hospital of Fudan University, Shanghai, China, 2NHC Key

Laboratory of Myopia (Fudan University), Laboratory of Myopia, Chinese Academy of Medical Sciences, Shanghai, China,
3 Shanghai Key Laboratory of Visual Impairment and Restoration, Fudan University, Shanghai, China

Background: Punctal/intracanalicular plugs on the market nowadays are all designed

before clinical use in treating dry eye disease (DED). To provide an individualized lacrimal

drainage system occlusion method and reduce the complications, we developed a

“liquid plug” strategy by intracanalicular injection of hydroxybutyl chitosan (HBC) solution,

a thermosensitive, phase-changing biomaterial. This study evaluated the efficacy and

safety of the HBC plug in treating dry eye disease by comparing it with the VisiPlug

absorbable intracanalicular plug.

Methods: A monocenter, randomized, controlled clinical trial was performed. Fifty

patients with DED were randomized 1:1 to undergo either the HBC injection treatment or

the VisiPlug treatment. Ocular Surface Disease Index (OSDI) questionnaire, tear break-up

time (TBUT), corneal fluorescence staining (CFS), tear meniscus height (TMH), and phenol

red thread test were evaluated at Day 0 (baseline, before treatment) and Weeks 1, 4,

and 12.

Results: The two groups had a balanced baseline of age, gender, and DED-related

characteristics. Both occlusion methods could relieve the symptoms and signs of DED.

Significant improvement was found in OSDI, phenol red thread test, and tear meniscus

height (P < 0.05 compared to baseline) but not in corneal fluorescence staining and tear

break-up time (P > 0.05). There is no statistically significant difference between HBC

injection and VisiPlug at Weeks 1 and 4 (P > 0.05). However, at week 12, the HBC

injection was not as effective as the VisiPlug in maintaining phenol red thread test (HBC:

5.35 ± 3.22mm, VisiPlug: 8.59 ± 4.35mm, P = 0.009) and tear meniscus height (HBC:

206.9 ± 47.95µm, VisiPlug: 242.59 ± 60.30µm, P = 0.041). The numbers of ocular

adverse events were relatively low in both groups.
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Conclusions: The HBC injection showed similar efficacy and safety compared to

VisiPlug. The intracanalicular injection of HBC solution proves to be a promising,

individualizing method to treat DED.

Clinical Trial Registration: This study is registered with the Chinese Clinical Trial

Registry (https://www.chictr.org.cn/enindex.aspx), Identifier: ChiCTR1800016603.

Keywords: dry eye disease, hydroxybutyl chitosan, intracanalicular occlusion, ocular surface, treatment

INTRODUCTION

Dry eye disease (DED) is a multifactorial disease of the ocular
surface characterized by a loss of homeostasis of the tear film and
accompanied by ocular symptoms, in which tear film instability
and hyperosmolarity, ocular surface inflammation and damage,
and neurosensory abnormalities play etiological roles (1). DED
can greatly affect people’s life and worse symptoms of DED are
associated with decreased work productivity levels (2). About
21% of the adults in China are suffering from DED, which
causes a great burden to society (3). Management and therapy of
DED include treatments for tear insufficiency, tear conservation
approaches, treatments for lid abnormalities, anti-inflammation
therapy, and others (4). A sequence of treatments is often
recommended according to the stage of the disease. In moderate
or severe DED cases where tear replacement approaches alone are
not enough, lacrimal drainage system occlusion is regarded as a
simple and effective tear conservation method (5).

Lacrimal drainage system occlusion is commonly undertaken
using punctal/intracanalicular plugs, including absorbable and
non-absorbable plugs. Though featuring numerous materials
(6–9), plugs available on the market currently are all shaped
into a certain design before clinical use and are difficult to
apply to individual treatment. Notably, the most common
complication of punctal occlusion, spontaneous plug extrusion, is
often caused by undersized plugs, which could lead to decreased
efficacy and economic losses to DED patients (10). Thus, an
individualized design of plug is necessary for better efficacy as
well as fewer complications.

Recently, we have designed a novel type of “liquid plugs” using
hydroxybutyl chitosan (HBC), a thermosensitive and dissolving
material with good biocompatibility (11). When injected into
the canaliculus, the HBC solution instantly formed a hydrogel
plug at the body temperature and turned into an absorbable
intracanalicular HBC plug. With the thermosensitive phase-
changing feature, the HBC plug can fit all kinds of canaliculi.
In our previous study, it was effective for treating the rabbit
DED model (12). By comparing to the VisiPlug absorbable
intracanalicular plug, this clinical study was undertaken to
confirm the efficacy and safety of HBC plug and also to explore
the difference between the HBC plug and other traditional
absorbable punctal plug in treating DED.

METHODS

Study Design
A monocenter, randomized, controlled clinical trial was
performed to evaluate the difference of safety and efficacy

between the intracanalicular injection of HBC solution (Qisheng
Biologic Agent Limited Company in Shanghai, China) and the
absorbable intracanalicular plug, VisiPlug (Lacrimedics, Inc.,
United States), in DED patients. The study was performed in the
Eye & ENT Hospital of Fudan University, was registered in the
Chinese Clinical Trial Registry (Identifier: ChiCTR1800016603),
was conducted in compliance with the Declaration of Helsinki,
and was approved by the ethical committee of Eye & ENT
Hospital of Fudan University. Written informed consent was
obtained from all participants.

The clinical trial consisted of the intracanalicular occlusion
treatment as well as a 12-week visit after the treatment (Figure 1).
After informed consent was obtained, DED patients who met all
criteria began the study and were randomized into either HBC
plug treatment group or VisiPlug treatment group in a 1:1 ratio.
In the HBC group, the HBC solution was injected into the puncta
of the upper and lower canaliculi in both eyes, respectively.
In the VisiPlug group, the plugs were placed into the puncta
of the upper and lower canaliculi in both eyes. Patients could
maintain the artificial tears therapy as before. Patients attended
a total of 5 study visits: visit 0, day−14, screening; visit 1, day 0,
randomization and treatment (baseline); visit 2, week 1; visit 3,
week 4; visit 4, week 12; study exit.

Patients
A total of 50 DED patients between 18 and 75 years of age
were enrolled in the clinical trial after screening. The inclusion
criteria were as follows: diagnosed with dry eye according to
the criteria of the International Dry Eye Workshop (13), visual
acuity > 0.1, and not using any topical eye drugs except artificial
tears. The exclusion criteria were as follows: inflammation or
infection of lacrimal drainage system, obstruction or stenosis
of nasolacrimal duct, conjunctival relaxation, being allergic
to the ingredients of hydroxybutyl chitosan such as marine
food (since HBC is a derivative of chitin, a high molecular
compound purified from shrimp shell), abnormal lid anatomy,
active inflammation or infection of cornea and conjunctiva,
ocular surgery or trauma within 6 months, having undergone
permanent punctal occlusion or absorbable punctal occlusion
within 6 months, history of myopia laser surgery, use of contact
lens within 1 month, glaucoma, autoimmune diseases, and severe
cardiovascular, hepatic, renal or hematopoietic diseases.

HBC Injection Protocol
The hydroxybutyl chitosan solution is preserved in sterile tubes
at 4–8◦C. Before injection, drop topical anesthetics to the
conjunctival sac to release the unpleasant feeling during the
operation. Syringe the upper and lower lacrimal passages in
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FIGURE 1 | CONSORT flow diagram of the study.

both eyes with saline before injection to ensure the passages
are unobstructed. Attach a rinse needle to the tubes containing
HBC solution and insert the needle 2–3mm into the punctum.
Inject the HBC solution into the puncta of the upper and lower
canaliculi in both eyes until overflow. At the same time, press
the dacryocyst sac to avoid downflow of the HBC solution. After
injection, press the dacryocyst sac for another 1min and give
antibiotic eye drops to prevent infection. The treatments for all
participants were conducted by the same operator.

Outcome Measures
Outcome measures include safety and changes related to efficacy.
All the patients underwent an Ocular Surface Disease Index
(OSDI) questionnaire, tear break-up time (TBUT), corneal

fluorescence staining (CFS), OCT imaging for tear meniscus
height (TMH), and phenol red thread test at Day 0 (baseline) and
Weeks 1, 4, and 12. Ocular adverse events (AEs) related to the
treatment are recorded.

Dry Eye Questionnaire
Ocular Surface Disease Index was used to assess the subjective
symptoms at each visit. The questionnaire consisted of the
bothersome symptoms, visual function, and environmental
triggers subscales. The subjective symptoms were scored on a
5-point scale, with a score of 0 indicating least severe, and a
score of 4 indicating most severe. A derived index score of ≤100
was calculated for each evaluation based on the total number of
questions answered (14).
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Tear Break-Up Time
TBUT was used to assess the tear film stability. A fluorescein-
impregnated strip (Jingming, Tianjin, China) was wetted with
saline solution before use. Placed the wetted strip in the lower
conjunctival sac and the patient was asked to blink several times.
TBUT was defined as the time between the last complete blink
and the first black spot appearing in the stained tear film on the
cornea. It was measured three times to get the mean TBUT.

Corneal Fluorescence Staining
According to the NEI criteria, CFS characteristics in five corneal
zones were scored on a 4-point scale as follows: 0 = no staining,
1 ≤ 5 staining points, 2 ≥ 5 staining points but <10 staining
points, and 3 ≥ 10 staining points or the appearance of corneal
filaments (15).

Phenol Red Thread Test
Tear secretion was measured by the phenol red thread test
without topical anesthesia. The phenol red thread (Jingming,
Tianjin, China) was placed approximately 1/3 of the distance
from the lateral canthus of the lower eyelid. The length of
the wetted thread was measured as the lacrimal secretion 15 s
after placement.

Tear Meniscus Height
The lower TMH was measured using an anterior segment OCT
system (RTVue-100, Optovue Inc., Freemont, CA, United States)
(16). The single-line scanning mode by the anterior segment-
wide angle lens was selected (scanning line length, 3mm;
scanning direction, 90◦–270◦). Patients were instructed to
stabilize their heads by an adjustable chin rest and then look
straight ahead at an external light-emitting diode target in front
of the eye examined. The patients were told to blink normally
to evenly distribute the tear film and minimize ocular surface
dehydration. Immediately after the patient blinked, scanning
started at the 6 o’clock position of the cornea. The participants
were asked to hold their blink during the scan. Three consecutive
scans were performed during each examination, with a scanning
interval of 3–5 s. The TMH was determined from the OCT
images with the RTVue-100 image analysis software, which was
defined as the straight-line distance between the upper extreme
and the lower extreme of the tear boundary line.

Statistical Analysis
Statistical data were analyzed using SPSS 19.0 (SPSS, Chicago,
IL, United States). Results were expressed as means ± SD.
Differences were considered to be significant at a level of P< 0.05,
using t-tests or Chi-square tests for inter-group comparisons and
repeated measures analysis of variance or non-parametric tests
for intra-group comparisons.

RESULTS

Fifty patients were enrolled in the trial and were randomized into
two groups: the HBC group (intracanalicular HBC injection) and
the VisiPlug group; 25 patients in each group, respectively. Eight

TABLE 1 | Characteristics of the study population and the baseline.

HBC group VisiPlug group P-value

Patients enrolled, n 25 25

Patients completing the study, n (%) 20 (80%) 22 (88%)

Gender, n (%) 0.108

Male 4 (20%) 10 (45.5%)

Female 16 (80%) 12 (54.5%)

Mean age (years) 44.60 ± 14.82 44.86 ± 13.47 0.952

OSDI 51.21 ± 26.75 40.81 ± 20.59 0.163

Phenol red thread test 3.75 ± 2.17 4.45 ± 2.24 0.308

TBUT 6.47 ± 3.08 6.08 ± 2.61 0.658

Tear meniscus height 184.40 ± 48.83 200.18 ± 41.30 0.263

CFS 0.75 0 0.069

OSDI, Ocular Surface Disease Index; TBUT, tear break-up time; CFS, corneal

fluorescein staining.

patients dropped out after treatment since they refused follow-
up. Twenty patients of the HBC group and 22 patients of the
VisiPlug group (total 42 patients) completed the clinical trial
(Table 1).

The distribution of age, gender, and baseline DED indexes
(OSDI, TBUT, CFS, TMH, and phenol red thread test) between
the two treatment groups were all well balanced (Table 1). No
significant differences were found. The mean age of all the
42 patients was 44.7 ± 13.8 years. Among them, 28 (66.7%)
were women.

Efficacy
The assessment of efficacy puts emphasis on both the efficacy of
intracanalicular HBC injection and the difference between the
HBC group and the VisiPlug group in treating DED.

The subjective symptoms of DED were relieved in both
groups (Figure 2). One week after treatment, the OSDI score
was 22.15 ± 19.18 in the HBC group and 19.02 ± 9.72 in
the VisiPlug group, which significantly decreased compared to
the baseline of each group (HBC: 51.21 ± 26.75; VisiPlug:
40.81 ± 20.59; both P < 0.001), indicating an onset effect
of as early as 1 week. At Weeks 4 and 12, the OSDI score
basically maintained in the VisiPlug group (week 4: 19.19 ±

11.71; week 12: 18.65 ± 12.35; P < 0.05 compared to baseline).
While in the HBC group, the OSDI score slightly increased
at week 12 (week 4: 18.55 ± 22.83; week 12: 25.78 ± 21.43;
P < 0.05 compared to baseline). No statistical difference of
the OSDI score was found between the HBC group and the
VisiPlug group at any time (P > 0.05). So, it is believed that the
HBC injection and the VisiPlug could improve the symptom of
DED equally.

Improvements were also observed in the phenol red thread
test after treatment (Figure 3). Generally, phenol red thread test
increased greatly at week 1 (HBC: 10.95 ± 5.89mm, VisiPlug:
10.18 ± 5.72mm) from the baseline (HBC: 3.75 ± 2.17mm,
VisiPlug: 4.45 ± 2.24mm), and then began to decrease at week
4 (HBC: 7.40 ± 4.93mm, VisiPlug: 9.36 ± 6.43mm) and week
12 (HBC: 5.35 ± 3.22mm, VisiPlug: 8.59 ± 4.35mm). Notably,
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FIGURE 2 | Mean changes of Ocular Surface Disease Index (OSDI) after the treatment in the HBC group and the VisiPlug group. Both groups showed decreased

OSDI score compared to baseline (P < 0.05) at Weeks 1, 4, and 12. No difference was found between the groups (P > 0.05).

FIGURE 3 | Mean changes of phenol red thread test after the treatment in the HBC group and the VisiPlug group. Both groups showed improvement in phenol red

thread test compared to baseline (P < 0.05) at Weeks 1, 4, and 12. VisiPlug was better than HBC at Week 12 (P = 0.009).

there is a significant difference between the two groups at week 12
(P = 0.009). The results showed that both groups were effective
in improving tear secretion. However, 12 weeks after treatment,

the HBC group was not as effective as the VisiPlug group. We
suppose that it is caused by the difference in the degradation
speed of different absorbable materials.
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FIGURE 4 | Mean changes of tear meniscus height (TMH) after the treatment in the HBC group and the VisiPlug group. Both groups showed improvement in TMH

compared to baseline (P < 0.05) at Weeks 1, 4, and 12. VisiPlug was better than HBC at Week 12 (P = 0.041).

FIGURE 5 | Mean changes of tear break-up time (TBUT) after the treatment in the HBC group and the VisiPlug group. Both groups had little influence on TBUT

compared to baseline (P > 0.05).
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Both treatment groups showed an improvement in TMH
(Figure 4). After treatment, patients in the VisiPlug group had
a higher TMH (Week 1: 256.77 ± 69.05µm; Week 4: 252.68
± 73.4µm; Week 12: 242.59 ± 60.30µm) compared to the
baseline (200.18 ± 41.30µm, all P < 0.05). Likewise, TMH in
the HBC group increased after HBC injection (Week 1: 249.05
± 76.54µm; Week 4: 216.60 ± 58.24µm; Week 12: 206.9 ±

47.95µm) compared to the baseline (184.40 ± 48.83µm, all P
< 0.05). Similarly, TMH also reflects the tear secretion, so that
the VisiPlug treatment was better than the HBC injection in
improving TMH at Week 12 (P = 0.041).

Both groups seemed to have little effect on TBUT (Figure 5).
Although some improvement was found at Week 1 (HBC: 7.87
± 4.81 s; VisiPlug: 7.55 ± 3.21 s) compared to the baseline
(HBC: 6.47 ± 3.08 s; VisiPlug: 6.08 ± 2.61 s), there was no
statistical difference (HBC: P = 0.127; VisiPlug: P = 0.060).
TBUTs at Weeks 4 and 12 also had no difference with baseline
in both groups.

No significant change in CSF was observed in both the inter-
group comparisons or the intra-group comparisons, either. It is
probably caused by the fact that all the patients enrolled showed
little or no CFS score even before the treatment (HBC 0.75;
VisiPlug 0).

Safety
During the clinical trial, no serious AE was reported in the HBC
group or the VisiPlug group. TheAEs include epiphora, increased
secretion, conjunctival congestion, foreign body sensation, eye
itching, and blurred vision. All of them were of mild intensity,
which relieved automatically without any treatment. They are
specifically listed in Table 2.

DISCUSSION

A highly comfortable and individualized design of
intracanalicular plugs is hard to achieve if they have already been
shaped into a certain size before use. Liquid materials can just
fit the canaliculus of every person without spatial restriction
and are hopeful to occlude canaliculi if they can form a gel after
injection in vivo. An innovative thermosensitive phase-changing
biomaterial, hydroxybutyl chitosan (HBC), makes the idea
possible. Research studies showed that HBC can change from a

TABLE 2 | Adverse events observed after occlusion treatments.

HBC group (n = 20) VisiPlug group (n = 22)

Epiphora 3 (15%) 5 (22.7%)

Increased secretion 2 (10%) 3 (13.6%)

Conjunctival congestion 1 (5%) 1 (4.5%)

Foreign body sensation 0 (0%) 2 (9.0%)

Eye itching 1 (5%) 1 (4.5%)

Vision blurred 1 (5%) 0 (0%)

AE, adverse event.

AE is defined as an ocular adverse event occurring after the occlusion treatment.

liquid phase to a hydrogel solid phase in a short time. At body
temperature (37◦C), the phase-changing process will finish in
50 s (11). When it becomes a hydrogel plug, HBC can act as
a water barrier (17). These two features make HBC an ideal
material for “liquid plug.”

In a previous study, we proposed the feasibility of applying
HBC to intracanalicular occlusion and explored its efficacy in a
pilot study of eight DED patients (12). To further confirm its
efficacy, we enlarged the population to 42 patients and compared
the HBC injection to a plug we commonly use nowadays,
VisiPlug. In this study, the HBC injection showed similar efficacy
as VisiPlug. The HBC injection could improve the symptoms
and signs of DED just as the traditional absorbable plugs did
during the visit time fromWeeks 1 to 12. However, we found that
the HBC injection was not as effective as VisiPlug in improving
TMH and phenol red thread test at Week 12, which means
the therapeutic effect of improving tear secretion may decrease
faster in HBC injection as the time goes. Since the duration of
the therapeutic effect is related to the degradation speed of the
absorbable materials (18), we believe that the phenomenon is due
to a faster degradation speed of HBC injection than VisiPlug. As
the material degrades, more volume of tears pass through the
lacrimal drainage system. Based on the clinical data, we suppose
the effect of HBC will last for at least 4 weeks. To maintain
the efficacy, DED patients may need a relatively frequent HBC
injection therapy.

Both the HBC injection and the VisiPlug are methods
that treat DED through lacrimal drainage occlusion. So,
HBC injection had similar AEs as traditional absorbable
intracanalicular plugs (19–21) in this study, including epiphora,
increased secretion, conjunctival congestion, foreign body
sensation, eye itching, and blurred vision. Besides these, there
was no other special peculiar adverse event or complication
after HBC injection in this study. We also did not find any
difference in the rate or severity of AEs between them, except
for the foreign body sensation (HBC: 0%; VisiPlug: 9%). We
know that after injection, HBC will turn into a gel-like plug of
which the size is just the same as the canaliculi of the patient,
so fewer foreign body sensation events may owe to the special
characteristics of HBC. The “liquid plug” design will bring more
comfort to DED patients after occlusion therapy. In the previous
study, we have already confirmed the biosafety of HBC to the
ocular surface and an acceptable, transient inflammation reaction
to the canalicular (12). We believe the safety of HBC injection
is convincing.

The most important advantage of HBC injection occlusion
over other traditional plugs is its individualized and flexible
feature. Operators do not need to consider the problems of size or
accidents such as spontaneous plug extrusion. Another potential
advantage we believe is that HBC injection is less likely to
cause infection: HBC can exhibit antibacterial activities just like
chitosan (22). Furthermore, the phase transformation will lead to
a retraction in volume, which can avoid complete obstruction of
canaliculi (23). Amore extensive application is needed to support
this opinion.

One limitation of our findings is that we lack an appropriate
method to monitor the HBC plug after injection. MR is used
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previously to image the plug (12) (water in the gel can be imaged
in the T2 sequence) but may be not suitable for long-term
observation since the water content decreases as time goes on.
Future explorations should emphasize these problems.

CONCLUSIONS

The intracanalicular HBC injection was able to relieve both
symptoms and signs of dry eye disease with great safety. No
significant difference was found between the HBC injection and
VisiPlug either in the efficacy of symptom improvement or in the
safety. Taking advantage of the thermosensitive and dissolving
properties of HBC, the in situ injection of HBC solution into the
lacrimal drainage system proves to be a promising, individualized
occlusion method to treat dry eye disease.
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Purpose: This study aimed to investigate the effect of transcutaneous upper eyelid

blepharoplasty on lipid layer thickness (LLT) and blink parameters in young women during

the early postoperative period.

Methods: This prospective study included 110 eyes of 55 young female patients (age

range, 19–31 years) who underwent transcutaneous upper eyelid blepharoplasty. The

LLT and blink parameters measured using a LipiView interferometer were recorded before

the surgery and 1 week and 1 month after the surgery. Ocular Surface Disease Index

(OSDI) score, noninvasive tear film breakup time (NITBUT), and palpebral fissure height

(PFH) measurements were also performed at each time point.

Results: The number of blinks significantly decreased (P < 0.001), and the number of

partial blinks and partial blink rate (PBR) significantly increased 1 week after the surgery

(P = 0.002 and P < 0.001); they all returned to baseline in 1 month. The LLT and OSDI

score increased significantly 1 week and 1 month after the surgery (P < 0.001 and P <

0.001). A significant increase in the NITBUT and a significant decrease in the PFH were

observed 1 week after the surgery (P < 0.001 and P < 0.001), and the values returned

to baseline 1 month after the surgery. No clinical correlation was found between blink

parameters and ocular surface parameters.

Conclusions: Transcutaneous upper eyelid blepharoplasty led to a change in blink

parameters and ocular surface parameters during the early postoperative period.

However, this influence was temporary, and the transitory change in blink parameters

had no effects on the ocular surface environment.

Keywords: upper blepharoplasty, blink, lipid layer thickness (LLT), dry eye, noninvasive tear film breakup time

(NITBUT)

INTRODUCTION

Some Asians have a single upper eyelid or upper eyelid hypertrophy, which makes their eyes
appear small and droopy, owing to the difference in fat distribution in the orbital septum and
upper eyelid anatomical structures between Asians and the white race (1). Many Asians, especially
young women, choose to undergo upper blepharoplasty to have a pair of attractive double eyelids.
However, this surgical procedure is associated with many complications (2, 3), and dry eye disease
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(DED) is one of the most common complications (4). A
retrospective study of 892 patients indicated that dry eye
symptoms following blepharoplasty were reported in 26.5%
of patients (4). Yan et al. measured subjective and objective
parameters of dry eye in patients who underwent upper
blepharoplasty and found that upper eyelid blepharoplasty might
temporarily affect tear film dynamics and aggravate dry eye
symptoms in young women. However, these changes generally
disappear 3 months after the surgery (5). Zloto et al. (6) also
confirmed no significant differences between the postoperative
and preoperative objective and subjective dry eye tests in patients
with blepharoplasty 3 months after the surgery.

However, DED is a multifactorial ocular surface disease
characterized by a loss of homeostasis of the tear film (7), and
a stable preocular tear film is a hallmark of ocular health (8).
The tear film consists of a mucin layer, an aqueous layer, and
a lipid layer. The lipid layer is important in preventing the
loss of aqueous layer through overspill and evaporation (8–
11). Upper blepharoplasty involved surgical removal of the skin,
orbicularis oculi muscle, and (or) orbital fat, and might lead to
the formation of scar and injury to the innervation, resulting in
incomplete blink and decreased blink rate (3, 12). The fullness of
the blink affects the stability of the tear film and its distribution
in the inter-blink period (13). Moreover, the mechanical action
of the lid muscles during the blink contributes to the delivery of
meibomian oil (9). Jie et al. (14) indicated that partial blink would
contribute to meibomian gland obstruction and subsequent loss
of tear film homeostasis. Therefore, an abnormal eyeblink pattern
was considered as a part of DED pathogenesis. Previously, few
studies focused on the specific influence of upper blepharoplasty
on eyeblink and lipid layer (15). Whether the postoperative
dry eye symptoms have a correlation with the change in blink
parameters and lipid layer is unclear. Thus, the lipid layer
thickness (LLT) and blink parameters before and after the surgery
need to be evaluated, and the specific influence of transcutaneous
upper blepharoplasty on the LLT and blink parameters needs to
be confirmed.

Eyeblink is a fast eyelid movement that closes and opens
the palpebral fissure (13, 16, 17); it is difficult to measure
and analyze blink parameters. Recently, some new devices
are being used to analyze eyeblink patterns. One of these
is a LipiView interferometer (TearScience, NC, USA), which
provides clinicians with the LLT of the tear film and partial blink
rate (PBR) (14, 18, 19).

Therefore, this prospective study was designed to observe the
effect of transcutaneous upper eyelid blepharoplasty on the LLT,
blink parameters, and tear film stability, and also evaluate the
relationship between blink parameters, LLT, and tear film stability
using the LipiView interferometer.

METHODS

This single-institution prospective, observational clinical study
was approved by the ethics committee of the Shanghai Ninth
People’s Hospital. The study began on January 1, 2019, and
lasted for 10 months. It was conducted in accordance with

the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. Prior written informed consent
was obtained from all patients after receiving a detailed
explanation of the study protocols and possible consequences
associated with participation.

Participants
A total of 55 female patients (110 eyes) referred to the
Department of Ophthalmology of Shanghai Ninth People’s
Hospital, who underwent upper eyelid blepharoplasty, were
included in the study.

Patients with a history of ophthalmic surgeries (intraocular
surgeries, eyelid surgeries, etc.); previous dry eye disease;
systemic diseases as thyroid eye disease, disorders of the eyelids,
and other ophthalmic diseases that required priority treatment;
glaucoma; incomplete medical patient records, and age<18 years
or >35 years were excluded from the study.

Surgical Procedures
The surgeries were performed by a single surgeon (Y.F.) using the
same techniques. The incision line was marked about 6–10mm
above the upper lid. The orbicularis oculi muscle was removed
inferior to the incision within 2–3mm. Then, the septum was
incised to expose and remove the fat tissue over the top of the
tarsus. The incision was closed using a 6–0 silk suture through
the skin and aponeurosis.

Clinical Evaluation
All patients were scheduled for examinations before the surgery
and 1 week and 1 month after the surgery. At each scheduled
time point, subjective symptoms were evaluated using the ocular
surface disease index (OSDI) questionnaire, and then clinical
examinations were performed in the following order: lipid
layer thickness (LLT) measurement, blink parameter analysis,
noninvasive tear breakup time (NITBUT), and palpebral fissure
height (PFH). All the clinical examinations were performed
by a single clinician (SZ) at the same room location at
each visit.

The LLT and blink parameters were analyzed with the
LipiView interferometer. The patients positioned their eyes in
front of an illumination source and were asked to blink freely,
and a 20-s video was captured and recorded. The interferometric
color unit value reflected the local LLT with 1 color unit
equivalent to 1 nm of lipid layer thickness. The number of blinks
and partial blinks were recorded, and PBR was calculated as the
rate between the two.

The NITBUT was recorded using the Keratograph 5M
(Oculus, Optikgerate, Germany). The examination was carried
out and repeated three times under the condition of natural eye
opening, and the average value was recorded.

The PFH was measured using an imaging system designed
based on a convolutional neural network. The images of the eyes
were documented at each time point.

Statistical Analysis
Statistical analysis was performed with SPSS for Windows
version 25.0 (SPSS Inc., IL, USA). Descriptive statistics were

Frontiers in Medicine | www.frontiersin.org 2 November 2021 | Volume 8 | Article 73204129

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Blepharoplasty Affects Blink

TABLE 1 | Comparison of preoperative and postoperative ocular surface parameters (**P < 0.001).

Ocular surface

parameters

Before the

surgery

After the surgery P value

1 week 1 month 1 week after the surgery vs.

before the surgery

1 month after the surgery vs.

before the surgery

OSDI 6.58 ± 0.36 8.89 ± 0.41 11.95 ± 0.55 <0.001** <0.001**

LLTav, nm 76.74 ± 2.51 89.44 ± 1.75 90.85 ± 1.72 <0.001** <0.001**

NITBUTav, s 8.91 ± 0.40 11.66 ± 0.36 8.72 ± 0.35 <0.001** 0.17

Number of blinks 7.40 ± 0.18 6.36 ± 0.17 7.43 ± 0.20 <0.001** 0.73

Number of partial

blinks

4.22 ± 0.34 5.12 ± 0.24 4.29 ± 0.38 0.002** 0.57

PBR 0.58 ± 0.05 0.81 ± 0.03 0.58 ± 0.04 <0.001** 0.80

PFH, mm 9.45 ± 0.12 8.52 ± 0.13 9.31 ± 0.11 <0.001** 0.08

FIGURE 1 | Graph depicting mean and standard error (SE) for OSDI, LLT, NITBUT, PFH, number of blinks, number of partial blinks, and PBR before and after upper

blepharoplasty (**P < 0.001) (pre-op, preoperative; post-op, postoperative; 1w, 1 week; 1m, 1 month).

expressed as mean ± standard error (SE). Data were examined
for normality using the Shapiro–Wilk test. A generalized
estimation equation (GEE) was used to compare the variables
of interest among different visits. The working correlation
for each GEE model was selected using the corrected quasi-
likelihood under the independence model criterion. The
Spearman correlation coefficient (r) was calculated to assess
the relationship between blink parameters, LLT, NITBUT, and

OSDI value. All tests were two-tailed, and a P < 0.05 was
considered significant.

RESULTS

A total of 110 eyes of 55 female patients were identified. The
mean age of the participants was 25.18± 2.99 (mean± standard
deviation) years (range, 19–31 years). The ocular findings based
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on routine ancillary tests performed in the cornea clinic are
shown in Table 1.

A significant decrease was observed in number of blinks and
PFH 1 week after the surgery; these values returned to baseline
1 month after the surgery (number of blinks: before the surgery,
7.40 ± 0.18; 1 week after the surgery, 6.36 ± 0.17, P < 0.001;
1 month after the surgery, 7.43 ± 0.20, P = 0.73; PFH: before
the surgery, 9.45 ± 0.12; 1 week after the surgery, 8.52 ± 0.13,
P < 0.001; 1 month after the surgery, 9.31 ± 0.11, P = 0.08).
A significant increase in the number of partial blinks and PBR
was observed 1 week after the surgery, and the values 1 month
after the surgery had no significant differences compared with
preoperative values (number of partial blinks: before the surgery,
4.22 ± 0.34; 1 week after the surgery, 5.12 ± 0.24, P = 0.002;
1 month after the surgery, 4.29 ± 0.38, P = 0.57; PBR: before
the surgery, 0.58 ± 0.05; 1 week after the surgery, 0.81 ± 0.03,
P < 0.001; 1 month after the surgery, 0.58 ± 0.04, P = 0.80).
The OSDI value and LLT significantly increased 1 week after the
surgery and increased further 1 month after the surgery (OSDI:
before the surgery, 6.48 ± 0.36; 1 week after the surgery, 8.82
± 0.41, P < 0.001; 1 month after the surgery, 11.93 ± 0.55, P
< 0.001; LLT: before the surgery, 76.74 ± 2.51; 1 week after the
surgery, 89.44± 1.75, P < 0.001; 1 month after the surgery, 90.85
± 1.72, P < 0.001). The mean NITBUT increased significantly
and returned to preoperative levels 1 week after the surgery
(before the surgery, 8.91 ± 0.40; 1 week after the surgery, 11.66
± 0.36, P < 0.001; 1 month after the surgery, 8.72 ± 0.35, P =

0.17; Figure 1).
The number of blinks had a statistically significant correlation

with NITBUT and LLT (r = −0.13, P = 0.02; r = −0.13, P =

0.02). The PFH correlated significantly with the NITBUT (r =
−0.12, P= 0.03); but the coefficients of correlation were less than
0.2 and had no clinical significance. No correlation was found
between the other parameters (Table 2).

DISCUSSION

DED is caused by a variety of iatrogenic interventions, and one
of the most emblematic situations is DED caused by surgical
procedures (20). The increasing number of patients looking for
cosmetic procedures has drawn more attention to DED caused
or worsened by blepharoplasty (21). Studies indicated that the
prevalence of DED after blepharoplasty ranged from 0 to 26.5%
(3, 4, 22). Previous studies investigated the changes in tear film
parameters after upper blepharoplasty (6, 23), but only a few of
them paid attention to the changes in lipid layer and eyeblink
parameters. Therefore, this study was performed to observe the
specific influence of transcutaneous upper blepharoplasty on
LLT, blink parameters, and tear film stability in young Asian
women during the early postoperative period, using the LipiView
interferometer and Keratograph 5M.

The results showed that blink patterns changed 1 week after
the surgery and returned to baseline in 1 month. The number
of blinks decreased while the number of partial blinks and PBR
increased 1 week after the surgery. Eyeblink is a complex process
influenced by many factors, such as ocular surface damage and

TABLE 2 | Correlation between blink parameters and ocular surface parameters

(*P < 0.05).

OSDI NITBUT LLT

Number of blinks r 0.03 −0.13 −0.13

P 0.59 0.02* 0.02*

Number of partial blinks r 0.02 0.04 −0.02

P 0.72 0.46 0.74

PBR r 0.03 0.09 0.05

P 0.64 0.11 0.40

PFH r −0.08 −0.12 −0.08

P 0.13 0.03* 0.13

exposure, corneal and lid margin sensitivity, muscular fatigue
and tension, and so on (16). The active forces that produce the
movement of the upper eyelid during a blink are generated only
by the orbicularis oculi muscle and levator palpebral superior
muscle. The transcutaneous upper blepharoplasty performed in
the present study involved the removal of the orbicularis oculi
muscle (2–3mm) and periorbital fat. The surgical procedure
caused tissue trauma, which led to inflammatory responses and
postoperative periorbital swelling. During the early postoperative
period, patients blinked less and incompletely due to the swelling
and incision pain. However, this phenomenon was temporary.
Patients were used to the condition, and the incision pain
was greatly eased 1 month after the surgery. Hence, the blink
patterns returned to baseline, indicating that the limited excision
of the orbicularis oculi muscle did not affect blink patterns in
young patients.

In this study, the postoperative LLT significantly increased
compared with the preoperative value. The driving forces leading
to meibum secretion onto the lid margin and tear film are
responsible for the mechanical muscular action by muscle fibers
of the pretarsal orbicularis muscle, located on the outside of the
tarsus, and of the marginal muscle of Riolan, which encircles the
terminal part of the meibomian gland (9). The transcutaneous
blepharoplasty removed part of the orbicularis muscle, but did
not involve the muscle of Riolan, thus retaining the maximum
driving force on the meibomian glands. The meibum is secreted
by the meibomian gland through the thickness of the lids due to
pressure on the glands (10). The upper eyelid is thickened due to
surgical damage, and the postoperative swollen eyelid contributes
to the increased pressure on the meibomian glands. The PFH
decreased during the early postoperative period, indicating a
reduction in the ocular surface area. Therefore, the LLT increased
1 week and 1 month after the surgery due to increased meibum
secretion and decreased ocular surface area.

Previous experiments have shown that tear film breakup
occurs mainly as a result of evaporation from the tear film (8).
The lipid layer is of great importance for the stabilization of
the air/aqueous tear interface of the tear film (11). Thus, the
NITBUT increased 1 week after the surgery and returned to
baseline 1 month after the surgery, indicating that the effect of
blepharoplasty on the tear film breakup time was temporary.
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However, despite the increased LLT and NITBUT, the results
showed that OSDI values increased 1 week and 1 month after
the surgery, demonstrating the worsening of the subjective
symptoms of the patients. Although the patients’ objective signs
improved, they still complained of suffering from more severe
dry eye symptoms. The main complaints of the patient were
the foreign body sensation and irritation. The decreased number
of blinks and increased PBR would aggravate the foreign body
sensation and irritation, and led to increase of OSDI values (16).
And it was assumed that postoperative inflammation and incision
pain might aggravate the subjective feeling.

In addition, no correlation was observed between blink
parameters and ocular surface parameters. Previous studies
showed that partial blink correlated with ocular surface
parameters (14, 19). However, these studies were performed on
middle-aged and elderly patients with DED, while the present
study was conducted on normal young women. Young women
had good muscle function with a small degree of partial blink.
Therefore, the blink parameters had no correlation with ocular
surface parameters. Moreover, the lack of correlation between
LLT and other parameters was in accordance with previous
findings, highlighting the difference between the thickness of the
lipid layer and its quality.

This study was novel in focusing on the effect of
transcutaneous upper blepharoplasty on LLT and blink
parameters in young women, while previous studies were
mostly carried out on elders and paid no attention to eyeblink
parameters and LLT. However, the present study had certain
limitations. In the present study, the blink parameters and
NITBUT returned to baseline 1 month after the surgery, which
was sufficient to observe the effect of upper blepharoplasty on
blink parameters. However, the LLT did not return to baseline
1 month after the surgery, which might be related to eyelid
edema. In the early stage, the eyelid edema had a dominant role.
However, the effect of the removal of the orbicularis muscle
on the LLT when edema was eliminated remains unknown.
Long-term follow-up of postoperative patients is required to
confirm the findings of this study.
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Background: In recent years, deep learning has been widely used in a variety of

ophthalmic diseases. As a common ophthalmic disease, meibomian gland dysfunction

(MGD) has a unique phenotype in in-vivo laser confocal microscope imaging (VLCMI).

The purpose of our study was to investigate a deep learning algorithm to differentiate

and classify obstructive MGD (OMGD), atrophic MGD (AMGD) and normal groups.

Methods: In this study, a multi-layer deep convolution neural network (CNN) was trained

using VLCMI from OMGD, AMGD and healthy subjects as verified by medical experts.

The automatic differential diagnosis of OMGD, AMGD and healthy people was tested

by comparing its image-based identification of each group with the medical expert

diagnosis. The CNN was trained and validated with 4,985 and 1,663 VLCMI images,

respectively. By using established enhancement techniques, 1,663 untrained VLCMI

images were tested.

Results: In this study, we included 2,766 healthy control VLCMIs, 2,744 from OMGD

and 2,801 from AMGD. Of the three models, differential diagnostic accuracy of the

DenseNet169 CNN was highest at over 97%. The sensitivity and specificity of the

DenseNet169 model for OMGD were 88.8 and 95.4%, respectively; and for AMGD 89.4

and 98.4%, respectively.

Conclusion: This study described a deep learning algorithm to automatically check

and classify VLCMI images of MGD. By optimizing the algorithm, the classifier model

displayed excellent accuracy. With further development, this model may become an

effective tool for the differential diagnosis of MGD.

Keywords: deep learning, meibomian gland dysfunction, convolution neural network, in-vivo confocal microscopy,

DenseNet CNN
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INTRODUCTION

The meibomian gland (MG) is a modified secretory sebaceous
gland arranged vertically in the upper and lower eyelids and
with openings at the eyelid edge (1). The MG can maintain
the dynamic balance of the ocular surface by secreting lipids
(meibum) into the tear film, thus helping to prevent tear
evaporation, to lubricate the eye surface, and form barriers for
protection from microbes and other environmental organisms
(2–4). Meibomian gland dysfunction (MGD) is a chronic and
diffuse meibomian gland disease, the main feature of which is
the obstruction of the gland’s terminal ducts and/or abnormal
meibum secretion (5). The prevalence of MGD ranges from 46.2
to 68.0% in Asians (6). The earliest evaluation of meibomian
gland function used the slit lamp and direct observation, but
these evaluation methods are approximate. The later infrared
imaging technology was effective in diagnosing MGD. It used
infrared penetrating camera technology and enhanced contrast
function to facilitate meibomian gland imaging (7). It allowed
quantitative assessment of the meibomian glands (such as their
presence or absence) but not morphological characteristics at
the cellular level. In recent years, scholars have found that
in-vivo laser confocal microscopy imaging (VLCMI) allows
observation of the microscopic morphology of the meibomian
glands in-vivo (8, 9) and investigation of the pathophysiological
process of MGD, with particular significance for the diagnosis
of MGD.

Artificial intelligence (AI) is a branch of computer science
which uses logical operation methods to establish related
databases and application models (10). Machine learning is an
implementation method of artificial intelligence which extracts
generalized rules from data through algorithms characterized
by “learning” (11). These rules are represented by mathematical
models, including a descriptive analysis of given data. At
the same time, other automated methods required experts
in the field to define the descriptive rules of the data after
which they were implemented by computer programmers
in the automated system. The clinical application of AI in
ophthalmology diagnosis and treatment includes automatic
detection and quantification of ocular lesions or features,
automatic screening of ocular diseases, AI-based diagnostic
grading, and clinical decision support in retinal treatment and
prognostic disease models (12–14). A previous study showed
that the application of AI technology in retinal disease was
based on the detection of disease-related features on color
fundus photography images. The primary retinal markers used
in this procedure were large retinal blood vessels and optic
discs, sometimes including foveal features, because these markers
exist in every fundus image (15). So far, deep learning and
other artificial intelligence methods have developed rapidly in
ophthalmic research. Glushan’s development and validation of
deep learning detection algorithms for diabetic retinopathy has
been fully recognized (16). Therefore, the development of a deep
learning algorithm to automatically identify MGD may reduce
the uncertainty of MGD screening and decrease the challenges
for human assessors, reducing the need for medical resources and
long-term finance.

FIGURE 1 | In-vivo laser confocal microscope images of obstructive (A) and

atrophic MGD (B) and healthy eyes (C). MGD, meibomian gland dysfunction.

As far as we know, no diagnostic approach using AI
technology for MGD morphological characteristics has been
reported previously. Therefore, the purpose of this study was to
assess the ability of AI models to detect different types of MGD
using VICMIs.

METHODS

Study Subjects
The institutional review board of the First Affiliated Hospital of
Nanchang University approved this study, which was conducted
in accordance with the tenets of the Declaration of Helsinki.
This was a single-center, clinical study. Eight thousand three
hundred eleventh VLCMIs were included, among which 2,766
were from healthy controls, 2,744 for diagnosis of OMGD, and
2,801 for diagnosis of AMGD (Figure 1). All the subjects were
recruited at theOphthalmologyDepartment of the First Affiliated
Hospital of Nanchang University. Diagnoses were conducted by
the ophthalmology expert team and the artificial intelligence
screening system. Inclusion criteria for the healthy group were
as follows: 1. 18–50 years of age; 2. No significant ocular
discomfort and no apparent abnormalities on eyelid margin
examination; 3. No eye diseases, no history of eye surgery
or trauma and no contact lens wear; 4. No serious systemic
disease and able to cooperate to undergo all examinations; 5.
Voluntary participation in the study. Inclusion criteria for the
MGD group were as follows: 1. Absence of meibomian glands;
2. Abnormal meibomian gland secretion and meibomian gland
opening; 3. Changes in quantity and quality of meibomian gland
secretions, and any of the above signs combined with symptoms
can diagnose MGD. Exclusion criteria: 1. Age younger than 18
or older than 50 years; 2. Patients who are not newly diagnosed
in our hospital or have undergone MGD related treatment; 3.
Have a history of eye surgery; 4. Have a history of eye trauma;
5. Combined ocular inflammation (such as blepharitis, seborrheic
dermatitis, etc.) or eyelid conjunctival scarring disease; 6. Contact
lens wearer; 7. Unable to complete all inspections due to other
factors; 8. Involuntary take part in this research.

In-vivo Laser Confocal Microscopy
All subjects were examined using the in-vivo confocal microscopy
(IVCM; Heidelberg Retina Tomograph II-Rostock Cornea
Module, Dossenheim, Germany) as previously described (17).
Briefly, the subjects were under topical anesthesia, and the
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eyelid was everted. The center of the Tomo-Cap with comfort
gel was placed onto the palpebral conjunctiva and gradually
moved from the focal plane into the subconjunctival tissue
until the glands were visualized. The images of the underlying
meibomian glands were observed and captured by the software
(Python 3.7.6; tensorflow GPU 2.0). We scanned the glands
while moving the lens from the eyelid margins toward the fornix
(vertical movements) and along the palpebral width (horizontal
movements). During the examination, no subjects complained
of discomfort. The images were two-dimensional with a 400 ×

400µm field of view. For each subject, three high-quality digital
images of nasal, middle, and temporal glands (total nine images
of each eyelid) were selected.

Definition of Meibomian Gland
Abnormalities
Normal meibomian glands were sebaceous glands situated
vertically and parallel to each other. Each gland contained grape-
like acini, connected by the duct. The acini had convoluted
borders with large cells lining and a lumen consisting of fine
cellular material (18). Previous study shows that the normal
meibomian gland acinar unit density is 113 ± 36.6 glands/mm2

(19). In MGD patients, any change in morphology and the
number of acinar units may be observed. The diameter of
obstructive meibomian acinus was larger than that of normal
meibomian acinus, and the acinus contained eyelid fat blockage.
Atrophic meibomian acinus was characterized by destruction
of acinar epithelial cells with fibrosis (19–21). Based on such
changes, we categorized the MGD group images as atrophic or
obstructive. The atrophic meibomian glands were fibrosed with
abnormal architecture and a reduced acinar unit density. The
obstructive glands showed considerable acinar unit enlargement,
with the acinar unit density again decreased.

All the subjects underwent evaluation by an ophthalmologist,
including tear film breakup time and corneal fluorescein staining,
in order to confirm the clinical diagnosis. The VLCMIs were
classified by the ophthalmologist into three groups: normal,
atrophic, and obstructive.

Model Construction
A total of 4,985 VLCMIs were used for training, and 1,663
VLCMIs were used to test the our deep learning system.
Figure 2 shows details of the training data set, the external
test data set and the model construction process. We trained
three types of network structures (DenseNet 121, DenseNet 169,
and DenseNet 201) to classify the meibomian glands into one
of the three classes: normal, atrophic, and obstructive. Sparse
categorical cross-entropy was performed on the primary data set
to differentiate between normal, atrophic, and obstructive. The
training started with multiple iterations on a batch size of 16
images, with a learning rate of 0.001, and stopped at 200 epochs.
Using the same thresholds, the diagnostic performance of the
three classification models was assessed on the five independent
external-testing data sets.

FIGURE 2 | Flow chart illustrating development of the deep learning system.

Statistical Analysis
We derived the receiver operating characteristic (ROC) curve
by changing the thresholds of ratios of the images classified as
different groups and the values output by the neural network.
We calculated the area under the ROC curve (AUC). For the
sensitivity and specificity, we considered the neural network
answer as abnormal if the value output of the ratio of images
classified as the two MGD groups was 0.5 or more and standard
if the value was <0.5. Finally, we used confusion matrix analysis
to evaluate the performance of the automated diagnosis based on
the final test results of the three models.

RESULTS

Performance of Different Deep Learning
Algorithms in the Test Datasets
The ROC curve was used to evaluate the accuracy of the
machine model for autonomous recognition of VLCMIs for
differential diagnosis between different types of MGD and
differentiation between MGD and normal images. Accuracy
of the DenseNet 169 model in differential diagnosis of
OMGD, AMGD and healthy subjects was 97, 99 and 98%,
respectively. The DenseNet 121 model showed accuracy of
94, 96, and 93%, respectively while the DenseNet 201
model showed 94, 97, and 94%, respectively (Figure 3). The
DenseNet169 therefore showed highest accuracy. Compared with
the correct recognition accuracy of medical experts, the correct
recognition accuracy was 91%. The identification accuracy
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FIGURE 3 | The imaging images go through the deep learning algorithm and the output of the final results.

TABLE 1 | Performance of three deep learning algorithms in the test dataset.

Different deep learning models Test dataset

Sensitivity (95% CI) Specificity (95% CI) Accuracy (95% CI)

DenseNet 169

Obstructive MGD 88.8% (86.1–91.4%) 95.4% (94.2–96.6%) 97.3% (96.4–98.2%)

Atrophic MGD 89.4% (86.8–91.9%) 98.4% (97.6–99.1%) 98.6% (97.9–99.3%)

Healthy controls 94.5% (92.6–96.4%) 92.6% (91.0–94.1%) 98.0% (97.4–98.6%)

DenseNet 121

Obstructive MGD 85.8% (82.9–88.8%) 87.1% (85.1–89.1%) 93.8% (92.7–95.0%)

Atrophic MGD 69.0% (65.2–72.8%) 99.5% (99.0–99.9%) 95.6% (94.3–96.9%)

Healthy controls 88.8% (86.1–91.4%) 85.2% (83.1–87.3%) 92.7% (91.2–94.1%)

DenseNet 201

Obstructive MGD 89.3% (86.7–91.9%) 85.4% (83.3–87.5%) 94.2% (93.0–95.4%)

Atrophic MGD 70.6% (66.9–74.4%) 99.1% (98.5–99.7%) 96.7% (95.6–97.8%)

Healthy controls 86.4% (83.6–89.3%) 88.6% (86.8–90.5%) 94.1% (92.9–95.3%)

DenseNet 169 demonstrated the highest accuracy.

MGD, meibomian gland dysfunction; CI, confidence interval.

of the DenseNet 169 model was higher than that of the
medical experts.

The DenseNet169 model showed sensitivity and specificity
of 88.8 and 95.4%, respectively, and AUC of 97.3% for
OMGD, 89.4 and 98.4%, respectively and AUC of 98.6% for
AMGD, 94.5 and 92.6%, respectively with AUC of 98.0%
in normal subjects. Further details and the sensitivities and
specificities of the other two DenseNet models are shown in
Table 1.

DISCUSSION

The aim of the present study was to evaluate performance of
the deep learning system to detect different types of MGD in
images obtained using an in-vivo laser confocal microscope. Our

main finding was that the system based on a deep learning
neural network can distinguish between OMGD, AMGD and
normal subjects (Figures 4, 5), the best performing algorithm
being the DenseNet169, with differential diagnostic accuracy of
97 to 99%, sensitivity of over 88% and specificity over 95%
(Figure 6).

MGD is a chronic, nonspecific inflammation of the
meibomian gland, characterized by duct obstruction or abnormal
secretion, and is an important cause of hyperevaporative dry
eye (22). In addition, the symptoms of MGD have a significant
impact on the quality of life of patients, not only causing eye
irritation, but also leading to the sequelae of ocular surface
inflammation and visual dysfunction (5). Age is a risk factor for
MGD. With increasing age, atrophy of the meibomian gland
acinar epithelial cells leads to the large-scale irreversible atrophy

Frontiers in Medicine | www.frontiersin.org 4 November 2021 | Volume 8 | Article 77434437

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Deep Learning in Meibomian Gland Dysfunction

FIGURE 4 | The output of the discriminant result and the final classification accuracy vary with the number of iterations. MGA, atrophic meibomian gland; MGO,

obstructive meibomian gland; AUC, area under the curve; ROC, receiver operating characteristic curve.

of the gland, with a decrease in lipid secretion (23). In recent
years, the incidence of MGD in the population has increased,
making it the most common disease in ophthalmology clinics.
The estimated pooled prevalence of MGD worldwide was 35.8%
(24). Consistent with this, a global survey of dry eye patients
found that 35% of the population had dry eye, of which 53%
were caused by MGD (25). Difficulties in the clinical diagnosis
and treatment of MGD included extensive effort required for
comprehensive ocular surface analysis and examination, low
precision of examination results of MGD-related dry eye, low
relevance of the severity of the disease to its management, and
poor subjective perception of patient prognosis. At present
ophthalmology clinic, the infrared meibography was performed
with the Oculus Keratograph 5M R© (Wetzlar, Germany)
to evaluate the meibomian gland morphology. Images of
meibomian glands in the entire lower eyelids were obtained. The
meibomian gland function scores were graded according to the
extent of the meibomian gland dropout. It was graded from 0
to 3 (0 = no gland loss; 1 = loss < 33%, 2 = loss between 33
and 66%, 3 = loss > 66%). This method can also evaluate MGD,
but it can only evaluate the morphology of meibomian gland,
not meibomian gland acinus (26). Meibomian gland acinus is
a cell secreting palpebral fat, which can better represent the
function of meibomian gland. However, conventional detection
techniques could not directly observe the morphological and
quantitative changes of meibomian acinus. These problems
restrict the improvement of the diagnosis, treatment level and
long-term management of MGD. In addition, due to the low
medical and economic resources in underdeveloped and remote
areas, the ophthalmologist to patient ratio is low, leading to
delayed diagnosis and deterioration of MGD in some patients.
For example, in Nigeria, reported physician to patient ratio is
as low as 1:2,660 (27). An efficient and socially effective method
for evaluating meibomian gland function is therefore needed
urgently. The AI-assisted diagnosis of ophthalmic diseases such
as cataract, early glaucoma, diabetic retinopathy, and age-related

FIGURE 5 | Pooling process of deep learning algorithms.

macular degeneration is undergoing rapid development (28–31),
but there are few studies on artificial intelligence-assisted
diagnosis or screening of dry eye or MGD. We aimed to make
a preliminary attempt by studying deep-learning models and
conducting a series of in-depth processing of meibomian
gland images such as automatic segmentation of meibomian
conjunctiva and meibomian glands, morphological feature
extraction, and missing rate calculation. The evaluation duration
was about 0.5 s, demonstrating sub-second analysis of the
meibomian gland images.

To date, the IVCM has been used to qualitatively and
quantitatively evaluate the posterior pole, including the optic
disc (32). Recently, IVCM has played an increasingly important
role in the evaluation of meibomian gland function (17, 33).
The advantage of IVCM lies in its imaging of ocular surface
tissue in-vivo at the cellular level, and its option to observe
and measure the microstructure of meibomian glands (34),
providing a new perspective from which to understand the
pathophysiological mechanism of meibomian gland disease (33).

Frontiers in Medicine | www.frontiersin.org 5 November 2021 | Volume 8 | Article 77434438

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Deep Learning in Meibomian Gland Dysfunction

FIGURE 6 | Performance of three DenseNet deep learning algorithms in the test dataset. (A) Confusion matrices describing the accuracies of deep learning

algorithms. (B) Receiver operating characteristic curves indicating the performance of each algorithm in diagnosis of obstructive MGD, atrophic MGD and healthy

controls. DenseNet 169 model demonstrated the highest differential diagnostic accuracy. Class 0: obstructive MGD; class 1: atrophic MGD; class 2: healthy controls.

MGD, meibomian gland dysfunction.

In addition, related studies have further confirmed that IVCM
can be used for preclinical diagnosis before the significant loss
of glands (18). The arrangement and specific number of acinar
units can be observed using the IVCM, and nine confocal
images at different angles can be obtained from one side of
the eyelid (19). By carefully evaluating the confocal images, we
can look for atrophy of acinar units, presence of inflammatory
cells, and reduced acinar unit density in MGD patients. The
IVCM allows the phenotypic changes in MGD to be described
using new diagnostic parameters, such as acinar unit density and
acinar unit diameter, reflecting histopathological changes such
as glandular atrophy or ductal dilatation, respectively. Healthy
control VLCMIs allow the morphological changes of meibomian
gland acini to be identified at a preclinical stage, before the
appearance of ocular symptoms and morphological changes
of the meibomian gland opening. In MGD, there was more
neutrophil infiltration into the conjunctiva and some Langerhans
cells infiltration into the palpebral conjunctiva, suggesting
that the occurrence of MGD was related to conjunctival
inflammation.We believed that the micromorphological changes
of meibomian glands were earlier than the loss of glands, and
the absence of glands appeared ocular symptoms (i.e., MGD) to
a certain extent. Therefore, the IVCM may play an important
role in the accurate diagnosis of MGD. Combination of the
deep learning module developed by our team provides a novel
technique for diagnosis of MGD.

The term “DenseNets” reflects its dense connection method,
which improves the backpropagation of the gradient, facilitating
network training (35). Since each layer can directly reach the

final error signal, implicit “deep supervision” is realized. The
error signal can rapidly propagate to the earlier layers to
obtain direct supervision from the final classification layer. The
vanishing gradient is alleviated, and the problem of over-gradient
disappearance is more likely to occur at greater network depth
(36). This is because the input and gradient information are
transferred between many layers, and now this kind of dense
connection is equivalent to each layer directly connect the input
and loss so that it can reduce the disappearance of the gradient
so that the deeper network is not a problem. The number
of parameters is reduced, and low-dimensional features are
preserved. In a standard convolutional network, the final output
will only be used to extract the highest-level features. DenseNet
uses high and low feature levels and tends to give a smoother
decision boundary, with good performance even with insufficient
training data (37). The disadvantage of DenseNet is that due
to the need to perform multiple concatenate operations, the
data need to be copied multiple times, video memory is rapidly
used and dedicated video memory optimization technology
is required. In addition, DenseNet is a specialized network,
while others such as ResNet are more generic with a broader
range of applications. Related deep learning studies in dry
eye diseases adopted a VCG19 model, which used machine
algorithms to recognize the anterior segment optical coherence
tomography images of subjects to independently distinguish dry
eye patients from normal subjects, and its recognition sensitivity
and specificity reached 86.36 and 82.35%, respectively (38).
The advantages of deep learning algorithms in the differential
diagnosis of ophthalmic diseases were independent, objective,
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rapid and non-invasive. With the further development and
clinical testing of the model, our model can be used as an
important auxiliary means for the diagnosis and screening
of meibomian gland dysfunction. From our discussion above,
confocal microscopy was very effective in evaluating MGD
and dry eye. Artificial intelligence technology can assist in
reading pictures, quickly diagnosed and classify them, improve
doctors’ work efficiency, and help Internet diagnosis and medical
treatment in timeliness.

However, there are some limitations in our study. The present
model tests the conditions of “meibomian gland atrophy” and
“meibomian gland obstruction” only. The meibomian glands
may also have structural abnormalities and missing structures,
and the model’s image recognition accuracy of the meibomian
glands still needs to be further improved to detect these in
clinical practice. We anticipate collaboration with other hospitals
to establish a multi-center database to make data sources more
universal and extensive, further improve the accuracy of model
interpretation, and promote the further development of artificial
intelligence in assisting the diagnosis of ocular surface diseases. In
the future, while increasing the sample size, we will also combine
other dry eye-related indicators such as the height of the tear
meniscus, tear film break up time, and tear secretion to improve
the model algorithm further.

In summary, we have found good accuracy of an image depth
processing model to evaluate meibomian glands in MGD, and
this method can assist clinicians in analyzing the examination
results better and faster and provide a more reliable basis for
diagnosis. It is of great value as a means to support individualized
treatment of dry eye and chronic disease management. This
model is most appropriate for general ophthalmology clinics with
a low doctor to patient ratio. It can also be used for dry eye
screening in the wider population and follow-up and efficacy
observation in management of dry eye. Finally, the DenseNet169
model may assist ophthalmologists in the diagnosis of MGD,
reducing their workload and pressure related to diagnosis.
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Purpose: To investigate the incidence and risk factors of dry eye in children with diabetes

mellitus (DM) over a period of 3 years.

Methods: Children and adolescents with DM (age: 3–14 years) from the Shanghai

Children and Adolescent Diabetes Eye (SCADE) study cohort who did not have dry eye

in January 2018 were followed-up for 3 years and re-examined in January 2021, and the

incidence rate and risk factors for dry eye were calculated.

Results: Forty children and adolescents with DM came for follow-up in 2021.

Nine of them were diagnosed with dry eye, resulting in a 3-year incidence rate of

22.5% and an annual mean incidence rate of 7.5% for dry eye. Univariate regression

analysis confirmed that decreased corneal sensation (OR [Odds Ratio] = 25.60; 95%CI

[Confidence Interval]= 1.31∼501.69; P= 0.03) was the risk factor for dry eye incidence.

Long course of DM (OR = 1.80; 95%CI = 0.96∼3.38; P = 0.07), eye pain (OR

= 12.27; 95%CI = 0.65∼231.48; P = 0.09), and dry eye in parents (OR = 15.99;

95%CI = 0.76∼337.75; P = 0.08) may interfere with the incidence of dry eye in them.

Conclusions: The incidence of dry eye in children and adolescents with DM is high.

Keywords: children and adolescents, diabetes, dry eye, morbidity, risk factors

INTRODUCTION

The prevalence of diabetes mellitus (DM) is increasing every year globally. The International
Diabetes Federation revealed that in 2011, the number of DM patients worldwide was 370
million, and the number may reach ∼550 million by 2030, of which 80% will be from
developing countries (1). In 2017, the numbers of children and adolescents (age: <20 years)
with type 1 DM in the world and China were 1,106,500 and 47,000, respectively (2). The risk
of chronic eye disease always increases with the progression of DM, for example, dry eye,
which is a multifactorial disease of the tear and eyeball surface, causing ocular discomfort,
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visual impairment, tear osmotic pressure increase, and ocular
surface inflammation (3). Risk factors for dry eye in the
adults include reduced lacrimal gland secretion, changes in tear
composition, instable tear film, decreased density of the corneal
and conjunctival nerves, reduced number of conjunctival goblet
cells, and meibomian gland dysfunction (4–6). The worldwide
prevalence of dry eye is ∼7–33% (7). Manaviat et al. (8) found
that dry eye symptoms happened in 54.3% of the adult patients
with type 2 DM,much higher than that of the normal individuals.

Previous epidemiology studies of dry eye in children with DM
only reported the prevalence (9, 10), and found the relationship
between dry eye and fasting blood glucose, HbA1c values (11),
and ocular surface impairment; (9, 12, 13) however, no study
has investigated the incidence of dry eye in children with DM or
without. In 2018, our team established the Shanghai Children and
Adolescent Diabetes Eye Study (SCADE Study) cohort, then we
found that the prevalence of dry eye was much higher in children
with DM (28.95%) than in normal children (5.00%) in 2018 (10).
Since then, we followed these children annually. In the present
study, the incidence rate and risk factors of dry eye in them over
a 3-year period time are reported.

METHODS

Research Objective
The participants in the SCADE study cohort without dry eye in
January 2018 came for follow up in January 2021 were enrolled
in the present study. Inclusion criteria were set as follows: (1)
providing written informed consent; (2) aged 6–17 years in 2021;
(3) diagnosed with type 1 DM; and (4) fulfill the questionnaire
and underwent all eye examinations. Exclusion criteria were set
as follows: (1) other ocular and systemic diseases that affect tear
secretion and quality, such as eyelid diseases (trichiasis, eyelid
eversion, ptosis, and eyelid incompleteness) and conjunctival
diseases (acute and chronic infectious conjunctivitis, allergic
conjunctivitis, and conjunctival calculus); (2) a history of eye
trauma within 6 months; (3) a history of eye surgery within 6
months; (4) severe eye complications caused by DM; (6) receiving
eye treatment with eye drops; and (7) with systemic diseases
such as systemic lupus erythematosus, Sjogren’s syndrome, and
Grave’s disease. This study was conducted in accordance with the
ethical standards of the Helsinki Declaration, and all participants
(or their guardians) provided informed consent. This study was
approved by the Institutional Review Committee and the Ethics
Committee of Shanghai General Hospital, Shanghai Jiao Tong
University School of Medicine (approval number: 2018KY209).

Questionnaires and Examination Items
We used two questionnaires: the Ocular Surface Disease Index
(OSDI) and Dry Eye Questionnaire (DEQ), including questions
on name, sex, date of birth, height, weight, cell phone number,
address, date of examination, presence of diabetes, diabetes
type, presence of diabetes complications, history of eye disease
(trichiasis and allergic conjunctivitis), ocular trauma, ocular
surgery, or medication, presence of eye discomfort (foreign body
sensation, fatigue, pain force fluctuations, and frequent blinking),
use of contact lens, reading and writing posture, presence of

sleep disorders, mental status, dietary preferences, use of air
conditioner, passive smoking, daily time spent on electronic
screens, refractive errors, and dry eye in parents.

The following examinations were conducted: (1) The best-
corrected visual acuity was measured using the LogMAR visual
acuity chart (Wenzhou Xingkang, Zhejiang, China), which
meets international standards. Cyclopentolate hydrochloride eye
drops (Alcon, Belgium) were used for dilation. Refraction was
measured using a computerized automatic optometry device
(KR-8900, Topcon, Japan), and the final refraction was measured
using a comprehensive optometry device (CV-5000, Topcon). (2)
A slit-lamp biomicroscope (SL130, Zeiss, Germany) was used
to examine the eyelid, conjunctiva, cornea, anterior chamber,
iris, pupil, lens, tear film rupture time, and corneal fluorescein
staining. (3) Qualitative examination of corneal sensation was
performed using a long and thin cotton thread that was twisted
out from the tip of a disinfected cotton swab by bending the tip
on a cotton stick at 45◦. The cornea of the eye under examination
was approached from the side with the tip of the cotton thread
and gently touched. Patients with normal corneal sensation had
immediate blink reflex or perception. (4) The Schirmer I test was
performed to assess tear secretion without superficial anesthesia.
(5) Biometric examination (IOL Master 700, Zeiss, Germany)
was performed to determine the ocular axis, radius of corneal
curvature, anterior chamber depth, lens thickness, central corneal
thickness, and corneal diameter. (6) A non-contact tonometer
(NT-510, NIDEK, Japan) was used to measure the intraocular
pressure (IOP) in both eyes. (7) Corneal endothelium counter
(TOPCON, SP-2000P) was used to record the number of corneal
endothelia in both eyes.

Dry Eye Diagnosis Index
Tear secretion test (Schirmer I-test): The tip of the Schirmer
paper (Jingming, Tianjin, China) (5 × 35mm) was folded into
the conjunctival sac, the eyes closed normally, and the length of
the tear soaked paper was measured after 5 min.

Break-up Time (BUT) measurement: The saline moistened
fluorescein paper (Jingming, Tianjin) was lightly touched to the
conjunctiva of the patients; consequently, patients blinked three
to four times, spreading the fluorescein evenly on the cornea. The
time from the last blink of the eye to the appearance of the first
black spot on the corneal surface was the tear film rupture time,
which was measured three times to obtain the average value.

Cornea fluorescein staining (CFS): The cornea was observed
after uniform staining with fluorescein. No corneal staining was
recorded as negative, whereas presence of corneal staining was
considered positive.

Diagnostic Criteria
According to the 2020 Chinese expert consensus on examination
and diagnosis of dry eye (14), diagnosis of dry eye can be made
based on the following criteria: (1) the patient complaining of
one of the subjective symptoms such as eye dryness, foreign body
sensation, burning sensation, fatigue, discomfort, redness, and
fluctuation of vision and having an OSDI of ≥13 points and a
BUT of ≤5 s or a Schirmer I-test value of ≤5 mm/5min. (2)
Patients with dry eye-related symptoms, an OSDI score of ≥13
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points, a BUT of >5 s and ≤10 s or a Schirmer I test value of
>5 mm/5min and ≤10 mm/5min, and positive staining with
fluorescein sodium. Any eye meeting one of the aforementioned
criteria was diagnosed as dry eye.

Quality Control
All children were examined at the Shanghai Eye Disease
Prevention & Treatment Center. All eye examinations were
performed by the same trained ophthalmologist to ensure
consistency in the results.

Statistical Analysis
IBM SPSS Statistics 22.0 statistical software was used for analysis.
The measurement data were tested for K-S normality and the
measurement data with normal distribution were presented as
mean± standard deviation and an independent sample t-test was
performed for between group comparisons. The measurement
data with non-normal distribution are presented as median
(25%, 75%) and a non-parametric independent sample U-test
was performed for between group comparisons. Enumerative
data were compared between the groups using the Pearson

TABLE 1 | Characteristics and eye examination results of 40 children with DM.

Characteristics Subjects with dry eye Subjects without dry eye Statistics# P

Total number 9 31

Gender/male (cases) 2 16 x2 = 1.39 0.24

Age (years) 12.60 ± 2.69 12.56 ± 3.28 t = 0.03 0.97

The course of DM (years) 8.04 (6.25, 9.88) 4.76 (3.81, 7.28) U = 219.5 0.01

BMI* (kg/m2) 19.26 ± 2.32 20.23 ± 2.81 t = 0.94 0.35

OSDI (scores) 17.00 (16.50, 19.50) 10.00 (8.00, 12.00) U = 278 <0.01

HbA1c (mg/ml) 7.33 ± 1.26 8.22 ± 1.65 t = 1.00 0.33

Better-seeing eye BUT (s) 5.00 (4.50, 7.50) 10.00 (9.00, 12.00) U = 15 <0.01

Better-seeing eye Schirmer I-test (mm/5min) 8.00 (4.50, 15.00) 18.00 (15.00, 25.00) U = 42 <0.01

Corneal hypoparesis (cases) 8 6 x2 = 11.93 <0.01

Corneal fluorescein staining/positive (cases) 5 1 x2 = 11.16 <0.01

*BMI, Body mass index.
#t is an independent sample t-test, U is a non-parametric independent sample U-test, and x2 is a chi-square test.

TABLE 2 | The questionnaire information of 40 children with DM.

Items Subjects with

dry eye

Subjects without

dry eye

Statistics (X2)* P

History of eye surgery/yes (cases) 0 0 — —

History of eye trauma/yes (cases) 0 0 — —

History of ocular medication/yes (cases) 2 3 1 0.32

Eating habits/meat (cases) 8 15 3.17 0.08

Allergic conjunctivitis/yes (cases) 2 3 0.13 0.72

Trichiasis/yes (cases) 0 0 — —

Eye pain/yes (cases) 6 5 6.58 0.01*

Foreign body sensation in the eyes/yes (cases) 4 3 3.68 0.55

Vision fluctuation/yes (cases) 3 12 0.07 0.77

Refractive errors/yes (cases) 5 20 0.24 0.63

Use of contact lenses/yes (cases) 0 1 — 1

Reading and writing posture/right (cases) 5 10 1.62 0.2

Sleep disorders/yes (cases) 1 5 0.12 0.71

Using air conditioning/yes (cases) 8 24 0.57 0.45

Passive smoking/yes (cases) 0 2 — 1

Use electronic screen/mild (cases) 7 19 0.13 0.72

Eye strain/yes (cases) 7 20 0.56 0.46

Mental pressure/yes (cases) 3 13 0.22 0.64

Like blinking eyes/yes (cases) 3 7 0.43 0.51

Dry eye in parents/yes (cases) 7 10 4.2 0.04*

*x2 is a chi-square test.
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χ
2-test, continuity corrected χ

2-test, or Fisher’s exact test. First,
univariate analysis was performed to analyze the eye examination
results and questionnaire survey results, independent variables
with a P < 0.05 in univariate analysis were used to perform
binary logistic regression analysis. The incidence of dry eye was
considered the dependent variable. A P < 0.05 was considered
statistically significant.

RESULTS

A total of 123 children and adolescent patients with DM
are enrolled in the SCADE study. Because of the COVID-19
pandemic, only 40 of them (32.5%) were enrolled in the present
study. The eye examination results of them are presented in
Table 1. Among them, 55% (22/40) were girls and 45% (18/40)
were boys. In 2018, none of the patients were diagnosed with
dry eyer, and nine of them were diagnosed with dry eye by
2021, with both eyes meeting the criteria for dry eye. Among
them, 77.8% (7/9) were girls, and 22.2% (2/9) were boys.
The 3-year of rate of dry eye in children with DM was then
calculated as 22.5% (9/40), with an average annual incidence rate
of 7.5%.

The results of univariate analysis for the incidence of dry eye
in children with DM are presented in Tables 2, 3. Statistically
significant differences were observed in the course of diabetes
mellitus, corneal sensation (sensitive/less sensitive), eye pain
(with/without), and dry eye in parents (with/without) in children
with DM (P < 0.05). Further logistic regression analysis
confirmed that the risk factor of the incidence of dry eye in

children with DM was reduced corneal sensation (P < 0.05), as
shown in Table 4.

DISCUSSION

An increase in the number of children and adolescents with DM
poses a serious economic burden on society; hence, measures
to control the risk factors and reduce the morbidity rate of dry
eye in them should be taken. According to previous study (13),
when blood glucose keeps stable, the ocular surface impairment
of patients may still aggravate in children with type 1 DM. The
strict study design and uniform definitions and standards in our
3-year prospective study reveal the incidence and risk factors of
dry eye in pediatric diabetes.

Previous studies have reported that the factors related to
the prevalence of dry eye in adult patients with DM were age,
sex, course of disease, corneal perception, fasting blood glucose
(FBG), and glycosylated hemoglobin levels (HBA1c) (10, 15, 16).
It is believed that the prevalence of dry eye in patients with DM
increases with the increase of age, and the prevalence of dry
eye in adult patients with DM is as high as 54.3% (8). Female
patients with DM are more likely to suffer from dry eye (15). The
prevalence of dry eye was higher in patients with high FBG and
HBA1c (16).

The risk factors of high incidence of dry eye in children
with DM is not the same as previous results in adults with
DM. Previous cross-sectional study (10) showed that the corneal
sensation was lower in children diagnosed with dry eye than
those without. In the present prospective study, reduced corneal

TABLE 3 | Better-seeing Eye examination results of 40 children with DM.

Items Subjects with dry eye Subjects without dry eye Statistics P

The number of children with DM 9 31

Equivalent spherical lens degree (D)* −1.40 ± 1.96 −2.72 ± 2.75 t = 1.33 0.19

Corneal endothelial cell count (/mm2 ) 3188.00 ± 426.69 3058.80 ± 378.66 t = 0.82 0.43

Ocular axial length (mm) 23.90 ± 0.81 24.57 ± 1.34 t = −1.42 0.16

Horizontal corneal radius of curvature, R1 (mm) 7.93 ± 0.27 7.95 ± 0.28 t = −0.2 0.85

Vertical corneal radius of curvature, R2 (mm) 7.64 ± 0.25 7.70 ± 0.30 t = −0.59 0.56

Corneal horizontal diameter (mm) 12.24 ± 0.41 12.13 ± 0.34 t = 0.76 0.46

Central corneal thickness (nm) 539.22 ± 33.16 552.55 ± 29.69 t = −1.16 0.25

Anterior chamber depth (mm) 3.65 ± 0.27 3.65 ± 0.26 t = 0 1

Lens thickness (mm) 3.52 ± 0.15 3.46 ± 0.24 t = 0.76 0.45

*Equivalent spherical refraction = sphere + 1/2 cylinder.

TABLE 4 | Results of multivariate logistic regression analysis for dry eye in children with DM.

β S.E. Wald P OR 95% CI

Corneal sensation (decrease) 3.24 1.52 4.56 0.03 25.6 1.31–501.69

The course of DM (years) 0.59 0.32 3.3 0.07 1.8 0.96–3.38

Eye pain (yes) 2.51 1.5 2.8 0.09 12.27 0.65–231.48

Dry eye in parents (yes) 2.77 1.56 3.17 0.08 15.99 0.76–337.75

Constant −9.71 3.49 7.74 0.01 0
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sensation is confirmed as the only statistically significant risk
factor of dry eye. A clinical study conducted by Alise et al. showed
that the degree of reduced corneal sensitivity in adult patients
with DM was positively correlated with the severity of dry eye
(17). The possible mechanisms involved may be that high-level
glycosylated end metabolites may cause metabolic damage to
the peripheral corneal nerve (18) and thus, reduce the corneal
perceptual sensitivity and tear secretion in patients with DM (19–
21). Additionally, corneal perception is positively correlated with
blink reflex (22, 23) and the decrease in blink reflex can accelerate
tear evaporation and lead to an increase in tear osmotic pressure.

Other factors may affect the incidence of dry eye (P close to
0.05) are the following: firstly, the course of DM: previous studies
in adult populations have found that the longer the course of
DM, themore severe damage of accessory lacrimal gland cells and
the less the basic secretion of tears, and therefore, the increased
prevalence of dry eye (24–26). Akinci et al. (9) believed that the
duration of disease in patients with type 1 DM was the only
factor related to tear secretion and tear film stability. Secondly,
eye pain: Xiang et al. (27) believed that corneal neuralgia was
a pre-clinical manifestation of dry eye. We believe that the
cornea tissue damagemay release inflammatory factors, stimulate
corneal pain receptors, cause eye pain, and aggravate dry eye.
Thirdly, family history: after further inquiry, we confirmed that
none of the parents of the children with dry eye were DMpatients
or with other systemic diseases related to dry eye. Therefore,
we speculated that this was related to the living environment,
living habits, dietary structure, and micro-ecological structure
of the children; however, further study is required to confirm
these speculations.

Since all the subjects in this study were children aged 6–17
years, the age distribution difference and sample size were both
small, and therefore, the age factor had no significant influence
on the incidence of dry eye in children and adolescents with
DM. In this study, all young patients wore insulin pumps, and
then fasting and postprandial blood glucose were well-controlled.
These may be the reason for no correlation between blood
glucose andHbA1c levels and the incidence of dry eye in children
with DM.

The shortcomings of this study are the following: no gold
standard for the diagnosis of dry eye in children is currently
available and therefore, we used the standard diagnosis criteria
of dry eye in the adult population with diabetes mellitus. The
participants of the SCADE cohort were students who had a tight
course schedule, and furthermore, affected by the COVID-19
pandemic, many parents of the children included in the 2018
SCADE study withdrew from this investigation, resulting in a
small sample size of the present study.

In conclusion, the incidence of dry eye in children with DM
is high. Children with reduced corneal sensation, long course of

diabetes, dry eye in parents, or eye pain should be examined for
dry eye for early diagnosis and treatment to improve prognosis
and the quality of life. Society, especially parents of these children,
should be made aware of this through publicity and education.
Simultaneously, it is necessary to establish a screening mode
and better file management system, formulate prevention and
treatment norms, and strengthen the scientific management of
dry eye in children with DM.
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Purpose: To evaluate the morphology changes of meibomian glands (MGs) after

cataract surgery.

Setting: Hangzhou Branch of the Eye Hospital of Wenzhou Medical University,

Zhejiang, China.

Methods: In this contra-lateral eye study, 40 patients received unilateral cataract

surgery for age-related cataract. All the patients underwent the evaluation of non-invasive

break-up time (NIBUT) and lower tear meniscus height (TMH) before the surgery and 6

months post-operatively. The MGs were evaluated via ImageJ and Meibomian Gland

Bio-image Analyzer. MG dropout, length, width, area, gland diameter deformation index

(DI), and gland signal index (SI) were recorded.

Results: MG length, width, area, DI, and SI were significantly decreased after cataract

surgery in the study group (operated eyes, P < 0.001, P= 0.003, P < 0.001, P = 0.001,

and P < 0.001, respectively) and showed no significant changes in the control group

(non-operated eyes) (all P > 0.05). MG loss increased more in the study group (P =

0.030), and the changes in TMH and NIBUT were not significantly different between the

two eyes (both P > 0.05).

Conclusion: Cataract surgery aggravated meibomian gland morphology, such as MG

loss, MG length, width, area, and SI, and produced no change in NIBUT and TMH at 6

months post-operatively.

Keywords: meibomian gland morphology, meibomian gland dysfunction, dry eye disease, meibomian gland

atrophy, cataract surgery, self-contrast study, automated algorithm

INTRODUCTION

Phacoemulsification with intraocular lens implantation is a standard procedure for the treatment of
cataract. However, the post-operative visual acuities were improved, but a number of patients often
complained about dry eye symptoms. Meibomian gland dysfunction (MGD) is the main cause of
evaporative dry-eye disease, which leads to tear lipid deficiency and tear film instability (1, 2). The
previous studies reported that cataract surgery is associated with high incidence of MGD (3, 4).

Several studies have investigated MGD after cataract surgery; however, few have evaluated
specific morphological changes (4–7). Han et al. (4) reported that cataract surgery aggravated
MG function but had no effect on the MG structure. MG morphology was evaluated by the
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grade of MG loss, and no quantitative parameters for each gland
were assessed in their study. Nevertheless, a number of studies
have demonstrated the relationship between MG morphology
changes and MGD (5, 8). By analyzing the morphological
changes using optical coherence tomography meibography
(OCT-M), Liang et al. (8) revealed that MG length and width
were decreased in the patients with MGD. The morphological
changes of the meibomian gland (MG), such as shortening,
dilation, distortion, and atrophy are sensitive and early indicators
of MGD (9, 10).

In recent years, infrared non-contact meibography, confocal
microscopy, and optical coherence tomography meibography are
introduced to precisely visualize the MG structure. Keratograph
5M (K5M, Oculus, Wetzlar, Germany) is the most widely used
infrared non-contact meibography for clinical MG morphology
image acquisition (11).

Other factors, such as aging, sex, environmental factors, poor
sleep quality, and sleeping position are associated withMGD (12–
15), thus it is necessary to include the unoperated contralateral
eye as the control when assessing the influence of cataract

FIGURE 1 | The meibograde grading system reported by Adil et al. was referred to do subjective grading of meibomian gland (MG) loss.

surgery. The previous studies did not involve the contralateral
eyes as a control group to exclude confounding factors.

To our knowledge, this is the first contra-lateral study
to evaluate the MGD and morphological changes in the
patients who underwent cataract surgery. We analyzed multiple
parameters offered by a new automated algorithm (16) to
estimate the function and morphology of the MGs. Additionally,
we explored the association between the MG structure and
clinical tests in these patients.

PATIENTS AND METHODS

Patients
This study enrolled patients who underwent unilateral cataract
phacoemulsification with intraocular lens implantation at the
Hangzhou Branch of the Eye Hospital of Wenzhou Medical
University from May 2017 to October 2019. The operated eyes
were enrolled as the study group and the contra-lateral eyes as
the control group. All the procedures followed the tenets of the
Declaration of Helsinki. The ethics approval was obtained from
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the Ethics Committee of the Eye Hospital, Wenzhou Medical
University, Wenzhou, China (ID: 2020-058-K-52).

The patients who had a similar degree of MG atrophy in both
the eyes with grade 1 or 2MG loss (defined as the proportion of
the area of meibomian gland in its relation to the total area of the
tarsus) were included (Figure 1). The patients who had previous
ocular diseases, history of ocular surgery or contact lens wear,
and who used topical or systemic medications that may affect the
ocular surface were excluded.

Cataract Surgery
All surgeries were performed by a single surgeon (Zhao
YE). The conjunctival sac was irrigated with 5% Povidone-
iodine. Topical anesthesia was administered with 0.5%
proparacaine hydrochloride eye drops. After capsulorhexis
and phacoemulsification through a 2.2mm incision, a 1-piece
intraocular lens was placed in the capsular bag. At the end of
surgery, the corneal incision was sealed with stromal hydration.

Post-operatively, all the patients were prescribed 0.5% topical
levofloxacin (Cravit; Santen Pharmaceutical, Osaka, Japan) four
times daily for 2 weeks and tobramycin-dexamethasone eye
drops (Tobradex R©, Alcon Couvreur NV, Puurs, Belgium) four
times daily for the first week and tapered for the following
3 weeks.

Parameter Collections
Meibography was performed using a Non-contact Meibography
System (Kerotography 5M, Oculus, Wetzlar, Germany) within 5
days before the operation and at∼6 months after the operation.

The MG loss area was calculated using ImageJ software
(National Institute of Health; http://imagej.nih.gov/ij, Figure 2).
Meibograde grading scheme reported by Adil et al. (9) was
referred to evaluate the MG loss: grade 0, 0–25% area of loss;
grade 1, 26–50% area of loss; grade 2, 51–75% area of loss; and
grade 3, >75% area of loss (Figure 1).

MG parameters, such as length, width, area, gland diameter
deformation index (DI), and gland signal index (SI) were
analyzed using Meibomian Gland Bio-image Analyzer V3
software (16) (Figure 3) on the basis of the meibography
images acquired by Kerotography 5M (K5M). This new
automated algorithm developed by Xiao et al. offered multiple
parameters for objective evaluation of MG morphology.
The algorithm consists of three main steps: (I) region of
interest (ROI) acquisition; (II) segmentation and identification
of MGs within the ROI; and (III) quantitative parameter
analysis. The five central MGs of upper lid were adopted
to measure the length, width, area, DI, and SI changes of
the MGs.

Additionally, the tear meniscus height (TMH) and the average
non-invasive break-up time (NIBUT) was measured by K5M.
The measurements were performed three times, and the average
of the three attempts was used for analyses.

Statistical Analysis
The normal distribution of the data was verified using the
Shapiro–Wilk test. The differences between the operated eye and

FIGURE 2 | The upper eyelid (yellow) and the edge of MG loss (blue) was

drawn in the MG morphology images acquired from K5M. MG loss was

calculated by the ImageJ software in the study group at baseline (A), the

control group at baseline (B), the post-operative study group (C), and the

post-operative control group (D).

contralateral eye, as well as the differences between the pre-
operative and post-operative parameters, were assessed using the
paired-samples t-test or Wilcoxon signed-rank test according to
the data normality. Spearman’s rank correlation coefficient was
used to assess the correlations between the changes in TMH,
NIBUT, and MG morphology in each group. The statistical
analyses were performed using SPSS for Windows version 26.0
(IBM Corp., NY, USA). The criterion for statistical significance
was P < 0.05.
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FIGURE 3 | Meibomian Gland Bio-image Analyzer V3 software dealt with images from K5M and dampened the random noises and highlighted the visibility of glands.

The width, length, area, DI, and SI of central five MGs were obtained after choosing the central part of the image and marked the MGs.

TABLE 1 | The changes in parameters before and at 6 months after cataract surgery in both groups.

Baseline 6 months Pstudy Pcontrol P1

Study group Control group Pbase Study group Control group P6 mon

MG loss (%) 35.05 ± 12.56 36.29 ± 12.78 0.278 37.84 ± 12.43 37.82 ± 12.56 0.984 0.004 0.015 0.030

MG length (mm) 4.15 ± 1.09 3.72 ± 0.89 0.017 3.64 ± 0.85 3.76 ± 0.92 0.466 <0.001 0.698 0.001

MG width (mm) 0.48 ± 0.14 0.49 ± 0.11 0.706 0.43 ± 0.09 0.50 ± 0.16 0.001 0.003 0.694 0.007

MG area (mm2 ) 1.67 ± 0.65 1.53 ± 0.47 0.204 1.36 ± 0.53 1.59 ± 0.64 0.035 <0.001 0.506 0.002

DI 8.60 ± 4.36 9.40 ± 3.54 0.242 6.89 ± 2.94 9.97 ± 5.32 <0.001 0.001 0.717 0.004

SI 5.36 ± 1.48 5.56 ± 1.44 0.351 4.60 ± 1.28 5.53 ± 1.14 <0.001 <0.001 0.846 <0.001

TMH (mm) 0.25 ± 0.13 0.23 ± 0.11 0.209 0.26 ± 0.14 0.26 ± 0.13 0.518 0.460 0.032 0.685

NIBUT(s) 6.76 ± 4.35 6.57 ± 3.64 0.658 6.51 ± 4.09 6.28 ± 4.10 0.360 0.555 0.492 0.736

The paired-samples t-test was applied for normal distribution, and the Wilcoxon matched-pair signed rank test was applied for abnormal distribution. Pbase: The study group vs. the

control group at baseline; P6mon: The study group vs. the control group at 6 months post-operatively; Pstudy : The parameters at baseline vs. at 6 months post-operatively in the study

group; Pcontrol : The parameters at baseline vs. at 6 months post-operatively in the control group; P1: Change of the parameters in the study group vs. that in the control group.

MG, Meibomian gland; DI, gland diameter deformation index; SI, gland signal index; TMH, tear meniscus height; NIBUT, non-invasive break-up time.

RESULTS

Demographics
A total of 80 eyes of 40 patients (25 men and 15 women) were
included in this study. The mean age of the patients was 71.20
± 9.73 years (range 38 to 87 years). The mean MG loss was
35.05 ± 12.56% in the study group (meibograde 1: 28 eyes;
meibograde 2: 12 eyes) and 36.29 ± 12.78% in the control group
(meibograde 1: 30 eyes; and meibograde 2: 10 eyes), respectively
(P = 0.278, Table 1). At baseline, no significant differences
were found between the two groups in TMH, NIBUT, and MG
parameters except for MG length (the study group: 4.15 ± 1.09
versus the control group: 3.72± 0.89, P = 0.017, Table 1).

Changes in the Parameters After Cataract

Surgery
As shown in Table 1, MG loss worsened in both the study group
and the control group (P = 0.004 and P = 0.015, respectively).
Despite similar MG loss were observed between baseline and
post-operative in the two groups (both P > 0.05), we found
that the change in MG loss was more severe in the study
group (P= 0.03). Significant changes were observed after cataract
surgery between the two groups in MG width, MG area, DI, and
SI (P = 0.001, P = 0.035, P < 0.001, and P < 0.001, respectively).
MG length, MG width, MG area, DI, and SI were significantly
decreased after surgery in the study group (P < 0.001, P =
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FIGURE 4 | The proportion of eyes whose ocular surface parameters value were decreased after the cataract surgery. Wilcoxon signed-rank test: *P < 0.05, **P <

0.01, and ***P < 0.001.

0.003, P < 0.001, P = 0.001, and P < 0.001, respectively) and
showed no significant changes in the control group (all P > 0.05).
The decrease in MG length, MG width, MG area, DI, and SI
in the study group were significantly larger than those in the
control group (P = 0.001, P = 0.007, P = 0.002, P = 0.004,
and P < 0.001, respectively). However, no significant difference
was found when comparing NIBUT, TMH, and the changes
of these two parameters between the two groups at baseline
and 6 months post-operatively. Moreover, NIBUT and TMH
were not significantly changed in either group except that the
control group displayed increased post-operative TMH values (P
= 0.032)

As shown in Figure 4, the proportion of eyes whose parameter
values decreased after cataract surgery. More eyes in the study
group displayed decrease of MG width (65.0 vs. 37.5%, P =

0.012), MG length (77.5 vs. 47.5%, P = 0.003), MG area (72.5 vs.
47.5%, P = 0.033), DI (75.0 vs. 52.5%, P = 0.029), and SI (92.50
vs. 47.5%, P < 0.001) than those in the control group.

Correlations Between NIBUT, TMH, and

MG Morphology
Spearman’s rank correlation coefficient was used to assess the
correlations. Table 2 showed there was a positive correlation
between NIBUT and MG length (r = 0.186, P = 0.025), MG

TABLE 2 | Correlation coefficients of clinical tests and meibomian gland (MG)

morphology.

TMH (mm) NIBUT(s)

r P r P

MG length (mm) −0.016 0.844 0.186 0.025

MG width (mm) 0.002 0.980 0.033 0.695

MG area (mm2 ) −0.015 0.846 0.188 0.023

DI −0.152 0.055 −0.016 0.849

SI −0.097 0.221 −0.229 0.005

MG loss(%) 0.221 0.005 0.185 0.025

TMH, tear meniscus height; NIBUT, non-invasive break-up time; MG, Meibomian gland;

DI, gland diameter deformation index; SI, gland signal index.

area (r = 0.188, P = 0.023), and MG loss (r = 0.185, P =

0.025), whereas a negative correlation between NIBUT and SI
(r = −0.229, P = 0.005) (Figure 5). Additionally, a significant
correlation was found between MG loss and TMH (r = 0.221, P
= 0.005).

DISCUSSION

MGD is one of the most common ocular surface diseases,
which aggravates dry eye symptoms and leads to dissatisfaction
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FIGURE 5 | Analysis of the Spearman’s rank correlation between the NIBUT and MG length (A), MG area (B), SI (C), and MG loss (D).

in people who undergo cataract surgery. We performed the
clinical tests and meibography based on the K5M to observe the
functional and morphological changes in the MG after cataract
surgery. To obtain more reliable and repeatable results, a fully
automated algorithm was used for the objective evaluation of
meibography, and a contra-lateral comparison was designed to
exclude other factors.

A previous prospective observational study reported that
cataract surgery aggravated MG function without changing the
structure (4). They analyzed the MG loss at 1 and 3 months
after cataract surgery. However, we found MG loss aggravation
at 6 months after cataract surgery. Different follow-up time, the
sample size and analysis approach might be the probable cause
of different outcomes. After discovering more MG loss post-
operatively, we evaluated the details of MG structure for further
analysis and observed meibomian glands deterioration 6 months
post-operatively. Using the automated algorithm reported by
Xiao P. et al. (16), it is possible to analyze and compare the details
of MG structure, such as length, width, area, DI, and SI.

In the present study, after analyzing the central five glands in
the upper lid, we observed significant decreases in MG length,
width, area, DI, and SI in the study group. The parameters, such
as length, width, and area described the general morphology of

MG, the decrease of which further proved deterioration of MG
loss assessed by ImageJ software. Gland irregularity was first
defined as the differential area compared with a “standard gland”
through an automatedmorphological method in a previous study
(17). They verified that gland irregularity was a good parameter
for predicting gland function. In this study, we used DI to
quantify the uneven width of the MG and found decreased values
in the operated eyes. The probable explanation was that the
measuring range got smaller due to the decrease of MG area.
SI quantified the gland signal level according to the secretion,
consistency, and color of meibum inside meibomian glands,
which can potentially be used to evaluate meibum secretion
activity (16). The decrease in SI in the study group indicated less
meibum secretion of MG after cataract surgery.

No significant difference was found between the two groups in
MG loss at baseline or 6 months post-operatively. Interestingly,
the contra-lateral group also showed MG loss aggravation 6
months post-operatively, slightly less than the study group (P
= 0.015 vs. P = 0.004). The possible reason is that lack of
eyelid cleaning in both eyes in the early post-operative stage
may result in eyelid margin deterioration, and then result in
meibomian glands loss.When comparingMGmorphology, there
was no difference in MG width, area, DI, and SI values at
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baseline, but the post-operative values showed significantly lower
in the study group. MG length showed no difference between the
two groups post-operatively, it may be due to the higher pre-
operative MG length value in the study group. Furthermore, all
the morphological parameters changed more in the study group
than in the control group.

As previously reported, MGD is associated with higher MG
loss (9). We investigated TMH and NI-BUT as the functional
parameters in the present study and revealed no significant
changes in long-term post-operative NIBUT and TMH compared
with the pre-operative levels or the contralateral eyes. We
found no significant difference when comparing the NIBUT
and TMH between the two groups at baseline and 6 months
post-operatively. Although TMH increased in the control group
post-operatively, TMH changes were not significantly different
between the two groups. No significant NIBUT changes were
found in either group after cataract surgery. Being consistent to
our results, a study by Choi et al. (5) reported no significant
difference at 1 and 3 months after surgery in TBUT when
compared with the baseline data. A recent study by Lin et al.
(18) showed that there was no difference in TMH between
the patients with MGD and normal controls. However, some
studies reported that TBUT and TMH decreased 3 months post-
operatively (4, 7, 19). Based on the observation of 192 eyes of
96 patients, Cetinkaya et al. (20) noted that phacoemulsification
surgery may aggravate dry eye test values in the patients with
chronic dry eye in the short term (1st day, 1st week, and
1st month post-operatively), and these values will return to
the pre-operative levels in the long term (3rd month, 6th
month, 1st year, and 2nd year post-operatively). The possible
reason of the controversial viewpoints was that most of the
studies followed up in the early post-operative periods of
cataract surgery, for example, 1 or 3 months post-operatively,
while we included the 6-month data after the surgery. We
speculate that the NIBUT value gradually compensated and
returned to the baseline level, thus at 6 months post-operatively,
it displayed slightly shorter than that at baseline without
statistically significance.

The MG morphology parameters showed some weak
correlations with the clinical tests. There was a positive
correlation between TMH and MG loss (r = 0.221, p =

0.005). Furthermore, there was a positive correlation between
NIBUT and MG length (r = 0.186, p = 0.025), MG area
(r = 0.188, p = 0.023) and MG loss (r = 0.185, p =

0.025), whereas a negative correlation between NIBUT and
SI (r = −0.229, p = 0.005). Several researchers reported
significant strong correlation coefficients (21–23). Hence, TMH
and NIBUT could partly represent the function of mebomian
glands, especially NIBUT. Theoretically, MG loss indicating
MGD that is negatively correlated with NIBUT. It is controversial
with our results, although it was weakly correlated. The
reason might be as follows: clinically, MG loss does not
necessarily mean the MGD if there are no dry eye symptoms.
Furthermore, NIBUT may gradually return to the baseline
level in the long term after surgery while the changes of MG
were irreversible.

The present study reported that MG morphology was
aggravated even at 6 months post-operatively, and revealed
the morphological changes more specifically, filling the lack
of long-term investigation. However, this study has several
limitations. First, this study only included 6-month post-
operative examinations, so it was unable to determine the
changing process after cataract surgery. Second, the lid margin,
meibum expressibility were not investigated in this study. Third,
we did not perform the Ocular Surface Disease Index (OSDI)
Questionnaire, refraction or visual acuity tests in these patients,
these parameters and their correlations with MG morphology
aggravation need further study in the future. What’s more,
although we evaluated gland morphology in detail, this study
only enrolled central five glands in the upper lid, unable to
conclude the morphological changes in all glands. Hence, it is
necessary to conduct a study that includes more parameters and
glands in the lower lid at several time points.

In conclusion, our study revealed that cataract surgery
was associated with MG loss aggravation, and MG
morphology deterioration, such as a decrease in length,
width, area, and gland signal index. Post-operative NIBUT
and TMH did not significantly change in the long term.
Therefore, it is important for the clinicians to monitor
the MG morphological parameters before and after
cataract surgery.
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Estimated Annual Economic Burden
of Dry Eye Disease Based on a
Multi-Center Analysis in China: A
Retrospective Study
Wanju Yang 1, Yanzhu Luo 1,2,3, Shangcao Wu 1, Xiaoxia Niu 4, Yanshuang Yan 5,

Chen Qiao 1,3, Wei Ming 1,3, Ying Zhang 1, Haoyu Wang 1,3, Dan Chen 1,3, Mengying Qi 1,3,

Lan Ke 1,3, Ying Wang 1,3, Liping Li 1,3, Shaowei Li 6 and Qingyan Zeng 1,2,3,6,7*

1 Aier Eye Hospital of Wuhan University, Wuhan, China, 2 Aier School of Ophthalmology, Central South University, Changsha,

China, 3Department of Cornea and Ocular Surface Diseases, Wuhan Aier Hankou Eye Hospital, Wuhan, China, 4Department

of Cornea and Ocular Surface Diseases, Harbin Aier Eye Hospital, Harbin, China, 5Department of Cornea and Ocular Surface

Diseases, Guangzhou Aier Eye Hospital, Guangzhou, China, 6 Aier Cornea Institute, Beijing, China, 7 Aier School of

Ophthalmology and Optometry, Hubei University of Science and Technology, Xianning, China

Purpose: To conduct a multi-center analysis and assess the economic burden due to

dry eye disease (DED) in China.

Design: A retrospective and cross-sectional study.

Methods: Patients (n = 598) with diagnosed DED were recruited from 3 eye centers

(in central, southeast, and northeast China) from 1 January 2018 to 31 December

2018. Data were collected regarding the examination, pharmacological therapy, and

non-pharmacological therapy fees. Sub-group analyses were stratified by eye center,

DED severity, types of DED, number of visits to physicians, and residential area. A logistic

regression analysis was conducted to investigate the variables influencing total costs.

Results: The per capita costs devoted to DED at the 3 centers were 422.6, 391.3,

and 265.4 USD, respectively. The costs of non-pharmacological therapy accounted the

largest part in three centers (75.6, 76.4, 76.5%, respectively). Patients with severe DED

sustained the largest economic burden. Patients with mixed type of DED spent the

most comparing to patients with either evaporative or aqueous-deficient types of DED.

Patients spent more during the first visit compared with subsequent visits. Patients living

in urban areas spent significantly more than did those living in rural areas (P = 0.001).

The logistics regression analysis showed that total costs were significantly influenced by

DED severity, number of visits to physicians, and area of residence (beta = 2.83, 0.83,

1.48; P < 0.0001).

Conclusions: DED is a chronic ocular disease that timely non-cost counseling, early

diagnosis, and efficacious treatment can reduce its economic burden on patients and

the society.

Keywords: dry eye disease, burden of disease, costs, multi-center analysis, China
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INTRODUCTION

Dry eye disease (DED) is a chronic and progressive multifactorial
disorder of the ocular surface characterized by unstable tear
film; or imbalanced microenvironment caused by abnormal tear
quality, quantity, and dynamics. It can be accompanied by
inflammatory reactions of the ocular surface, tissue damage, and
neurological abnormalities, which result in a variety of symptoms
of ocular discomfort, visual dysfunction, or both (1). Among
people seeking eye care in the United States, DED has become the
fifth most prevalent ocular condition in women and ninth most
prevalent in men (2).

The prevalence of DED ranges from 5.28 to 33.7% worldwide
(3–5). The Dry Eye Workshop (DEWS) committee reported that
the prevalence of DED in Southeast Asia is as high as 20.0
to 52.4% (6). In New Zealand, signs of clinical dry eye were
present in almost half of a cohort of 45-year-olds (7). In China, a
meta-analysis revealed that DED diagnosed by symptoms alone
affected 31.40%, or corresponding to 394.13 million affected
individuals in the country (4).

DED can be caused by a variety of reasons, including aging,
female population (6, 8), environmental factors (e.g., extreme
temperature and reduced humidity) (9), and daily-life behaviors
[smoking (10), digital screen exposure (11, 12), reduced caffeine
consumption, and contact lenses (13)]. Surgical and para-surgical
causes such as refractive (14, 15) and cataract surgeries (16, 17)
can promote DED, as well as certain medications (18, 19) such
as beta-blockers, antihistamines, oral contraceptives, and anti-
glaucoma eye drops. A history of thyroid disease, and poorer
self-rated health (16), have also been associated with DED.

Many therapies have been demonstrated to improve the signs
and symptoms of DED (20). However, global studies suggest that
long-term treatment of DED imposes a substantial economic
burden on patients and society. In the United States in 2008,
the overall burden of DED for the healthcare system was 3.84
billion United States dollars (USD), the cost of managing DED
per patient was 11,302 USD, and the overall societal cost was
55.4 billion USD. The costs categories included ocular lubricant
treatment, cyclosporine, punctal plugs, physician visits, and
nutritional supplements (21). A retrospective study conducted
in Germany showed that total costs were ∼117 million euro
for a DED cohort of 35,026 patients. The costs were analyzed
based on the healthcare resource used by the DED patients,
including visits to the general practitioner or ophthalmologist,
pharmacological treatment, and ocular procedures (uncommon)
(22). A systemic literature review evaluated and compared
the burden of DED across France, Germany, Italy, Spain,
United Kingdom, United States, and Japan (23). Clegg et al.
(24) reported that the direct economic burden of managing
DED in European countries in 2003 ranged from 270 USD to
1,100 USD per patient and the costs mainly included diagnostic
test, specialists visits, prescribed drugs, and surgery. While
DED costs vary among countries, the economic burden of

Abbreviations: ANOVA, analysis of variance; DED, dry eye disease; DEWS, The
Dry Eye Workshop; GDP, gross domestic product; SSDE, Sjögren’s syndrome dry
eye; TFOS, Tear Film and Ocular Surface Society; USD, United States dollars.

DED across regions is comparable. Yet, there is limited data
regarding the annual economic burden of DED in Asia, especially
China. Besides, seldom research reported the costs of non-
pharmacological therapies.

This study aims to conduct a multi-center comprehensive
estimation of the costs associated with DED for the year 2018 in
China and provides insight into the burden of DED on patients
and society.

MATERIALS AND METHODS

Data Source
The study was approved by the ethics committees of 3 eye centers,
Wuhan Aier Hankou Eye Hospital (Center-1, central China),
Guangzhou Aier Eye Hospital (Center-2, southeast China), and
Ha’erbin Eye Hospital (Center-3, northeast China), respectively.
The study was conducted in accordance with the tenets of
the Declaration of Helsinki, and the enrolled patients provided
signed informed consent.

The participants were recruited from outpatients visiting the
above 3 eye centers, from 1 January 2018 to 31 December 2018.
The inclusion criteria were: (1) subjects aged ≥18 years, (2) had
received a diagnosis of DED without other ocular diseases (such
as cataract or glaucoma), and (3) were managed and followed-
up in the study centers without any interventions from other
hospitals or pharmacies. Individuals with any of the following
were excluded: (1) eye surgeries in the past 6 months, (2)
infectious corneal diseases during follow-up visits, or (3) ended
follow-up during the study year.

DED diagnosis and severity criteria were that of the dry
eye consensus of the Chinese Medical Association in 2013, and
defined as mild, moderate, or severe (Table 1). Classification
of DED was consistent with the TFOS (Tear Film and Ocular
Surface Society) DEWS II Definition and Classification Report.

Data Collection
The outpatient medical record systems of the 3 hospitals were
searched for the cost information of the enrolled patients
during the 1-year follow-up. The costs included 3 categories
of fees: examinations, pharmacological therapy, and non-
pharmacological therapy.

The examination fees included the costs of the general
ophthalmological examinations (i.e., intraocular pressure and
slit lamp inspection with fluorescein staining) and examinations
related to DED (i.e., quantitative and qualitative evaluations of
the tear film, and the morphology and function of the meibomian
glands). The pharmacological therapy fees consisted of the cost
of eye drops to treat DED during the year. Non-pharmacological
therapy costs included costs of ophthalmic physiotherapy (i.e.,
meibomian gland massage, palpebral margin cleaning, eyelid
nebulization therapy, and intense pulsed light) and costs of
purchased products for treatment (i.e., lacrimal punctual plugs,
moisture chamber glasses, corneal bandage lenses, and warm
compress eye masks).
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TABLE 1 | Diagnosis and severity criteria of DED.

Symptoms Mild subjective symptoms with

negative corneal fluorescein staining

Signs • Meeting one of the following objective

signs:

• Tear break-up time ≤5 s, or Schirmer’s

I-test ≤5 mm/5min;

• Tear break-up time >5 s up to 10 s, or

Schirmer’s I-test* between nil up to 5

mm/5min, with positive corneal and

conjunctival fluorescein staining

Severity Mild Mild subjective symptoms with negative

corneal fluorescein staining

Moderate Moderate and severe subjective

symptoms with positive corneal

fluorescein staining; corneal staining

disappeared after treatment

Severe Moderate and severe subjective

symptoms with positive corneal

fluorescein staining; staining did not

completely disappear after treatment

*Schirmer’s I-test is without topical anesthesia.

Statistical Analysis
All the data were analyzed using SPSS 22.0 (SPSS IBM,
New York, NY, USA) software. A P < 0.05 was considered
statistically significant. Demographic comparisons among
the 3 centers (from the central, southeast, and northeast
districts) were performed via chi-squared test for dichotomous
variables, analysis of variance (ANOVA) for continuous
variables, and non-parametric tests for non-normally
distributed data.

The subjects were categorized, both overall (the 3 centers) and
for each center individually, to determine the respective median
values of the total costs.

Comparisons were made of the per capita cost related
to DED with the gross domestic product (GDP), and
with the income of the city where the medical center
is located. Economic burden is shown as USD ($),
according to the 2018 currency exchange rate (6.61 Chinese
Yuan/USD; National Bureau of Statistics of China, https://
data.stats.gov.cn/easyquery.htm?cn=C01&zb=A060J&sj=
2018).

In the univariate analyses, cost comparisons between
subgroups stratified by different variables were conducted
by Mann-Whitney Test (2 categories) or Kruskal-Wallis
H-Test (multiple categories). The variables included the
following: DED severity (mild, moderate, severe); types of DED
(evaporative, aqueous-deficient, and mixed DED); number of
visits to physicians (first visit, subsequent visit); residential area
(urban, rural).

Logistic regression models were used to estimate cost
differences between the groups that were lower or higher than
the median value. Variables related to DED severity, number
of visits to physicians, and residential area were included in
the models.

RESULTS

Demographics
The study population comprised 598 patients overall, with 199,
199, and 200 patients in Center-1, Center-2, and Center-3,
respectively (Table 2). The 3 centers differed significantly by age,
gender ratio, and number of visits to physicians (P ≤ 0.0001,
0.018, <0.0001). There were 132 mild, 53 moderate, and 14
severe cases of DED in Center-1; 148 mild, 51 moderate, and
no severe cases in Center-2; and 142 mild, 40 moderate, and
18 severe cases in Center-3. Regarding to the type of DED,
there were 49 evaporative dry eye, 9 aqueous-deficient dry eye,
and 141 mixed dry eye subjects in Center-1; 199 mixed dry eye
subjects in Center-2; and 37 evaporative dry eye, 96 aqueous-
deficient dry eye, and 67 mixed dry eye subjects in Center-3. The
number of visits were 1 to 5, 1 to 4, and 4 at Center-1, Center-2,
and Center-3.

Per Capita Annual Costs Analysis
The per capita total costs related to DED at Center-1, Center-
2, and Center-3 were $422.6, $391.3, and $265.4 (P = 0.043),
respectively (Table 3). The percentages in per capita residual
income were 3.16, 2.31, 2.44%; and GDP (year 2018) were 1.66,
1.05, and 2.65%.

The examination fees differed significantly among the centers
(P < 0.0001), as well as the pharmacological therapy fees (P <

0.0001), but the non-pharmacological fees were comparable (P=

0.098). The costs of non-pharmacological therapy accounted the
largest part in three centers (75.6, 76.4, 76.5, respectively).

Sub-Group Analysis
The annual (2018) per capita costs related to DED among
the subgroups was reported (Table 4). Compared with patients
with mild or moderate DED, those with severe DED incurred
the highest examination, pharmacological therapy, and non-
pharmacological therapy fees. Compared with patients with
evaporative or aqueous-deficient DED, those with mixed DED
incurred the highest examination, non-pharmacological therapy,
and total fees. There was no significant difference on the
pharmacological therapy fee among three types of DED. Patients
spent significantly more at the first visit on the examination
fee, pharmacological therapy fee, non-pharmacological therapy
fee, and the total fee (P =0.010, 0.049, <0.0001, <0.0001).
Patients living in urban areas spent more than those living in
rural areas on the examination fee, pharmacological therapy fee,
non-pharmacological therapy fee, and the total fee (P <0.0001,
<0.0001, <0.0001, <0.0001).

Logistics Regression Analysis
The logistics regression analysis showed that, for the centers
overall, DED severity, number of visits to physicians, and
residential area had a significant influence on total costs (beta =
2.83, 0.83, 1.48, respectively, P < 0.0001). The significant variable
that influenced total costs at Center-1 was disease severity only
(beta = 1.37, P < 0.0001); at Center-2, the influential variables
were disease severity (beta = 2.84, P < 0.0001) and number of
visits to physicians (beta = 1.51, P = 0.003); at Center-3, disease
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TABLE 2 | Demographic characteristics of patients at 3 eye centersa.

Center-1 Center-2 Center-3 P

Subjects 199 199 200 —

Age, y 48.01 ± 13.71 42.22 ± 16.19* 47.57 ± 14.11# <0.0001b

Gender, female/male 140/59 113*/86* 130/70 0.018c

Numbers of follow-ups (median, range) 2, 1–15 2, 1–31 4, 4–12*# <0.0001d

Number of visits to physicians (first/subsequent visit) 147/52 137/62 179*/21* <0.0001c

DED severity (mild/moderate/severe) 132/53/14 148/51/0* 142/40/18 <0.0001c

Type of DED (evaporative/aqueous-deficient/mixed) 49/9/141 199*/0*/0* 37/96*#/67*# <0.0001c

Residential area (rural/urban) 64/135 37*/162* 68/132 0.001c

aData is reported as n, unless indicated otherwise; bANOVA; cchi-squared test; dKruskal-Wallis H.

*Compare with Center-1, P < 0.05; #Compare with Center-2, P < 0.05; Bonferroni test was performed.

Center-1, Wuhan Aier Hankou Eye Hospital, Wuhan, central China; Center-2, Guangzhou Aier Eye Hospital, Guangzhou, southeast China; Center-3, Ha’erbin Aier Eye Hospital, Ha’erbin,

northeast China.

TABLE 3 | Percentages of annual per capita DED costs in residual income and GDP (year 2018)a.

Annual per capita DED costs Center-1 Center-2 Center-3 Pb

Examination fee $53.0 ± 35.5 (12.5%) $36.9 ± 30.1 (9.4%)* $29.3 ± 24.5 (11.0%)*# <0.0001

Pharmacological therapy fee $50.1 ± 51.0 (11.9%) $55.5± 55.1 (14.2%)* $33.1 ± 21.6 (12.5%)# <0.0001

Non-pharmacological therapy fee $319.5 ± 302.6 (75.6%) $298.9 ± 382.9 (76.4%) $203.1 ± 129.5 (76.5%) 0.098

Total fee $422.6 ± 324.8 $391.3 ± 422.6 $265.4 ± 145.0* 0.014

Per capita residual income in each areac $13,362.6 (3.2%) $16,919.7 (2.3%) $10,857.9 (2.4%) –

Per capita GDPd $25,417.1 (1.7%) $37,278.6 (1.1%) $10,017.2 (2.7%) –

*Compare with Center-1, P < 0.05; #Compare with Center-2, P < 0.05; Bonferroni test was performed.
aReported as US dollars ($), the 2018 currency exchange rate 6.61 Chinese Yuan/USD; bKruskal-Wallis H-test; ctotal fees related to residual income in each area; d total fees related to

per capita GDP. The bold values means there was significant difference.

severity (beta = 2.84, P < 0.0001) and residential area (beta =

1.65, P = 0.004) were of greatest importance.

DISCUSSION

To the best of our knowledge, this is the first multi-center analysis
of the annual economic burden imposed by DED in China.
The global economic burden due to DED, to the patient and
society, is not trivial. In the last decade, various methods have
been used to analyze the economic burden on patients with DED
worldwide (Table 5) (21, 22, 25, 27–30), but little is known about
the situation in China (31).

In the current study, data were collected from 3 eye centers,
in central, southeast, and northeast China, respectively. The
annual total costs (per capita) associated with DED ranged
from $264.5 to $422.6, which appeared lower than the studies
discussed above. However, the economic and medical status in
different regions is an important factor that affects economic
burden. We found that the per capita costs of DED accounted
for 2.31–3.16% of per capita residual income, and 1.05–
2.65% of per capita GDP, in the different districts. When
taking into account the prevalence of DED in China (affecting
394.13 million individuals) (4), the overall burden of DED
for the healthcare system translates to $104.2 billion to $166.6

billion per year, which was much higher than the estimated
annual economic burden in the US society overall [$55.4
billion (21)]. Therefore, the economic burden of DED on the
Chinese people is such that more reasonable policymaking
is needed regarding state-set medication prices and medical
care reimbursement.

There were significant differences in the annual per capital
DED costs, examination fee, and pharmacological therapy
fee among three centers. The non-pharmacological therapy
fee was still higher in Center-1 than other two centers,
although the difference was not significant. One of the
reasons is that the DED specialized outpatient clinic was
set in Center-1 in 2014 and patients in Wuhan city were
more willing to accept complicated examinations and non-
pharmacological therapies. Costs in Center-3 located in Ha’erbin
were all much lower than Center-1 and Center-2 as the
city was less developed and the overall outpatient costs were
much lower.

As far as we know, this study is the first multi-center analysis
to report non-pharmacological costs, that is, those associated
with ophthalmic physiotherapy conducted in clinics and those
treatment products purchased. The non-pharmacological costs
accounted for the largest share of the total costs in all three
centers to ($319.5, $298.9, $203.1, 75.6, 76.4, 76.5%, respectively).
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TABLE 4 | Summary of the annual (2018) per capita costs related to DED among the subgroups (USD).

Examination fee Pharmacological therapy fee Non-pharmacological therapy fee Total fee

DED severity

Mild $35.6 ± 31.3 (13.8%) $36.9 ± 32.6 (14.3%) $186.3 ± 191.8 (72.0%) $258.4 ± 214.7

Moderate $49.0 ± 31.0 (8.3%)* $67.2 ± 65.6 (11.3%)* $476.7 ± 398.7 (80.4%)* $592.2 ± 429.6*

Severe $51.9 ± 32.5 (8.1%)* $74.2 ± 49.8 (11.6%)* $513.1 ± 300.8 (80.3%)* $639.1 ± 291.6*

Pa
<0.0001 <0.0001 <0.0001 <0.0001

Types of DED

Evaporative $35.9 ± 31.2 (9.7%) $49.3 ± 54.0 (13.3%) $286.4 ± 354.1 (77.1%) $371.6 ± 391.7

Aqueous-Deficient $32.1 ± 25.8 (14.9%) $41.5± 39.9 (19.3%) $141.6 ± 77.8 (65.8%)∧ $215.2 ± 116.9

Mixed $48.7 ± 33.6 (11.7%)∧# $44.4 ± 35.8 (10.7%) $323.0 ± 254.5 (77.6%)∧# $416.1 ± 272.1∧#

Pa
<0.0001 0.800 <0.0001 <0.0001

Number of visits to physicians

First visit $40.8 ± 30.1 (10.7%) $47.6 ± 46.4 (12.4%) $294.3 ± 305.0 (76.9%) $382.7 ± 338.9

Subsequent visit $36.0 ± 37.3 (12.8%) $41.4 ± 44.5 (14.8%) $203.1 ± 247.3 (72.4%) $280.6 ±259.9

Pb 0.010 0.049 <0.0001 <0.0001

Residential area

Rural area $33.5 ± 30.9 (12.7%) $38.3 ± 41.7 (14.5%) $192.5 ± 201.7 (72.8%) $264.3 ± 227.8

Urban area $42.2 ± 32.0 (10.6%) $49.3 ± 47.3 (12.4%) $305.7 ± 319.3 (77.0%) $397.2 ± 349.7

Pb
<0.0001 <0.0001 <0.0001 <0.0001

aKruskal-Wallis H-test; bMann-Whitney Test; *Compare with Mild, P < 0.05 and Bonferroni was performed; ∧Compare with Evaporative, P < 0.05, #Compare with Aqueous-deficient,

P < 0.05, and Bonferroni test was performed.

Examples of ophthalmic physiotherapy conducted in clinics
are meibomian gland expression (MGX), palpebral margin
cleaning, eyelid nebulization therapy, and intense pulsed light
(IPL) treatment. Treatment products purchased by patients
include lacrimal punctual plugs, moisture chamber glasses,
corneal bandage lens, and warm compress eye masks. Among
them, MGX and IPL were most widely used according to our
preliminary single center analysis (32). As meibomian gland
disease related DED becomes more common, technologies for
efficacious management are important (33) and IPL was found
safe for DED therapy (34). However, they are currently quite
costly, and more advances in methods and strategies for DED
management that may reduce costs are warranted.

From the logistic regression analysis of the current study, it
was found that the total costs of the patient were significantly
influenced by DED severity. Compared with patients with mild
or moderate DED, those with severe DED incurred the highest
medical expense. Although DED is not curable, timely and
efficient treatment can relieve the symptoms. However, one study
found that patients tended to discontinue follow-ups as DED
prolonged after diagnosis (35). Thus, timely and comprehensive
education on patient is essential to prevent their discouragement
on following treatment. Besides, early intervention is important
to prevent DED progression, which can potentially improve
quality of life and work productivity, reducing the indirect costs
of DED in more severe stages.

Patients with mixed type of DED spent the most and then
followed patients with evaporative and aqueous-deficient DED.
The possible reason was that the symptoms of patients with
aqueous-deficient DED could be alleviated by pharmacological
therapies which were much inexpensive. While patients with
mixed or evaporative DED were more likely to be treated with

non-pharmacological therapies or combining multiple kinds of
therapied which could result in more costs.

In addition to DED severity and type, we also found that
number of visits to physicians influenced the costs. Although
much less subjects had follow-up visits, the costs of subsequent
visits were comparable to the costs of subjects’ first visit, especially
the examinations and pharmacological therapy fee. As DED is
not curable and in need of long-term treatment to alleviate
symptoms, further research is essential to investigate on cheaper
examination technologies and more efficient therapies so that
patients could spend less on follow-up visits during their lifetime.
Besides, in China, some costs on DED non-pharmacological
therapy were not covered by patients’ insurance. Thus, the
support from the government and insurance companies is also
important to reduce the burden on patients.

Compared with patients living in rural areas, those living in
urban areas spent more on DED examinations and treatment.
It is reasonable that patients with these later characteristics
may be more annoyed by DED and more willing to seek
medical treatment. In addition, such patients are more likely
to experience longer exposures to electronic devices, which is
a risk factor of DED onset and deterioration. Therefore, for
these subjects, more detailed non-cost counseling is necessary to
prevent disease progression.

Our study has several strengths. It gains credibility by
being multicenter, with 3 eye centers in central, southeast, and
northeast China. This aspect makes it more representative and
comprehensive. Another strength is that the cost data was
collected not from self-questionnaires, but from the outpatient
medical record systems of the hospitals, which is more objective.
Finally, subgroup and logistic regression analyses were conducted
to investigate the significance of the variables that influence
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TABLE 5 | Studies on the economic burden of DED published between 2010 and 2020.

Year, location Methods Study population Cost analysis

North America

Yu et al. (21) 2008, USA Survey, cross-sectional

study, decision analytic

model

2171 DED Pts • Direct PCC: $783

• Indirect PCC: $11,302

Galor et al. (25) 2001–2006, USA Survey, retrospective

study

147 DED Pts • DED medication PCC:

• 2001–2002, $55/y

• 2003–2004, $137/y

• 2005–2006, $299/y

• Yearly overall, $217.3 ± 23.4

Europe

Tachkov et al.

(26)

2016–2017, Sofia Prospective,

observational, decision

tree analysis

64 eyes with POAG &

DED

Median costs of DED treatment e179.9 ± 9.4

Darbà et al. (27) 1997–2015, Spain Multi-centers,

insurance claims

analysis, retrospective

study

36,081 DED Pts • Total costs: increased from e4.9 to e30.3M during the study

period

• Mean annual cost per Pt: e7,379 increase

Siffel et al. (22) 2008–2015, Germany Insurance claims

analysis, retrospective

study

85,560 DED Pts with at

least one confirmed

diagnosis

• Total PCC: e3,809 ± 8,195

• Outpatient visits PCC: e932 ± 1,229

• Acute day ward visits PCC: e50 ± 328

• Pharmacological treatments PCC: e816 ± 3,415

Asia

Mizuno et al.

(28)

2005–2008, Japan Multi-center, survey,

cross-sectional study

118 DED Pts • Annual PCC: $530

• Clinical PCC: $165

• Pharmacological PCC: $323

• Punctual plug PCC: $42

Nagata et al.

(29)

2014–2015, Japan Survey, cross-sectional

study

266 subjects with eye

condition including

DED

Annual PCC of eye conditions including DED: $253.3

Waduthantri et

al. (30)

2008–2009, Singapore Pharmacy & clinic

inventory database

analysis, retrospective

54,052 DED Pts • 2008, $22.11

• 2009, $23.59

Yao and Le (31) 2016, SE China Survey, cross-sectional

study

34 SSDE & 30

non-SSDE subjects

• Annual Medication costs: SSDE U7,637.2 ± 6,079.0, non-

SSDE U1,179.1 ± 990.4

• Annual out-of-pocket money: SSDE U2,627.8 ± 1,857.0,

non-SSDE U481.9 ± 393.3

• Annual indirect expense: SSDEU828.0± 1,866.0, non-SSDE

U487.2 ± 1,404.0

• Expense on auxiliary therapy: SSDE U2,757.1 ± 2,496.0

Present study,

2021

2018, C, SE, NE China Multi-centers,

outpatient medical

record system analysis,

retrospective study

598 DED Pts • Total PCC: $422.6, $391.3, and $265.4 in 3 centers

• Sub-groups:

• Severity: mild cf. moderate cf. severe = mild $258.4 ± 214.7;

moderate $592.2 ± 429.6; severe $639.1 ± 291.6

• Types: evaporative cf. aqueous-deficient cf. mixed=

evaporative $371.6 ± 391.7; moderate $215.2 ± 116.9;

severe $4,616.1 ± 272.1

• Visit: first $382.7 ± 338.9; subsequent $280.6 ± 259.9

• Residence: rural $264.3 ± 227.8; urban $397.2 ± 349.7

C, central; NE, northeast; PCC, per capita cost; Pt, patient; SE, southeast.

the costs associated with DED. However, there are also some
limitations. One limitation is that only the direct medical costs
related to DED were collected or calculated. The effect of indirect
costs, such as low employment, absence fromwork, and impaired
productivity, will be investigated in the future. Another factor
of note is that the actual economic burden of DED could have
been underestimated, as we only collected data for 1 year. Future
study using decision tree or Markov model is needed. Besides,

the sample size was relatively small and we only included centers
in China which may influence the generalizability of our study
outside China.

CONCLUSIONS

Patients due to DED sustain a heavy economic burden for the
healthcare system in China, which translates to $104.2–$166.6
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billion per year when taking into account the prevalence of
DED in China (affecting 394.13 million individuals). DED is
a chronic ocular disease that costs more on patients in more
severe disease stage. Thus, timely non-cost counseling, early
diagnosis, and efficacious treatment are essential to retard the
disease progression and potentially reduce the economic burden.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committees of Wuhan Aier Hankou Eye
Hospital (Center-1), Guangzhou Aier Eye Hospital (Center-2),
and Ha’erbin Eye Hospital (Center-3). The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

WY, YL, SL, and QZ conceived and designed research. YL, XN,
YY, CQ, WM, YZ, HW, DC, MQ, LK, YW, and LL collected data
and conducted research. WY and SW analyzed and interpreted
data. WY and QZ wrote the initial paper. SL and QZ revised
the paper. QZ had primary responsibility for final content. All
authors read and approved the final manuscript.

FUNDING

This work was supported by the Aier Eye Hospital Group
(Grant No. AR1904D2), Youth Project of the Medical Scientific
Research Foundation of Wuhan Municipal Health Commission
(Grant No. WX21Q33), the Science and Technology Innovation
Program of Hunan Province (Grant No. 2020SK50104), and
Scientific Research Fund project of Aier Eye Hospital Group
(Grant No. AF2004D10). The authors declare that the funding
body was not involved in study design, data collection, analysis,
interpretation, and writing of the study.

REFERENCES

1. Craig JP, Nichols KK, Akpek EK, Caffery B, Dua HS, Joo CK, et al. TFOS
DEWS II definition and classification report. Ocul Surf. (2017) 15:276–
83. doi: 10.1016/j.jtos.2017.05.008

2. Bradley JL, Özer Stillman I, Pivneva I, Guerin A, Evans AM, Dana
R. Dry eye disease ranking among common reasons for seeking eye
care in a large US claims database. Clin Ophthalmol. (2019) 13:225–
32. doi: 10.2147/OPTH.S188314

3. UchinoM, Schaumberg DA, DogruM, Uchino Y, Fukagawa K, Shimmura S, et
al. Prevalence of dry eye disease among Japanese visual display terminal users.
Ophthalmology. (2008) 115:1982–8. doi: 10.1016/j.ophtha.2008.06.022

4. Song P, Xia W, Wang M, Chang X, Wang J, Jin S, et al. Variations
of dry eye disease prevalence by age, sex and geographic characteristics
in China: a systematic review and meta-analysis. J Glob Health. (2018)
8:020503. doi: 10.7189/jogh.08.020503

5. Dana R, Bradley JL, Guerin A, Pivneva I, Stillman I, Evans AM, et al. Estimated
prevalence and incidence of dry eye disease based on coding analysis of
a large, all-age united states health care system. Am J Ophthalmol. (2019)
202:47–54. doi: 10.1016/j.ajo.2019.01.026

6. Stapleton F, Alves M, Bunya VY, Jalbert I, Lekhanont K, Malet F,
et al. TFOS DEWS II epidemiology report. Ocul Surf. (2017) 15:334–
65. doi: 10.1016/j.jtos.2017.05.003

7. Craig JP, Wang MTM, Ambler A, Cheyne K, Wilson GA. Characterising
the ocular surface and tear film in a population-based birth cohort of
45-year old New Zealand men and women. Ocul Surf. (2020) 18:808–
13. doi: 10.1016/j.jtos.2020.08.005

8. Malet F, Le Goff M, Colin J, Schweitzer C, Delyfer MN, Korobelnik JF, et al.
Dry eye disease in French elderly subjects: the alienor study. Acta Ophthalmol.

(2014) 92:e429–36. doi: 10.1111/aos.12174
9. Berg EJ, Ying GS, Maguire MG, Sheffield PE, Szczotka-Flynn LB, Asbell PA, et

al. Climatic and environmental correlates of dry eye disease severity: a report
from the dry eye assessment and management (DREAM) study. Transl Vis Sci
Technol. (2020) 9:25. doi: 10.1167/tvst.9.5.25

10. Sayin N, Kara N, Pekel G, Altinkaynak H. Effects of chronic smoking on
central corneal thickness, endothelial cell, and dry eye parameters. Cutan Ocul
Toxicol. (2014) 33:201–5. doi: 10.3109/15569527.2013.832688

11. Porcar E, Pons AM, Lorente A. Visual and ocular effects from the use of flat-
panel displays. Int J Ophthalmol. (2016) 9:881–5. doi: 10.18240/ijo.2016.06.16

12. Wang MTM, Muntz A, Mamidi B, Wolffsohn JS, Craig JP. Modifiable
lifestyle risk factors for dry eye disease. Cont Lens Anterior Eye. (2021)
101409. doi: 10.1016/j.clae.2021.01.004 [Epub ahead of print].

13. Kastelan S, Lukenda A, Salopek-Rabatić J, Pavan J, Gotovac M. Dry eye
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Objective: To explore the risk factors for abnormal blinking in children and the role of

the tear-film lipid layer thickness (LLT) as a function of duration of video display terminal

(VDT) use in children.

Methods: Children attending the Optometry Clinic of Xinhua Hospital affiliated with

Shanghai Jiao Tong University were recruited for the study between June 2019 and

June 2020. Time spent viewing a VDT (VDTt) over the previous 6 months was recorded.

Incomplete blinking (IB) and blinking rate were measured over a 10 s period using the

Lipiview® interferometer (Tear Science, Morrisville, NC, USA), and participants were

allocated into groups with normal blinking (NBG, blink rate< 20 blinks/min) and abnormal

blinking (ABG, blink rate ≥ 20 blinks/min). T-test, chi-square test and Mann-Whitney

U-test were used to compare the differences in tear film (TF) stability indexes and

meibomian gland function indexes between the two groups. Binary logistic analysis was

used to analyze the risk factors for abnormal blinking and protective factors related to

children’s use of VDT, and receiver operating characteristic (ROC) curve analysis was

also conducted.

Results: A total of 167 children were included, with no statistically significant differences

in age or sex between the two groups. According to the t-test, VDTt was significantly

higher in ABG than NBG, while TF stability indices including tear break up time, LLT and

the height of the tear meniscus, were significantly higher in NBG than ABG (P < 0.001).

The results also showed better meibomian gland function in NBG than ABG (P < 0.05).

Binary logistic analysis showed that VDTt is an important risk factor for abnormal blinking,

and the average of LLT (AVG) was found to be an important protective factor for children

using a VDT for long periods, with a cut-off value of 1.5 h and 57.5 nm, respectively. ROC

curve analysis showed that the area under the curve value of VDTt and AVG was 0.833

and 0.969, respectively (P < 0.001).

Conclusion: In children, VDTt is an important risk factor for abnormal blinking, and the

AVG is an important protective factor for children using VDT for long periods.

Keywords: children, abnormal blinking, video display terminal time, dry eye, tear film alteration
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INTRODUCTION

Ablink is a coordinatedmovement of eyelids closing and opening
in a natural state. The normal blink rate is 10–15 blinks/min,
each of 0.3–0.4 s duration, with inter-blink interval of 3–4 s.
When the blink rate or amplitude exceeds an upper limit, it
is considered abnormal. Abnormal blink as a chief complaint
in children presenting at the ophthalmology clinic is most
commonly secondary to other ocular abnormalities. In addition,
some scholars have pointed out that abnormal blinks are closely
related to the development of meibomian gland dysfunction
(MGD) (1). Therefore, clinical optimization of blinking can
effectively improve the symptoms of MGD patients. To date,
some studies have shown that video display terminal (VDT)
use is an important factor in dry eye (2). China has one of
the highest portable VDT utilization rates in the world, with
847 million smart phone users in 2019, an average usage time
of 27.9 h per week, 4% of users being children under the age
of 10 and 16.9% being 10–19 years old, indicating that about
177 million children making extensive use of smart phones
and VDTs (3). Long periods of VDT use are associated with
discomfort symptoms such as dry eyes, ocular foreign body
sensation, burning sensation and visual fatigue (4, 5). The various
eye diseases related to VDT use are summarized in Table 1 (6–
12). Relevant studies have shown that dry eye patients often
have ocular surface epithelial damage, abnormal blinking and
other clinical symptoms. Therefore, children may be at risk
of abnormal blinking and possibly MGD (13) after prolonged
use of VDT. Fenga et al. reported that long-term VDT users
accompanied by MGD were more likely to have symptoms of eye
discomfort and go to ophthalmology (11), which was consistent
with the results of other scholars’ studies (14).

There are many other external factors that can cause abnormal
blinking. It has been reported that the main factors determining
blink frequency are stimuli external to the eye, such as the state
of the tear film (TF) on the surface of the cornea and conjunctiva,
the excitation state of relevant receptors and environmental
factors (15). As the outermost layer between the eye and the
external environment, the ocular lipid layer of the TF plays
an important role in reducing tear evaporation, increasing the
stability of the TF and promoting the formation of TF on the
ocular surface. A series of studies have shown a significant
correlation between dry eye symptoms and tear-film lipid layer

TABLE 1 | A variety of eye diseases caused by VDT.

References Year Corresponding population Eye diseases

Moon et al. (6) 2016 Children Dry eye

Ranasinghe et al. (7) 2016 Computer office workers Computer Vision Syndrome

Basso et al. (8) 2006 VDT workers Myopia

Ozawa et al. (9) 2015 Office workers aged 20–40 years Eye fatigue

Lee et al. (10) 2016 Myopic patients with open-angle glaucoma Visual field progression of open-angle glaucoma

Fenga et al. (11) 2008 VDT workers Meibomian gland dysfunction

Chen et al. (12) 2017 Long term VDT user Paracentral acute middle maculopathy

VDT, video display terminal.

thickness (LLT) (16). Previous studies have focused on dry eyes
following VDT use in adults, but few reports on meibomian
glands (MGs) have involved long-term use of VDT in children.
In addition, the scale of children’s use of VDTs in China is
expanding, and the age at which children begin to use VDTs
is increasingly early. Children are unable to accurately describe
their subjective symptoms, so conditions such as MGD may be
neglected in children with long-term use of VDT. Abnormal
blinking is a sign which can be observed by the clinician and
does not need to be reported by the child. However, there are no
published reports of the correlation between abnormal blinking
and the time spent using VDT (VDTt), and there is a lack of
research on the relationship between LLT, dry eye and abnormal
blinking. Through the analysis of the correlation among VDT,
dry eye and abnormal blinking, to provide guidance for the
prevention and control of abnormal blink and dry eye in advance.
Therefore, the purpose of this study was to explore the correlation
between blink abnormalities in children andVDTt, the functional
state of the MGs and the TF stability represented by LLT.

METHODS

Patients and Examination
A total of 167 children aged 15 years or less attending
ophthalmology outpatient clinics at Xinhua Hospital Affiliated to
Medical College of Shanghai Jiao Tong University between June
2019 and June 2020 were enrolled. The blink rate was measured
using the Lipiview R© interferometer, and subjects with a blink
rate of ≥20 blinks/min were allocated to an abnormal blinks
group (ABG), while those with a blink rate of <20 blinks/min
were allocated to a normal blinks group (NBG) (17). Some data
results were shown as mean± standard deviation.

Participants were eligible if they met the following criteria:
(1) no active inflammation of the eye and no eye drops used
within the preceding three months; (2) no history of wearing
corneal contact lenses, no history of laser or other ocular surgical
operations, no history of ocular trauma, ocular chemical injury
or burns; (3) no upper respiratory tract infection within the
preceding two weeks; (4) no use of drugs affecting tears such as
atropine, neostigmine or artificial tears within the last sixmonths.

Children older than 15 years or with any of the following were
excluded: (1) other ocular diseases that may cause ocular surface
abnormalities such as abnormal eyelid position, proptosis, or
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TABLE 2 | General information.

Parameters NBG ABG P valuec

Age (years)a 7.82 ± 2.66 8.14 ± 3.01 0.462

Gender (F:M)b 0.941

Female 40 (48%) 40 (48%)

Male 43 (52%) 44 (52%)

Blinking ratea 14.60 ± 4.00 30.00 ± 7.62 <0.001

Incomplete blinking ratea 13.95 ± 7.20 23.71 ± 11.44 <0.001

VDTt (hours)a 1.03 ± 0.95 2.48 ± 1.08 <0.001

P < 0.05 indicates statistical significance.
a Independent sample T test.
bChi-squared test.
cComparison between the NBG and ABG.

Data showed as mean ± standard deviation or n.

NBG, normal blinking group; ABG, abnormal blinking group; VDTt, video display

terminal time.

pterygium; (2) other systemic diseases such as hyperthyroidism
that affect tear production; or (3) developmental abnormalities.
The study was compliant with the tenets of the Declaration
of Helsinki, was approved by the Xinhua Hospital ethics
committee and was registered with the Chinese Clinical Trial
Registry (trial registration number: ChiCTR2000038908 and
the approved number: XHEC-D-2018-103). Prior to each
subject’s participation, a guardian signed a declaration of paper
informed consent.

Eye examination and other procedures were conducted in the
following order: (1) The child and/or guardian was asked about
the child’s duration of VDTuse over the preceding sixmonths; (2)
Lipiview R© measurements (including LLT and blink rate) were
recorded; (3) tear meniscus height (TH) was measured and MG
morphology was assessed using the Oculus Keratography 5M; (4)
an ocular surface slit lamp examination was carried out to assess
conjunctival congestion and fluorescein BUT, theMarx line (ML)
score, MG expression andMeibum score, and corneal fluorescein
staining score. All the examinations were finished in one day by
the same ophthalmologist in the same dark room.

Measurement of Tear-Film Lipid Layer
Thickness (LLT), Incomplete Blinks (IB) and
Blink Rate
The LLT of the TF (minimum, maximum and average), number
of incomplete blinks (IB) and the blink rate over a 10 s period
weremeasured using a Lipiview R© interferometer and during this
procedure the child was encouraged to blink naturally (18). The
equipment can automatically calculate the number of blinks per
min and the number of abnormal blinks per min.

TH and MG Morphology by Oculus
Keratography 5M
The TH was measured using the Oculus Keratograph 5M
camera and related software (19). TH ≥ 0.2mm indicates
normal tear secretion, while TH < 0.2mm indicates insufficient
tear secretion. The upper and lower eyelids were inverted, the
conjunctiva was fully exposed, and the images were recorded,

analyzed and height calculated.MG dropout was scored using the
same equipment according to the following scale: I (normal, with
no MG deficiency); II (MG deficiency < 1/3); III (MG deficiency
1/3–2/3); IV (MG deficiency > 2/3) (20).

Slit Lamp Examination
To measure TF breakup time (BUT), 2 µL 1% sodium
fluorescein preservative free solution was dropped into the lower
conjunctival sac and the participant was instructed to blink
several times for a few seconds. TBUT was measured three times,
and the mean calculated.

Corneal fluorescence staining score (FL) was measured by
considering the corneal surface as four quadrants: supra-nasal,
infra-nasal, superior temporal, and inferior temporal, with each
quadrant being scored I-IV for a total out of 12 points. Scoring
criteria were: I (no staining; 0 point); II (mild scattered spot
staining, 1–30 spots stained; 1 point); III (moderate staining,>30
spots stained but staining not fused; 2 points); IV (heavy staining
or sheet staining of the entire cornea, spot staining fused, with
filaments, or ulcers; 3 points) (21).

TheMarx line (ML) score was calculated for the outer, middle,
and inner thirds of the lower eyelid margin, and recorded as:
I [entirely on the conjunctival side of the meibomian orifices
(MOs)]; II (part of the ML touches the MOs); III (ML runs
through all of the MOs); and IV (ML runs on the eyelid margin
side of the MOs) (22–24).

To measure MG expression (MGE), the five glands at the
center of the upper and lower eyelids were located and their
orifices observed. Scores were based on the following scale: I
(normal, meibum secretion from all glands with light pressure on
the eyelid); II (secretion from 3 to 4 glands with light pressure on
the eyelid; III (secretion from 1 to 2 glands with light pressure on
the eyelid); IV: no secretion from any glands with light pressure
on the eyelid) (25).

The quality of secreted meibum was scored (Meibum score)
according to the following criteria: I (normal, clear, transparent
lid ester); II (cloudy lid ester); III (cloudy lid ester with granules);
IV (thick lid fat with a toothpaste-like consistency) (26).

Statistical Analyses
Statistical analysis was conducted using SPSS (version 25.0) and
R (version 4.0.5; package pROC version 1.18.0; package ggplot2
version 3.3.5) to carry out t-tests, Chi-square test and Mann-
Whitney U test between groups. Binary logistic analysis was
performed on the related factors according to the grouping.
Receiver operating characteristic (ROC) curves and the area
under the curve (AUC) were used to analyze sensitivity and
specificity of risk factors as diagnostic indicators. P values of
<0.05 were considered statistically significant.

RESULTS

Patient Demographics
A total of 167 children aged 15 years or younger were included
in this case-control study. And 167 right eyes were examined in
the study. The NBG included 40 females and 43 males (mean age
7.82 ± 2.66 years; range 2–15 years) and the ABG included 40
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FIGURE 1 | Clinical characteristics of NBG and ABG. N = 83 in NBG, n = 84 in ABG. NBG, normal blinking group; ABG, abnormal blinking group; FL, corneal

fluorescence staining score.

TABLE 3 | The index of tear film.

Parameters NBG ABG Zc P valuec

FLa −0.032 0.974

I 77 (93%) 78 (93%)

II 3 (4%) 3 (4%)

III 1 (1%) 2 (2%)

IV 2 (2%) 1 (1%)

BUT(s)b 6.25 ± 2.63 4.79 ± 2.65 - <0.001

TH (mm)b 0.21 ± 0.08 0.18 ± 0.07 - <0.001

AVGb 70.70 ± 22.05 47.70 ± 16.88 - <0.001

MINb 63.81 ± 22.33 42.58 ± 16.40 - <0.001

MAXb 81.25 ± 21.27 59.35 ± 20.18 - <0.001

P < 0.05 indicates statistical significance.
aMann-Whitney U test.
b Independent sample T test.
cComparison between the NBG and ABG.

Data showed as mean ± standard deviation or n.

NBG, normal blinking group; ABG, abnormal blinking group; FL, corneal fluorescence

staining score; BUT, tear film breakup time; TH, tear meniscus height; AVG, the average

of tear film lipid layer thickness; MIN, the minimum of tear film lipid layer thickness; MAX,

the maximum of tear film lipid layer thickness.

females and 44 males (mean age 8.14 ± 3.01 years; range 2–15
years). The two groups were statistically similar in age and gender
(P = 0.462 and P = 0.941 respectively). The mean blink rate in
the NBG was 14.60 ± 4.00, and this was significantly lower than
the ABG blink rate of 30.00 ± 7.62 (P < 0.001). In addition, the
frequency of incomplete blinking in ABG (23.71 ± 11.44) was
significantly higher than that in NBG (13.95 ± 7.20; P < 0.001).

TheVDTtwas also significantly different between the two groups,
with longer times in ABG than in NBG (P < 0.001). Data are
shown in Table 2; Figure 1.

Tear Film Stability
The TH measure provided an indication of the quantity of TF.
The TH and BUT of ABG was significantly lower than NBG,
(TH 0.18 ± 0.07 and 0.21 ± 0.08; BUT 4.79 ± 2.65 and 6.25
± 2.63; P < 0.001) (Table 3). LLT was assessed using mean and
range. All LLT indices were significantly lower in ABG than NBG
(mean 47.70± 16.88 and 70.70± 22.05; minimum 42.58± 16.40
and 63.81 ± 22.33; and maximum 59.35 ± 20.18 and 81.25 ±

21.27, respectively; all P < 0.001). No significant between-groups
difference was found in FL (Z = −0.032, P = 0.974, Table 3)
(Figure 2).

Meibomian Gland Function
MG dropout, meibum score, MGE and ML were used to evaluate
the morphology and function of MG. Although there was no
significant difference in MG dropout between the two groups (Z
= −0.012, P = 0.990). ML (Z = −3.886, P < 0.001), MGE (Z
= −3.798, P < 0.001) and Meibum scores (Z = −2.411, P =

0.016) were lower in the NBG than in the ABG. More detailed
information is shown in Table 4; Figure 3.

Binary Logistic and ROC Curve Analysis
Binary logistic multivariate analysis based on ABG and NBG
grouping showed that VDTt was an important risk factor for
abnormal blinking. Based on an odds ratio of 3.486, it can be
inferred that the risk of abnormal blinking after long-term use
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FIGURE 2 | The difference of tear film LLT between NBG and ABG. ***There

was a significant difference between the two groups. LLT, lipid layer thickness;

NBG, normal blinking group; ABG, abnormal blinking group; AVG, the average

of tear film lipid layer thickness; MIN, the minimum of tear film lipid layer

thickness; MAX, the maximum of tear film lipid layer thickness.

TABLE 4 | The function of meibomian gland.

Parameters NBG ABG Zb P valueb

MLa −3.886 <0.001

I 59 (71%) 36 (43%)

II 3 (4%) 5 (6%)

III 21 (25%) 36 (43%)

IV 0 (0%) 7 (8%)

MGEa −3.798 <0.001

I 51 (61%) 28 (33%)

II 22 (27%) 34 (40%)

III 10 (12%) 18 (21%)

IV 0 (0%) 4 (5%)

MG dropouta −0.012 0.990

I 81 (98%) 82 (98%)

II 0 (0%) 1 (1%)

III 2 (2%) 0 (0%)

IV 0 (0%) 1 (1%)

Mebium scorea −2.411 0.016

I 80 (97%) 72 (86%)

II 2 (2%) 7 (8%)

III 1 (1%) 5 (6%)

P < 0.05 indicates statistical significance.
aMann-Whitney U test.
bComparison between the NBG and ABG.

NBG, normal blinking group; ABG, abnormal blinking group; ML, marx line; MGE,

meibomian gland expression; MG dropout, meibomian gland dropout degree.

of VDT is 3.486 times higher than that of people who have not
used VDT for a long time. ROC curve analysis was used to further
explore this risk factor, and showed an AUC value for VDTt of
0.833. Based on the ROC curve, cut-off value of 1.5, sensitivity

FIGURE 3 | Comparison of meibomian gland function between NBG and

ABG. ***There was a significant difference between the two groups. NBG,

normal blinking group; ABG, abnormal blinking group; ML, marx line; MGE,

meibomian gland expression; MG dropout, meibomian gland dropout degree.

of 0.827, and specificity of 0.825 were determined (P < 0.001)
(Tables 5, 6; Figure 4A).

Binary Logistic Analysis Results and ROC
Curve With 1.5 h as Boundary-Value
Grouping
In order to exclude the collinearity effect of VDTt on other
covariates, data were grouped based on the 1.5 h cut off value,
and binary logistic multivariate analysis was conducted. Mean
LLT was found to be an important protective factor with an odds
ratio of 0.762. To evaluate the clinical significance of mean LLT in
differential diagnosis, further ROC curve analysis was performed.
The AUC value corresponding to mean LLT was 0.969, with cut-
off value of 57.5, sensitivity and specificity of 0.857 and 0.940
respectively (P < 0.001) (Tables 5, 6; Figure 4B).

DISCUSSION

The present study identified the amount of time spent using
a VDT as an important risk factor for abnormal blinking
in children, and that VDTt of <1.5 h per day may be more
conducive to children’s eye health than longer periods. Moreover,
statistical analysis pointed to mean LLT as an important
protective factor for long periods of VDT use, with a bound
value of 57.5 nm. This indicates that mean LLT ≤ 57.5 nm
found in clinical ophthalmological examination would require
consideration of the child’s use of VDT and its possible impact on
TF stability (Figure 5). According to the above clinical indicators,
ophthalmologists could play a further important role in guiding
children’s eye health.

Previous research has shown that prolonged use of VDT
could cause musculoskeletal pain, poor mental performance and
psychological distress, and most commonly eye irritation (27).
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TABLE 5 | Binary logistic analysis results under different groups.

Factor Cut-Off value Sensitivity (%) Specificity (%) AUC P value

VDTta 1.5 82.7 82.5 0.833 <0.001

AVGb 57.5 85.7 94.0 0.969 <0.001

aThe results are grouped according to a bound of 20 blinks per min.
bThe results are grouped according to a daily bound value of 1.5 h of VDT usage.

P < 0.05 denoted statistical significance.

B, coefficient of regression; OR, odds ratio; CI, confidence interval; VDTt, video display terminal time; AVG, the average of tear film lipid layer thickness.

TABLE 6 | The Cut-off Value, sensitivity, specificity, and AUC of factors for the different grouping conditions.

Factors B OR OR (95% CI) P value

VDTta 1.249 3.486 2.410–5.042 <0.001

AVGb −0.272 0.762 0.687–0.845 <0.001

aThe results are grouped according to a bound of 20 blinks per min.
bThe results are grouped according to a daily bound value of 1.5 h of VDT usage.

P < 0.05 denoted statistical significance.

VDTt, video display terminal time; AVG, the average of tear film lipid layer thickness; AUC, area under the curve.

FIGURE 4 | (A) The receiver operating characteristics (ROC) curves of risk factors for detecting children with abnormal blinking. ROC curves of VDTt showed that the

AUC value was 0.833 (P < 0.001). The sensitivity and specificity were 82.7 and 82.5%, respectively. (B) The receiver operating characteristics (ROC) curves for

factors associated with prolonged use of VDT in children. ROC curves of AVG showed that the AUC value was 0.969 (P < 0.001). The sensitivity and specificity were

85.7 and 94.0%, respectively. VDTt, video display terminal time; AVG, the average of tear film lipid layer thickness; AUC, area under the curve.

In China, a high risk factor for myopia in children is the use of
VDT in close proximity, especially long periods of smartphone
use (28). However, to date, little research exists on the correlation
between abnormal blinking and the use of VDT. Since it is
difficult for children to clearly express their symptoms, and
children with xerophthalmia may have allergic conjunctivitis to
varying degrees, these diseases may be misdiagnosed clinically
(29). In a prospective study of frequent blinking in children, the
most common cause was abnormality of the anterior segment or
eyelid (30), but diverse causative factors exist andmost are related
to benign or self-limiting conditions (see Figure 6) (31–33).
Careful medical history and clinical examination are important

to determine the corresponding etiology and to provide timely
and targeted treatment.

In this study, a significant risk factor for excessive blinking
in children was prolonged video device use. Some scholars have
pointed out that the prolonged use of VDT is an important cause
of dry eyes, and found that warming moist chamber goggles
have an excellent curative effect (34). There is a time-dependent
oxidative stress response in ocular surface tissue, but the VDT
durations in the present study are not sufficient to discern any
damage to the ocular surface. Longer periods of VDT use may
cause damage to the ocular surface. Perhaps short periods of use
cause the decline of MG secretion function and the thinning of
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FIGURE 5 | Frequent blinking in children was associated with prolonged use of terminal devices, thickness of tear film lipid layer, and alterations in meibomian

gland function.

FIGURE 6 | Summary of risk factors leading to abnormal blinking and their

important influencing factors. *Risk factors. **Important influencing factors.

TF lipid layer, which leads to the deterioration of TF stability, but
not the loss of MGs.

Numerous studies have shown reduced blink rates in long-
term VDT users, as low as 7–11 blinks/min, with a significant
increase in the percentage of incomplete blinks (35, 36). In
children, with highly appealing entertainment and materials
available to view on VDTs, blink rate is lower still, with the
orbicularis oculi and Riolan muscles in children contracting
completely around the eyelid gland opening. MG acini constantly
synthesize and secrete meibum, which leads to the abnormal
discharge of meibum, a decrease in MG secretion capacity and
obstruction of the meibum (37, 38). This may be alleviated

by the patient squeezing the eyes hard and increasing blink
frequency. Previous research has shown that 60% of people who
use VDT for long periods have significantly decreased blink
rates, which in turn can lead to MGD (39). We hypothesize
that children are more sensitive than adults to MG and TF
abnormalities, with associated increased blink rate and abnormal
blinking habits, and these signs can bemisdiagnosed by clinicians
as Tourette’s syndrome.

Interestingly, studies have shown that incomplete blinking is
associated with a two-fold increased risk of dry eye disease in
patients with poor LLT (40). The TF lipid layer is composed of
lipids secreted by meibomian glands, is located in the outermost
layer of the TF, and has thickness in the range of 20–180 nm.
As the lipid contact surface between the eye and the external
environment, TF lipid layer can assist other TF components to
inhibit tear evaporation, stabilize the air-tear surface between
eye opening and blinks, and play a role in the first line of
defense against bacterial invasion (41). The thickness of TF lipid
layer is affected by a decrease of eyelid lipid or a change of
tear composition.

In a recent study using Lipiview R©, LLT was positively
correlated with the number of normally secreting MGs, with LLT
≤ 60 nm in adults with dry eye, indicating a clinical application
of MG assessment (33). This evaluation method has important
clinical application value. In our study, BUT, TH and LLT were
significantly lower in ABG than NBG. These finding suggest poor
TF stability and a possibility of evaporative dry eye in children
with abnormal blinking. For those using VDT for long periods,
maintaining appropriate LLT could be a significant protective
factor for ocular health. According to our statistical analysis,
when the average LLT is reduced to 57.5 nm or less, TF stability
may be significantly reduced in children using VDTs.

There are some limitations to our study. Firstly, abnormal
blinking was assessed using the blink rate and number of
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incomplete blinks, and excessive blinking was not studied.
Secondly, ocular surface morphology was observed over a short
period, and longer observation time would help to compare
different research results and support the research conclusion.
Thirdly, the sample size of each group in the study was small,
and larger studies would provide more certainty about the effect
of VDTt on TF stability in children. Finally, the children involved
in this study were all from the eastern Chinese city of Shanghai,
so it is difficult to exclude the effect of air pollution on the ocular
surface (42).
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Objectives: To investigate the changes of dry eye-related clinical manifestations, ocular

surface parameters, and tear inflammatory cytokines after upper blepharoplasty.

Methods: Forty eyes of 20 who underwent upper blepharoplasty were divided

into either the group with or the group without preexisting dry eye before upper

blepharoplasty. Ocular Surface Disease Index (OSDI), Schirmer I test, tear meniscus

height, lipid layer thickness, non-invasive tear break-up time (NIKBUT), fluorescein tear

film break-up time (FBUT), corneal fluorescein staining, meibum expression, lid margin

changes, and tear inflammatory cytokines were assessed preoperatively and at 1, 3,

and 6 months postoperatively. Correlations between inflammatory cytokines and dry

eye-related parameters were determined.

Results: The OSDI scores increased significantly at 1 month (p = 0.040) and

subsequently decreased to the preoperative levels at 6 months postoperatively in

subjects with dry eye. First (f)-NIKBUT and FBUT were significantly shortened at 1, 3,

and 6 months postoperatively in subjects with dry eye (f-NIKBUT: p < 0.001, p = 0.010,

p = 0.042; FBUT: p = 0.002, p = 0.005, p = 0.037, respectively), but were only

shortened at 1 month (p= 0.028, p= 0.005) and returned to baseline levels at 6 months

postoperatively in subjects without preexisting dry eye. A significant increasing trend of

interleukin (IL)-6 was found in both dry eye and subjects without preexisting dry eye

(p = 0.016, p = 0.008), while IL-8 and tumor necrosis factor alpha (TNF-α) were only

found to be increased in subjects with dry eye postoperatively (p = 0.031, p = 0.031).

The levels of IL-8 and TNF-α were positively correlated with OSDI scores (p = 0.046,

p = 0.043, respectively) and negatively correlated with f-NIKBUT and FBUT (p = 0.026,

p = 0.006, respectively).

Conclusions: Upper blepharoplasty might increase the release of tear inflammatory

cytokines and tear film instability that contribute to the development of postoperative

dry eye in the early postoperative period and the changes most relieved in 6 months.

Preexisting dry eye is a higher risk factor for worse and persistent ocular surface damage

after upper blepharoplasty.

Keywords: dry eye, ocular surface, tear inflammatory cytokines, postoperative, upper blepharoplasty
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INTRODUCTION

Upper blepharoplasty is one of the most popular esthetic
surgeries in Asia to create an upper eyelid crease and improve
appearance and functional visual field (1). This procedure
generally involves the removal of redundant upper eyelid skin,
orbital fat, and/or the orbicularis oculi muscle to achieve
periorbital rejuvenation (2). Changes in upper eyelid anatomy
and movement dynamics may be attributed to the development
of dry eye disease after upper blepharoplasty, with a reported
incidence of 0–12.9% (3–5). Dry eye is a multifactorial disease
of the ocular surface in which tear film instability and
hyperosmolarity, ocular surface inflammation and damage, and
neurosensory abnormalities play etiological roles (6). Typical
symptoms of postoperative dry eye are similar to those of
common dry eye, including dryness, redness, burning, foreign
body sensation, and occasional blurred vision (7). Although
dry eye is considered a relatively rare, mild, and transient
complication of upper blepharoplasty, the severity of dry eye
symptoms could affect psychosomatic symptoms and quality
of life (8, 9). In addition, few cases can develop into chronic,
persistent dry eye syndrome, which severely affects the physical
and mental health of patients (3). To prevent and manage
dry eye after upper blepharoplasty, investigating the potential
pathogenesis via preoperative and postoperative evaluation of the
ocular surface is pivotal.

Postoperative dry eye triggered by upper blepharoplasty is
generally considered to be related to the decline of tear film
stability. Several potential mechanisms contributing to this
phenomenon have been proposed: the uneven distribution of
tear film caused by the change in interaction between the
eyelid and ocular surface (10); decreased lipid secretion and
increased tear evaporation induced by the reduced blink rate and
incomplete blinking; and postoperative lagophthalmos (3, 11–
13). However, a recent study showed that palpebral aperture
or blink dynamics changes are not the main cause of dry eye
following upper blepharoplasty (14). We wondered whether
there are other factors associated with the development of this
complication. The updated definition of dry eye specifies the
critical role of ocular surface inflammation in the course of the
disease (6). Several studies identified an inflammatory cascade
that may occur following ocular and intraocular surgeries, such
as LASIK and cataract surgery, which lead to direct damage
of the ocular surface (15, 16). Another recent study showed
that frontalis suspension surgery resulted in the elevation of
inflammatory cytokine levels on the ocular surface in the early
period postoperative (17). Existing research on dry eye after
upper blepharoplasty focused on tear film stability and tear fluid
dynamics. However, changes in ocular surface inflammation after
upper blepharoplasty have not been reported.

In this study, we evaluated the changes in dry eye-related
markers and tear inflammatory cytokines in patients who

Abbreviations: OSDI, Ocular Surface Disease Index; TMH, tear meniscus height;
NIKBUT, non-invasive tear break-up time; f-NIKBUT, first non-invasive tear
break-up time; av-NIKBUT, average non-invasive tear break-up time; FBUT,
fluorescein tear film break-up time; FL, fluorescein staining; IFN-γ, interferon-
gamma; IL, interleukin; LLT, lipid layer thickness; TNF-α, tumor necrosis factor
alpha.

underwent upper blepharoplasty. Furthermore, the correlations
between inflammatory cytokines and dry eye-related markers
were determined. We aimed to characterize the effects of upper
blepharoplasty on the ocular surface microenvironment and
investigate the potentially novel pathogenesis of postoperative
dry eye following upper blepharoplasty.

MATERIALS AND METHODS

Patient Characteristics
Twenty patients (19 women, 1 man; age range, 21–35 years)
who underwent bilateral upper blepharoplasty at the Eye, Ear,
Nose, and Throat Hospital of Fudan University from August
2020 to January 2021 were recruited for this prospective study.
The study was conducted in accordance with the World Medical
Association Declaration of Helsinki. The study was approved by
the ethics committee of the Eye, Ear, Nose, and Throat Hospital
of Fudan University (number 2019093-1), and written informed
consent was obtained from all patients who participated.

All surgical candidates underwent a thorough ocular surface
assessment by an ophthalmologist before surgery and at 1, 3,
and 6 months after surgery. The candidates were divided into
two groups according to whether they had preexisting dry eye
disease. The diagnostic criteria for dry eye disease included the
presence of at least one of the following symptoms, dryness,
burning sensation, grittiness, photophobia, pain, and tickle, and
one of the following signs: Schirmer I test ≤ 5 mm/5min; tear
film break-up time < 5 s; positive fluorescein staining with either
5 mm/5min < Schirmer I test ≤10 mm/5min or 5 s ≤ tear film
break-up time < 10 s. Eighteen eyes of nine enrolled subjects met
the criteria for dry eye and were classified as the dry eye group.
The remaining 22 eyes of 11 patients were in the group without
preexisting dry eye. The exclusion criteria included a history
of eyelid surgery, a history of ocular surgery within 6 months,
neuromuscular abnormalities, a history of wearing contact lenses,
ocular/eyelid diseases such as acute inflammation or infection,
glaucoma, lagophthalmos; systemic diseases that would probably
affect the ocular surface, such as Sjögren’s syndrome; and inability
to follow or cooperate during the examinations.

Surgical Techniques
All subjects underwent cosmetic, bilateral upper blepharoplasty
by the same senior oculoplastic surgeon (Nan Song) under topical
anesthesia with 2% lidocaine. In brief, the operation process
involves the following steps: excision of excess upper eyelid skin
and a strip of preseptal orbicularis oculi muscle, removal of excess
fat, and exposure of septoaponeurosis junctional thickening,
which is stitched with the lower edge orbicularis oculi muscle
using 6-0 non-absorbable suture, and the eyelid is closed with 7-
0 absorbable suture. No anti-inflammatory eye drops were used
after surgery.

Ocular Surface Evaluation
All subjects underwent a thorough ocular examination with
the help of an ophthalmologist in the following conditions:
the interval between the tests was >15min; the examination
room was quiet, with a constant temperature of 25◦C and 50%
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humidity; and none of the patients used any eye drops on the day
of the examination.

Ocular Surface Disease Index
Dry eye symptoms were assessed using the OSDI questionnaire.
Twelve questions were included to quantify the discomfort in
a 1-week period, covering three subscales: ocular symptoms,
vision-related function, and environmental stimulant. The OSDI
score ranges from 0 to 100, and a higher OSDI score indicates
greater disability.

Non-invasive Tear Break-Up Time and Tear Meniscus

Height
NIKBUT and TMH were measured using an OCULUS
Keratograph 5M (Wetzlar, Germany) equipped with modified
TF-scan software. All subjects were requested to blink twice and
then keep their eyes open as much time as possible until the next
blink. The outputs included the first non-invasive tear break-
up time (f-NIKBUT) and the average non-invasive tear break-up
time (av-NIKBUT). The tearmeniscus height wasmeasured three
times, as previously reported (18) using infrared images taken
at the central point of the lower lid margin. The procedure was
repeated three times for each eye in a dark room.

Lipid Layer Thickness
Lipid layer thickness was measured non-invasively by tear
interferometry using a LipiView instrument (TearScience,
Morrisville, NC, United States). All subjects were instructed to
blink naturally to record a 15 s video of the tear film interference
pattern and analyze the thickness of the lipid layer. The procedure
was repeated three times for each eye.

Fluorescein Tear Film Break-Up Time
After instilling fluorescein into the lower fornix using fluorescein
strips (Jingming, Tianjing, China), the subjects were asked to
blink naturally several times and then keep their eyes open for
as long as possible until the next blink. The time between the
last blink and the occurrence of the first dry spot on the cornea
was observed under cobalt blue light and recorded as FBUT. The
procedure was repeated three times for each eye.

Corneal Fluorescein Staining
After measuring the FBUT, corneal FL was performed. To
quantify punctate staining, the corneal surface was divided into
five areas, as proposed by the US National Eye Institute (19). The
grade of punctate staining in each area was recorded as 0–3, 0,
no staining; 1, < 15 dots; 2, 16 −20 dots; 3, > 30 dots, strip/bulk
staining, or corneal filaments. The total FL scores ranged from 0
to 15.

Schirmer I Test
The Schirmer test without anesthesia (Schirmer I test) was used
to assess basic tears. A 40mm Schirmer paper strip (Jingming,
Tianjing, China) was placed into the temporal one-third portion
of the lower conjunctival fornix. The subjects were asked to close
their eyes gently and sit quietly for 5min. The length of the
wetting part from the folded notch was recorded.

TABLE 1 | Demographic data and clinical characteristics of normal and dry eye.

Normal (n = 22) Dry eye (n = 18) P-value

Age 25.64 ± 1.44 28.11 ± 1.31 0.229

Sex 10F/1M 9F

OSDI score 2.66 ± 1.49 12.51 ± 2.25 0.001

Schirmer I test (mm/5min) 18.09 ± 1.19 7.17 ± 0.87 <0.001

TMH(mm) 0.32 ± 0.02 0.21 ± 0.01 <0.001

FBUT(s) 9.18 ± 0.32 5.78 ± 0.53 <0.001

f-NIKBUT(s) 11.85 ± 0.77 8.07 ± 0.77 0.001

Av-NIKBUT(s) 16.46 ± 0.87 9.69 ± 0.93 <0.001

FL score 0.14 ± 0.07 0.39 ± 0.14 0.110

Meibomian gland evaluation

Meibum expression 0.36 ± 0.49 0.83 ± 0.62 0.011

Lid margin changes 0.83 ± 0.79 1.54 ± 1.01 0.044

LLT (nm) 71.17 ± 3.68 61.72 ± 3.65 0.082

Blink frequency (blink/min) 18.08 ± 1.04 17.00 ± 0.98 0.481

Incomplete blink rate (%) 39.55 ± 8.18 44.44 ± 9.26 0.694

TMH, Tear meniscus height; FBUT, Fluorescein break-up time; f-NIKBUT, first-

non-invasive keratograph tear film break-up time; Av-NIKBUT, average-non-invasive

keratograph tear film break-up time; FL score, Fluorescein staining score; LLT, Lipid

layer thickness. The bold values means significant results.

Meibomian Gland Evaluation
Evaluation of meibomian gland function was performed under
slit lamp using a grading method using meibum expression
and lid margin changes (20). The upper eyelid was digitally
pressed and the meibum expression was graded based on the
expressibility and meibum quality as 0–2: 0, clear and normal
volume; 1, opaque with hyperviscosity and/or reduced; and
2, not expressed. Lid margin changes were graded based on
the irregularity of the lid margin, telangiectasia, plugging of
meibomian orifices, and replacement of the mucocutaneous
junction, ranging from 0 to 4 (20).

Tear Inflammation Cytokines
Tear Sample Collection
Disposable 2.2 µL tear collectors (Seinda, Guangdong, China)
were used to obtain tear fluid at the lateral canthus before surgery
and at 1, 3, and 6 months postoperatively. A total sample of 15
µL without being diluted was collected without anesthesia or
irritation of the cornea, conjunctiva, or lid margin. Tear samples
were transferred into 0.5mL microtubes (Axygen, Union City,
United States), immediately placed on ice, and then stored at
−80◦C for further experiments.

Assays for Tear Inflammation Cytokines
Luminex liquid suspension chip detection was performed
using Wayen Biotechnologies (Shanghai, China). MILLIPLEX
MAP High Sensitivity T Cell Magnetic Bead Panel (Merck
EMD Millipore, Billerica, MA, United States) for interleukin
(IL)-1β, IL-6, IL-8, tumor necrosis factor alpha (TNF-α),
and interferon-gamma (IFN-γ) was used according to the
manufacturer’s instructions. Briefly, tear samples were incubated
in microbead-embedded 96-well plates overnight at 4◦C and
subsequently incubated with detection antibody for 1 h at room

Frontiers in Medicine | www.frontiersin.org 3 December 2021 | Volume 8 | Article 76361175

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhao et al. Dry Eye Following Upper Blepharoplasty

temperature. Next, streptavidin-phycoerythrin was added into
each well of the plate and incubated for 30min at room
temperature, and the values were read using a Luminex 200
system (Luminex Corporation, Austin, TX, United States).

Statistical Analyses
Data analyses were performed using SPSS 24.0 (IBM Corp.,
Armonk, NY, United States). The tabulated results are expressed
as the mean ± standard deviation. The generalized estimating
equation (21) was used to adjust the correlation between the right
and left eyes and to compare the preoperative examination values
between the group without and the group with dry eye (Table 1).
The differences between preoperative and postoperative OSDI
scores, TMH, NIKBUT, FBUT, FL score, Schirmer I test, and tear
inflammatory cytokines were compared using Wilcoxon signed-
rank test (Figures 1, 2). The correlations between measurements
were performed using the Spearman rank correlation test
(Figure 3). Statistical significance was set at p < 0.05.

RESULTS

Demographic and Preoperative Dry
Eye-Related Markers
Forty eyes of 20 subjects underwent bilateral upper
blepharoplasty. Twenty-two eyes of 11 subjects without
preexisting dry eye with a mean age of 26.00 ± 4.47 years (10
females, 1 male) were included and compared with 18 eyes
of nine subjects who had dry eye (mean age: 27.67 ± 4.58
years; 9 females; p = 0.423). All the subjects were satisfied
with the operation results, and no other complications such
as wound infection or lagophthalmos occurred within 6
months postoperatively.

By comparing the preoperative dry eye-related markers,
subjects with dry eye showed more severe clinical manifestations
than subjects without dry eye. The OSDI score in subjects with
dry eye disease was significantly higher than that in subjects
without dry eye (p = 0.001). The values of the Schirmer I test,
TMH, FBUT, f-NIKBUT, and av-NIKBUT in subjects with dry
eye were significantly lower than those in subjects without dry eye
(p< 0.001, p< 0.001, p< 0.001, p= 0.001, p< 0.001). The grades
of meibum expression and lid margin changes were significantly
higher in subjects with dry eye than in eyes without dry eye (p =
0.028, p= 0.006). The FL score, LLT, and blink dynamics showed
no significant differences between subjects with and without
dry eye. The demographic data and preoperative ocular surface
parameters are listed in Table 1.

The Effect of Upper Blepharoplasty on Dry
Eye-Related Markers
To evaluate the effect of upper blepharoplasty on the ocular
surface, the preoperative parameters were compared to those at
1, 3, and 6 months postoperatively in subjects with dry eye and
subjects without dry eye, respectively.

Ocular Surface Disease Index
The OSDI scores significantly increased at 1 month (p = 0.040)
and subsequently decreased to the preoperative levels at 6months
postoperatively in subjects with dry eye. No significant change

was observed in the OSDI scores in subjects without dry eye from
the preoperative value. Subjects with dry eye had higher OSDI
scores at any follow-up time than subjects without dry eye (p <

0.001) (Figure 1A).

Tear Production
Tear production was assessed using the Schirmer I test and
the TMH. Compared with the preoperative measurements, no
significant difference was found in the Schirmer I test or TMH
at any follow-up time in both subjects with and without dry eye.
Subjects with dry eye showed less tear production at any follow-
up time than subjects without dry eye (p< 0.001) (Figures 1B,C).

Tear Film Stability
Tear film stability was evaluated by NIKBUT, FBUT, and LLT.
The values of f-NIKBUT and FBUT in subjects with dry eye
were significantly reduced at 1, 3, and 6 months postoperatively
compared with the preoperative measurements (f-NIKBUT: p
< 0.001, p = 0.010, p = 0.042, respectively; FBUT: p = 0.002,
p = 0.005, p = 0.037, respectively) (Figures 1D,E). In contrast
to subjects with dry eye, f-NIKBUT and FBUT were significantly
shortened at 1 month postoperatively (p = 0.028, p= 0.005) and
returned to baseline levels at 6 months postoperatively in subjects
without dry eye. No significant difference was observed in av-
NIKBUT at any follow-up time in either subjects with or without
dry eye compared to preoperative measurements (Figure 1F). A
shorter tear film break-up timewas demonstrated in subjects with
dry eye than in subjects without dry eye at any postoperative
follow-up time (p < 0.001). The lipid layer plays a critical role
in preventing excessive evaporation and stabilizing the tear film
surface. Subjects with dry eye had a thinner lipid layer than eyes
without dry eye at 3 and 6 months postoperatively (p = 0.042,
p = 0.003). However, the LLT values did not significantly change
with time in both subjects with and without dry eye (Figure 1G).

Corneal Epithelium Injury
Corneal epithelium injury was quantified using the FL score.
The FL scores showed no significant change at any follow-up
time after surgery in both subjects with and without dry eye
(Figure 1H).

Meibomian Gland Function
The meibomian gland function was evaluated using meibum
expression and lid margin changes. In comparison with
the preoperative parameters, meibum expression scores were
significantly higher in subjects without dry eye at 1 and 3 months
postoperatively (p = 0.012, p = 0.016), but remained unchanged
in subjects with dry eye (Figure 1I). No remarkable change was
found in the lid margin after surgery in both subjects with and
without dry eye (Figure 1J).

Blink Dynamics
Blink dynamics were assessed using blink frequency and
incomplete blink rate. No significant changing trend was found
in the blink frequency or incomplete blink rate following upper
blepharoplasty (Figures 1K,L).
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FIGURE 1 | Changes in dry eye related parameters preoperatively, 1, 3, and 6 months postoperatively from preoperative value. (A) Change in the Ocular Surface

Disease Index (OSDI) score. The OSDI score is significantly increased in subjects with dry eye at 1 month postoperatively (p = 0.040) and subsequently decreased to

preoperative level at 6 months postoperatively. No significant change shows in subjects without dry eye from preoperative value. Subjects with dry eye have higher

OSDI scores at any follow up time than normal (p < 0.001). (B,C) Changes in Schirmer I test and tear meniscus height (TMH). No significant difference is found in

Schirmer I test or TMH at any follow up time in both subject with and without dry eye. Subjects with dry eye show a less tear production at any follow up time than

normal (p < 0.001). (D) Changes in first non-invasive tear break-up time (f-NIKBUT) from preoperative value. f-NIKBUT in dry eye subjects is significantly shortened at

1, 3, and 6 months postoperatively (p < 0.001, p = 0.010, p = 0.042). In subjects without dry eye, the f-NIKBUT is significantly shortened at 1 month postoperatively

(p = 0.028) and returns to baseline levels at 6 months postoperatively. Subjects with dry eye shows a decreased f-NIKBUT than normal at 3 and 6 months

postoperatively (p = 0.037, p < 0.001). (E) Changes in fluorescein tear film break-up time (FBUT) from preoperative value. FBUT in subjects with dry eye is

significantly shortened at 1, 3, and 6 months postoperatively compared with the preoperative measurements (p = 0.002, p = 0.005, p = 0.037). FBUT is significantly

shortened at 1 month postoperatively (p = 0.005) and returns to baseline levels at 6 months postoperatively in subjects without dry eye. (F–H) Changes in average

non-invasive tear break-up time (av-NIKBUT), lipid layer thickness (LLT) and corneal fluorescein staining from preoperative values. No significant changes are found in

av-NIKBUT, LLT and fluorescein staining scores at any follow up time postoperatively. (I,J) Changes in meibum expression and lid margin changes. Meibum

expression scores are significantly higher in normal subjects at 1 and 3 months postoperatively (p = 0.012, p = 0.016), while no significant change is found in subjects

with dry eye. Lid margin changes show no significant change at any follow up time in subjects with and without dry eye. (K,L) Changes in blink frequency and

incomplete blink rate. No significant changes are shown in blink frequency and incomplete blink rate at any follow up time in subjects with and without dry eye (*p <

0.05, **p < 0.01, ***p < 0.001). a, b, c: significant differences between preoperative and postoperative values. ap < 0.05, bp < 0.01, cp < 0.001.
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FIGURE 2 | Changes in concentration of tear inflammatory cytokines from the preoperative value. (A,B) The baseline levels of IL-6, IL-8, and IFN-γ are significantly

higher in subjects with dry eye than in subjects without dry eye (p < 0.001, p = 0.003). Increasing trends of IL-6 and IL-8 are found at 1 (p = 0.016, p = 0.031) and 3

months (p = 0.016, p = 0.047) postoperatively in subjects with dry eye. At 6 months postoperatively, the levels of IL-6 and IL-8 are gently declined but still higher than

the baseline levels (p = 0.004, p = 0.047). In subjects without dry eye, only IL-6 has significantly increased at 1 and 3 months postoperatively (p = 0.008, p = 0.016).

(C) The concentration of interferon-gamma (IFN-γ) is significantly higher in dry eye subjects than in normal subjects preoperatively and 6 months postoperatively (p =

0.019, p = 0.003). No significant change is found in IFN-γ from preoperative levels in subjects with and without dry eye. (D) The concentration of interleukin (IL)-1β

shows no significant changes at preoperative and any follow up time in subjects with and without dry eye. (E) The concentration of tumor necrosis factor alpha

(TNF-α) is significantly increased at 1 month (p = 0.031) and returns to the baseline level at 3 months in subjects with dry eye. No significant change is found in

subjects without dry eye (*significant difference between subjects with and without dry eye. *p < 0.05, **p < 0.01, ***p < 0.001; a, b: significant differences between

preoperative and postoperative values. ap < 0.05, bp < 0.01).

The Effect of Upper Blepharoplasty on Tear
Inflammatory Cytokines
Five inflammatory cytokines IL-1β, TNF-α, IL-6, IL-8, and IFN-
γ, were examined and compared between subjects with and
without dry eye. The baseline levels of IL-6, IL-8, and IFN-γ
were significantly higher in subjects with dry eye than in subjects
without dry eye (p< 0.001, p= 0.003, p= 0.019) (Figures 2A–C).
No significant differences in the preoperative levels of IL-1β and
TNF-αwere found between the subjects with and without dry eye
(Figures 2D,E). Increasing trends of IL-6 and IL-8 were found
at 1 (p = 0.016, p = 0.031) and 3 months (p = 0.016, p =

0.047) postoperatively in subjects with dry eye (Figures 2A,B).
The level of TNF-α significantly increased at 1 month (p= 0.031)
and returned to the baseline level at 3 months postoperatively in
subjects with dry eye (Figure 2E); at 6 months postoperatively,
the levels of IL-6 and IL-8 declined slightly but were still higher
than the baseline levels (p= 0.004, p= 0.047) (Figures 2A,B). In
subjects without dry eye, only IL-6 significantly increased at 1 and
3months postoperatively (p= 0.008, p= 0.016) (Figure 2A). The
expression of IL-6, IL-8, and TNF-α returned to baseline levels

at 6 months postoperatively (Figures 2A,B,E). No significant
fluctuations were found in IL-1β and IFN-γ at the any of the
following time (Figures 2C,D).

The Correlations Between Tear
Inflammatory Cytokines and Dry Eye
Related Markers
The significantly affected dry eye-related markers were correlated
with significant changes in IL-6, IL-8, IFN-γ, and TNF-α
levels. The concentration of IL-8 were positively correlated
with the OSDI score and meibum expression score (r =

0.259, p = 0.046; r = 0.407, p = 0.001 respectively), and
negatively correlated with f-NIKBUT (r = −0.288, p = 0.026)
(Figure 3A). The level of TNF-α was positively correlated
with the OSDI score (r = 0.385, r = 0.043), while it was
negatively correlated with FBUT (r = −0.509, p = 0.006)
(Figure 3B). However, the levels of IL-6 and IFN-γ were not
significantly correlated with any of the dry eye-related markers
(Figures 3C,D).
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FIGURE 3 | Correlations between each inflammatory cytokines and dry eye related parameters. (A) The level of interleukin (IL)-8 is positively correlated with the Ocular

Surface Disease Index (OSDI) score (r = 0.259, p = 0.046) and meibum expression score (r = 0.407, p = 0.001), while negatively correlated with first non-invasive

tear break-up time (f-NIKBUT) (r = −0.228, p = 0.026). No significant correlation is found between IL-8 and fluorescein tear film break-up time (FBUT). (B) The level of

tumor necrosis factor alpha (TNF-α) is positively correlated with the OSDI score (r = 0.385, p = 0.043), while negatively correlated with FBUT (r = −0.509, p = 0.006).

No significant correlations are found between TNF-α and f-NIKBUT, and meibum expression score. (C) The level of IL-6 is not significantly correlated with the OSDI

score, f-NIKBUT, FBUT, and meibum expression score. (D) The level of interferon-gamma (IFN-γ) is not significantly correlated with OSDI, f-NIKBUT, FBUT and

meibum expression score.

DISCUSSION

Damage to ocular surface homeostasis following upper
blepharoplasty contributes to the development of non-infective
postoperative complications, such as dry eye. The emergence
of dry eye or worsening of preexisting dry eye may occur in
patients with upper blepharoplasty (5). Although usually mild
and self-limited, a small fraction of postoperative dry eye might
have a course longer than 1 month, even 3 months, according to
previous studies (3–5, 22).

In this study, we demonstrated that aggravating symptoms
and worse tear film stability induced by upper blepharoplasty
were more dramatic and persisted for more than 6 months in
patients with preexisting dry eye, whereas those changes were

always mild and resolved within 3months in patients without dry
eye. This was consistent with the report of Prischmann et al. (3)
that people with preexisting dry eye history were at a higher risk
for generating dry eye following cosmetic blepharoplasty. Similar
results were reported by Park et al. (23) in cataract surgery in
which patient with preexisting dry eye had a higher OSDI score
and a lower tear break-up time than those without dry eye after
surgery. An explanation for this phenomenon is that the lowered
sensory nerve thresholds of the ocular surface generally exist in
people with preexisting dry eye, rendering themmore susceptible
to surgical irritation (24). It is noteworthy that a vicious circle
exists in corneal sensation and tear film instability that might
aggravate each other to promote the development of dry eye
(24, 25).
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In addition to unstable tear film, dry eye was characterized
by ocular surface inflammation. Proinflammatory cytokines IL-
1, IL-6, IL-8, and HLA-DR activators TNF-α and IFN-γ were
shown to be strongly correlated with dry eye markers, leading
to ocular surface damage and goblet cell reduction (26). Surgical
procedures might induce the release of ocular inflammatory
cytokines, promoting the development of postoperative dry eye.
Li et al. (17) demonstrated that IL-1β, IL-6, IL-8, TNF-α, and
IL-17A in conjunctival epithelial cells increased dramatically
during the early postoperative period of frontalis suspension
surgery. Park et al. (23) showed significant elevations of IL-
1β, IL-6, IL-8, macrophage chemoattractant protein-1, TNF-α,
and IFN-γ in lacrimal tears after cataract surgery. Zhang et al.
(15) compared the levels of NGF, TGF-β1, IL-1α, and TNF-
α in tears after femtosecond lenticule extraction and LASIK,
and found increasing trends in both surgeries. In our study,
similar increasing trends were found in the levels of IL-6, IL-8,
and TNF-α following upper blepharoplasty. Positive correlations
were found in our study between symptoms and inflammatory
cytokines (IL-8 and TNF-α), which agreed with the correlations
reported by Li et al. (17) and Zhang et al. (15). TNF-α is secreted
by macrophages, binding to TNF receptor1 (TNFR1), and TNF
receptor2 (TNFR2) to trigger several inflammatory signaling
pathways such as NF-κB signals (27). IL-8 is an important
member of IL family, showing strong attractive chemotactic
effects to T cells and neutrophil cells (28). Amplification of
whether TNF-α or IL-8 might lead to the damage of lacrimal
gland and meibomian gland. Iatrogenic injury of the eyelid
skin and orbicularis oculi muscle in upper blepharoplasty is
likely to induce lymphocyte accumulation and the release of
inflammatory cytokines, activating the inflammation cascade.
Each of these inflammatory cytokines potentially contributes
to the activation of sensory nerve terminals by directly
inducing ongoing nerve activity or reducing sensory nerve
thresholds (24). Therefore, the increased irritation following
upper blepharoplasty is partially attributed to an increased
inflammation level, except for tear film instability.

Lam et al. (29) showed that meibomian gland dysfunction
is associated with increased levels of IL-6, IL-8, TNF-α, and
IFN-γ. In this study, we found that the levels of IL-8 and
TNF-α were negatively correlated with tear film break-up time,
and IL-8 was negatively correlated with meibum quality and
expressibility, which is in accordance with the results of Park
et al. (23) reported after cataract surgery. These results verified
that worse meibomian gland function was associated with a
higher level of inflammation (29). Upper blepharoplasty-induced
inflammation may lead to meibomian gland obstruction and
abnormal meibum release. Moreover, persistent chemosis due to
postoperative inflammation might destroy the goblet cells and
lead to an unstable tear film (3, 4).

It is generally considered that cosmetic blepharoplasty,
especially trimming the orbicularis oculi muscle, might change
the dynamics of eyelid closure, tear pumping, and tear
distribution, causing a decreased blink rate and tear production,
and increased tear evaporation (5, 13, 30). Kim et al. (31)
found a significant increase in the Schirmer test at 1 month

postoperatively, while Watanabe et al. (32) showed a decrease
in tear volume after cosmetic blepharoplasty. However, no
significant changes in tear production, including the Schirmer
I test and TMH, were observed in our study. In addition, we
found that eyelid dynamics represented by blink frequency and
an incomplete blink rate were not significantly changed by eyelid
surgery, which is consistent with the study performed by Mak
et al. (14). They proposed that blink dynamics did not change
after upper blepharoplasty and were unlikely to be the cause
of dry eye following this surgery (14). Although mechanical
alteration of the corneoscleral and conjunctival interface in
eyelid surgery was considered sufficient to aggravate or unmask
a subclinical condition, our study found that excision of a
small portion of the preseptal orbicularis oculi muscle did not
obviously affect the lacrimal pump function and blink patterns.

There are several limitations of this study including
the relatively small number of subjects and inadequate
analysis of inflammatory cytokines. In addition, no
evaluation was conducted on the effects of perioperative
agents, such as anti-inflammatory agents. Postoperative
management is challenging and should be discussed
preoperatively. Thus, further studies should be conducted
with a longer follow-up period, a larger number of
subjects with and without anti-inflammatory agents
and more comprehensive examination and analysis of
inflammatory cytokines to illustrate the definite role of
inflammation in the postoperative dry eye, and to investigate
the appropriate management of patients undergoing
cosmetic blepharoplasty.

To the best of our knowledge, this study is the first
to identify that ocular surface inflammation induced
by upper blepharoplasty plays a critical role in the
development of postoperative dry eye, and is closely
related to irritation symptoms, tear film instability, and
meibomian gland dysfunction. Furthermore, preexisting
dry eye is considered a higher risk factor to generate worse
and persistent ocular surface damage. It is necessary for
surgeons to complete a preoperative assessment, recognize
preoperative dry eye, and address rational drug use such
as artificial tears and topical anti-inflammatory agents
during the perioperative period. It is beneficial for patients
undergoing upper blepharoplasty to reduce postoperative
dry eye and improve patient satisfaction and quality of
life. Moreover, to improve the preoperative assessment,
elevated inflammatory cytokines might be a more sensitive
marker for the development of dry eye than traditional
parameters, especially in those with separated symptoms
and signs.
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Long Non-coding RNAs Gabarapl2
and Chrnb2 Positively Regulate
Inflammatory Signaling in a Mouse
Model of Dry Eye
Yuhan Yang 1,2†, Minjie Chen 1†, Zimeng Zhai 1, Yiqin Dai 1, Hao Gu 2, Xujiao Zhou 1* and

Jiaxu Hong 1,2*

1Department of Ophthalmology, Eye and ENT Hospital, Fudan University, Shanghai, China, 2Department of Ophthalmology,

The Affiliated Hospital of Guizhou Medical University, Guiyang, China

Purpose: To elucidate the expression profile and the potential role of long non-coding

ribonucleic acids (RNAs) (lncRNAs) in a dry eye disease (DED) model.

Methods: A DED model was established in C57BL/6J mice with 0.2% benzalkonium

chloride (BAC) twice a day for 14 days. The differentially expressed lncRNAs were

detected by RNA-seq technology (Gene Expression Omnibus, GEO GSE186450) and

the aberrantly expressed lncRNAs were further verified by RT-qPCR. Gene Ontology

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses

were conducted to predicate the related candidate genes and potential pathological

pathways. Cells from a human corneal epithelial cell line (HCECs) were cultured under

hyperosmolarity. The regulation of inflammatory factors by silencing potential targeted

lncRNAs was verified in vitro in HCECs.

Results: In our study, a significant increase in corneal fluorescence staining and a

reduction in tear production were observed in DED mice at all follow-ups compared

with the controls, and the differences were increasing over time. In total, 2,649

upregulated and 704 downregulated lncRNAs were identified in DED mice. We selected

six aberrantly expressed and most abundant lncRNAs and performed RT-qPCR using

the samples for RNA-seq. Chrnb2, Gabarapl2, and Usp31 were thereby confirmed as

the most significantly altered lncRNAs. Pathway analysis revealed that the neuroactive

ligand–receptor interaction signaling pathway was the most enriched, followed by

the calcium signaling pathway and cytokine–cytokine receptor interaction. Following

treatment of Gabarapl2 siRNA and Chrnb2 siRNA, tumor necrosis factor-α (TNF-α),

interleukin (IL)-1β, and IL-6 were significantly downregulated in the HCECs.

Conclusion: Our study suggests that Chrnb2 and Gabarapl2 may be involved in the

inflammation response by regulating TNF-α, IL-1β, and IL-6 in DED. These candidate

lncRNAs may be both potential biomarkers and therapeutic targets for DED.

Keywords: long non-coding RNA (lncRNA), Gabarapl2 and Chrnb2, dry eye disease (DED), neuroactive

ligand–receptor interaction signaling, inflammation
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INTRODUCTION

Hundreds of millions of people throughout the world are affected
by dry eye disease (DED), typically suffering symptoms such
as blurred vision, ocular discomfort, and a stinging, burning,
scratchy, or gritty sensation while reading, driving, or working
with computers (1–5). Unsurprisingly (6), severe symptoms
of DED are also associated with decreased work productivity
and levels of activity (7). Dry eye is a multifactorial disease
of the ocular surface characterized by a loss of homeostasis
of the tear film and accompanied by ocular symptoms, in
which tear film instability and hyperosmolarity, ocular surface
inflammation and damage, and neurosensory abnormalities
play etiological roles (5). Numerous cellular and molecular
components have been found to contribute to immune-cell
activation and associated inflammation in the pathogenesis of
dry eye, including inflammatory cytokines, metalloproteinases,
and chemokines and their receptors (8–11). Compared to
inflammation, neuroinflammation is more persistent in DED
environments (12). Nowadays, considerable attention is being
paid to the role and mechanisms of ocular-surface nerve
inflammation in DED pain sensitivity (13). Neuropathic pain
is difficult to cure: all existing therapies, such as serotonin–
noradrenaline reuptake inhibitors, anticonvulsants acting at
calcium channels, and topical lidocaine and opioids, have only
variable success in alleviating pain, while failing to tackle the
underlying mechanisms (14, 15).

Long non-coding ribonucleic acids (RNAs) (lncRNAs), which
consist of more than 200 nucleotides, are involved in protein
translation and messenger RNA (mRNA) decay, which play
important roles in regulating inflammatory pathways (16, 17).
A growing number of studies has revealed that some lncRNAs
participate in the pathogenesis of multiple diseases, including
cancer, ocular alkali burns, and Sjögren’s syndrome by regulating
mRNA directly or indirectly (18–20). Long non-coding
ribonucleic acids regulate gene expression through epigenetic
regulation, transcriptional regulation, and post-transcriptional
regulation, thus participating in various biological processes (BP)
such as cell proliferation, differentiation, and apoptosis (21–26).
In addition, the interaction of lncRNAs–microRNAs (miRs)
participates in the progression of the inflammatory reaction.
Myocardial infarction associated transcript 2 (Mirt2) blocks
the NF-κB and JAK/STAT signaling pathways by facilitating
miR-377 in response to IFN-γ-induced inflammatory insults in
Sjögren’s syndrome (27). Computational analyses have revealed
that differentially expressed lncRNAs are involved in chemokine
signaling pathways, the NF-κB signaling pathway, and the tumor
necrosis factor (TNF) signaling pathway in labial salivary glands
of Sjögren’s syndrome patients. However, studies on lncRNAs in
the cellular and molecular nerve inflammation pathogenesis of
DED are still far from complete.

In the current study, we analyzed the expression profile
of lncRNAs in a mouse model of DED using the whole-
transcriptome sequencing technology. In our findings, Chrnb2
and Gabarapl2 were confirmed as the most significantly
altered lncRNAs. Systemic bioinformatic analyses revealed that
the neuroactive ligand–receptor interaction signaling pathway

was the most enriched, followed by the calcium signaling
pathway and cytokine–cytokine receptor interaction. In vitro
human corneal epithelial cell line (HCEC) studies revealed that
Gabarapl2 siRNA and Chrnb2 siRNA treatment could affect
inflammatory factors. Chrnb2 and Gabarapl2 are the potential
elements of lncRNAs involved in the pathogenesis of DED,
implying a novel target for early therapy.

MATERIALS AND METHODS

DED Mouse Model
Sixty specific-pathogen-free (SPF) C57BL/6J mice (120 eyes), 6–
8 weeks old, were randomized into two groups (control group
n = 25, DED group n = 35). The mice were housed in an
environmentally controlled room (25◦C, with 60% humidity
and 12 h/12 h light–dark cycle), with adequate rodent chow
and water available. All experimental protocols conformed to
the Association for Research in Vision and Ophthalmology
statement on the use of animals. We performed surgery on the
animals according to the guidelines of the Fudan University
Ethics Committee (Ethical code: EENTIRB-2018-03-01). Both
eyes in the DED group were administered with 5 µl of 0.2%
benzalkonium chloride (BAC) twice a day for 14 days, while
phosphate-buffered saline (PBS) was administered to the control
group. Schirmer’s I-test and the corneal fluorescein sodium
staining score were recorded before and at days 7, 14, and 21
after treatment.

Detection of Basal Tear Secretion
(Schirmer’s I-Test)
Schirmer’s I-test was performed with Zone-Quick Phenol-Red
cotton thread. After general anesthesia with 1.25% avertin (0.2
ml/10 g) given intraperitoneally, 1mm of the folded end of
the phenol red cotton line was inserted into the lower lateral
conjunctival fornix for 20 s. The color of phenol cotton changes
from yellow to red with the secretion of tears. The wetted length
(mm) of the strip indicated by red dye was read and recorded.
The eyelids were closed after examination.

Corneal Fluorescein Sodium Staining
Score
An experienced oculist took the measurement by a slit lamp with
a cobalt blue light. After 90 s of staining with fluorescein sodium,
the corneal epithelium was evaluated. We divided the cornea
into four quadrants. Each quadrant was checked and the reading
recorded. The sum of all quadrants is regarded as the final score.
The scoring criteria were: 0 points for no staining; 1 point for
fewer than 30 stained dots; 2 points for more than 30 non-diffuse
stained dots; 3 points for severe diffuse staining but no plaque
staining; and 4 points for a patchy stain.

RNA-Seq Database Construction
Sequencing and Bioinformatics Analysis
Ribonucleic acid was extracted from the corneal tissue of DED
mice, and the quality of RNA samples was strictly controlled.
Agarose gel electrophoresis was used to analyze the RNA integrity
and DNA contamination of the samples. Nanodrop was used to
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detect RNA concentration and purity. Agilent 2100 BioAnalyzer
accurately detects RNA integrity. Ribosomal RNA was removed
from total RNA, and then the RNA was broken into short
fragments of 250–300 bp. The first complementary DNA (cDNA)
strand was synthesized using the fragment RNA as the template
and random oligonucleotide as the primer. The RNA strand
was degraded by Rnase H. The second strand of cDNA was
synthesized from deoxyribonucleotide triphosphates (dNTPs;
dUTP, dATP, dGTP, and dCTP) under the DNA polymerase I
system. The purified double-stranded cDNA was repaired at the
end and “A” tail was added, before sequencing. AMPure XP Beads
were used to screen 350–400 bp of cDNA. The second strand of
cDNA containing U was degraded by USER enzyme, and PCR
amplification was performed to obtain the library. The library
was diluted to 1 ng/µl by Qubit. Then Agilent 2100 BioAnalyzer
was used to detect the insert size of the library, the insert size
being aproximately 250–300 bp. Illumina PE150 sequencing is
performed after pooling according to effective concentration and
data output requirements with paired-end 150 bp sequencing
strategy. After quantitative analysis, the expression matrix of
all samples was obtained, and then the significance analysis of
expression difference at gene or transcript level was conducted to
search for functional genes or transcripts related to the treatment
group. EdgeR software was used to analyze the significance of
expression differences. The significance level was determined by
p-value or corrected p-value (padj).

Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes Pathway Analyses
In organisms, different genes coordinate their biological
functions. Significant pathway enrichment can explore the
most important biochemical metabolic pathways and signal
transduction pathways involved in differentially expressed genes.
ClusterProfiler software was used to select the widely used
annotated gene databases Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) for pathway
enrichment analysis of differential genes. Gene Ontology
enrichment analysis was performed in molecular function (MF),
cellular component (CC), and BP. Gene Ontology and KEGG
enrichment analysis was performed for co-location and co-
expression of differential lncRNAs, respectively, to predict the
function of lncRNAs.

lncRNA–mRNA Co-expression Network
An lncRNA–mRNA expression correlation network was built
based on the normalized signal intensity of differential expression
in lncRNAs and mRNAs to explore the dysregulation of lncRNAs
in DED mice. A co-expression network of control and DED
mice was established. Differentially expressed lncRNAs and
mRNAs that met the criteria were selected according to p-
value < 0.05 and fold change >2 or <0.5. Correlations between
lncRNA–lncRNA, lncRNA–mRNA, and mRNA–mRNA pairs
were assessed using Pearson’s correlations.

Cell Cultures
The HCECs line was kindly provided by Dr. Weiyun Shi
(Shandong Eye Hospital, Shandong Eye Institute, Shandong

Academy of Medical Sciences, Jinan, China) (28–30). Human
corneal epithelial cells were cultured in Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F12 Ham (DMEM/F12; Gibco,
Carlsbad, CA, USA) containing 100 U/ml penicillin, 100 U/ml
streptomycin (Gibco), and 10% heat-inactivated fetal bovine
serum (FBS; Hyclone, Rockford, IL, USA). Cells were incubated
in a humidified 37◦C incubator containing 5% CO2.

Small Interfering RNA Transfection
Chrnb2 and Gabarapl2 knockdown was achieved using small
interfering RNA (siRNA). Small interfering RNA were designed
and synthesized by RiboBio Technology (Guangzhou, China).
Small interfering RNA was transfected using lipofectamine 3000
transfection reagent (Invitrogen, Cat. L3000015; Invitrogen,
Waltham, MA, USA) according to the manufacturer’s protocol.
A total of 5× 105 cells in 2ml of medium were seeded in six-well
plates. Forty-eight hours post-transfection, cells were harvested
in TRIzol for RNA isolation.

RNA Extraction and RT-PCR Analysis
Total RNA from mice corneal tissue and HCECs were
extracted using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions, and reverse transcriptions were
synthesized using the PrimeScript RT reagent kit (Takara,
Japan). RT-PCR analysis was performed using SYBR Premix
Ex Taq (Takara) with an ABI Prism 7500 sequence detection
system (Applied Biosystems, Waltham, MA, USA). The relative
expression of interleukin (IL)-1β, IL-6, TNF-a, Chrnb2, and
Gabarapl2 was normalized to the endogenous control GAPDH
using the 2−11Ct method.

Statistical Analysis
Quantitative data were expressed as the mean ± standard error
of the mean (SEM). Analysis of variance (ANOVA) was used
to test for difference among four different follow-ups, and the
Bonferroni test was used to identify which pairs were significantly
different. The paired t-test or the matched-pairs signed-rank test
was used to identify between-group differences. The statistical
significance was assumed at p < 0.05.

RESULTS

DED in the Mouse Model
Seven days after the treatment with 0.2% BAC, obvious epithelial
punctate defects were detected using a fluorescence sodium dye
in DED mice compared with the control group (Figures 1A–C).
We observed no difference in fluorescence score between the two
groups by the slit-lamp examination before the treatment (d0)
(Figure 1C). The fluorescein scores at day 7, day 14, and day 21
were significantly increasing over time in the cornea of the DED
mice compared to control animals (5.98 ± 0.51 at day 7, 8.89 ±

0.67 at day 14, and 11.26± 0.74 at day 21; p < 0.001; Figure 1E).
Tear production was similar before treatment between the two
groups of animals (4.89 ± 0.81 mm/30 s). However, there was
a rapid and significant reduction in tear production (2.23 ±

0.75, p < 0.01, Figures 1D,F) in the DED compared with the
control animals.
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FIGURE 1 | Identification of DED in mouse model. (A) Administration of 0.2% BAC in both eyes for 14 days in DED group. Examinations were taken at day 0, day 7,

day 14, and day 21. (B) Topical 5 µl of 0.2% BAC and PBS were applied twice a day. (C) Representative images of fluorescence sodium staining on day 14 in a DED

cornea compared with images of the control cornea. (D) Representative images of tear production on day 14 after DED animal modeling. (E) The fluorescein scores at

day 7, day 14, and day 21 were significantly increasing over time in the cornea of the DED mice (all p < 0.001). (F) Significant reduction of wetted length was

observed in the DED group compared with the controls (p < 0.01). DED, dry eye disease; BAC, benzalkonium chloride; PBS, phosphate buffered saline.

Expression Profiling and Bioinformatic
Functional Analysis of Differentially
Expressed lncRNAs in the Mouse DED
Model
RNA-seq was performed to identify lncRNAs involved in
the cornea with the DED model. The lncRNAs were longer
than 200 bp, with more than two exons (Figures 2A,B). The
reproducibility between the biological and sequencing technical
replicates was very high (Pearson correlation coefficients), at
0.931 (Figure 2C). The Venn diagram indicates the intersection
of three computational approaches (CPC/CNCI/PFAM) for
candidate lncRNA from putative protein-coding RNAs, and
4,071 aberrantly lncRNAs were predicted as potential lncRNAs
using a Venn diagram (Figure 2D). The heatmap of hierarchical
clustering revealed that the tissue-specific lncRNA expression
patterns among samples were distinct (Figure 3A). Moreover,
the Volcano plot revealed the 2,649 upregulated and 704
downregulated lncRNA expression profiles in each group

(Figure 3B). Long non-coding ribonucleic acids regulates the
expression of target genes (mRNAs) through co-location or
co-expression. For the association analysis between lncRNA
and mRNA, we performed cross set analysis on target genes
with differentially expressed lncRNA and mRNA (Figure 3C).
Next, the function of dysregulated lncRNAs and the potential
target mRNAs were analyzed. Gene Ontology enrichment
analyses were performed. If the Jensen–Shannon (JS) score
>0.5, the significantly altered lncRNAs and mRNAs were
selected. Subsequently, GO annotation was utilized to investigate
the function of differentially expressed lncRNAs, yielding the
number in GO terms. In BP, CC, and MF, the numbers of
differentially expressed lncRNAs in sensory perception, metal
ion homeostasis, extracellular matrix, and calcium ion binding
were the highest (Figure 3D). Table 1 shows the top six
aberrantly expressed lncRNAs. Table 2 indicates the primer
sequences of the top six dysregulated known lncRNAs. In
the mice corneal tissue, we evaluated the differences between
groups with these six select genes by RT-qPCR (Figures 3E,F).
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FIGURE 2 | Expression profiling of lncRNAs in the mouse DED model. (A) Histogram showing length distribution of novel lncRNA. (B) Histogram showing the number

of lncRNA exons. (C) Heatmap of gene expression correlation; the numerical value refers to the correlation coefficient. (D) Venn diagram presenting overlapping

potential lncRNAs of three computational approaches (CPC/CNCI/PFAM). DED, dry eye disease; lncRNAs, long non-coding RNAs.

The results showed that cholinergic receptor nicotinic beta 2
(Chrnb2) and autophagy target factor (gamma-aminobutyric
acid (GABA) a receptor-associated protein-like 2, Gabarapl2)
were significantly increased following DED compared with the
control group (p < 0.01) (Figure 3E). Then, we verified the
between-group differences with the top three downregulated
lncRNAs, revealing significantly decreased expression levels of
Usp31 (p < 0.05) (Figure 3F).

KEGG Pathway Analysis and Regulatory
Mechanism of Differentially Expressed
lncRNAs
Multiple active pathways were found in expressed lncRNAs by
KEGG pathway analysis. Among them, the neuroactive ligand–
receptor interaction signaling pathway was the most enriched,
followed by cytokine–cytokine receptor interaction, the calcium
signaling pathway, and the cell adhesion molecules (CAMs)

signaling pathway (Figures 4A–C). Based on the above results,
Chrnb2 and Gabarapl2 were the most significantly altered
lncRNAs and may play a critical role in the molecular network
of DED.

To establish the hyperosmolarity-induced HCECs
dysfunction model, we exposed HCECs to sodium chloride
(NaCl) at a concentration of 100mM for 6 h. For further
corroboration, we compared the expression levels of the two
candidate lncRNAs in HCECs with or without NaCl treatment
(the inflammation DED model in vitro). Consistent with the
qRT-PCR results in the mice cornea in vivo, Chrnb2 and
Gabarapl2 were remarkably elevated after NaCl treatment in
HCECs (Figures 5A,B). To verify that candidate lncRNAs are
involved in inflammatory insults, siRNA-mediated knockdown
experiments on the two lncRNAs were performed in vitro
in HCECs by transfection. The two candidate lncRNAs
were designed to produce three siRNAs (Gabarapl2: si-
Gabarapl2-1, si-Gabarapl2-2, si-Gabarapl2-3) and two siRNAs
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FIGURE 3 | Bioinformatic functional analysis of differentially expressed lncRNAs. (A) Heatmap of expression levels of tissue-specific lncRNAs. (B) Volcano plot of the

different lncRNAs expression in each group. (C) Venn diagram showing co-location or co-expression of lncRNA-target genes (mRNAs). (D) The number of differentially

expressed lncRNAs in BP, CC, and MF. (E) Expression levels of the top three upregulated lncRNAs in both groups via RT-qPCR. (F) Expression levels of the top three

downregulated lncRNAs in both groups via RT-qPCR. CC, cellular component; MF, molecular function; BP, biological process. *p < 0.05, **p < 0.01. DED, dry

eye disease.
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TABLE 1 | The list of the top 6 dysregulated known lncRNAs.

Transcript ID Gene name Regulation Log2 fold change Locus TREAT CK p-Value

ENSMUST00000199372 Chrnb2 Up 6.950176971 3:89752433–89763401 0.457683 0.002203 4.23E-21

ENSMUST00000133628 Gabarapl2 Up 2.105375715 8:111941068–111952742 3.161783 0.674989 1.15E-06

ENSMUST00000145604 Osgin1 Up 2.904841522 8:119437167–119446256 2.935011 0.360286 1.35E-10

ENSMUST00000205473 Usp31 Down −1.895615293 7:121658782–121666815 0.403898 1.383633 1.72E-05

ENSMUST00000151195 Trpv2 Down −10.13605601 11:62574486–62600299 0 0.093729 1.27E-17

ENSMUST00000224428 Vps13a Down −2.173306821 19:16734025–16780912 1.426892 5.919149 3.96E-07

TABLE 2 | Primers used in RT-PCR.

Transcript ID Forward primer Reverse primer

ENSMUST00

000199372

TGCTGACGGCATGTACGAAG TGCTGGTCAAATGGGAAGTG

ENSMUST00

000133628

TCACTGTGGCTCAGTTCATG TAGTTAGGCTGGACTGTGGG

ENSMUST00

000145604

CTCACATTAGACCCGTGCTTC GACTGTCACTGTGGTCCCTCT

ENSMUST0

0000205473

GGAAGGAGACAGGCGTATGA GGGACCAATGAGATGGCAAG

ENSMUST00

000151195

TGAGGCTTAGACAGCGTGAG GGTAGTTCTTCATCCCAGAGG

ENSMUST00

000224428

GAGTGGTGGGCTTATGCTAT TTCTTTGCCTCAACTTCTGC

GAPDH GCACCACACCTTCTACAATG GTGAGGGAGAGCATAGCC

(Chrnb2: si-Chrnb2-1, si-Chrnb2-2) according to primer
sequence, respectively. The culture supernatant was collected
for monitoring the inflammatory cytokines. As shown in
Figures 5C–H, the expression levels of TNF-α, IL-1β, and IL-6
were significantly reduced in HCECs after transfection with
si-Gabarapl2-2/si-Gabarapl2-3 (si-Gabarapl2-2: 0.98 ± 0.03 vs.
0.57 ± 0.11 in TNF-a, n = 6, p < 0.001; 0.98 ± 0.02 vs. 0.58 ±

0.10 in IL-1β, n = 6, p < 0.001; 0.99 ± 0.02 vs. 0.71 ± 0.13 in
IL-6, n= 6, p< 0.001. si-Gabarapl2-3: 0.98± 0.03 vs. 0.54± 0.15
in TNF-a, n = 6, p < 0.001; 0.98 ± 0.02 vs. 0.49 ± 0.10 in IL-1β,
n = 6, p < 0.001; 0.99 ± 0.02 vs. 0.65 ± 0.05 in IL-6, n = 6, p <

0.001), or si-Chrnb2-1 (si-Chrnb2-1: 0.99 ± 0.02 vs. 0.61 ± 0.21
in TNF-a, n = 6, p < 0.01; 0.98 ± 0.02 vs. 0.59 ± 0.16 in IL-1β,
n = 6, p < 0.001; 0.99 ± 0.01 vs. 0.56 ± 0.24 in IL-6, n = 6, p <

0.01) in HCECs. The above results suggested that Gabarapl2 and
Chrnb2 silence significantly repressed TNF-α, IL-1β, and IL-6.

DISCUSSION

Dysfunction of lncRNAs is highly associated with various human
physiological processes, such as cell proliferation, development,
metastasis, apoptosis, and immune response modulation (31–
33). Additionally, the critical role of lncRNAs in the pathogenesis
and regulation of ocular disorders such as glaucoma and
cataract has been well-established (34, 35). In glaucoma, lncRNA-
MALAT1 could inhibit retinal ganglion cell (RGC) apoptosis
through activation of the PI3K/Akt signaling pathway (35).

MIAT was found to act as a competing endogenous RNAs
(ceRNA) and to form a feedback loop with Akt and miR-
150-5p to inhibit TNF-α-induced proliferation and migration
of human lens epithelial cells (HLECs) under oxidative stress
(34). Subsequently, we explored the potential targeted lncRNA
expression profile in amousemodel of DED. In the present study,
we identified 3,353 significantly dysregulated lncRNAs in DED,
further confirmed by PCR analysis. In total, 2,649 upregulated
and 704 downregulated co-expressed lncRNAs were identified in
the DED model. Notably, Chrnb2, Gabarapl2, and Usp31 were
verified as the potential regulated lncRNAs compared with the
control group. Knockdown of Chrnb2 or Gabarapl2 alleviated
the pro-inflammatory signals in HCECs in the hypertonic state.
All these results indicated that lncRNAs may participate in the
mechanisms of DED.

Our correlation analysis between differentially expressed
lncRNA and target gene mRNA showed that the Chrnb2 and
the autophagy-related gene (GABA, a receptor-associated
protein-like 2, Gabarapl2) were significantly up-regulated. Few
studys have yet linked them to the eye diseases. Previous
studies had found that Chrnb2 gene mutations induce
autosomal dominant nocturnal frontal lobe epilepsy (36).
Mice lacking expression of Chrnb2 display abnormal retinal
waves and a dispersed projection of RGC axons to their
dorsal lateral geniculate nuclei (dLGNs) (37). Gabarapl2
belongs to autophagy-related 8 (Atg8) gene family member.
Autophagy-related 8 regulates GABA receptor-associated
protein, GABARAP, GABARAP is one of the earliest and most
important helper protein that mediates GABAA receptors
transport from Golgi apparatus to the cell membrane (38, 39).
In mammals, Atg8 has evolved into the LC3/Gabarap protein
family, which consists of LC3A, LC3B, LC3C, Gabarap,
Gabarapl1, and Gabarapl2 (40, 41). Sasau et al. revealed that
Gabarap is involved in host immunization system, especially
interferon-inducible GTPases (41).

Furthermore, we performed GO and KEGG enrichment
analyses to explore signaling pathways and their relationship
with biological systems, revealing that the neuroactive ligand–
receptor interaction signaling pathway was the most significant
pathway. This pathway was previously evidenced as functionally
significant in neurotransmitter-mediated disorders such as
alcohol dependence disorder (42), autism spectrum disorders
(43), Parkinson’s disease (44), and some types of lung cancer (45).
Besides, the pathway was found to be enriched in proliferative
diabetic retinopathy and age-related macular degeneration
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FIGURE 4 | Signaling pathway analysis of differentially expressed lncRNAs. (A) The KEGG pathway analysis demonstrates that the genes are enriched in multiple

pathways. (B) Lists of the most affected pathways. (C) Neuroactive ligand–receptor interaction signaling pathway map. Red in (C) indicates upregulated genes; green

in (C) indicates downregulated genes; lncRNAs, long non-coding RNAs; KEGG, Kyoto Encyclopedia of Genes and Genomes.

(46, 47). This pathway regulates multiple neuroreceptors
and their associated distant signaling molecules, such as 5-
hydroxytryptamine (5-HT, serotonin) and GABA. A previous
study found DED patients have higher tear serotonin levels
(48), whereas another study indicated that selective serotonin

reuptake inhibitor (SSRI) promotes an inflammatory response
on the ocular surface by increasing the tear serotonin levels
(49). It may be concluded that the serotonin acted as a
mediator during the etiology of DED. However, the upstream
and downstream mechanisms of serotonin in DED have
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FIGURE 5 | Validation of lncRNAs Chrnb2 and Gabarapl2, regulating the inflammatory factor in vitro. (A,B) The expression levels of Chrnb2 and Gabarapl2 in HCECs

after NaCl treatment. (C–E) After transfection with si-Gabarapl2, the mRNA levels of TNF-α, IL-1β, and IL-6 in HCECs following NaCl treatment. (F–H) After

transfection with si-Chrnb2, the mRNA levels of TNF-α, IL-1β, and IL-6 in HCECs following NaCl treatment. **p < 0.01, ***p < 0.001.
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not been fully elucidated. Another parallel study on the
mechanism of serotonin regulation of dry eye is ongoing.
The enriched expression of GABA in the neuroactive ligand–
receptor interaction signaling pathway hints toward further
understanding. Researchers demonstrated that GABA- and 5-
HT-immunoreactive neurons could constitute parallel inhibitory
or excitatory pathways (50, 51). Further, GABA can regulate the
release of serotonin and modulate serotonergic neurons in the
nervous system (52, 53). Meanwhile, as the neurotransmitters,
5-HT and GABA usually participate in the physiological
cycle together (54). According to the definition of DED by
the Tear Film and Ocular Surface Society (TFOS) Dry Eye
Workshop (DEW) II, the core mechanism of DED is tear
hyperosmolarity, which is the hallmark of the disease (5).
Tear hyperosmolarity, as well as inflammatory mediators, may
induce DED symptoms and cause damage to the ocular surface,
including epithelial cells, surface microvilli, and goblet cells (5,
11). Some lncRNAs can interact with RNA binding proteins
(RBPs) and promote the release of corresponding cytokines
(55–57), including IL-6, TNF-α, and IL-1β, which may play a
significant role in the regulation of DED (58). Long-term and
recurring nerve inflammations can also create a chain effect.
The neuroactive ligand–receptor interaction signaling pathway
may regulate the inflammatory process. 5-Hydroxytryptamine-
related GABA regulatory enhances the phagocytic functions
of monocytes/macrophages and induces them to produce pro-
inflammatory cytokines, stimulating neutrophil chemotaxis (59).
Thus, we speculated that tear hyperosmolarity could trigger
5-HT and GABA secretion, which stimulates production of
pro-inflammatory cytokines, resulting in increased friction and
also symptoms.

Meanwhile, the results showed that the cytokine–cytokine
receptor interaction signaling and calcium signaling pathway
were also enriched in the DED model. Nociceptors respond to
cytokines and produce inflammatory mediators. Non-neuronal
cells release pro-inflammatory mediators such as TNF and IL-
1β, which live in close proximity to nociceptors following injury
or insult, promoting pain transduction via the modulation of
ion channels (transient receptor potential vanilloid 1, TRPV1)
(12, 60–62). The expression levels of a lncRNA (uc.48+) were
increased in the dorsal root ganglions (DRGs) of diabetic
rats. Knockdown of uc.48+ alleviated TNF-α in DRGs of
diabetic rats (63). A significant upregulation of genes associated
with inflammatory and immune responses was found to be
related to cytokine–cytokine receptor interactions in human
corneal, conjunctival, and meibomian glands (64). Moreover, in
a DED-related therapeutic study, diquafosol promoted corneal
epithelial healing via intracellular calcium-mediated signaling
(65). These findings indicate that both cytokine–cytokine
receptor interaction signaling and calcium signaling pathways
may participate in the inflammatory process of DED. Consistent
with previous studies, our results also showed that the expression
levels of Chrnb2 and Gabarapl2 were upregulated in HCECs after
NaCl treatment, and mice corneas of DED and knockdown of
Chrnb2 and Gabarapl2 could alleviate the expression of TNF-α,
IL-1β, and IL-6 in vitro and in vivo. However, the exact molecular

mechanism contributing to the etiology of DED is not fully
defined, warranting further exploration.

In conclusion, our study first reported the lncRNA high-
transcriptome sequencing analysis of DED. In view of our
results, 3,353 dysregulated lncRNAswere explored. Among them,
Chrnb2, Gabarapl2, and Usp31 were verified as potentially
regulated lncRNAs. Further, we speculated that the neuroactive
ligand–receptor interaction signaling pathway may be involved
in the inflammatory process of DED via neurotransmitter
secretion. TNF-α, IL-1β, and IL-6 were significantly reduced in
HCECs after transfection with si-Chrnb2 or si-Gabarapl2. Thus,
the current findings may lead to a greater depth of understanding
of DED, providing potential regulatory mechanisms of lncRNAs
in the DED and therapeutic targets based on the differentially
expressed lncRNAs.
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Purpose: To explore whether 5-HT1A receptors are involved in the dry eye disease (DED)

mouse model and reveal its underlying mechanism.

Methods: A C57BL/6J mouse DED model was established via the administration

of 0.2% benzalkonium chloride twice a day for 14 days. Corneal fluorescein sodium

staining score and Schirmer I test were checked before, and on days 7, 14, and 21 after

treatment. The experiment was randomly divided into control, DED, 5-HT1A receptor

agonist with or without N-acetylcysteine (NAC) and 5-HT1A receptor antagonist with or

without NAC groups. The mRNA expression of inflammatory cytokines was measured

by reverse transcription-quantitative polymerase chain reaction. Cellular reactive oxygen

species (ROS) were detected by 2’, 7’-dichlorodihydrofluorescein diacetate assays.

Western blot analysis was used to measure the expression levels of autophagic proteins

microtubule-associated protein 1 light chain 3 (LC3B-I/II) and autophagy-related gene

5 (ATG5).

Results: 5-HT1A receptor agonist (8-OH-DPAT) increased corneal fluorescein sodium

staining spots and 5-HT1A receptor antagonist (WAY-100635) decreased them.

Treatment with 8-OH-DPAT was associated with the gene expression of more

inflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α),

C-C motif chemokine ligand 2 (CCL2) and C-X-C motif chemokine ligand 10 (CXCL10)

compared with treatment with WAY-100635. An increased expression of LC3B-I/II and

ATG5 was observed in corneal epithelial cells in the mouse model of DED. 8-OH-DPAT

significantly enhanced the expression of LC3B-I/II and ATG5 by disrupting ROS levels.

WAY-100635 alleviates autophagy by inhibiting ROS production.

Conclusion: Excessive ROS release through 8-OH-DPAT induction can lead to impaired

autophagy and increased inflammatory response in DED. WAY-100635 reduces corneal
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epithelial defects and inflammation in DED, as well as alleviates autophagy by inhibiting

ROS production. The activation of the 5-HT1A receptor-ROS-autophagy axis is critically

involved in DED development.

Keywords: 5-HT1A receptors, reactive oxygen species, autophagy, dry eye, WAY-100635

INTRODUCTION

Dry eye disease (DED) is a chronic and multifactorial ocular
surface disease that affects 5–35% of the worldwide population,
with its prevalence increasing with age (1). Patients with DED
suffer from ocular discomfort, which affects their vision-related
quality of life (2). Increased tear film hyperosmolarity and
instability lead to the damage of the corneal epithelium through
a cascade of inflammatory events, inducing neurosensory
abnormalities (2, 3).

Patients with DED exhibit a tendency toward a depressive
mood. However, the treatment of depression with selective
serotonin (5-hydroxytryptamine; 5-HT) reuptake inhibitors
induces the secretion of proinflammatory cytokines, and cell
apoptosis on the ocular surface aggravates depression-associated
DED by activating the nuclear factor-κB (NF-κB) pathway (4).
5-HT is an important endogenous monoamine neurotransmitter
and neuromodulator (5). The physiological and pharmacological
mechanisms of 5-HT function mainly through seven receptor
families, 5HT1-5HT7 (6). Therefore, the 5-HT1A receptor gene
is a strong candidate for the treatment of depression, as it has
been shown to inhibit depression symptoms in 5-HT1A receptor
knockout mouse models (7–9).

As part of the outermost layer of the eye, corneal epithelial
cells are susceptible to a variety of environmental stimuli.
Excessive reactive oxygen species (ROS) can cause cellular
imbalance in oxidative stress and induce human corneal
epithelial cell (HCECs) injury by targeting DNA, proteins and
intracellular processes (10). ROS may function as indispensable
signaling molecules in the activation of autophagy (11). ROS
can lead to autophagosome accumulation, ultimately mediating
non-apoptotic cell death (12, 13). In a previous study, autophagy
occurred in the lacrimal glands of the mouse model of DED;
a significant colocalization of LC3-phosphatidylethanolamine
conjugate (LC3B) and autophagy-related gene 5 (ATG5) was
detected in the salivary glands of patients with primary Sjögren’s
syndrome (14). 5-HT1A receptors have the potential to regulate
oxidative stress in the retina and retinal pigment epithelium.
The activation of these receptors is coupled with neuronal and
non-neuronal intracellular signaling pathways (15). However, to
date, the role and regulatory mechanism of 5-HT1A receptors in
autophagy remain undefined in DED.

The present study focused on exploring whether a 5-HT1A

receptor antagonist can effectively resist autophagy in the DED
model. Our results revealed an increased expression of 5-HT1A

receptors along with an overproduction of ROS and impaired
autophagy in DED. The inhibition of 5-HT1A receptors reduces
excessive ROS release and enhances autophagic flux, thereby
inhibiting corneal epithelial cell apoptosis in DED mice. To the
best of our knowledge, this is these findings are the first to

show that the 5-HT1A receptor-ROS-autophagy axis is critically
involved in DED development.

MATERIALS AND METHODS

DED Model and Treatment
All experimental protocols complied with the Association for
Research in Vision and Ophthalmology Staement for the use
of animals and were approved by the Fudan University Ethics
Committee (ethical code: EENTIRB-2018-03-01). A total of 50
male C57BL/6J mice aged 6–8 weeks old were purchased from
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Mice
were housed in an environmentally controlled room with 60%
humidity under a 12/12 h light-dark cycle. Mouse eyes were
administrated with 5 µL of 0.2% benzalkonium chloride twice
a day for 14 consecutive days, while pphosphate-bufferedsaline
was used to treat the control group. Corneal fluorescein
sodium staining and Schirmer I test scores were recorded
before, and at days 7, 14, and 21 after treatment. The mice
were randomly divided into experimental group 1 (receiving
a subconjunctival injection of 8-OH-DPAT), experimental
group 2 (receiving a subconjunctival injection of WAY-100635),
experimental group 3 [receiving a subconjunctival injection
of N-acetylcysteine (NAC)], experimental group 4 (receiving a
subconjunctival injection of NAC+ 8-OH-DPAT), experimental
group 5 (receiving a subconjunctival injection of NAC + WAY-
100635), experimental DED group (receiving a subconjunctival
injection of phosphate-buffered saline) and a blank
control group.

Corneal Fluorescein Sodium Staining
Score
A total of 1 µL of 1% sodium fluorescein was instilled
into the lateral conjunctival sac to evaluate the degree
of corneal epithelium defects in the mice. The corneal
epithelial integrity was visualized using a cobalt blue filter
under a slit lamp microscope. Each cornea was divided
into 4 quadrants that were scored individually using the
following four-point scale (0–4): 0 points, no staining;
1 point, <30 stained dots; 2 points, >30 non-diffuse
stained dots; 3 points, severe diffuse staining but no plaque
staining; 4 points, positive fluorescein plaque. The scores
from each quadrant were summed to obtain the final
score (0–16).

Detection of Basal Tear Secretion
(Schirmer I Test)
Phenol-Red thread tear test (Schirmer I) was used with Zone-
Quick (Showa Yakuhin Kako Co., Ltd). Following general
anesthesia with 1.25% avertin administered intraperitoneally,
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1mm of the folded end of the test strip was inserted
into the lateral upper conjunctival fornix for 20 s. The
color of phenol cotton was yellow (acidic) and changed
from yellow to red when it came into contact with tears.
Red dye the wetted length (mm) of the test strip, which
was recorded.

RNA Extraction and Reverse
Transcription-Quantitative Polymerase
Chain Reaction Analysis
According to the manufacturer’s instructions, total RNA was
extracted from mouse corneal tissue using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham,MA, USA).
The RNA sample was then reverse-transcribed into cDNA using
the PrimeScript RT reagent kit (Takara Bio, Inc. Otsu, Japan). RT-
qPCR analysis was performed using SYBR Premix Ex Taq (Takara
Bio, Inc.) with an ABI Prism 7500 sequence detection system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The relative
expression of IL-1β, IL-6, CCL2 and CXCL10 was normalized to
the endogenous control, GAPDH, using the 2−11Ct method.

Western Blot Analysis
Mouse corneal tissues were lysed using a
radioimmunoprecipitation assay solution (Beyotime Institute
of Biotechnology, Shanghai, China), and the protein
concentration was determined using the bicinchoninic acid
assay (Beyotime Institute of Biotechnology). Proteins were

electrotransferred onto 0.45µm polyvinylidene fluoride
membranes (Immobilon-P; MilliporeSigma, Burlington, MA,
USA). Membranes were blocked with 5% non-fat dry milk
for 2 h at room temperature and incubated with the following
primary antibodies: mouse monoclonal antibodies against
LC3B (dilution, 1:1000; catalog no. 83506; Cell Signaling
Technology, Inc., Danvers, MA, USA) and rabbit monoclonal
antibodies against ATG5 (dilution, 1:1000; catalog no. ab108327;
Abcam). The membranes were incubated with peroxidase-
conjugated secondary antibodies, and β-actin was used as a
loading control.

ROS Detection
The fluorescence detection kit used to detect ROS in
frozen sections produces fluorescence under conditions
of oxidative tissue damage through the transmembrane
fluorescent dye dichloro-fluoro-acetoacetate and quantitatively
detects the existence of ROS groups in frozen tissues. 2′,
7′-Dichlorofluorescein diacetate is a coloring agent whose
membrane is completely free. Once it is oxidized by
hydrogen peroxide, peroxide groups, peroxynitrite anions,
etc., fluorescence is generated. The ROS concentration in tissue
cells was measured using that method.

Statistical Analysis
Quantitative data are expressed as the mean ± standard error of
the mean. One-way analysis of variance was used for differences

FIGURE 1 | Imaging and scoring following treatment with benzalkonium chloride twice a day. (A-D) Representative examples for each scale of fluorescence staining.

Following successful modeling, the fluorescence staining points on the corneal epithelium increased in density, and the serious sites were plaques. (E) Time-score

curve of the fluorescein sodium scores at 7, 14 and 21 days after modeling. (F) Statistical chart of corneal fluorescein staining scores in the DED, 8-OH-DPAT and

WAY-100635 groups. (G) Representative photos for each scale of phenol red thread test. (H) On day 21, the amount of tear secretion in the DED group was

significantly reduced, but no treatment was effective. *P < 0.05, **P < 0.01 and ***P < 0.001. DED, dry eye disease.
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among multiple groups, and the Bonferroni test for differences
between two groups. Student’s t-test was used to identify
differences between groups. P < 0.05 was considered to indicate
a statistically significant difference.

RESULTS

WAY-100635 Can Alleviate Corneal
Epithelial Cell Injury in the DED Model
A special 5-HT1A receptor agonist (8-OH-DPAT) and antagonist
(WAY-100635) was used to verify the role of 5-HT1A receptors in
DED mice. Staining in the DED mouse model was shown to be
diffuse and progressively intense in the 8-OH-DPAT treatment
groups (Figures 1A–C), and a general trend of increased corneal
fluorescein staining scores was observed, as compared with those
of the controls (Figure 1D). The staining scores of sodium

fluorescein on days 7, 14 and 21 were 5.7 ± 0.48, 7.78 ± 0.53
and 10.8 ± 0.76, respectively. The staining scores of corneal
fluorescein were higher in 8-OH-DPAT-treated mice (11.23 ±

0.84) than in WAY-100635-treated mice (6.8 ± 0.75, P < 0.01)
and mice in the DED groups (9.89± 0.71, P < 0.05) (Figure 1E).
Tear secretion was significantly reduced in DED mice (2.75 ±

0.34 vs. 4.28 ± 0.3mm in the control group). However, no
differences in tear secretion were observed among the DED,
8-OH-DPAT and WAY-100635 groups (Figures 1F,G). 8-OH-
DPAT treatment induced a typical corneal epithelial defect and
WAY-100635 reduced corneal epithelial injury.

WAY-100635 Reduces Inflammatory
Response
The inflammatory cytokine levels in corneal tissues were further
analyzed. The RT-qPCR assay results demonstrated that the
gene expression of inflammatory cytokines IL-6, TNF-α, CCL2

FIGURE 2 | The effects of 8-OH-DPAT on the inflammatory response were blocked by the administration of WAY-100635. (A) Quantification of IL-6 in control and

DED corneas following treatment with 8-OH-DPAT and WAY-100635. (B) Quantification of TNF-α in control and DED corneas following treatment with 8-OH-DPAT

and WAY-100635. (C) Quantification of CCL2 in DED corneas of eyes treated with 8-OH-DPAT and WAY-100635, compared with the controls. (D) Quantification of

CXCL10 in DED corneas of eyes treated with 8-OH-DPAT and WAY-100635, compared with the controls. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control; #P <

0.05, ##P < 0.01, and ###P < 0.001 among DED, 8-OH-DPAT and WAY-100635 groups (one-way analysis of variance). DED, dry eye disease; TNF-α, tumor

necrosis factor-α; CCL2, C-C motif chemokine ligand 2; CXCL10, C-X-C motif chemokine ligand 10.
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and CXCL10 were increased in the DED group compared to
those of the control group. Treatment with 8-OH-DPAT was
associated with more inflammatory cytokines and chemokines
than treatment with WAY-100635 (9.43 ± 0.84 vs. 0.4 ± 0.09
in IL-6, n = 6, P < 0.05; 13.74 ± 1.25 vs. 0.33 ± 0.09 in TNF-
α, n = 5, P < 0.001; 4.77 ± 0.14 vs. 0.42 ± 0.19 in CCL2, n
= 7, P < 0.05; 6.27 ± 0.12 vs. 0.52 ± 0.05 in CXCL10, n =

13, P < 0.05; Figure 2). The results suggested that 8-OH-DPAT
aggravates inflammatory damage in DED corneal epithelium and
WAY-100635 alleviates it.

WAY-100635 Decreases ROS Production
Previous studies have indicated that ROS production is
accompanied by inflammatory activation (16, 17). Therefore,
in order to verify the role of ROS in DED with or without

drug treatment, changes in ROS levels were measured in frozen
sections of corneal tissue. Representative confocal micrographs
showed that 8-OH-DPAT increased ROS production, while
pretreatment with WAY-100635 markedly decreased DED-
induced ROS (Figure 3).

5-HT1A Receptors Regulate Autophagy
Through the ROS Pathway
Western blot analysis showed that the expression of the
autophagic marker LC3B-I/II was significantly increased in
DED mice. To further explore the role of 5-HT1A receptors
in DED autophagy, changes in autophagic protein expression
following the activation of 5-HT1A receptor and application
of the inhibitor in corneal tissues were investigated. It was

FIGURE 3 | Effects of 8-OH-DPAT and WAY-100635 on ROS levels. (A) Micrographs of 10-µm thick transverse sections of control corneas. (B) Representative

confocal microscope image from the DED groups. (C,D) Confocal micrographs of 10-µm thick transverse sections of control corneas between the 8-OH-DPAT and

WAY-100635 groups. Bar, 50µm. DED, dry eye disease; ROS, reactive oxygen species.
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FIGURE 4 | Effects of 8-OH-DPAT and WA-100635 on ROS levels. (A) The expression of autophagy markers ATG5 and LC3-I/II in the cornea was measured by

western blot analysis. (B,C) Relative densitometry quantification of (B) ATG5 and (C) LC3-I/II. (D) Western blot analysis results showing the changes in ATG5 and

LC3-I/II expression in the corneal epithelium of DED mice from the NAC-, NAC + 8-OH-DPAT- and NAC + WAY-100635-treated groups. (E,F) Relative densitometry

quantification of (E) ATG5 and (F) LC3-I/II among groups. **P < 0.01 and ***P < 0.001. ROS, reactive oxygen species; ATG5, autophagy-related gene 5; LC3-I/II,

microtubule-associated protein 1 light chain 3; DED, dry eye disease; NAC, N-acetylcysteine.

found that 8-OH-DPAT increased the protein expression
levels of LC3B-I/II and ATG5, while WAY-100635 decreased
it (Figures 4A–C).

Previous studies have revealed that oxidative stress and
autophagy maintain a cross-talk regulation (18, 19). Therefore,
to verify the important role of the 5-HT1A receptor-ROS
axis in DED autophagy, a ROS scavenger, NAC, was used.
In the DED model, it was found that a subconjunctival
injection of NAC could also decrease LC3B-I/II and ATG5
expression (Figures 4D–F). In the presence of NAC, the
additional administration of 8-OH-DPAT did not induce LC3B
or ATG5 upregulation (Figures 4D–F). In combination, these
results suggested that 5-HT1A receptors are crucial endogenous
regulators of autophagy that exert their effects by regulating ROS
in DED.

DISCUSSION

In the present study, 8-OH-DPAT was found to cause
corneal epithelial injury in an animal model of DED. First,

the corneal fluorescein sodium test results showed that 8-
OH-DPAT increased the staining spots but WAY-100635
decreased them. Second, 8-OH-DPAT and WAY-100635 did
not exacerbate the effects of tear secretion. Third, treatment
with 8-OH-DPAT was associated with more inflammatory
cytokines and chemokines than treatment with WAY-100635.
Finally, WAY-100635 alleviated autophagy by inhibiting ROS
production. In combination, the results of the present study
revealed a novel mechanism through which 5-HT1A receptor
inhibition modulated the ROS-autophagy axis and thereby
helped protect DED.

A cross-sectional study found a positive relationship between
DED subjective symptoms and depression/anxiety scores (20).
Mrugacz et al. reported that tear levels of IL-6, IL-17, and
TNF-α were significantly correlated to the DED severity, which
were higher in depressed patients than in the normal group
(21). The reasons that DED is often found in depressed/anxious
populations remain unclear. Several studies indicated a potential
connection between the serotonin function and the tear secretion
in the lacrimal gland (LG). In addition, Chhadva et al. reported
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that tear serotonin concentration positively correlated with
symptoms of DED (22). Our findings were in agreement with
their results.

Previous studies have found that 8-OH-DPAT attenuated
morphine-induced apoptosis in the dorsal raphe nucleus
of rat (23). In primary cultures of neurons from chick
embryo telencephalons, 8-OH-DPAT can reduced the number
of apoptotic cells in a concentration dependent manner
(24). However, in our present study, the effect of 8-OH-
DPAT seemed to be opposite to that of previous studies.
Using a mouse model of DED, we presented the evidence
that 8-OH-DPAT aggravated the injury of corneal epithelial
cells, while WAY-100635 alleviated them. The reason for
this discrepancy is unclear, one possible explanation for the
differences in results could be related to the design of the
experimental models and the different target cells used in
previous studies.

Autophagy is an evolutionarily conserved, dynamic and
lysosome-mediated intracellular process that works by mediating
the sequestration and delivery of cytoplasmic material into
the lysosome, where it is degraded and recycled (25, 26). The
dysregulation of autophagy is linked to various autoimmune
and auto-inflammatory diseases. Although it remains unclear
whether autophagy has a toxic or protective effect on cells,
accumulating evidence suggests that autophagy markers are
increased in DED (27–29). LC3 is a microtubule-associated
protein that is processed by cleavage (producing LC3-
I) and subsequent lipid conjugation (yielding LC3-II) for
membrane targeting. LC3B induction is an established marker
of autophagosomes (30). Furthermore, the gene expression
of ATG5 is involved in the early stages of autophagosome
formation (27). Compared to the controls, ATG5 levels in
tear and conjunctival epithelial cells were upregulated in
Sjögren’s syndrome DED but not in non-Sjögren’s syndrome
DED. Although clinical trials with large sample sizes would
be useful to confirm these findings, ATG5 is expected to
serve as a disease-specific diagnostic marker of Sjögren’s
syndrome DED. In this study, increased levels of LC3B-
I/II and ATG5 were observed in DED both in vivo. The
results showed that 8-OH-DPAT-5-HT1A receptor activation
stimulates the expression of LC3B-I/II and ATG5. These
findings suggested that 5-HT1A receptors may participate in the
remodeling of the corneal epithelial cell microenvironment to
regulate DED.

In addition, oxidative stress can be a primary cause of
autophagy impairment (18, 19). Previous studies have revealed
that the oxidative stress-induced inhibition of autophagy
plays a pivotal role in cadmium-mediated cytotoxicity in
primary rat proximal tubular cells (31). NAC, an ROS
scavenger, has been investigated with respect to DED
treatment (32–34). Previous studies have shown that, in
HCECs subjected to hyperosmolar conditions, ROS are
overproduced and mitochondrial function is impaired (10).
In the present DED mouse model, it was found that NAC
could reduce the expression of LC3B-I/II and ATG5 in corneal

epithelium cells. To the best of our knowledge, this study
was the first to suggest that NAC can protect the corneal
epithelium by normalizing impaired autophagic degradation
in DED.

Reports have suggested that serotonin reuptake inhibitors
may aggravate DED by inducing severe inflammation and
HCEC apoptosis, rather than by significantly reducing tear
secretion (4). High serotonin levels in the tear fluid of
DED individuals is the critical cause of serious inflammation
and apoptosis in corneal epithelial cells (4, 22). Serotonin
receptors are abundant in corneal epithelial cells, and 5-
HT acts through serotonin receptors to activate NF-κB
signaling (35). Activated NF-κB regulates the transcription of
downstream genes and induces a rapid inflammatory response,
cell apoptosis, and innate and adaptive immune functions
(36). The results systematically confirmed that the presence
of serotonin in HCECs and the activation of the NF-κB
pathway were important etiological factors for DED. The
present findings also suggested that treatment with WAY-
100635 was associated with fewer inflammatory cytokines
and chemokines.

Collectively, these results suggested that the 5-HT1A receptor-
mediated activation of ROS signaling pathways lead to
impaired autophagy. The identification of the molecular
mechanism may help clarify the pathogenesis and treatment
of DED.
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Objective: To observe differences in meibomian gland morphology among patients

with meibomian gland dysfunction (MGD) with liquid meibum, with solid meibum, and a

non-MGD group by laser scanning in vivo confocal microscopy (IVCM), and then analyze

the correlation between meibomian gland abnormalities and dry eye disease.

Methods: Twenty-one patients with MGD (42 eyes) with liquid meibum, 21 patients with

MGD (38 eyes) with solid meibum, and 24 non-MGD patients (39 eyes) were enrolled

in the study. IVCM examination and Schirmer II test were performed, and non-invasive

tear-film breakup time (NIBUT) was measured.

Results: Data obtained from all the patients were normally distributed; therefore, one-

way analysis of variance was performed. The meibomian gland opening diameter and

gland opening area of the patients with MGD were greater than those of the non-MGD

patients, and values of the liquid meibum group were greater than those of the solid

meibum group (F = 17.96, p< 0.001; F = 8.84, p< 0.001, respectively). Due to changes

in meibomian gland opening diameter and dilation of meibomian gland acini, the acinar

longest diameter and unit area of the patients with MGD were also greater than those of

the non-MGD patients, and the values of the solid meibum group were greater than those

of the liquid meibum group (F = 36.52, p< 0.001; F = 27.81, p< 0.001, respectively). In

the aspect of acinar shortest diameter, there was no difference among the three groups

(F = 0.24, P> 0.05). Highest inflammatory cell density was observed in the solid meibum

group, followed by the liquid meibum group, and the non-MGD group (F = 111.54, p <

0.001). Similarly, the results of the Schirmer II test and NIBUT showed that the condition

of the patients with MGD in the solid meibum group was worst, followed by that of the

104

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.793338
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.793338&domain=pdf&date_stamp=2022-01-12
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:wt-ting@163.com
https://doi.org/10.3389/fmed.2021.793338
https://www.frontiersin.org/articles/10.3389/fmed.2021.793338/full


Zheng et al. Abnormal Meibomian Glands and Meibum

liquid meibum group and the non-MGD group (F = 99.57, p < 0.001; F = 11.87, p <

0.001, respectively).

Conclusions: The different meibum in the patients with MGD is accompanied by

different meibomian glandmorphologies. Comparedwith the patients with liquidmeibum,

those with solid meibum have more obvious dilatation of meibomian glands under

confocal microscopy and in these patients, the density of inflammatory cells among

glands is higher, and the quality of tears is worse.

Keywords: meibomian gland dysfunction, meibomian gland morphology, structure, function, abnormalities of

meibum

INTRODUCTION

The prevalence of dry eyes is increasing day by day. In patients
over age 40 years, the prevalence is as high as 75% (1), and the
affected population is getting younger. Dry eye is a multifactorial
disease of the ocular surface. It has been reported that the
pathogenesis of dry eyes has a close relationship with meibomian
gland dysfunction (MGD) (2, 3), which is the condition where the
quantity and quality of lipid-rich secretion that is produced by
meibomian glands (meibum) (4) are abnormal under influences
of the eyes, whole body, medicine, external environment, and
other factors (5). The meibum of patients with MGD may be
clear and transparent liquid, cloudy liquid, cloudy and particulate
fluid, or thick toothpaste-like solid (6). However, specific reasons
for the different forms of meibum are still unclear. In this study,
the patients with MGD are divided into two types: patients with
liquid meibum and patients with solid meibum. In recent years,
in vivo confocal microscopy (IVCM) has been performed to
scan the structure of the ocular surface. The cell morphology
of the cornea and meibomian gland can be determined. At
cellular level, it has established a good connection between in
vitro histology and in vivo ocular pathology (7, 8). In this study,
IVCM was performed to detect the meibomian gland conditions
of patients with different meibum qualities, and found that the
gland morphology of patients with different meibum qualities
was also different, which serves as an effective basis for in-depth
research and treatment of MGD.

MATERIALS AND METHODS

General Information
A total of 66 patients who were treated in Eye Hospital of
Shandong First Medical University from June 2020 to August
2021 were involved. First of all, the patients received a slit-
lamp examination for observation of meibomian gland orifice
obstruction, followed by Schirmer II test and NIBUT for
diagnosis of MGD. Then, IVCM examination was carried out.
Finally, after meibomian gland massage, the patients with MGD
whose meibum was clear or cloudy were divided into the liquid
meibum group (21 cases, 42 eyes; seven males, 14 females), and
the patients whose meibum was opaque and toothpaste-like were
divided into the solid meibum group (21 cases, 38 eyes; 12 males
and nine females). Those without dry eye symptoms, and with
normal BUT and tear secretion were included in the non-MGD

group (24 cases, 39 eyes; four males and 20 females). Massage was
not performed on the non-MGD patients. The average age of the
liquid meibum group was 58.8 ± 11.66 years, that of the solid
group was 52.71 ± 18.5 years, and that of the normal subjects
was 61.29± 14.87 years.

The inclusion criteria of the groups withMGDwere as follows:
(a) patient complained of dry eyes, foreign body sensation,
burning sensation, eye fatigue, soreness, red jelly, and conscious
blurred vision; (b) Schiermer II test < 10mm, NIBUT < 10 s; (c)
after meibomian gland massage, the meibum expressed is liquid
or solid; and (d) participation in the research is voluntary.

Exclusion criteria were : patients (a) wearing contact lenses,
or (b) having a history of eye trauma (acid-base burns), or (c)
having had an eye surgery recently (9), or (d) with congenital
abnormality or dysplasia of meibomian glands, or (e) with
eye tattoos, (f) with immune system diseases such as Sjogren’s
syndrome (10), or (g) who have had long-term meibomian gland
massage or fumigation, or (h) who have taken hormone drugs for
a long time were excluded from the study.

The inclusion criteria for the non-MGDgroupwere as follows:
there is no eye dryness, foreign body sensation, and other
discomforts in daily life; and at the same time, Schiermer II test
>10mm, and NIBUT >10 s.

This study was approved by the Ethics Committee of the
Eye Hospital of Shandong First Medical University. All the
procedures adhered to the tenets of the Declaration of Helsinki.
Written informed consent was obtained from each patient.
The trial was registered in the Chinese Clinical Trial Registry
(registration number: ChicTR2100050900).

Method
In vivo Confocal Microscopy (IVCM)
An Heidelberg hrt 3 (HRT 3) in vivo confocal microscope
(Heidelberg Engineering, Heidelberg, Germany) was used to
observe the morphological and structural characteristics of
the meibomian glands at the center of the upper eyelid
and eyelid margin after topical anesthesia (0.5% proparacaine
hydrochloride) was instilled. The wavelength was 670 nm, field
of view was 400µm × 400µm, resolution was 384 × 384
pixels, magnification was 800 times, and horizontal and vertical
resolutions were both 1µm. The center of the upper eyelid near
the eyelid margin was scanned to observe meibomian gland
opening, morphology of acini, and inflammatory cell infiltration.
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FIGURE 1 | (A) Solid meibum and yellow oil embolism. (B) Solid meibum. (C) Oily liquid meibum.

Image Evaluation
In view of the fact that imaging of the meibomian gland acini
and openings can be in different shapes when scanning planes are
different, we selected 3–5 images with the best quality for analysis,
including clear meibomian gland openings (at least 1 per image),
acini (at least 5 per image), palpebral conjunctival cell structure,
and inflammatory cells as many as possible. The diameter of
all the meibomian gland openings, area of the meibomian
gland openings, acinar longest diameter, acinar shortest diameter,
and acinar unit area in the confocal microscopy images were
measured with the Image J software. The fused acinar was
calculated as one acinar and the incomplete acinar in the image
was excluded. After the measurement, the authors calculated the
area using the following formula: actual area = area × 400 ×

400/(384 × 384) µm2. The number of inflammatory cells in
the meibomian glands was measured using the Rostock Cornea
Module. All the values were measured three times to get an
average value.

Schirmer II Test
The lower eyelid of the patients was everted gently to instill
topical anesthesia (0.5% proparacaine hydrochloride) and then,
after a sterile filter paper strip was placed over the middle to
lateral 1/3 of the lower eyelid, the patients were asked to close
their eyes. The strip was removed after 5min, and the length of
tear wetting was measured.

Non-invasive Tear-Film Breakup Time (NIBUT)
Non-invasive tear-film breakup time (NIBUT) was evaluated
with a Keratograph 5M ocular surface analyzer (10 times
magnification). After two blinks, the patients were asked to focus
on the target and keep the eyes open as long as possible to
measure tear film breakup time.

Statistical Analysis
SPSS Version 23 was used for data analysis. The data obtained
from patients in the three groups were normally distributed;
therefore, one-way analysis of variance can be performed. P <

0.05 was regarded as statistically significant.

RESULTS

General Results
The average age of the liquid meibum group, solid meibum
group, and non-MGD group had no significant difference (58.15
± 11.66 vs. 52.71 ± 18.5 vs. 61.29 ± 14.87) (F = 1.84, P >

0.05). Therefore, the influence of age difference on the results
was avoided.

According to the picture taken during meibomian glands
massage, three of the 21 patients with solid meibum had light
yellow oil embolism, which is the early state of a chalazion
(Figure 1). The size of the toothpaste-like meibum in one patient
was about 1× 2mm, and 0.5× 1mm in the other two patients.

IVCM Results
IVCM Meibomian Gland Opening Examination
In the patients with liquid meibum, the meibomian gland
openings were round or oval, or nearly circular, surrounded by
round and oval flat cells, and loosely arranged with irregular
borders, similar to the surrounding conjunctival epithelial
cells. The morphology of meibomian gland opening cells in
the patients with solid meibum was different. The cells were
irregularly long or diamond-shaped and more loosely arranged,
and the number of goblet cells was increased. There was a small
amount of scattered dendritic cells around, and more fibrotic
tissues existed. The surrounding conjunctival epithelial cells had
increased size and were arranged more irregularly, accumulating
around the meibomian gland acini (Figure 2). A certain degree
of blockage existed in the meibomian gland openings of patients
with solid meibum. Compared with the two groups mentioned
above, the meibomian gland of the non-MGD patients was round
in shape, and had regular boundary and orderly cell arrangement.
According to the results calculated with SPSS Version 23, the
meibomian gland opening diameter and gland opening area of
the patients with MGD were greater than those of the non-
MGD patients, and the values of the liquid meibum group were
greater than those of the solid meibum group. Statistical analysis
of the opening diameter and opening area of the meibomian
gland openings showed that there were statistically significant
differences among the three groups. There were also statistical
differences between any two groups (opening diameter: 39.47 ±
9.57 vs. 34.8 ± 9.98 vs. 26.21 ± 10.6; opening area: 1,861.47 ±

910.4 vs. 1,517.23 ± 713.12 vs. 1,188.96 ± 437.13) (F = 17.96, p
< 0.001; F = 8.84, p < 0.001, respectively).
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FIGURE 2 | (A–C) Meibomian gland openings of patients with liquid meibum. Cells surrounding the opening are arranged neatly, with regular borders. (D–F)

Meibomian gland openings of patients with solid meibum. Morphology has changed, and the glands become blocked. The morphology of cells surrounding the

opening has changed, and the arrangement is looser. (G) Image of a patient with liquid meibum. The glands have a certain degree of dilatation. (H,I) Images of

patients with solid meibum. There is more dilatation and fusion between the acini. Black arrows indicate inflammatory cells.

Meibomian Gland Acini Examination Under IVCM
The acini of the meibomian gland were mostly round, oval, or
irregular because of fusion, and each acinar unit was surrounded
by cubic acinar cells. There was a connective tissue among the
acini. Compared with the acini of patients with liquid meibum,
the acini of patients with solid meibum had more obvious acinar
dilatation and more fusion phenomena. Gland acinar shortest

diameter in patients with liquid meibum, in patients with solid,
and in the non-MGD group had no statistically significant
difference (29.26 ± 8.23 vs. 28.04 ± 10.28 vs. 29.49 ± 10.6)
(F = 0.24, p > 0.05). The acinar longest diameter and unit
area of the patients with MGD were also greater than those
of the non-MGD patients, and the values of the solid meibum
group were greater than those of the liquid meibum group,
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with statistically significant differences. There were also statistical
differences between any two groups (132.86 ±3 7.69 vs. 100.65
± 25.54 vs. 77.07 ± 20.81; 4,804.49 ± 1,711.25 vs. 3,229.97 ±

1,108.35 vs. 2,639.89± 1,055.02) (F= 36.52, p< 0.001; F= 27.81,
p < 0.001) (Table 1).

Inflammatory Cells Around the Meibomian Glands

Under IVCM
The missing part of meibomian glands in the infrared imaging
was manifested as atrophy and loss of meibomian acini under
IVCM, or the acinar structure was replaced by a large number
of cord- and grid-like structures and inflammatory cells. In the
patients withMGD, there was often inflammatory cell infiltration
among the acini. Highest inflammatory cell density was observed
in the solid meibum group, followed by the liquid meibum group
and the non-MGDgroup, with statistically significant differences.
There were also statistical differences between any two groups
(583.5± 103.42 vs. 395.11± 60.09 vs. 308.3± 80.78) (F= 111.54,
p < 0.001) (Table 1 and Figure 1).

Schirmer II Test
SPSS Version 23 was used to analyze the data obtained from
the patients with solid meibum (21 cases, 42 eyes), patients with
liquid meibum (21 cases, 38 eyes), and the non-MGD group
(24 cases, 39 eyes). The parameter of the non-MGD group was
the longest. The Schirmer II test results of the patients with
liquid meibum were greater than those of the patients with
solid meibum. The differences among the three groups were
statistically significant. There were also statistical differences
between any two groups (12.43 ± 2.76 vs. 6.6 ± 3.49 vs. 3.76 ±

1.56) (F = 99.57, p < 0.001) (Table 2).

Non-invasive Tear-Film Breakup Time
(NIBUT)
The NIBUT in each group obtained with the Keratograph 5M
was analyzed with SPSS Version 23. The NIBUT of the patients
with liquid meibum was longer than that of the patients with
solid meibum, and the time of the non-MGD group was longest,
with statistically significant differences. There were also statistical
differences between any two groups (9.3± 4.83 vs. 6.73± 3.69 vs.
12.43± 2.76) (F = 11.87, p < 0.001) (Table 2).

DISCUSSION

Meibomian glands, first described by Heinrich Meibom, a
German anatomist, are the tarsal glands of the eyelids located
between the massive connective tissue and elastic fibers (11),
producing meibum to lubricate the surface of the lids. Meibum
is the primary component of the surface lipid layer of the tear
film, which lowers tear film surface tension to increase stability
(12). MGD caused by abnormal secretion of meibum is the main
cause of hyperevaporative dry eyes (13). Previous clinical studies
have reported that there is a certain correlation between decline
of meibomian gland function and morphological changes, but
that exceptions also exist (14, 15). When several glands become
blocked in an early stage, although the morphology and structure
of the meibomian glands are normal, the meibum that is

delivered to the ocular surface is reduced or completely inhibited.
Under this circumstance, the function of themeibomian glands is
weak. When meibomian gland atrophy appears, the morphology
changes, and function decreases. At present, there are only
few studies on the relationship between meibum status and
morphology of the meibomian glands in patients with MGD. In
this study, the relationship betweenmeibum status and abnormal
morphology of meibomian glands was analyzed by confocal
microscopy for the first time.

The status of lipid secretion of the meibomian glands can
roughly reflect the degree of meibomian gland dysfunction.
According to the study conducted by Eom et al., the meibum
expression was evaluated as follows: grade 1: cloudy meibum
expressed with mild pressure; grade 2: cloudy meibum expressed
with more than moderate pressure; and grade 3: toothpaste-
like meibum (16). The higher the score, the more severe the
dysfunction. That is, when the meibum score reaches grade 3,
the meibomian gland acini have been extremely dilated, which
is manifested by obvious increase in longest diameter and acinar
area. Excessive dilation of ducts will reverse the pressure to
the acini, which will result in acinar damage, meibomian gland
atrophy, and destruction of acinar structures.

Conjunctival epithelial cells and subepithelial connective
tissue layers can be observed by IVCM, among which are
openings of the meibomian glands. In this study, meibomian
gland opening diameter and area were studied in detail for the
first time. Compared with the non-MGD group, the morphology
of the meibomian glands in the MGD groups was changed.
Consistent with the research findings by Yang et al., the results
of this study showed that the meibomian gland openings in
patients with liquid meibum were round or oval and surrounded
by loosely-arranged flat cells (17), and high-reflective oil can
occasionally be seen. While in the patients with solid meibum,
the meibomian gland openings had obvious keratinization,
damage, deformation, and unevenness, and were surrounded by
increased inflammatory cells. The authors explored the reasons:
heavily influenced by risk factors such as blockage, edema,
inflammation, environmental stress, and stem cell aging (18),
hyperkeratosis of the epithelium, and stagnant secretion of the
meibum happened. The inability of the meibum to secrete
normally promotes growth of bacteria, leading to the release of
bacterial lipase secretion, which can break down the meibum.
The increase of free fatty acids can change the viscosity of the
meibum, which is originally clear liquid or oily, to granular
or toothpaste-like solid secretions further, and consequently
increases the difficulty of releasing meibum (19). In addition,
after measuring the parameters of the patients included, the
authors found that when suffering from MGD, the opening
of the meibomian gland was dilated, but that the dilation in
the patients with solid meibum was not as obvious as that in
patients in the liquid meibum group, which was also unfavorable
for releasing of solid meibum. The gradually increased pressure
inside the blocked ducts led to the compensatory dilation
of the acini and more fusions. The acinar longest diameter
increased significantly, and so did the unit area (2). In turn,
these processes promoted the inflammation and hyperkeratosis
of the meibomian glands (20), which intensified the deformation
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TABLE 1 | Parameters of the meibomian glands under a confocal microscope.

Group Meibomian

gland opening

diameter /µm

Meibomian gland

opening area /µm2

Acinar longest

diameter /µm

Acinar shortest

diameter /µm

Acinar unit area/µm2 Density of

inflammatory

cells/mm2

Liquid meibum

group

39.47 ± 9.57 1,861.47 ± 910.40 100.65 ± 25.54 29.26 ± 8.23 3,229.97 ± 1,108.35 395.11 ± 60.09

Solid meibum

group

34.80 ± 9.98 1,517.23 ± 713.12 132.86 ± 37.69 28.04 ± 10.28 4,804.49 ± 1,711.25 583.50 ± 103.42

Non-MGD

group

26.21 ± 10.60 1,188.96 ± 437.13 77.07 ± 20.81 29.49 ± 10.6 2,639.89 ± 1,055.02 308.30 ± 80.78

F 17.96 8.84 36.52 0.24 27.81 111.54

P <0.001 <0.001 <0.001 0.78 <0.001 <0.001

TABLE 2 | Non-invasive tear breakup time and Schirmer II test results.

Group Non-invasive tear break-up time (s) Schirmer II test

Liquid meibum group 9.30 ± 4.83 6.60 ± 3.49

Solid meibum group 6.73 ± 3.69 3.76 ± 1.56

Non-MGD group 11.52 ± 4.27 12.43 ± 2.76

F 11.87 99.57

P <0.001 <0.001

and atrophy of the meibomian gland openings in patients with
solid meibum.

In healthy people, there is occasional infiltration of
inflammatory cells in the acini and interstitium, about 300
cells/mm2. In this study, the density of inflammatory cells
in the patients with MGD was greater than that of the non-
MGD patients, and the value of the solid meibum group was
greater than that of the liquid meibum group (583.5 ± 103.42)
cells/mm2 vs. (395.11 ± 60.09) cells/mm2, suggesting that
when the condition got worse, the inflammation got more
severe. In addition to the mentioned interactions among the
abnormal meibum, etiology, and morphology of the meibomian
glands, the density of inflammatory cells indicates the status
of the meibum and development stage of the disease (21).
Yang et al. established an animal model of MGD in mice and
found that after Freund’s adjuvant injection, ductal epithelial
thickening, acinar cell atrophy, and increased inflammatory cell
infiltration were observed. In the solid meibum group, although
the meibomian acini had not fully developed to an atrophic
state, there was a large number of scattered inflammatory cells
among the acini and interstitium. The number of inflammatory
cells in the patients with liquid meibum was less than that of
the patients with solid meibum, but there was an increase in
the number in the patients from both groups, which further
proved that inflammation is a typical symptom of MGD. As
the meibomian glands were continually in a microenvironment
with inflammatory cell infiltration, stem cells that can undergo
meiosis were senescent, and the morphology of the glands was
also destroyed. In patients with severe symptoms, meibomian
gland openings were more uneven, and cell arrangement was
looser, with more fibrotic tissues. When meibomian gland

dysfunction develops to a certain stage, inflammatory factors can
cause corneal nerve damage and symptoms such as burning and
tingling will become more obvious (22).

The results of the Schirmer II test showed the tear secretion
condition. The amount of tear secretion in the solid meibum
group, which was 3.76 ± 1.56mm, was significantly lower
than the 6.6 ± 3.49mm in the liquid meibum group. Previous
studies have confirmed that 10% of tears are discharged through
evaporation, and that 90% are discharged through tear ducts
(23). When the function of the meibomian glands is impaired,
the tear film will also be affected, and the discharge of tears will
mainly rely on evaporation. When lipid secretion is insufficient,
the meibum cannot be distributed evenly on the surface of the
tear film by blinking; therefore, the tear film is unstable, and tear
evaporation is strong, leading to decrease in tear secretion. The
tear secretion of patients with liquid meibum is close to that
of healthy people, but the tear secretion of patients with solid
meibum is obviously insufficient, which is also reflected in the
following NIBUT research.

Non-invasive tear-film breakup time (NIBUT) is an objective
test to evaluate the stability of the tear film. NIBUT > 10 s is
generally considered as normal, while < 10 s is unstable. The
physiological tear film is divided into an amucoaqueous-gel layer
and a lipid layer, and the lipid layer is divided into polar and
non-polar sublayers. The stability of the tear film depends on the
function of mucoaqueous gel and lipid layers in the tear film.
Meibum can reduce the surface tension of tears to facilitate the
absorption of water into the tear film. As a result, the aqueous
phase is thickened, and the tear film is more stable (24, 25).
Lack of mucin in tear fluid indicates severe damage or loss of
goblet cells. Changes in the lipid composition of the tear film
can also contribute to increased instability of tears. An ocular
surface analyzer can accurately record the specific location and
time of tear film rupture in the form of corneal topography (26).
First tear film rupture time is usually used as an indicator to
evaluate the condition of MGD. In this study, the first tear film
rupture time in the solid meibum group was shorter than that
in the liquid meibum group (F = 11.87, p < 0.001), indicating
that the tear film of the patients with solid meibum was more
unstable. Therefore, the eyes were more likely to develop into
dry eyes with excessive evaporation. When tear osmotic pressure
continues to increase, it is more likely to result in ocular surface
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epithelial damage and lead to activation of inflammatory cells
to release inflammatory factors (27), which, at the same time,
indirectly explains why the patients with solidmeibumhavemore
inflammatory cells than the patients with liquid meibum.

From the perspective of the composition of meibum, lipid
composition changes increase order degree and melting point.
In patients with MGD, the viscosity of lipids increased because
of composition changes in the meibomian glands. Meibum is
divided into polar and -polar lipids, and polar lipids play an
extremely important role in tear film stability (28). Sphingolipids,
which are membrane lipids that exist in almost all cell types (29),
account for 30% of polar lipids in meibomian glands and play
a dominant role in cell signal transduction, inflammation, and
apoptosis (30). Studies have shown that the clinical symptoms
of patients with MGD are related to changes in the composition
of sphingolipids, and that pro-apoptotic substances increase
after the composition changes. We can boldly make a guess
that under stimulation of pro-apoptotic substances, meibomian
gland basal cells and the ductal epithelium of patients with
solid meibum suffer from hyperkeratosis and apoptosis, which
makes it difficult for the meibum to enter the central duct and
accelerates changes in acinar morphology in patients with MGD.
Therefore, with IVCM, we observed changes in the morphology
of meibomian gland opening cells and increase in inflammatory
cells. Different meibum status indicates different meibomian
gland morphology, and different stages of inflammation, which
are ultimately associated with clinical symptoms.

While conducting the study, it was expected that the number
of patients with solid meibum would be higher. However, with
the improvement of living standards in modern society, most
patients seek medical attention in the early stage of MGD;
therefore, fewer patients reach the clinical stage with solid
meibum, so the solid meibum samples included in the study
were limited. We will include more patients for further in-depth
research in the future. In addition, most of the included patients
were middle-aged and elderly people, especially in the non-MGD
group, which may have an impact on the overall data (31).

With confocal microscopy, this study observed the
meibomian gland morphology of patients with different
meibum at the microscopic cellular level and gained a clearer
understanding of the specific morphology and inflammation
in patients with different meibum. The objective parameters

obtained by observing different meibum status by confocal
microscopy will help to divide the different stages of MGD in
the future and guide the diagnosis and treatment of patients
with MGD.
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Dry eye disease (DED) is one of the most common ocular surface diseases worldwide.

DED has been characterized by excessive accumulation of reactive oxygen species

(ROS), following significant corneal epithelial cell death and ocular surface inflammation.

However, the key regulatory factor remains unclear. In this study, we tended to explore

whether DUOX2 contributed to DED development and the underlying mechanism.

Human corneal epithelial (HCE) cells were treated with hyperosmolarity, C57BL/6 mice

were injected of subcutaneous scopolamine to imitate DED. Expression of mRNA was

investigated by RNA sequencing (RNA-seq) and quantitative real-time PCR (qPCR).

Protein changes and distribution of DUOX2, high mobility group box 1 (HMGB1), Toll-like

receptor 4 (TLR4), and 4-hydroxynonenal (4-HNE) were evaluated by western blot assays

and immunofluorescence. Cell death was assessed by Cell Counting Kit-8 (CCK8),

lactate dehydrogenase (LDH) release, and propidium iodide (PI) staining. Cellular ROS

levels and mitochondrial membrane potential (MMP) were analyzed by flow cytometry.

RNA-seq and western blot assay indicated a significant increase of DUOX2 dependent of

TLR4 activation in DED both in vitro and in vivo. Immunofluorescence revealed significant

translocation of HMGB1 within corneal epithelial cells under hyperosmolar stress.

Interestingly, after ablated DUOX2 expression by siRNA, we found a remarkable decrease

of ROS level and recovered MMP in HCE cells. Moreover, knockdown of DUOX2 greatly

inhibited HMGB1 release, protected cell viability and abolished inflammatory activation.

Taken together, our data here suggest that upregulation of DUOX2 plays a crucial role in

ROS production, thereafter, induce HMGB1 release and cell death, which triggers ocular

surface inflammation in DED.

Keywords: dry eye, DUOX2, oxidative stress, ROS, HMGB1, inflammation

INTRODUCTION

Dry eye disease (DED) is a global ocular surface disorder. The prevalence of DED worldwide
ranged from 5 to 50% respectively (1). Generally, patients with DED frequently suffer from eye
discomfort, dryness, and pain, which could influence work efficiency and finally vision-related
quality of life (2). Until now, although the specific pathophysiological mechanism of DED is not
fully established, one of the recognized core mechanisms is chronic ocular surface inflammatory
responses (3). Therefore, targeting early inflammation activation may provide new therapeutic
possibilities for DED treatment. Recently, several research have elucidated that consecutive damage
of human corneal epithelium cells could give rise to ocular surface inflammation (4, 5).
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Corneal epithelium is the outermost layer of the eye so
that it sustains massive oxidative stress from the external
environment (6). One of the outstanding characteristics of ocular
surface oxidative stress is the overproduction of reactive oxygen
species (ROS), particularly within human corneal epithelial
(HCE) cells (7, 8). In our previous study, we have clarified
that ROS accumulation in HCE cells could induce impaired
autophagy, which further lead to cell death and the activation
of inflammation (9). Whereas how risk factors of DED trigger
oxidative stress accumulation and influence downstream cell
viability remain uncertain.

Dual oxidase 2 (DUOX2) is a member of the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase family
that regulates the production of intracellular ROS, and
plays diverse biological functional roles (10). DUOX2 is
remarkably expressed in multiple epithelial cell types and
has been implicated to perform host defense functions in
various diseases (11, 12). DUOX2-mediated host defense is
mainly derived from generating hydrogen peroxide and other
oxides as well as inducing redox-dependent regulation of
cellular responses (13, 14). Nevertheless, moderate activation
of response pathway is beneficial to restore homeostasis, but
excessive activation could conversely lead to the development
of disease (15). It is remarkable, however, that the pathological
effect of DUOX2 in ROS-cell death axis is still indistinct
in DED.

High mobility group box 1 (HMGB1) is a highly conservative
nucleoprotein (16). Nuclear HMGB1 serves in the regulation
of DNA damage repair as a DNA chaperone. Interestingly,
after post-translational modifications, HMGB1 could translocate
from the nucleus to the cytoplasm, and thereby involved in
cellular immune reaction (17, 18). Several research indicated
that the elevation of HMGB1 within cytoplasm plays a key role
in cell necrosis and production of pro-inflammation cytokine
accelerating enormous inflammatory responses (19, 20). Though
HMGB1 expression was found to be enhanced by dry eye
conditions, the crosstalk between DUOX2-mediated excessive
ROS release and HMGB1 during DED inflammation progression
has not been previously investigated.

In the current study, we tended to explore the role of DUOX2
in DED and provide a novel therapeutic target for DED. As far
as we are aware, our present research for the first time reveals
that Toll-like receptor 4 (TLR4)-dependent increase of DUOX2
promotes oxidative stress in HCE cells, which triggers the cell
death by means of enhancing translocation of HMGB1 and
accelerates ocular surface inflammation in DED.

METHODS

Reagents
Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium,
fetal bovine serum (FBS), penicillin/streptomycin, 0.25% trypsin-
EDTA, recombinant human epidermal growth factor (hEGF),
and an insulin-transferrin-selenium supplement were obtained
from Invitrogen/Gibco (Carlsbad, CA, USA). Additionally,
6-, 12-, 24-, and 96-well culture plates and cell culture
dish were purchased from Corning (Corning, NY, USA).

Cell Counting Kit-8 (CCK8) was gained from Dojindo
Laboratories (Japan). A Pierce LDH Cytotoxicity Assay Kit
was purchased from Thermo Fishier Scientific (Rockford, IL,
USA). DCFDA/H2DCFDA-Cellular ROS Assay Kit (#ab113851)
and the anti-HMGB1 (#ab18256) antibody were purchased
from Abcam (Cambridge, UK). The anti-4-HNE (#MA5-
27570) was purchased from Invitrogen. The anti-DUOX2 (#sc-
398681) antibody was obtained from Santa Cruz Biotechnology
(TX, USA). The antibody targeting TLR4 (#A11226) was
purchased from ABclonal Biotech (Wuhan, China). The
following antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA): anti-β-actin (#3700), anti-
GAPDH (#5174), horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (#7076), HRP-conjugated anti-mouse IgG
(#7072), Alexa Fluor 488-labeled donkey anti-rabbit IgG (#4412),
Alexa Fluor 488-labeled donkey anti-mouse IgG (#4409),
and DAPI (#4083). Scopolamine hydrobromide (#427039),
Lipopolysaccharides (LPS, #8643), and other reagent-grade
chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) unless otherwise indicated.

Cell Culture and Development of
Hyperosmolar Stress Model
Human SV40 immortalized corneal epithelial cell line [CRL-
11135, human corneal epithelium (HCE2)] was purchased from
ATCC (Manassas, VA, USA). HCE cells were cultured on culture
dish in a humidified atmosphere of 5% carbon dioxide (CO2) at
37◦C. Then, 5µg/ml insulin, 10 ng/ml human epidermal growth
factor, 10% fetal bovine serum, 1% penicillin/streptomycin, and
DMEM/F12 composed the culture medium. After adherence,
HCE-2 cells were treated for iso- or hyperosmolar (312 or 500
mOsM, respectively) culture medium. The hyperosmolarity was
implemented by adding 94mM sodium chloride.

Cell Viability Assay
According to the protocol of manufacturer, CCK8 assay was used
to detect cell viability. In brief, HCE cells were seeded in 96-well
plates and exposed to a conditioned medium. After treatment,
each well of the plates was added in 100 µl of a mixture of culture
medium and CCK8 solution. The plate was incubated for 1–2 h in
incubator (at 37◦C and 5% CO2) afterward. A microplate reader
(BioTek Instruments, Winooski, VT, USA) was used to measure
the absorbance at 450 nm.

Lactate Dehydrogenase Assay
PierceTM LDH Cytotoxicity Assay Kit (Thermo Scientific,
#C20300) was applied to the measurement of lactate
dehydrogenase (LDH) release. Briefly, HCE cells were cultured
under a conditioned medium and equivoluminal of cell-free
supernatant was added into a 96-well plate in triplicate. Then,
LDH substrate mixture was added to each well and still standing
at room temperature for 30min. A microplate reader was used
to evaluate the absorbance at 490 and 680 nm.

LDH release= A490nm of treated group−A680nm of treated group
A490nm of control group−A680nm of control group

,where

A is the absorbance.
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ROS Measurement
The level of ROS was measured using a 2’,7’-dichlorofluorescein
diacetate (H2DCFDA) assay kit as described in our previous
study (21). In brief, HCE cells were seeded in 6-well plates. After
adherence, the culture medium was replaced by a conditioned
medium. When confluent, the cells were rinsed and incubated
with 10µM of H2DCFDA at 37◦C for 30–45min. Subsequently,
the reaction mixture was replaced by PBS. The fluorescence
intensity was evaluated by flow cytometry (BD LSRFortessaTM cell
analyzer, NJ, USA).

Mitochondrial Membrane Potential Assay
A TMRE-Mitochondrial Membrane Potential (MMP) Assay Kit
(ab113852; Abcam) was used for MMP assay as described
before (22). Briefly, after culture, cells were rinsed with PBS
for 3 times and incubated with TMRE at 37◦C for 15–30min.
Subsequently, the cells were resuspended with PBS and detected
by flow cytometry.

RNA Interference
The HCECs were transfected using LipofectamineTM RNAiMAX
Transfection Reagent (Invitrogen, #13778150) with following
siRNAs: siDUOX2, #1: sense, GGACAACAUAGUGGUUGA
ATT, antisense, UUCAACCACUAUGUUGUCCTT; #2: sense,
CAGUCAAUGUCUACAUCUUTT, antisense, AAGAUGUA
GACAUUGACUGTT; #3: sense, CAAAUGCUGUGUAAGA
AGATT; antisense, UCUUCUUACACAGCAUUUGTT; si-
TLR4, #1: sense: GCAAUUUGACCAUUGAAGATT, antisense,
UCUUCAAUG GUCAAAUUGCTT; #2: sense, CAUUGGAU
ACGUUUCCUUATT, antisense, UAAGGAAACGUAUC
CAAUGTT. #3: sense, GAAGUUGAACGAAUGGAAUTT,
antisense, AUUCCAUUCGUUCAACUUCTT. Non-targeting
scramble siRNA (si-NC) was applied as a negative control
treatment. In brief, siRNA was dissolved in nuclease-free
water to achieve a final concentration of 10µM. Subsequently,
siRNA and Lipofectamine RNAiMAX was added to Opti-MEM,
respectively. Then, the solution of siRNA and Lipofectamine
RNAiMAX was mixed. The mixture was maintained at room
temperature for 5min to form total complexed. After that, the
mixture was added to the culture dish equally. The medium was
replaced after 24 h.

Western Blot Analysis
The cells total protein was extracted by the Minute Total
Protein Extraction Kit (Invent Biotechnologies, MN, USA,
#SD001). The Bicinchoninic Acid (BCA) Protein Assay Kit
(Millipore, Billerica, MA, USA) was used to measure the total
protein concentration. Then, equal amounts of protein samples
were loaded onto sodium dodecyl sulfate-polyacrylamide gels
and electrophoresed. The separated proteins in the gels were
transferred to polyvinylidene fluoride membranes (Millipore,
Bedford, MA, USA). After blocking the membranes with 5%
non-fat milk in Tris-buffered saline with Tween-20 for 1–2 h
at room temperature, the membranes were incubated with the
appropriate primary antibodies overnight. After the membranes
were rinsed thoroughly, they were further incubated with
secondary antibodies for 1 h at room temperature. The blots

were visualized using an enhanced chemiluminescence (ECL)
kit according to the instructions of manufacturer. Western-blot
gray scale results were used to semiquantitative analysis by using
Image J software (NIH, MD, USA).

Establishment of RNA Sequence Library
and Data Processing
RNA extraction was performed according to the protocol of
manufacturer by an RNeasy Plus Mini Kit (Qiagen, Valencia, CA,
USA). The RNA sequence (RNA-seq) libraries were constructed
with a TruSeq Stranded mRNA Library Prep kit (Illumina, CA,
USA, #20020594) and sequenced on Illumina PE150 sequencers.
Sequencing reads were mapped to hg19 using Star. Transcripts
Per Million (TPM) values were called using RNA-Seq by
Expectation-Maximization (RSEM). Differential gene expression
was determined using DESeq2 and defined at log2-fold change
>1 as well as p < 0.01.

Quantitative Real-Time PCR (QPCR)
Total RNA from HCECs or intact corneas were extracted by an
RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA) according
to the instructions of manufacturer. Total RNA was quantified
with a spectrophotometer (NanoDrop ND-1000; Thermo Fisher
Scientific, Waltham, MA, USA). After synthesized with the
PrimeScript RT Master Mix (TaKaRa, Japan), the cDNA was
amplified with SYBR Green Supermix (Bio-Rad Laboratories,
Inc., CA, USA) using the Light Cycler 480 Real-Time PCR
System and designed primers. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as an internal reference gene.
The following sequences of the primers were used: DUOX2:
Forward, 5′-CTGGGTCCATCGGGCAATC-3′, Reverse, 5′- GT
CGGCGTAATTGGCTGGTA-3′; TLR4: Forward, 5′-AGACCT
GTCCCTGAACCCTAT-3′, Reverse, 5′-CGATGGACTTCTAA
ACCAGCCA-3′; HMGB1: Forward, 5′-TATGGCAAAAGCGG
ACAAGG-3′, Reverse, 5′-CTTCGCAACATCACCAATGGA-3′;
IL-1β: Forward, 5′-CCTGGAGAGAGCTCGGACT-3′, Reverse,
5′-TGTGTGCCAACCTGATGCAG-3′; IL18: Forward, 5′-TC
TTCATTGACCAAGGAAATCGG-3′, Reverse, 5′-TCCGGGGT
GCATTATCTCTAC-3′; NLRP3: Forward, 5′-GATCTTCGCT
GCGATCAACAG-3′, Reverse, 5′-CGTGCATTATCTGAACCC
CAC-3′; CASPASE1: Forward, 5′-TTTCCGCAAGGTTCGATT
TTCA-3′, Reverse, 5′-GGCATCTGCGCTCTACCATC-3′; ASC:
Forward, 5′-TGGATGCTCTGTACGGGAAG-3′, Reverse, 5′-
CCAGGCTGGTGTGAAACTGAA-3′; TNF-α: Forward, 5′-CC
TGGAGAGAGCTCGGACT-3′, Reverse: 5′-TGTGTGCCAACC
TGATGCAG-3′; NF-κB: Forward, 5′-AACAGAGAGGATTTCG
TTTCCG-3′, Reverse, 5′-TTTGACCTGAGGGTAAGACTTCT-
3′; GAPDH: Forward, 5′-CTCATGACCACAGTCCATGC-3′,
Reverse, 5′-TTCAGCTCTGGGATGACCTT-3′.

Immunofluorescence Staining
For cells immunofluorescence staining, HCECs were grown
in 24-well-plates containing a glass sheet in each well. After
different treatments, the cells were washed with PBS, fixed
with 4% paraformaldehyde for 10min, blocked with 3% BSA
which contain 0.3% Triton X-100 for 1 h, and then, incubated
overnight at 4◦C with the primary antibodies. After washing, the

Frontiers in Medicine | www.frontiersin.org 3 January 2022 | Volume 8 | Article 781616114

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Wang et al. DUOX2 Facilitated Dry Eye Development

cells were incubated for 1.5 h with secondary antibody. Images
were observed with a confocal fluorescence microscope (LEICA
DMi8, Germany).

For corneal immunofluorescence staining, mice were killed,
and the eyeballs were excised. After fixed and embedded in
paraffin, the eyeballs were sectioned. Slices were dewaxed by
dimethylbenzene and then suffered high pressure for antigen
retrieval. The remaining steps were performed as previously
described in cells immunofluorescence staining.

Animal Model and Treatment
A total of 20 female C57BL/6j mice aged 6–8 weeks were
purchased from Beijing Vital River Laboratory Animal
Technology Co. Ltd (Beijing, China). The mice of dry eye
model were maintained in an environmentally controlled room
that was maintained at ≤30% humidity and were exposed to
a continuous air draft created by fans. The mice were given
subcutaneous scopolamine hydrobromide (1.5 mg/0.3ml;
Sigma-Aldrich) injections three times per day for 5 consecutive
days, as previously described (9). Control mice matched for age
and sex were maintained at environment of 50–75% relative
humidity. All animal experiments complied with the Association
for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research and were
approved by the Ethics Committee of Zhongshan Ophthalmic
Center, Sun Yat-Sen University (Guangzhou, China; approval
ID: 2020-138).

Sodium Fluorescein Staining of the
Corneal Epithelium
Sodium fluorescein was administered to the inferior lateral
conjunctival sac to evaluate the degree of corneal epithelial
defects in the mice. The corneal epithelial images were acquired
using a cobalt blue filter under a slit-lamp microscope image
system (SL-D7/DC-3/MAGENet; Topcon, Tokyo, Japan) by two
independent technicians. The quantification of corneal defects
was carried out by Image J software. The covering area of
corneal defects (%) = (fluorescein sodium positive area/the
whole cornea)× 100%.

Statistical Analysis
All data are expressed as the mean± SD. Statistical analyses were
performed using GraphPad Prism. Student’s t-test was used to
compare differences between groups. One- or two-way ANOVA
followed by Bonferroni’s post-hoc test was used for comparisons
among three or more groups. The p < 0.05 was considered to
indicate statistical significance.

RESULT

DUOX2 Expression Is Increased in DED
Previous studies reported that excessive oxidative stress could
lead to damage in HCE cell and contribute to DED development
(23). Therefore, to further explore the key regulator of oxidative
pathways in DED, we first carried out RNA-seq analysis in
corneal epithelial cells exposed to hyperosmolarity. Our Gene
Ontology (GO) analysis suggested that hyperosmolarity activated

the regulation of body fluid levels, metal ion transporter
activity, regulation of cellular componentmovement, and cellular
response to hypoxia in HCE cells. Interestingly, we consistently
found that there was a significant activated regulation of ROS
metabolic process (Figure 1A). Moreover, in the detailed gene
list, we discovered several oxidative-related regulators, such as
DUOX2, YPEL2, and HSPA2, were greatly upregulated under
hyperosmolarity comparing with the control group. Among
them, the increase of DUOX2 was the most remarkably and
stable during repeated experiment and then we chose DUOX2
for further investigation (Figure 1B). Moreover, we assessed
the relative protein expression levels of DUOX2 using western
blot, our results thereby confirmed an elevation of DUOX2
in HCE cells since 12 h after treatment of hyperosmolar
stress (Figure 1C). In addition, immunofluorescence suggested
a significant accumulation of DUOX2 after hyperosmolar
treatment (Figure 1D). Then, to evaluate the change of DUOX2
in vivo, we used our established DED mouse model, which
showed reduced tear aqueous secretion and significant decrease
in the number of PAS-stained goblet cells in the conjunctiva (9).
Consistently, we revealed DUOX2 was greatly increased within
corneal epithelium in DED (Figure 1E). Taken together, our data
here showed induction of DUOX2 in DED both in vitro and
in vivo.

TLR4 Is Essential for DUOX2 Activation
Under Hyperosmolarity
As several published papers have reported that induction of
DUOX2 could be triggered via TLR4, which is a main modulator
in cellular homeostasis (13). In our current study, RT-PCR and
western blot showed that the expression of TLR4 was increased in
HCE cells under hyperosmolarity (Figures 2A,B). Furthermore,
immunofluorescence suggested that TLR4 was significantly
activated in DED cell and mouse model (Figures 2C,D).
Therefore, to test the crosstalk of TLR4 upon DUOX2, we tried
to ablate TLR4 expression in HCE cells. After application of RNA
interference system, in which control siRNA or three distinct
human-specific siRNAs targeting different domains of TLR4
were transiently transfected into HCE cells. After 24 h following
transfection, RT-PCR displayed that TLR4 siRNA knockdown
TLR4 expression with high efficiency (Supplementary Figure 1).
Interestingly, our data discovered that ablation of TLR4 was
sufficient to suppress the increase of DUOX2 in HCE cells
exposed to normal culture medium as well as hyperosmolarity,
whereas control siRNAs had no inhibitory effects (Figures 2E,F).
In contrary, we applied inducer of TLR4, LPS (1µg/ml) to treated
HCE cell. RT-PCR showed LPS could promote ∼3-fold over the
levels of DUOX2 in HCE cells comparing with the control group
(Supplementary Figure 2). Together, our results indicated that
TLR4 is necessary for synergistic increase of DUOX2 in DED.

Induction of DUOX2 Increases Oxidative
Stress in HCE Cells
Considering the potential consequences of DUOX2 upon
oxidative stress, we examined the time course of cellular
ROS accumulation in DED. In response to hyperosmolar
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FIGURE 1 | Activation of dual oxidase 2 (DUOX2) in dry eye disease (DED). (A,B) RNA sequencing (RNA-seq) from human corneal epithelial cells (HCECs) treated

with/without hyperosmolar stress (500 mOsM) for 24 h showed differentially expressed genes related to oxidative stress. Biological process terms overexpressed for

the oxidative-related genes identified in hyperosmolar stress. Top overexpressed Gene Ontology (GO) terms according to their fold-enrichment are depicted (A).

Heatmap showed the fold change of oxidative-related genes in control (Ctrl) and hyperosmolarity (Hyperosm) groups (B). (Two samples from each group) (C,D)

Western blot and immunofluorescence showing the changes of DUOX2 expression in human corneal epithelial (HCE) cells exposed to hyperosmotic medium (500

mOsM) relative to that in normal medium over time. (E) Immunofluorescence results showing the changes in DUOX2 expression in the corneal epithelium of

desiccation stress (DS) mice relative to those in untreated (UT) mice after 3, 5, and 7 days and 5 mice were included in each group. Scale bar = 100µm. The data

shown are representative of two or more independent experiments.
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FIGURE 2 | TLR4 is essential for DUOX2 activation under hyperosmolarity. (A,B) Human corneal epithelial cells were treated by hyperosmolarity (500 mOsM) for

indicated time. The expression of TLR4 was determined by RT-PCR and western blotting. (C) Representative fluorescence images showing the increased expression

of TLR4 in HCE cells exposed to 500 mOsM or normal medium (Ctrl) after 6 h. (D) Immunofluorescence results showing the changes of TLR4 in the corneal epithelium

of DS mice relative to those in UT mice after 3, 5, and 7 days and 5 mice were included in each group. (E) HCE cells were transfected with different siRNAs targeted

to TLR4 or negative control (siNC) for 24 h. The expression of DUOX2 was determined by western blot. (F) Wild-type (WT) and TLR4-knockdown (KD) HCECs were

exposed to hyperosmotic medium (500 mOsM) or normal medium (Ctrl) for 24 h. Expression levels of DUOX2 were measured by western blot assay. Scale bar =

100µm. The data shown are representative of two or more independent experiments (mean ± SD). **p < 0.01 and ***p < 0.001 vs. untreated controls.

culture medium, the ROS production of HCE cells steadily
increased over time (Figure 3A). We next measured that
when DUOX2 was knockdown in HCE cells, the ROS level
was changed to a much lesser degree under hyperosmolar

challenge (Figures 3B,C). In addition, we observed remarkable
mitochondrial dysfunction under hyperosmolar condition,
which was detected via decreased MMP level. Surprisingly,
these decreases were profoundly reversed by DUOX2 ablation
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FIGURE 3 | Elevation of DUOX2 triggers oxidative stress in HCE cells. (A) Reactive oxygen species (ROS) levels were measured in HCE cells exposed to normal

medium (Ctrl) or hyperosmotic medium (500 mOsM) for the indicated times by 2′,7′-dichlorofluorescein diacetate (H2DCFDA) using flow cytometry. Right: relative

fluorescence units (RFUs) were monitored. (B) HCE cells were transfected with different siRNAs targeted to DUOX2 or negative control (siNC) for 24 h. The expression

of DUOX2 was examined by RT-PCR and western blot. Wild-type (WT) and DUOX2-knockdown (KD) HCE cells were exposed to hyperosmotic medium (500 mOsM)

or normal medium (Ctrl) for 6 h. (C) ROS levels were measured by flow cytometry. Right: RFUs were monitored. (D) Representative fluorescence images showing the

change of 4-hydroxynonenal (4-HNE). (E) Mitochondrial membrane potential (MMP) was evaluated by TMRE staining using flow cytometry. Scale bar = 100µm. The

data shown are representative of three or more independent experiments (mean ± SD). *p < 0.05 and ***p < 0.001 vs. untreated controls; ###p < 0.001 vs. 500

mOsM(+) DDIT4 KD(–).

(Figure 3E). Additionally, 4-hydroxynonenal (4-HNE) was
considered as a potential mechanism by which ROS can inflict
cellular damage within peroxidation cycle. We next observed
a great reduction of 4-HNE expression in DUOX2-KD HCE
cells exposed to hyperosmolarity comparing with wild type
group (Figure 3D). To further investigate whether the increase
of DUOX2 participated in cell fate decision in DED, we used

CCK8 and LDH assay (Figures 4A,B). Our results turned out
to find that inhibition of DUOX2 could significantly protect
cell viability (Figures 4C,D). Moreover, this protective effect was
consistently confirmed by declining PI positive cells in DUOX2-
KD as well as an established ROS inhibitor N-acetylcysteine
(NAC) treated HCE cells, respectively (Figure 4E). Therefore,
our experiments implied here that induction of DUOX2 in
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FIGURE 4 | Ablation of DUOX2 inhibits hyperosmolarity-induced cell death. HCE cells were treated with 500 mOsM or normal culture medium (Ctrl) for 6, 12, and

24 h. (A) Changes in cell viability were determined by Cell Counting Kit-8 (CCK8) assay. (B) Changes in LDH levels were monitored by LDH assay. HCE cells were

transfected with control siRNA (WT) or DUOX2 siRNA (KD) for 24 h and then treated with 500 mOsM or normal culture medium (ctrl) for 24 h. (C) Changes in cell

viability were determined by CCK8 assay. (D) Changes in lactate dehydrogenase (LDH) levels were monitored by LDH assay. (E) HCE cells were transfected with

DUOX2 siRNA (DUOX2 KD) for 24 h and cultured in hyperosmotic medium (500 mOsM) for 18 h. Control siRNA transfected HCE cells were exposed to 500 mOsM

and co-treated with N-acetylcysteine (NAC) or left untreated (Ctrl). Positive percentage of propidium iodide (PI) staining was monitored by flow cytometry. The data

shown are representative of three or more independent experiments (mean ± SD). **p < 0.01 and ***p < 0.001 vs. untreated controls; ###p < 0.001 vs. 500

mOsM(+) DUOX2 KD(–).

DED had potential damage toward HCE cells through excessive
oxidative stress.

DUOX2 Promotes Translocation of HMGB1
and Aggregates Inflammation
Multiple cellular mechanisms known to regulate cell death
through releasing and translocation of HMGB1 (24). To assess
whether DUOX2 actively contributes to the change of HMGB1
in HCE cells, we first evaluate HMGB1 expression in DED.
Surprisingly, RT-PCR found there was no obvious increase
of HMGB1 in DED (Supplementary Figure 3). However, our
immunostaining results showed that hyperosmolar treatment
could cause obvious leakage of HMGB1 from the nucleus to the
cytoplasm inHCE cells. By contrast, after knockdown of DUOX2,
this translocation was effectively prevented. Considering that
the elevation of oxidative stress could be responsible for
HMGB1 translocation. We revealed ROS scavenger NAC was
able to prohibit HMGB1 moving into cytoplasm (Figure 5A).
Furthermore, HMGB1 is a chromatin-binding protein that
could function as pro-inflammatory cytokines when released
into extracellular space, we then explored the impacts of

DUOX2-HMGB1 axis on inflammation pathways. Notably, we
discovered that the mRNA expression levels of NOD-, LRR-
and pyrin domain-containing 3 (NLRP3), interleukin-1β (IL-1β
interleukin-18 (IL-18) in HCE cells were significantly attenuated
after DUOX2 inhibition (Figure 5B). Collectively, we indicated
that DUOX2 has potent regulatory effects upon cell death via
enhancing translocation of HMGB1 and promotes ocular surface
inflammation in DED.

DISCUSSION

Although DED is still one of the most common chronic
ocular surface diseases, the specific underlying mechanism of
pathogenesis remains to be clearly elucidated. Recently, a variety
of studies have suggested that ocular surface oxidative stress
is involved in the DED development (25, 26). In the present
study, we discover that TLR4-mediated DUOX2 increase as a
key regulator among oxidant pathways in DED. Furthermore,
DUOX2 promotes cell death and inflammation activation
through the enhancing of HMGB1 translocation.
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FIGURE 5 | DUOX2-related oxidative pathway promotes translocation of high mobility group box 1 (HMGB1) and aggregates inflammation. (A) HCE cells were

transfected with DUOX2 siRNA (DUOX2 KD) for 24 hours and cultured in hyperosmotic medium (500 mOsM) for 18 hours. Control siRNA transfected HCE cells were

exposed to 500 mOsM and co-treated with NAC or left untreated (Ctrl). Representative fluorescence images showing the translocation of HMGB1. (B) HCE cells were

transfected with control siRNA (WT) or DUOX2 siRNA (KD) for 24 hours and then treated with 500 mOsM or normal culture medium (Ctrl) for 24 hours. The mRNA

changes of representative inflammation pathway were detected by RT-PCR. Scale bar = 100µm. The data shown are representative of three or more independent

experiments (mean ± SD). ***p < 0.001 vs. untreated controls; ##p < 0.01, ###p < 0.001 vs. 500 mOsM(+) DUOX2 KD(–).

In previous study, we demonstrated that inhibition of ROS
could alleviate cell death in HCE cells (9). Using RNA-seq, we
further screened and found that DUOX2 was highly expressed

among oxidant pathways in HCE cells under hyperosmolarity.
Moreover, this was further supported by immunofluorescence in
our DED mouse model. However, the specific trigger DUOX2
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in DED has not been investigated. It has been observed that
corneal epithelial cells expressing TLRs are capable of signal
transduction through TLR-related pathways, which previously
recognized to be an exclusive characteristic of immune cells (27,
28). Interestingly, researchers recently revealed that ablated TLR4
signaling in HCE cells significantly decreased the development
of ROS production and cell death (29, 30). Therefore, these
results encourage our evaluation of TLR4 activation on the
formation of DUOX2 in DED. As expected, the requirement
for upregulation of TLR4-related signaling in the control of
DUOX2 expression by hyperosmolarity was substantiated by
the RNA interference studies. We noticed that siRNAs targeting
different sites on TLR4 not only decreased TLR4 expression
but also greatly inhibited DUOX2 expression at the RNA level,
as well as the expression of DUOX2 protein. On the other
hand, a well-established TLR4 inducer, LPS was able to prompt
DUOX2 expression. We then confirm that induction of DUOX2
requires TLR4-mediated signaling, which provides new clues
for DUOX2 regulatory network in ocular surface diseases. It
is worth noting that GO analysis indicated fluid regulation
and metal transportation were upregulated in HCE cells under
hyperosmolarity. We assumed that future studies are needed to
clarify the pathological connection between DUOX2 oxidative
signaling and these biological procedures in dry eye development.

Interestingly, DUOX2 has been reported to play a critical role
in host defense system, especially during chronic inflammatory
conditions (10). In addition, it is reported that increase of
DUOX2 could directly mediate the production of ROS, therefore
accelerate development of gastrointestinal and respiratory
diseases and cancer (31, 32). Our latest study discovered that
a proper level of ROS was necessary for cell homeostasis
maintenance, which could become important therapeutic
strategy in DED treatment (33). In this research, we consistently
discovered DUOX2 overexpression accompanied by excessive
ROS production. Moreover, after inhibition of DUOX2, ROS
release could be greatly abolished. DUOX2 knockdown could
rescue the decrease of MMP, which is necessary to maintain
normal mitochondrial function. These findings strongly suggest
that a DUOX2-ROS axis exists in DED. Considering that the
uncontrolled ROS release has been frequently combined with
impaired cell function and cell death (34). We then found that
DUOX2 ablation was able to protect cell viability and inhibit PI-
positive cells under hyperosmolarity. Admittedly, more animal
studies of DUOX2 knockout are necessary to further clarify the
specific effect of DUOX2 in DED. Nevertheless, this present
study provides new insight into potential DUOX2-based agents
for future DED precision treatment. Moreover, based on our
current database of RNA-seq, our results suggested that other
oxidative-related genes, such as YPEL2 andHSPA2 could become
promising treatment targets in dry eye after systematic in vitro
and in vivo studies.

Notably, previous in vitro DED studies have suggested
the co-existence of apoptosis and necrosis in oxidant-induced
HCE injury (35, 36). In this study, we performed LDH
analysis and revealed LDH release was strongly increased after
hyperosmolar treatment, which could be decreased sharply in
DUOX2 knockdown group. Hence, we indicated that DUOX2
might participate in the necrosis process of HCE cells in

DED. Several observations demonstrate that abnormal release
HMGB1 is highly pathogenic in the context of necrosis (37,
38). Indeed, our results suggested that although there was no
obvious increase of HMGB1 in mRNA level, hyperosmolar
stimulus could lead to the translocation of HMGB1 from the
nucleus to the cytoplasm in HCE cells. Importantly, ablation
of DUOX2 could function to stop this trend. Furthermore, it
has been shown that HMGB1 can exhibit proinflammatory role
during ocular surface damage and dry eye-related inflammation
via interacting with soluble PAMPs and binding to TLRs (39).
Our data further evaluated that DUOX2 inhibition attenuated
upregulation of NLRP3, IL-1β, and IL-18. By contrast, a latest
study suggested that the release of HMGB1 did not mediate
DED-related inflammation in the corneal epithelium by directly
inducing inflammatory cytokine production (40). Based on our
data, we suppose that the proinflammatory role of HMGB1
within the corneal epithelium could be dependent on other
alarmins or inflammatorymolecules derived from cell disruption.
Chen et al. indicated that GSDMD-dependent pyroptosis, as
one of the programmed cell necrosis, is pivotal for subsequent
amplification of inflammatory cascades in DED (41). Further
studies are needed to precisely determine the role of HMGB1
within interactions between specific mode of cell death and
ocular surface inflammation.

Taken together, our work showed that corneal epithelial
expression of DUOX2 was remarkably elevated in DED both
in vitro and in vivo. Moreover, we implicated that TLR4
activation was necessary to enhance DUOX2 transcription.
When DUOX2 was blocked in HCE cells, excessive ROS
production and damaged mitochondrial function were greatly
reversed. Lastly, our results suggested that the cytoprotective
function of DUOX2 inhibition might rely on abolished
HMGB1 translocation, which further prevented ocular
surface inflammation. Consequently, this research for the
first time provided the evidence that DUOX2 could be a key
regulatory factor in DED and further elaborate the pathogenetic
mechanisms. Admittedly, further work is required to identify
safe and effective ways to target this novel pathway, which is a
critical step in developing future DED therapies.
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Objective: To evaluate the correlations between Single-Photon Emission Computed

Tomography (SPECT) parameters of salivary glands and dry eye parameters in patients

with Sjögren’s syndrome (SS).

Methods: A total of 28 patients with SS participated in this prospective study. Dry eye

assessments include tear film break-up time (TBUT), corneal fluorescein staining scoring

(CFS), Schirmer’s I test (SIT) examination and SPECT of salivary gland. The following

quantitative parameters were derived from SPECT imaging for salivary glands: Uptake

index (UI), the time needed to achieve the minimum counts after Vit C stimulation (Ts),

and excretion fraction (EF). The relation between the aforementioned parameters and

TBUT, CFS and SIT were analyzed with SPSS 22.0 software.

Results: All the 28 eyes of the 28 subjects were examined. The mean SIT was 6.04

± 4.64 mm/5min (0–18 mm/5min); the mean CFS was 3.07 ± 2.65 (0–10) and the

mean BUT was 2.11 ± 1.97 s (0–9 s). The mean EF value was 0.52 ± 0.12 (0.26–0.75)

in parotid glands and 0.45 ± 0.10 (0.30–0.67) in submandibular glands, respectively.

The mean UI value was 9.33 ± 1.68 (6.03–13.20) in parotid glands and 9.92 ± 1.48

(7.08–12.60) in submandibular glands, respectively. The mean Ts (min) was 5.32 ± 3.01

(2.00–12.00) in parotid glands and 11.09 ± 7.40 (2.00- 29.00min) in submandibular

glands, respectively. It was found that EF positively correlates with SIT in patients with

SS (r = 0.499 and 0.426 in parotid glands and submandibular glands, with P < 0.05),

while no significant correlation was found between the UI, Ts and CFS, TBUT (P > 0.05).

Conclusions: The EFwas positively correlatedwith SIT in patients with SS, it could reflex

the dysfunction of salivary glands in SS patients. So, EF may be a valuable parameter

for the diagnosis of SS patients with lacrimal gland secretion dysfunction.

Keywords: dry eye, Sjögren’s syndrome, salivary glands, single photon emission computed tomography (SPECT),

Schirmer’s I test
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INTRODUCTION

Sjögren’s syndrome (SS) is a chronic autoimmune disorder that
typically affects the exocrine glands (mainly salivary and lacrimal
glands). Patients who suffer from this condition experience dry
mouth and also very dry eyes. The estimated prevalence of this
medical condition varies between 0.5 and 1% of the general
population (1). Dry eye disease (DED) and dry mouth are typical
symptoms of SS. It’s reported that 11.6% of patients with clinically
significant aqueous-deficient dry eye (ADDE) had SS in an
prospective, industry-sponsored, multicentre clinical trial (2).

According to the SS diagnostic criteria of 2016 American
College of Rheumatology/European League Against Rheumatism
(ACR-EULAR) (3), ocular and oral problems are the main
symptoms of SS patients. Ocular examinationmainly includes the
symptom of ocular dryness, ocular staining score and Schirmer’s
test (3). Gland biopsy is a method that can provide directly
evidence of glandular inflammation, but it is invasive and cause
discomfort to the patient, which make it challenging to get
early diagnosis.

Single-Photon Emission Computed Tomography (SPECT)
can detect nuclide radioactivity and generate images of the
human body at both planar and three-dimensional levels. This
type of scan has been suggested as a sensitive, dynamic, and
objective alternative approach to functional and morphological
evaluation of salivary glands of SS patients (4–7). However,
the role of SPECT in the diagnosis of SS has been weakened
(3, 8), mainly because of the lack of specific criteria for
quantitative evaluation of salivary gland SPECT in patients under
these conditions (9). The aim of this study is to evaluate the
correlations between SPECT parameters of salivary glands and
dry eye tests in patients with Sjögren’s syndrome.

METHODS

The procedures conducted for study are consistent with the
Helsinki Declaration and approved by the Ethics Committee
of Tongji Hospital. All subjects have been informed of the
aim of study, the principles of related examination methods
and possible adverse consequences. Each individual signed an
informed consent under totally comprehension.

Research Objects
Twenty eight patients with SS were enrolled in the study,
consulting in the department of Ophthalmology, Rheumatology
and Immunology at Tongji Hospital of Tongji Medical College,
Huazhong University of Science & Technology (HUST).

Inclusion criteria:

1. 18 to 65 years old.
2. According to the 2016 ACR-EULAR (3), the criteria are based

on five objective tests/items: labial salivary gland with focal
lymphocytic sialadenitis and focus score of ≥1 foci/4 mm2 (3
points), anti-SSA/Ro-positive (3 points), ocular staining score
≥5 (or van Bijsterveld score ≥4) in at least one eye (1 point),
Schirmer’s test ≤5 mm/5min in at least one eye (1 point),
unstimulated whole saliva flow rate ≤0.1 mL/min (1 point).

Individuals are classified as having primary SS if they have a total
score of ≥4.

Exclusion criteria:

1. 3 months before the screening visit with ocular trauma,
inflammation of the eyelid infection.

2. Contact lens wearer.
3. Severe heart, lung, liver, kidney dysfunction.
4. Pregnant and lactating women. Psychopaths.

Research Methods
SPECT Examination of Salivary Glands
SPECT was performed with a dual-head Discovery NM/CT
670 SPECT/CT instrument (General Electric Medical Systems,
Waukesha, WI, USA) fitted with a low-energy, general-purpose,
parallel-hole collimator with standard peak energy settings (20%
at 140 keV). The subject remained in supine position, and the
probe was positioned for an anterior head-and-neck projection.
Dynamic images were immediately acquired in a 128 × 128-
pixel matrix, at 1min per frame. The process lasted for 30min
after a bolus intravenous injection of 370 MBq of 99 mTc-sodium
pertechnetate. Fifteen minutes after the injection, each subject
was administered 300mg VitC (sublingual application) without
moving, while imaging was continued.

Regions of interests (ROI) were drawn on the compressed
dynamic images of the parotid and submandibular glands
for both right and left sides. Time activity curves were
generated for each gland (Figure 1). The following quantitative
parameters were derived by nuclear medicine physicians from
the department of Nuclear Medicine, Tongji Hospital, Tongji
Medical College, HUST. Then, the mean values of each pair of
glandular parameters were analyzed.

Cp =maximum counts before VitC stimulation.
C0 = counts at 1st min.
Cv =minimum counts after VitC stimulation.
Cb = background count, obtained from the average count of
bilateral frontal regions.
Uptake index (UI)= (Cp-C0)/C0.
The time after stimulation (Ts) = time needed to achieve the
minimum counts after VitC stimulation.
Excretion fraction (EF)= (Cp-Cv)/(Cp-Cb).

Dry Eye Assessments
The right eyes of all patients were included in the study. All
enrolled patients were diagnosed with DED according to the
Tear Film and Ocular Surface Society (TFOS) Dry EyeWorkshop
(DEWS) II (10). The dry eye assessments were performed in the
order of tear film break-up time (TBUT), corneal fluorescein
staining scoring (CFS), Schirmer’s I test (SIT).

TBUT
The examiners pulled down the eyelid of the subject using the
thumb or the index finger, infiltrated and touched the conjunctiva
of lower eyelid with the sodium fluorescein test paper. The
patient was required to look straight and blink 3–4 times. This
allowed the examiner to observe the first dry spot (random
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FIGURE 1 | Regions of interest (ROIs) in SPECT imaging of salivary gland. The images of bilateral parotid and submandibular glands at 1–30min post injection of 370

MBq of 99 mTc-sodium pertechnetate in the upper panel (A). The time-activity curves for right parotid gland (red), left parotid gland (purple), right submandibular gland

(green) and left submandibular gland (blue) in the lower panel (B).

position) in fluorescein on the tear film after the last blink by
using the slit-lamp microscope.

CFS
One end of the sodium fluorescein test paper was infiltrated
with aseptic saline. The examiners pulled the participants’ eyelid
down using the thumb or the index finger, and touched the lower
eyelid conjunctiva of the subjects with the humid end. Then,

the subjects were advised to lightly close the eyes to observe the
staining of the corneal epithelium with the cobalt blue light of slit
lamp. The examiner then divided the cornea into four quadrants
when scoring (11). Each quadrant was divided into 0–3 points:

0: 0 dots
1: 1–5 dots
2: 6–30 dots
3: >30 dots
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TABLE 1 | Demographic information of the patients with Sjögren’s syndrome (SS).

The number

of cases

Male

(Cases)

Female

(Cases)

Maximum

age (years

old)

Minimum

age (years

old)

Average age

(years old)

28 3 25 65 18 46.30 ± 11.1

TABLE 2 | Summary of dry eye parameters in patients with Sjögren’s syndrome

(SS).

Mean SD Maximum Minimum

SIT (mm/5min) 6.04 4.64 18.00 0.00

CFS 3.07 2.65 10.00 0.00

BUT (second) 2.11 1.97 9.00 0.00

Tear film break-up time (TBUT), corneal fluorescein staining scoring (CFS), Schirmer’s I

test (SIT).

The four quadrant areas were added and recorded based on
a standard of 0–12 points. Corneal epithelial staining was
performed by the same examiner.

SIT
The subjects were oriented to maintain a calm and natural state.
The examiner took a 35mm long/5mmwide standard test paper,
folded the upper end of the test paper backward, and placed it
gently in the middle and outside (1/3) of the conjunctive sac
of the subject’s lower eyelid. The rest of the palpebral fissure
naturally hanged out of the eyelid. The whole process was
completed following the principles of asepsis. The inspected
patient was required to lightly close the eyes and look up, and
could blink freely, and then lightly pulled down the eyelids and
took out the test paper after 5min, reading after another 2min,
and posted it for preservation.

Statistical Methods
The result data were analyzed with SPSS 22.0 software. In this
study, spearmen rank correlation was analyzed and correlation
coefficients were calculated. P < 0.05 represents that the
difference was statistically significant.

RESULTS

Twenty eight eyes of 28 subjects (25 females, 3 males; age range
from 18 to 65 years old; averaged 46.3 ± 11.1 years old, Table 1)
were examined. The mean SIT was 6.04 ± 4.64 mm/5min (0–18
mm/5min); the mean CFS was 3.07 ± 2.65 (0–10) and the mean
BUT was 2.11 ± 1.97 s (0–9 s) (Table 2). The mean EF value was
0.52 ± 0.12 (0.26–0.75) in parotid glands and 0.45 ± 0.10 (0.30–
0.67) in submandibular glands, respectively; the mean UI value
was 9.33 ± 1.68 (6.03–13.20) in parotid glands and 9.92 ± 1.48
(7.08–12.60) in submandibular glands, respectively; the mean Ts
(min) was 5.32 ± 3.01 (2.00–12.00) in parotid glands and 11.09
± 7.40 (2.00–29.00min) in submandibular glands, respectively
(Table 3).

TABLE 3 | Summary of quantitative parameters of SPECT examination in salivary

glands.

Mean SD Maximum Minimum

Parotid glands

EF 0.52 0.12 0.75 0.26

UI 9.33 1.68 13.20 6.03

Ts (min) 5.32 3.01 12.00 2.00

Submandibular glands

EF 0.45 0.10 0.67 0.30

UI 9.92 1.48 12.60 7.08

Ts (min) 11.09 7.40 29.00 2.00

Excretion fraction (EF). Uptake index (UI). The time needed to achieve the minimum counts

after Vit C stimulation (Ts ).

TABLE 4 | Correlation analysis of quantitative parameters of SPECT examination

in salivary glands and dry eye tests.

SPECT parameters SIT CFS BUT

r P-value r P-value r P-value

Parotid glands

EF 0.499 0.007* −0.145 0.462 0.272 0.162

UI −0.028 0.887 0.164 0.403 0.258 0.186

Ts (min) 0.034 0.865 0.313 0.105 −0.087 0.660

Submandibular glands

EF 0.426 0.024* −0.298 0.124 0.164 0.405

UI −0.091 0.644 0.173 0.378 0.123 0.533

Ts (min) 0.078 0.724 0.275 0.204 −0.114 0.606

r, Pearson correlation coefficient; *P < 0.05, the correlation was statistically significant.

Excretion fraction (EF). Uptake index (UI). The time needed to achieve the minimum counts

after Vit C stimulation (Ts ).

The SPECT parameters were compared with TBUT, CFS, and
SIT, accordingly. The excretion fraction was correlated with SIT
in patients with SS (r = 0.499 and 0.426 in parotid glands and
submandibular glands and P < 0.05). It was verified that UI and
Ts do not have a significant correlation with CFS and TBUT (P >

0.05) (Table 4; Figures 2, 3).

DISCUSSION

The major characteristic of SS is the chronic autoimmune
disorder of the exocrine glands with associated lymphocytic
infiltrates of the affected glands (12). Sets of diagnostic criteria for
SS have been proposed, the 2002 American-European Consensus
Group (AECG) criteria (13) and 2012 American College of
Rheumatology (ACR) criteria (14) were the most widely used
in the medical community (15, 16) until 2016 ACR-EULAR
criteria (3) was published. However, both the 2002 AECG criteria
and 2012 ACR criteria have a high specificity (94.3% vs. 91.3%,
respectively) but low sensitivity (61.6% vs. 62.3%, respectively)
(17). We are constantly exploring new tests and methods for
sensitive diagnose of SS.
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FIGURE 2 | Excretion fraction in parotid glands (EF_PG) was positively

correlated with SIT.

FIGURE 3 | Excretion fraction in submandibular glands (EF_SG) was positively

correlated with SIT.

The functional tests for the salivary glands were not included
in the 2012 ACR criteria. The assessment of salivary glands was
limited to the results of a minor salivary gland biopsy. The
pathological features of minor salivary glands in SS patients were
not exactly the same as those of major salivary glands (18).
Furthermore, since the labial glands biopsy procedure is invasive,
some patients may refuse it thus resulting in failure of the SS
diagnosis. SPECT is currently considered a well-recognized test

for the investigation of multiple diseases affecting salivary glands
(19). In fact, radionuclide imaging of salivary gland yields only
relatively low effective radiation doses compared with computed
tomography (CT) for sialography (20). This dynamic, non-
invasive, and quantitative detection assesses the functional state
and degree of injury to the salivary glands.

Recently, SPECT has been refined to provide quantitative
information on changes in salivary function (4). The use of
computer-assisted time-activity curves allows quantification of
salivary gland radioactivity turnover in a defined time period.
However, which quantification parameter of salivary gland is
best for assessing salivary gland dysfunction in SS patients
remains inconclusive.

Delayed tracer uptake and secretion in SS patients is a
progressive decrease in the exocrine function of the major
salivary glands. This happens due to morphological changes
caused by chronic immune-mediated inflammation. In order
to improve the specificities of SPECT, we chose UI, Ts,
and EF as assessment parameters. The UI is defined as the
tissue concentration of the tracer, measured by a scanner. It
mainly assess the uptake function of the major salivary glands.
Ts indicates how long the salivary glands secrete after acid
stimulation. The EF value represents the secretory function of
the salivary glands. In this study, decreased EF, UI and increased
Ts are considered as a result of a progressive reduction in the
exocrine function of the major salivary glands.

Schirmer’s I test was developed nearly 100 years ago and the
method has been widely used for evaluation of tear production. It
is a well-standardized test that can be used to estimate stimulated
reflex aqueous secretion (10) by observing the degree on the
folded strip. The secretion disorder caused by the exocrine gland
damage is the main pathological process of SS patients (12). The
reduction of lacrimal gland secretion in SS patients leads to the
decrease of SIT. The correlation between SIT and EF in this study
may be due to the consistent degree of damage to the exocrine
glands in SS. There is no significant correlation between SIT and
Ts maybe because of the insensitivity of Ts as an indicator of
salivary gland secretion. UI, as an indicator of uptake function,
was not correlated with other indicators in this trial, possibly
because the uptake function of the glands in SS patients was not
much damaged. It’s reported there’s no difference in UI value
between SS patients and non-SS patients (5). Studies involving
more subjects are needed to confirm this conclusion.

Some other widely used diagnostic methods for dry eye are
BUT and CFS. The BUT is defined as the time interval between
a blink and the first occurrence of gaps or breaks in the tear film
and it mainly assesses the tear film stability. The tear film lipid
layer is derived from the meibum secreted from the lid margins
and is spread onto the tear film after each blink. It plays an
important role in stabilizing the tear film (21). Thus, the BUT has
no significant correlation with the UI, Ts, and EF in our results.

Corneal and conjunctival staining are considered informative
markers of severity degree in severe DED cases, whereas
mild/moderate ocular surface staining is less associated with
disease severity (22). Fluorescein sodium staining can be
observed when the corneal epithelium is damaged. The classical
theory is that the dye, which is dissolved in saline and is
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thus hydrophilic, is transported across altered tight junctions in
diseased patients (23). A punctate cornea stain is actually a small
lump of dye where cells are missing. Thus, CFS mainly reflects
the integrity of the corneal epithelium rather than the secretion
of tears. Hence, it is not significantly correlated with UI, Ts, and
EF in our results.

SPECT has unique diagnostic advantages for patients with
SS since it provides a non-invasive, dynamic, and quantitative
measure of exocrine glands function. The lacrimal gland is a
small part of the orbital structures, which makes it difficult to
obtain biopsy materials. With the successful clinical application
of positron emission tomography (PET)/CT in recent years, the
next step is to produce a higher resolution SPECT/CT hybrid
scanner (24). Then, the dynamic detection of lacrimal gland
function will be possible.

CONCLUSION

SPECT can help examiners and doctors to better understand the
decreased secretion velocity in the submandibular and parotid
glands. The EF was positively correlated with SIT in patients
with SS, and could reflex the dysfunction of salivary glands in SS
patients. EF may be a valuable parameter for the diagnosis of SS
patients with lacrimal gland secretion dysfunction.
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Dry eye-related ocular surface examination is very important in the diagnosis and

treatment of dry eye disease. With the recent advances in science and technology,

dry eye examination techniques have progressed rapidly, which has greatly improved

dry eye diagnoses and treatment. However, clinically, confusion remains about which

examination to choose, how to ensure the repeatability of the examination, and how to

accurately interpret the examination results. In this review, we systematically evaluate

previous examinations of dry eye, analyze the latest views and research hotspots, and

provide a reference for the diagnosis and management of dry eye.

Keywords: dry eye, examination, tear, meibomian gland, demodex mites

INTRODUCTION

Dry eye is a multifactor disease defined as “the loss of tear film homeostasis accompanied by
ocular symptoms, caused by tear film instability and hyperosmolar, ocular surface inflammation
and damage, and neuroparesthesia” (1). The global prevalence of dry eye disease is 5–50%
depending on the population and disease definition, whereas in the United States, over 16 million
adults have been diagnosed with the disease (2). Traditionally, dry eye has been classified as
aqueous deficiency, evaporative, or mixed mode. This classification has been extended to take into
account anatomical contributions to signs and symptoms, including neurological abnormalities
(1). Common diagnostic methods include consideration of the chief complaint, a questionnaire, a
physical examination, a tear film rupture test, corneal punctate staining, and a tear secretion test
(3–5). Others include tear osmotic pressure and the tear ferning test (6–8). However, to an extent,
the pathogenic factors and disease development of dry eye are complicated, and the separation
of subjective feeling and objective signs is often encountered in clinical practice, which brings
certain challenges to the diagnosis and treatment of the condition (9–14). With the advent of
the technological era and prolific screen reading, the incidence of dry eye has increased (15, 16).
As a result, greater attention is being paid to dry eye, so clinics have in turn developed more
sophisticated means of checking for the condition through more targeted point-of-care tests and
imaging technologies to help clinical doctors diagnose the type and severity of dry eye more
effectively (17). In view of the importance of the systematic examination and evaluation of dry
eye, in this paper, we summarize the relevant examination methods currently known, evaluate the
new technologies available, and explore the progress of dry eye diagnostic methods, which may be
helpful in the clinical diagnosis and treatment of dry eye.

A worker must first sharpen their tools if they want to do well. The examination of dry eye is
very important for the diagnosis and treatment of dry eye. With recent advances in science and
technology, the examination of dry eye has progressed rapidly, which has greatly improved dry eye
diagnosis and treatment. In this paper, we summarize and analyze the latest progress in dry eye
examination, which may be helpful in the clinical diagnosis and treatment of dry eye.
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TEAR EXAMINATION

The normal tear film is made up of three layers: the lipid
layer, the aqueous layer, and the mucin layer. Tears play an
important role in maintaining the stability of the ocular surface
microenvironment. Changes in the quality or quantity of tears
will lead to the occurrence of dry eyes, and tear supplementation
is an important part of dry eye treatment. The examination of the
quality and quantity of tears is therefore an important indicator
for the diagnosis of dry eye. In addition to the traditional tear
secretion test and tear river height [tear meniscus height (TMH)]
measurement, tear osmotic pressure, tear inflammatory factors,
and the tear ferning test play important roles in the diagnosis of
dry eye (18).

Tear Examination
Schirmer’s Test
Schirmer’s test has been used as a diagnostic test for dry eye
disease since 1903 and can help to evaluate tear volumes (19).
The test is based on the physical tendency of a fluid to travel
along a strip of porous material by capillary action due to surface
tension (20–22). No consensus exists on the diagnostic criteria
of dry eye in Schirmer’s test. A reading of <5mm is considered
to indicate dry eyes and <10mmmarginally dry eyes. Schirmer’s
test measures total tear secretion, including reflex, and basal tears.
The test is known to measure reflex tears without anesthesia and
basal tears with anesthesia (23–25). However, the concept of basal
tears is uncertain. It may not be necessary to measure true basal
tears with anesthesia because even light stimulation can change
tear secretion (26–28).

Schirmer’s test is popular for diagnosing dry eye because
of its simple operation and the absence of a requirement
for equipment. However, the disadvantages include poor
repeatability, low sensitivity and specificity, and sharp patient
discomfort (29). The change in light, room humidity, and
temperature and patient’s anxiety may explain the poor
repeatability. Furthermore, the variability in Schirmer’s test
results may be caused by reflex tearing (23). To increase the
reliability of Schirmer’s test, many variations in Schirmer’s test
have been proposed. In a comparative study of Schirmer’s test
with and without anesthesia, Kashkouli et al. found that the value
of Schirmer’s test with anesthesia may be more objective and
reliable than that without anesthesia (30), and they discovered
that a shorter 1-min test with anesthesia not only decreased
patient’s discomfort but also saved time. Hamano et al. modified
Schirmer’s test using a cotton thread impregnated with phenol
red dye instead of uncomfortable filter paper (31). In this test,
which is called the phenol red thread (PRT) test, the color
of the dye changes from yellow to red depending on the pH
of the tears (21). However, the relationship between the PRT
and Schirmer’s test in the measurement of tear secretion is
not clear (27). Although Schirmer’s test without anesthesia may
not be acceptable given its shortcomings, it can be considered
a valid option for diagnosing severe dry eye because of its
reproducibility (32–34).

In view of the shortcomings of the tear secretion
test, nonimmersive and improved tear detection, tear

composition, physical and chemical properties, and other
aspects of inspection and evaluation may be new directions
for exploration.

Tear Meniscus Volume
The tear menisci provide a reservoir that contributes to
the formation of the preocular tear film with each blink
and accommodates excess tears during reflex tearing, lacrimal
obstruction, and after topical drop instillation (35). It has
been reported that the tear meniscus contains 75–90% of
the aqueous tear volume, which is positively correlated with
the lacrimal secretory rate (36). The meniscus volume is
also reported to be reduced in tear-deficient dry eye (37,
38). Thus, the quantitative assessment of tear meniscus
parameters may be useful in the diagnosis of dry eye
disease. Tear meniscus variables, such as height, width, cross-
sectional area, and meniscus curvature, have been reported
to be of value in the diagnosis of dry eye (39, 40). TMH
and strip meniscometry (SM) can be used to evaluate tear
meniscus volume.

Tear Meniscus Height
Tear meniscus height has been confirmed to have good reliability
and accuracy in detecting tear meniscus volume (41, 42).
Invasive and noninvasive techniques can be used to measure
TMH (see Figure 1). TMH can be viewed under cobalt blue
light using a slit lamp and fluorescein instillation (43, 44).
However, invasive TMH assessments are challenging as a result
of their limitations. Frequent blinking, drug stimulation, time
intervals, humidity, and temperature have been reported to
influence invasive TMH results (45–47). Noninvasive TMH
was therefore introduced, and optical coherence tomography
(OCT) measurement of the tear menisci was found to be more
reliable and was validated. Noninvasive TMH can be used
together with noninvasive tear breakup time (NIBUT) on the
same instrument, and they have been shown to be positively
correlated (48, 49).

Strip Meniscometry
Strip meniscometry (39, 40, 50–52) involves using an SMTube,
which is a thin strip (length: 85mm, width: 7mm, and height:
0.3mm) with a capillary absorber in the center and two columns
of scale on both sides, to measure tear meniscus volume. The
examiner holds the center part of the strip and immerses the
tip into the tear meniscus of the lower eyelid for 5 s to absorb
tears. The SMTube attached to the tear meniscus absorbs the
tears into the ditch, and the strip color turns blue, indicating
the volume. At the end of 5 s, the strip is taken out, and
the blue-stained column length is measured. The length of
the stained column for normal people is equal to or >5mm,
whereas it is <5mm for patients with dry eye (see Figure 2).
Dogru et al. (39) and Miyasaka et al. (53) demonstrated that
SM results correlate with those of Schirmer’s test. A good
correlation between TBUT and SMTube measurements has also
been reported (52). The SMTube is useful for the diagnosis of dry
eye, and its validity can be evaluated effectively using the CASIA
SS-1000 AS-OCT TM parameters. Lee et al. (50) compared
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FIGURE 1 | Tear film thickness. (A) An example of tear film thickness from OCULUS Keratograph 5M. (B) An example of tear film thickness from Kanghua dry eye

analyzer.

tear meniscus measurements using SM and the Keratograph
5M between 3 patient groups with subtypes of dry eye disease
and found that tear meniscus measurements using SM and the
Keratograph 5M can compensate for the detection of aqueous-
deficient components of dry eye (53). The SMTube is useful
for evaluating tear volume and therapeutic effects in patients
with lacrimal passage obstruction. Hao et al. (40) showed that
the SMTube has acceptable repeatability and reproducibility and
specific correlations with TMH, BUT, and Schirmer’s test. SM can
provide clinical staff in busy outpatient services with a swift and
convenient inspection method.

Tear Ferning Test
The tear ferning test is a simple tear detection method that can
reflect some biochemical characteristics of tear film relatively
quickly and cheaply (see Figure 3) (44, 54). Golding et al.
(55) pointed out that the salts and polymers in tears are the
important factors affecting the crystallization of tear ferns in
the microscopic photographic study of tear crystal patterns in
the tear ferning test. In their analysis of normal tears, they
found that the fern-like crystals are mainly composed of sodium
chloride, potassium chloride, and trace ions, and the surface of
the crystals is covered by mucins and high molecular proteins,
which indirectly control the formation of the crystals. Kogbe
et al. (56) found that fern-like crystal patterns and branching
patterns are particularly dependent on the ratios of monovalent
sodium and iron ions to divalent calcium and magnesium ions.
The tear fern crystal map in the tear ferning test is a relatively
inexpensive and quick test of the total biochemical level of tear

samples. Traipe-Castro et al. (57) studied the dynamics of tear
evaporation and found that the crystalline pattern of dry healthy
tears can be divided into four structural regions, namely zone
1 (outermost), a transition zone, zone 2 (near central region
crystal), and zone 3 (central main crystal). The crystal pattern
of ferns produced by a single tear sample depends not only
on the composition of the tear, but also on the environmental
conditions of the dry tear. Reducing the pressure and humidity
or increasing the temperature to speed up the drying speed of
the tear results in a smaller crystal morphology and different
proportions of the four structural regions in the crystal pattern.
In addition to diagnosing dry eye, the tear ferning test can
be used to diagnose keratoconjunctivitis and cystic fibrosis
disease and for soft contact lens tolerance prediction in clinical
practice (58–60). The tear ferning test has good clinical guiding
significance. However, the current method has disadvantages,
such as the difficulty in controlling environmental conditions
and the slow speed of the experimental results. If a method for
rapid crystallization could be found, this examination method
may have more clinical value.

Tear Osmotic Pressure
The measurement of tear osmotic pressure indicates the balance
among tear secretion, evaporation, absorption, and drainage
(61). Vapor pressure osmometry and freezing point depression
have been used to measure tear osmotic pressure in the past
(62, 63). The tear osmolarity test is considered as one of the
most accurate dry eye diagnosis methods (64). Most recent
techniques to measure tear osmotic pressure involve the use of
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FIGURE 2 | SMTube. The method of strip meniscometry (SM) is using

SMTube which is a thin strip (length: 85mm, width: 7mm, and height: 0.3mm)

with a capillary absorber in the center and two columns of scale on both sides

to measure the tear meniscus volume. The examiner held the center part of

the strip and immersed the tip into the tear meniscus of the lower eyelid for 5 s

to absorb tears. The SMTube attached to the tear meniscus absorbed the

tears into the ditch and the strip color turned blue, indicating the volume. At

the end of 5 s, the strip was taken out and the blue stained column length was

measured. The length of the stained column for normal people was equal to or

>5mm, whereas it was <5mm for DED patients.

the TearLab (TearLab Corporation, Escondido, CA) and I-PEN
(I-MEDPharma Inc., Dollard-des-Ormeaux, Canada) osmolarity
systems (65, 66).

TearLab Osmometer
The TearLab osmometer (TearLab, San Diego, CA) was approved
by the US Food and Drug Administration in 2008 for the
measurement of tear osmolarity in vivo by clinical practitioners.
Since then, several studies have demonstrated that it is a reliable
test with good performance and complements for the diagnosis
of dry eye (67–69). Some studies have concluded that the
TearLab osmometer is the best single marker for diagnosing
and classifying dry eye levels of severity and for distinguishing
between different dry eye severity levels (70, 71). On the other
hand, several clinical studies have raised questions about the
diagnostic ability of tear osmolarity in dry eyes measured with
the TearLab osmometer (72–77).

I-PEN Tear Osmolarity Test
Tear osmolarity is performed using the I-PEN osmolarity system
5min after a PRT test. The I-PEN osmolarity system is used a
distance away from electronic devices to ensure the accuracy of
the readings. Each subject is asked to close their eyelids gently
for 30 s, and the disposable single-use sensor then softly makes
contact with the palpebral conjunctiva from the lower eyelid at
a 30◦ angle. By design, the I-PEN beeps after a few seconds
and displays an osmolarity reading on the screen (78, 79). Tear

FIGURE 3 | Tear ferning test classification descriptions (Rolando’s

classification). Type 1: uniform arborization in the entire field of observation

without spaces between the ferns. Single ferns are big and closely branched

(A). Type 2: Arborization is abundant, but the single ferns are smaller and have

a lower frequency of branching than in grade 1; empty spaces appear

between the ferns (B). Type 3: Single ferns are little and incompletely formed

with rare or no branching (C). Type 4: No ferning is present; mucus may

appear in clusters and threads (D).

osmolarity is measured three times in the right eye of each subject
with 5-min intervals between measurements. Based on the I-
PEN tear osmolarity measurements, subjects are classified as
having a healthy eye (<290 mOsm/L), minor dry eye (290–310
mOsm/L), mild dry eye (310–330 mOsm/L), and moderate dry
eye (330–350 mOsm/L).

Shimazaki et al. (78) studied the efficacy and safety of the
handheld I-PEN in Japanese patients with dry eye disease and
those without dry eye disease and found no correlations between
the tear film osmolarity values obtained with the I-PEN system
and any subjective or objective parameters of dry eye. Meanwhile,
in the study of Fagehi et al. (79), the mean measurement of
I-PEN tear osmolarity was 303.8 ± 4.8 mOsm/L, which is in
agreement with the range reported for healthy subjects. The I-
PEN is reliable and has the advantage of portability compared to
other osmolarity systems (79). Park et al. (80) obtained similar
results, indicating that the I-PEN osmometer can be considered
suitable for the use in clinical settings, with good performance in
the diagnosis of dry eye. König et al. (81) found that the I-PEN
osmometer provided significantly higher tear film osmolarities
than thosemeasured using the TearLab osmometer. In one study,
tear osmotic pressure measured using the I-PEN osmometer has
shown a significant decrease after treatment with a botulinum
toxin A injection in patients with intractable dry eye disease (82).
Tavakoli et al. found that, in vivo, both instruments displayed
poor repeatability (83). Some studies have found that after
treatment, the osmotic pressure of tears in patients with dry eye is
significantly reduced (74–86). However, other studies have found
that the osmotic pressure of tears does not change significantly
after treatment (84–88). This may be related to the duration of
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the treatment, the severity of the disease, and the efficacy of the
different treatments. The key elements in the diagnosis of dry eye
are increased osmolarity of the tear film and inflammation of the
ocular surface, which are accompanied by ocular symptoms. In
terms of clinical treatment, we can select different artificial tears
based on the osmotic pressure of patients with dry eye.

Tear Inflammatory Factor
There is very strong and valid evidence that inflammation
constitutes an important pillar in the pathophysiology of dry eye.
Increased inflammatory cells, increased expression of immune
activation and adhesion molecules, T-helper type 1 (Th-1) and
Th-17 attracting immune pathways, cytokines, and chemokines
are all evidence supporting the inflammatory pathology of dry
eye (89, 90).

Currently, the only commercial options to investigate tear
film biomarkers are InflammaDry R© (matrix metalloproteinase
9, MMP-9) and the TearScanTM Lactoferrin Diagnostic Test
Kit (91). MMP-9 is an endopeptidase that helps remodel the
extracellular matrix and plays a crucial role in dry eye. The point-
of-care test InflammaDry (Quidel, San Diego, CA) can detect this
biomarker in tear film with a low limit of detection of 40 ng/mL
(91). This test should be carried out prior to the use of anesthetics,
corneal staining, or Schirmer’s test. A fleece placed at the tip of
a sample collector is inserted multiple times along the patient’s
palpebral conjunctiva. The sample collector is then placed into
the supplied test cassette and secured prior to immersing it in the
buffer. Once 10min has passed, the test cassette may display a
blue line, which represents a valid test. If the blue line does not
appear, the test is considered as invalid and must be repeated.
A positive result is indicated by the presence of pink and blue
lines, thus providing a qualitative (yes or no) response. To carry
out this test accurately, a sufficient sample (5 µL) needs to be
collected to avoid a false-negative result. In some studies, the
InflammaDry test has demonstrated high positive and negative
agreement for confirming suspected dry eye disease (92, 93).
These studies have further shown that tearMMP-9 positivity may
serve as a reliable response predictor of topical corticosteroid
treatment in dry eye. Kim et al. (94) found that the subjective 5-
scale grading system in the point-of-careMMP-9 immunoassay is
an easy and reliable method with acceptable accuracy. Whereas,
inflammation is known to play a role in dry eye, it is not always
present in those with symptoms. Lanza et al. (95) suggested that a
clinical examination alone cannot identify patients with clinically
significant inflammation. In their study, there was no difference
in the dry eye profiles of patients when evaluating symptoms
and signs and those who tested positive vs. negative for MMP-
9 on the ocular surface. A randomized, double-blind, placebo-
controlled dry eye study in humans reported that lactoferrin
supplementation can increase tearing, whereas a randomized
controlled study of cataract surgery-induced dry eye found that
it can restore tearing and TBUT (96, 97).

Tear Film Examination
The most superficial layer of tear film is the lipid layer secreted
by the meibomian glands. When this layer is deficient, it
may result in an evaporative dry eye (18). The main methods

of tear film examination are TBUT and tear film thickness,
but the correlation between these two examinations needs
further investigation.

Tear Breakup Time
Tear breakup time has been the most frequently adopted dry eye
examination method over the past two decades (98). TBUT was
first introduced by Norn (99) to assess the stability of tear film. It
is traditionally defined as “the interval between the last complete
blink and the first appearance of a dry spot or disruption in the
tear film” (99). According to current perspectives, measurements
of TBUT can be divided into two distinct patterns: invasive
and noninvasive.

Invasive Tear Breakup Time
The most common clinical method of measuring invasive TBUT
is sodium fluorescein (100). The general process involved in
examining TBUT with fluorescein is convenient and accessible.
Liquid containing light fluorescence or a sterile fluorescein paper
strip infiltrated with normal saline is presented to the superior
bulbar conjunctiva for 1–2 s so that the fluorescein is uniformly
distributed on the precorneal ocular surface (101, 102). This
study has shown that the volume of fluorescent liquid used
can significantly affect TBUT results, so a micropipette can be
used to control the volume (102). The use of a dry fluorescein
applicator is also an effective way to minimize the influence of
liquid volume (46, 103). After the patient blinks several times,
the time from the last blink of the eye to the first dry spot
on the tear film is measured under a cobalt blue filter. Two or
three consecutive measurements are recorded. The average value
provides a more reliable result (104). A recent study showed that
the maximum TBUT may also be considered to diagnose dry eye
(105). The sensitivity and specificity of the TBUT test are 72 and
61%, respectively. The diagnostic criteria for fluorescein TBUT
in diagnosing dry eye are <10 s (105). Generally, fluorescein
TBUT values can be expected to be shorter than the values of
noninvasive TBUT. A fluorescein TBUT of <5 s has also been
reported to contribute to the diagnosis of dry eye (106).

Noninvasive Tear Breakup Time
In recent years, due to the weak points of invasive TBUT,
NIBUT, which relies on technical apparatus, has become more
popular (107). Invasive TBUT may be affected by volume, the
concentration and types of fluorescence used, and the experience
of the examiner (108, 109). NIBUT does not involve the
instillation of any substances nor is there any direct physical
contact with the tear film and conjunctiva. NIBUT is measured
by the automated capture of Placido disk images, which are
obtained from the anterior ocular surface using a corneal
topography system (110–113). Computer software is used to
identify irregularities and the breakup of the precorneal tear film,
and the first and average time is calculated (114, 115). These
several studies have reported better sensitivity and specificity for
NIBUT than invasive TBUT. NIBUT has 82–84% sensitivity and
76–94% specificity (116). In addition, 10 s has been proposed as
the cutoff value, and <10 s can indicate a diagnosis of dry eye
(117). The disadvantage of NIBUT using technical apparatus is
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that, instead of repeating the test three times, a random time
is checked once, so there is room for error, and this method
therefore needs to be improved in the future.

Tear Film Thickness
A stable eye tear film is a sign of good eye health, mainly
because it forms the main refractor through which light enters
the visual system and protects and moistens the cornea. Wolff
(118) proposed a three-layer model of tear film: the mucin layer
covering the eye surface reduces the hydrophobicity of epithelial
cells; care of the water layer of exposed ocular epithelium
by providing lubricity, some nutrients, antimicrobial proteins,
and appropriate osmotic pressure; Additionally, the lipid layer
prevents the water layer from being lost through overfilling and
evaporation. When the eyes are open, the tears are distributed
in three compartments, which are the fornical compartment, the
tear menisci, and the preocular tear film (118). The preocular tear
film overlies the exposed conjunctiva and cornea (119, 120).

Measurement of the lipid layer thickness (LLT) could serve
as an useful examination method in clinical practice diagnosing
MGD. In previous clinical routine, the LLT is usually measured
indirectly by the determination of the TBUT. Nowadays, various
technologies and new devices are currently being utilized to
assess LLT. It is 2–5.5µm thick in the corneal region. A
suitable method for the direct quantification of the LLT is
interferometry techniques (120–122). LipiView II interferometer
(TearScience Inc, Morrisville, NC) could provide the clinician
with the important output parameter, such as average LLT of
the tear film and be capable of quantifying LLT (123). On the
other hand, LipiView II could automatically detect and analyze
blink rate and blinking quality through the videos recorded.
It displays the number of complete blinks and incomplete
blinks and blink frequency numerically to help clinician analyze
blinking pattern and take images of MG for visualizing the
morphology of the MGs (see Figure 4). Compelling visuals
and video captures provide an opportunity to educate patients
about their personal ocular health and how healthy meibomian
gland function protects the ocular surface, keeping their eyes
moist to ensure clear, comfortable, healthy, and stable vision
(124). Willcox MDP et al. pointed that abnormal blinking
habits such as partial blinking are strongly associated with
MGD (125). Using meibography, the grading of dropout at
baseline and subsequent examinations can be used to track
long-term progression of MGD (62). A study compared the
Subjective Keeler Tearscope-PlusTM with the Objective Oculus R©

Keratograph 5M and LipiView R© and found that the results of tear
stability or lipid thickness were interchangeable (126). Another
study compared the LipiView R© II with IDRA R© for ocular surface
analysis and found no significant difference in LLT, but these
devices should not be used interchangeably for the evaluation of
meibomian gland dropout and partial blink rates (127).

Examination of the Eyelid Margin and

Meibomian Glands
Meibomian gland dysfunction (MGD) is the main cause of
dry eye, with 86% of dry eye cases being caused by MGD.
Meibomian gland dropout is significantly correlated with the

other clinical features of MGD, such as the quality of the
expressed meibum, altered tear film lipid layer stability, and
ocular surface damage. Meibomian gland morphology and
function are routinely examined to diagnose MGD (128).
Using meibography, the grading of the dropout at baseline
and subsequent examinations can be used to track the long-
term progression of MGD (129–131). Evaluating changes in the
eyelids, eyelid margins, and meibomian glands is of great value
in the diagnosis of MGD. These can be assessed by observing the
opening state of themeibomian glands, squeezing themeibomian
glands on the eyelid skin, and observing the difficulties and
character of eyelid ester excretion. Specific scoring criteria were
established following the consensus of experts on the diagnosis
and treatment of MGD in China in 2017 (129).

Eyelid Margin Examination
Patients with MGD are prone to eyelid margin abnormalities.
Abnormal eyelid margins can be valuable in diagnosing MGD.
For example, MGD patients may have a thickened, blunt eyelid
margin, an irregular shape, a Marx line (the junction of the
skin and mucosa), a receded opening of the meibomian glands,
hyperemia of the eyelidmargin, and neovascularization. Slit lamp
examination of the entire area of the upper and lower eyelids may
reveal abnormal signs, including irregular eyelid margins (with
notching along the eyelid margins), telangiectasis, and a shift
of the mucocutaneous junction (130–132). Amano examined
total MGD patients and noted that the slit lamp findings of lid
margin abnormalities, a shift of the mucocutaneous junction,
telangiectasia, and plugging were more frequent (133).

Meibomian Gland Infrared Meibography
Several modalities of meibomian gland imaging are used
in MG examinations, including contact meibography (not
currently popular), noncontact infrared meibography (e.g., IR
meibography and the mobile pen-shaped meibography system),
keratography (Keratograph 5M, OCULUS, Wetzlar, Germany),
Kanghua Dry Eye Analyzer (DED-1L, Kanghua, Chongqing,
China) and LipiView II (TearScience, Morrisville, NC) (see
Figure 5), in vivo confocal microscopy (IVCM, see Section Other
Examinations), and OCTmeibography (134). TheMG area ratio,
diameter deformation, tortuosity, and signal intensity could be
considered as promising biomarkers for MGD diagnosis and
objective grading (131). Meibomian gland infrared meibography
may provide a reference for clinical treatment of MGD, especially
nondrug treatment, such as Lipiflow, IPL, and meibomian
gland massage.

Lid Wiper Examination
The lid wiper is a component of the conjunctival margin of
the upper and lower eyelids (135). Shiraishi et al. noted that
lissamine green staining was detected in more than 10% of
lid wiper epitheliopathy patients with dry eye symptoms (136).
Studies have suggested that the best staining method is as follows:
lissamine green or fluorescein sodium test paper is soaked and
used to make contact with the conjunctiva of the lower eyelid.
After more than 1min, the conjunctiva is restained once. The
degree and range of staining of the lid margin epithelial cells are
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FIGURE 4 | Lipid imagine report and incomplete blinking (an example from LipiView II ocular surface interferometer). The computer system captures a video image file

that is recorded over time since the interference pattern changes as the tear film is distributed across the cornea during blinking. (A) Lipid imagine report and

incomplete blinking. (B) Partial blink imagines. (C) Another for lipid imagine report and incomplete blinking. (D) Another for partial blink imagines.

then examined under a slit lamp microscope with a cobalt blue
light. A staining length of ≥2mm and/or ≥25% of the eyelid
margin width are considered positive in the diagnosis of lid wiper
epitheliopathy (137).

To date, studies have found that the incidence of lid
wiper epitheliopathy in patients with dry eye symptoms
increases, and lid margin staining can be combined

with traditional dry eye diagnosis methods to improve
diagnosis rates.

Inspection of the Eyelid for Demodex Mites
Ocular mite infection is significantly correlated with dry eye,
MGD, and age. When Demodex mites infect the margin of the
eyelid, the skin of the margin of the eyelid, the hair follicles and
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FIGURE 5 | Meibomian gland morphology. Ocular surface interferometer—LipiView II interferometer (A–C); Dynamic Meibomian Imager—LipiScan (D–F); OCULUS

Keratograph 5M (G); Kanghua Dry Eye Analyzer (H). Examples for LipiView II and LipiScan: The images of the glands may be viewed on the computer screen display

and in a printed report. Three modes of gland images are provided: Reflected infrared view is shown for both upper and lower eyelid gland images. (A,D) Show only

lower eyelid gland images. Transillumination infrared view is shown only for lower eyelid gland images, if images were captured using handheld near-infrared lid everter

(B,E). Merged view is the combination of the reflected infrared and trans infrared views and is shown only for the lower eyelid gland images (C,F).

glands of the eyelid, and the meibomian glands will accumulate
mites, and symptoms related to dry eye will occur (138). In
addition, a typical clinical manifestation of Demodex blepharitis
is cylindrical dandruff at the root of the eyelash, and this is
considered pathognomonic for Demodex blepharitis (139). To
detect Demodex mites, an optical microscope is used to examine
eyelashes with typical cylindrical dandruff characteristics. These
lashes are then removed and placed on a slide to observe the
number and morphology of the Demodex mites. The use of
IVCM (see Section Other Examinations) could be an easy way
to improve this diagnosis. The advantage of IVCM is that it can
be used to quickly and simultaneously detect microorganisms
and eyelid structure. It is noninvasive and does not require the
removal of eyelashes. It can be used repeatedly to determine
a prognosis in patients, but it cannot be used to accurately to
identify the type of mite.

Ocular Surface Staining
Ocular surface cell staining can evaluate the barrier function and
integrity of epithelial cells as one of the evaluation indexes of the
severity of dry eye (140).When the integrity of ocular surface cells
has been damaged, they can be stained with specific dyeing agents
to display the defects. The degree and area of staining are related
to the severity of the ocular surface damage. Ocular surface cell
staining can therefore be used to evaluate the barrier function
and integrity of epithelial cells. Fluorescein sodium staining is

commonly used in clinics although lissamine green staining and
rose bengal staining are sometimes also used.

Fluorescein Staining
The mechanism of fluorescein staining involves dyeing corneal
defects through the diffusion of the fluorescein between cells into
the adjacent intercellular space with penetration into the lower
stroma. Healthy corneal epithelial cells are therefore not stained
unless they have defects. This method is mainly used to assist in
the diagnosis of epithelial defect-related diseases, such as corneal
abrasions, keratitis, and corneal erosion. It can also be used to
evaluate the therapeutic effects of epithelial injury (140). Sodium
fluorescein staining is not a specific index of dry eye but plays an
auxiliary role in its diagnosis.

Sodium fluorescein is available in two forms: eye drops and
impregnated paper strips. For both the eye drops and paper strip
methods of instillation, the aim is to achieve highly fluorescent
staining of the areas with loss of epithelial integrity (141). Studies
have shown that high concentrations of sodium fluorescein are
nonfluorescent and fluorescent at a concentration of <0.1%
(142). It is therefore general practice for doctors to deliver 2
µL of 2% sodium fluorescein eye drops or fluorescein sodium
strips soaked in physiological saline or other eye drops into the
conjunctival sac using a micropipette. The whole tear film is then
filled by the patient blinking their eyes. Ocular surface staining
can then be observed using a blue exciter filter over the white
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light source and a complementary yellow or orange barrier filter
over the slit lamp objective (142).

Rose Bengal Staining
A derivative of fluorescein, rose bengal is believed to not stain
healthy epithelial cells. According to Roberts et al.’s study (143),
the reason that the normal ocular surface does not stain with rose
bengal is the obstruction of a healthy and intact ocular tear film.
Accordingly, as long as the tear film protection is insufficient,
there will be rose red staining. This feature can be used to assist
in the diagnosis of dry eye. In a study by Korb (144), rose
bengal was found to be the preferred dye for bulb conjunctival
staining, whereas sodium fluorescein was the preferred dye for
corneal staining, with an optimal concentration of 1%. Due to
the cytotoxic effect of rose bengal, patients will feel tingling if
anesthetic eye drops are not used. Furthermore, the sensitivity
and specificity of rose bengal are not as good as those of sodium
fluorescein, so it is not widely used and can only be used as a
reference (137, 144, 145).

Lissamine Green Staining
Lissamine green staining has similar characteristics to rose
bengal, but its cytotoxicity is much less than rose bengal, so
lissamine green staining is commonly used as a substitute in
conjunctiva staining in clinical practice (146, 147). These two
dyes do not spread throughout the conjunctiva due to the
blocking effect of the mucins in tear film, so their staining
areas last longer than sodium fluorescein. Yoon found that
a mixed solution of 1% fluorescein and 1% lissamine green
can simultaneously stain the cornea and conjunctiva while
maintaining the unique staining characteristics of each dye (147).

Notwithstanding, the use of mixed dyes may necessitate a
long waiting time. The use of different dyes on the corneal
and conjunctival epithelial cells may also have subtle effects
on the damaged areas. Fluorescein sodium strips are therefore
commonly used in clinical practice. Although reactive dyes have
been used to stain the cornea and conjunctiva to assess ocular
surface disease in dry eye for a long time, there is no uniform
or clear ocular surface stain rating scale due to the different
concentrations and methods of staining used in different regions.
The general content is to classify the dyeing area, density, area,
and type. Most studies use the Oxford scale, but the type of scale
used depends on the researchers’ requirements (148). Dyes are
therefore an effective adjunct to the diagnosis of dry eye and to
determine the type and severity of dry eye.

Dry Eye Analyzer
The dry eye analyzer is a device that integrates a variety of dry eye
examinations. The dry eye analyzer can provide fast, convenient,
and efficient dry eye examinations, but its relationship with
traditional examinations needs to be clarified. Dry eye analyzer
examinations may include tear river height (TMH) (see Section
Tear Breakup Time), NIBUT (see Section Tear Breakup Time),
tear film thickness (see Section Tear Film Thickness), infrared
photography of the meibomian glands (see Section Eyelid
Margin Examination), and conjunctival hyperemia analysis (see
Figures 6, 7).

Conjunctival Hyperemia Analysis
Bulbar hyperemia is a common clinical sign and important
indicator of ocular disease (149). It is one of the most common
contributors of ocular complaints that prompt visits to medical
centers. The translucent appearance of the conjunctiva allows
immediate observation of changes in microvascular circulation.
Conjunctival congestion is caused by dilation of blood vessels
in microangiopathic degeneration caused by an inflammatory
response. Our understanding of these neurogenic and immune-
mediated pathways has progressed over time, and they are now
known to play a critical role in the development of targeted novel
therapies. Due to a multitude of underlying etiologies, patients
must be accurately diagnosed for the efficacious management
of conjunctival hyperemia. The diagnostic techniques used
for the grading of conjunctival hyperemia have also evolved
from descriptive and subjective grading scales to more reliable
computer-based objective grading scales (150).

In 1996, Owen et al. (151) developed a novel computer
software method to quantify the conjunctival plexus on the
scleral background to measure its vascular surface area from
photographs. Huntjens et al. employed Advanced Ophthalmic
Systems software, which uses an objective approach to grading
conjunctival hyperemia, and found excellent repeatability
and improved agreement between experienced and novice
observers (152).

Research has begun to focus on the relationship between red
eyes and dry eye, but the consistency between objective and
subjective tests needs to be further strengthened. Schulze et al.
quantified bulbar redness using the validated bulbar redness
grading scale and an automated objective method (OCULUS
Keratograph 5M) in participants with dry eye disease and nondry
eye disease controls, but statistically significant differences in
redness between the dry eye disease and control groups were only
found using the validated bulbar redness scale (153).

Other Examinations
Confocal Microscope
Confocal microscopy is a new technology that can aid
in the in vivo assessment of structural changes in several
ocular surface diseases on a cellular level. The application
of IVCM in dry eye disease will be a powerful method
to evaluate morphological changes in the ocular surface
globally in the future (154). In the dry eye field, IVCM
has been applied in the examination of the cornea, bulbar
and palpebral conjunctiva, meibomian glands, and lacrimal
glands (155–169).

First-generation confocal microscopy with an in vivo white-
light through-focusing confocal microscope (Tandem Scanning
Corp., Reston, VA) was developed and has advanced to
an in vivo white-light slit-scanning confocal microscope
(ConfoScan, Nidek Technologies, Vigonza, Veneto, Italy)
(second generation). A new-generation in vivo laser-scanning
confocal microscope (Heidelberg Retina Tomograph, Rostock
Corneal Module; Heidelberg Engineering GmgH, Heidelberg,
Baden-Württemberg, Germany) for corneal examination was
recently reported to yield impressive, high-quality images in
many corneal pathologies (169).
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FIGURE 6 | Bulbar redness. (A) OCULUS Keratograph 5M for bulbar redness grading scale. (B) Kanghua dry eye analyzer for bulbar redness grading scale.

Confocal microscopy requires trained operators to acquire
good quality scans but lacks built-in software to analyze nerves
and inflammatory cells. As such, it is not used as often in clinical
settings to diagnose dry eye. The relationship between corneal
sensation and subbasal nerve morphology, as evaluated with
IVCM, depends on the pathophysiological mechanism of ocular
surface disease. In a recent review of the use of IVCM in dry eye,
corneal subbasal nerves were implicated in the pathogenesis of
the condition. There are many reports suggesting that corneal
subbasal nerve density may decrease in dry eyes with Sjogren’s
syndrome (SS) (156, 158, 161). Ma et al. (165) found that a
higher aggregated measure of tortuosity may be linked to ocular
discomfort, visual function disturbance, and tear film instability.
At the same time, Ma et al. (166) determined that objective

visual quality is correlated with clinical symptoms and signs
in patients with dry eye, which suggests that nerve changes
may be a factor related to poor visual quality in these patients.
Lin et al.’s study (167) showed that inflammatory dendritic cell
density increases dramatically in the corneal epithelium of dry
eye patients with non-SS and SS. Nerve fibers have an important
influence on corneal tropism and contribute to the maintenance
of healthy corneas. It has been postulated that inflammatory cells
may induce a diminution of nerve fibers in the subbasal nerve
plexus in dry eye patients with SS. The migration and maturation
of dendritic cells are activated in response to proinflammatory
stimulation. Dramatic increases in the number of dendritic cells
in the corneal epithelium are thought to play a role in dry eye
pathophysiology. Furthermore, some studies have determined
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FIGURE 7 | Dry eye analyzers. (A) LipiView II ocular surface interferometer. (B)

LipiScan dynamic meibomian imager. (C) OCULUS Keratograph 5M. (D)

Kanghua dry eye analyzer.

that ocular Demodex mite infestation may be involved in ocular
surface discomfort, inflammation, andmeibomian gland dropout
in patients with MGD (139, 168).

Incomplete Blinking
Incomplete blinking is an important parameters of dry eye
disease. Spontaneous blinking can be divided into complete
blinking and incomplete blinking. Incomplete blinking was
associated with a higher ocular surface disease index (OSDI)
score, more meibomian gland dropout (MGD), and reduced
tear film stability. LipiView II automatically detects and analyzes
blink rate and blinking quality through the videos recorded. It
displays the number of complete blinks and incomplete blinks
and blink frequency numerically to help clinician to analyze
blinking pattern (124).

OUTLOOK

The rapid progress in the development of dry eye diagnosis
technologies has greatly promoted the level of diagnosis
and treatment of dry eye and made dry eye a hot spot in
the field of clinical ocular surfaces. In particular, the recent
construction of a dry eye diagnosis and treatment center
in China has received increased attention and developed
rapidly (170). However, many areas worthy of exploration
in the diagnosis of dry eye remained. These include the
detection of the mechanism of dry eye-related neuropathy,
in vivo functional examination of the meibomian glands,
the correlation between tear film thickness, BUT, and
noninvasive BUT, more accurate, and reliable tear and tear
film examination methods. It is hoped that improvements in dry
eye examination methods will promote all-round progress in the
understanding, diagnosis, and treatment of dry eye and related
researches (171).
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Different pathophysiologic mechanisms are involved in the initiation, development, and

outcome of dry eye disease (DED). Animal models have proven valuable and efficient

in establishing ocular surface microenvironments that mimic humans, thus enabling

better understanding of the pathogenesis. Several dry eye animal models, including

lacrimal secretion insufficiency, evaporation, neuronal dysfunction, and environmental

stress models, are related to different etiological factors. Other models may be

categorized as having a multifactorial DED. In addition, there are variations in the

methodological classification, including surgical lacrimal gland removal, drug-induced

models, irradiation impairment, autoimmune antibody-induced models, and transgenic

animals. The aforementioned models may manifest varying degrees of severity or specific

pathophysiological mechanisms that contribute to the complexity of DED. This review

aimed to summarize various dry eye animal models and evaluate their respective

characteristics to improve our understanding of the underlying mechanism and identify

therapeutic prospects for clinical purposes.

Keywords: dry eye, animal model, lacrimal gland, tear deficiency, evaporative, environmental stress, translational

research, DED

INTRODUCTION

Dry eye disease (DED) is one of the most common ocular surface disorders affecting millions
of people worldwide (1–3). Its symptoms range from irritation and light sensitivity to blindness
in severe cases (4–6). The tear film is the most important component of the ocular surface in
maintaining microenvironment stability and providing lubrication to the cornea, thus maintaining
its refractive function (7–9). Factors that affect the production or quality of tear film may lead
to DED; these include but are not limited to lacrimal gland impairment, inflammation, infection,
systemic autoimmune conditions, and environmental stress (10–14). The pathogenesis of DED is
complicated, andmuch remains unknown. Animalmodels of DED are essential to better investigate
the mechanisms underlying this multifactorial condition, explore potential therapeutic targets,
and identify factors that can accurately predict prognosis. Conventionally, DED is classified into
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two categories, namely tear-deficient and evaporative (15).
Recent evidence from a translational research using animal
models demonstrated that tear film dysfunction involvesmultiple
risk factors, with ocular surface inflammation an important
component, where the resident immune cells initiate and
propagate alterations in the ocular surface microenvironment
(16, 17). Herein, we reviewed various dry eye animal models from
published literature according to different modeling methods.
We will discuss their therapeutic targets and relative advantages
and disadvantages in this translational research.

AQUEOUS DEFICIENT DRY EYE TYPES

Lacrimal Gland Excision/Radiation Models
The surgical removal of the lacrimal gland in mice and rats is the
most commonly reported model in DED research. Generally, the
main procedures for mice lacrimal gland excision are as follows:
after anesthetic administration, an incision is made to expose
the extraorbital and/or intraorbital lacrimal gland with the aid
of stereoscopic microscopy, and glands are generally excised
and removed using micro-forceps and Vannas scissors without
injuring surrounding blood vessels and nerves. All excisions are
made ipsilaterally, usually on the right side, and only a sham
surgery with cutaneous incision is performed on the contralateral
side simultaneously (18, 19).

Principally, the excision of the primary lacrimal gland
immediately reduces aqueous tear secretion. Compromised tear
production manifesting with a reduced Schirmer’s test score is
the major outcome (20). This model can also be applied to other
animals, such as dogs, rabbits, cats, and monkeys (21–24). The
aforementioned models have demonstrated reduced Schirmer’s
test values and decreased basal tear production. However, vast
differences in ocular surface anatomy and physiology between
these models lead to inconsistency in the extent of affecting tear
production, the duration of ocular surface complications, and
reversibility. This warrants the selection of an appropriate animal
specific to the needs of each study. For example, according to
studies on the rat and mouse dry eye model (19, 25), the excision
of the extra-orbital lacrimal gland reduces the tear volume
and results in significant corneal epitheliopathy. However,
decreased tear production does not necessarily manifest signs
of ocular surface disease (26). Contrarily, the severity of dry
eye symptoms may vary between genders. Mecum et al. (18)
reported on a gender predilection that female mice were
more susceptible to lacrimal gland excision-induced corneal
damage. Regarding conjunctival changes resulting from the
lacrimal gland removal, the evidence seems to vary among
different animal modes. Stevenson et al. (19) reported increased
T helper 17-cell frequencies in the conjunctiva and draining
lymph nodes after extraorbital lacrimal gland removal in female
C57BL/6 mice over 14 days. In contrast, Maitchouk et al. (21)
concluded that the main lacrimal gland removal is not related to
keratoconjunctivitis sicca.

External beam radiation therapy is a risk factor for DED
following the treatment of head and neck cancers (27–29). Thus,
it can be used to induce DED in animals. Hakim et al. (30)
reported on a rabbit dry eye model using 15Gy external beam

radiation, which resulted in the functional impairment of the
lacrimal gland and reduced tear production. Rocha et al. (31)
introduced serial radiation doses at 8 or 6Gy, delivered over
5 consecutive days, and successfully induced dry eye syndrome
in mice. They observed a considerably lower production of tear
secretion in the radiation group as well as a reduction in the
epithelial thickness of the cornea, the absence of basal epithelium,
and the thickening of corneal stroma at 10 days. However,
these additional differences were transient and disappeared at
56 days post-radiation. Thus, radiation-induced dry eye models
are reproducible and involve reversible alterations that provide
a platform for mechanistic research into the treatment and
prognosis of DED (32). The nuclear factor of activated T cells
5 plays a potential role, whereas α-lipoic acid exerts a protective
effect on this radiation-induced model (33). However, compared
with the previous simple lacrimal gland removal method, this
method requires special radioactive equipment and poses certain
risks and collateral damage.

Blockage of Lacrimal Gland-Associated
Nerve Pathways
The lacrimal nerve displays extensive sympathetic innervation,
thus influencing tear production and composition (34).
Therefore, researchers can develop aqueous-deficient models
by blocking the afferent or efferent nerves associated
with the lacrimal gland. Parasympathetic blockers are the
first and foremost drugs. As a competitive antagonist of
muscarinic acetylcholine receptors, atropine blocks the action
of acetylcholine, thereby suppressing the function of the
parasympathetic nervous system. In an albino rabbit dry eye
model (35), atropine eye drops considerably reduced tear
production and Schirmer’s test scores within 2 days of onset.
Aicher et al. (36) subcutaneously injected male Sprague-Dawley
rats with 0.1% methyl atropine (1 mg/kg) twice daily for 2 days.
Methyl atropine considerably reduced basal tear production
compared with pretreatment baselines. This dry eye model
can be implemented rapidly and easily; however, it is relatively
simple and does not represent complicated pathophysiological
processes in human dry eye syndrome.

Another method involves the use of neurturin-deficient
(NRTN−/−) transgenic mice. Neurturin is a neurotrophic factor
that regulates neuronal survival and function (37). Neurturin-
deficient mice develop ocular surface inflammation similar
to that observed in human DED. This transgenic mouse
model substantially decreased aqueous tear production, tear
fluorescein clearance, and corneal sensation (38). Moreover, it
provided researchers with a method for better understanding
the association between lacrimal gland denervation and ocular
surface inflammation in DED. Nonetheless, its disadvantages are
that the use and verification of this model are time-consuming.

Autoimmune Disease-Associated Dry Eye
Models
A specific class of mice shares common characteristics with
autoimmune DED, owing to the presence of a specific mutation
or gene-editing technique. They release autoreactive lymphocytes
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to attack their lacrimal glands, consequently resulting in tear
secretion deficiency. They can be categorized as experimental
autoimmune disease-associated dry eye models (Table 1).

Sjögren’s syndrome is a systemic autoimmune disease that
causes secretory gland dysfunction (53). Several genetically
modified mice have been used to mimic Sjögren’s syndrome in
dry eye studies. The non-obese diabetic (NOD) mouse model
is mostly used for type 1 diabetes mellitus (54). NOD mice are
susceptible to the spontaneous development of autoimmune
insulin-dependent diabetes mellitus (55). Moreover, it facilitates
investigating the influence of autoimmune processes on
dry eye syndrome (56, 57). Lymphocytic infiltration leads
to the degradation of extracellular matrix structures in the
lacrimal gland of NOD mice (58). Ju et al. (39) reported that
NOD mouse lacrimal glands displayed increased lymphocytic
infiltration. Furthermore, they demonstrated substantially
increased expression of major histocompatibility (MHC) II and
interferon-γ in the lacrimal gland at 12 and 20 weeks. However,
this model demonstrated a higher incidence of dacryoadenitis
in male NOD mice than in females (59), thus suggesting the
spontaneous autoimmune response may be modulated by sex
steroids, particularly testosterone. Autoimmune lesions in
this model involve autoreactive Th1 cell secretions, including
interleukin (IL)-10 and IL-12. Sjögren’s syndrome in the NOD
mouse model is an interleukin-4, time-dependent, antibody
isotype-specific autoimmune disease (60). Recently, Robinson
et al. reported on a NOD-derived murine model (40), where
NOD.B10.H2b mice, comprising MHC congenic to NOD,
exhibited exocrine gland lymphocytic infiltration typical of
Sjögren’s syndrome-like disease and dysfunction observed in
NOD mice, but without diabetes. Thus, the NOD.B10.H2b
mouse model is considered interesting for studying primary
Sjögren’s syndrome.

The MRL/1pr mouse is a model of autoimmune arteritis,
antiphospholipid syndrome, and systemic lupus erythematosus-
like autoimmune syndromes (61–63). The lpr gene is a mutated
Fas antigen that leads to lymphoproliferative disease (64). This
model demonstrates anti-Ro/Sjögren’s-syndrome type A and
anti-La/Sjögren’s syndrome type B autoantibody production,
a characteristic manifestation of Sjögren’s syndrome, besides
exhibiting lacrimal gland infiltration, predominantly by CD4+

T cells (41). Unlike the NOD mouse model, the extent of
inflammation is considerably greater in the lacrimal glands of
female MRL/lpr mice than that in males (65). Furthermore,
MRL/lpr mice develop glomerulonephritis, which is classic in
systemic lupus erythematosus but rare in Sjögren’s syndrome
(66). Therefore, the MRL /1prmouse model is usually considered
for secondary Sjögren’s syndrome.

The inhibitor of DNA binding 3 (Id3) is an immediate early
response gene involved in growth regulation and T-cell receptor-
mediated T cell selection during its development (42). Id3-
deficient mice develop lymphocyte infiltration in the lacrimal and
salivary glands, reducing tear and saliva secretion and detectable
anti-Ro and anti-La antibodies in the mouse serum. Similar
to the clinical manifestations of primary Sjogren’s syndrome,
Id3-deficient mice serve as useful dry eye models for primary
Sjogren’s syndrome.

Conjunctival changes were also observed in autoimmune
disease-related dry eye models. Using an autoimmune disease
model mouse, BXSB/MpJ-Yaa, Hiraishi et al. (67) observed that
goblet cell density in the conjunctiva epithelium decreased at 20
and 28 weeks compared to at 8 weeks. Wang et al. (68) reported
spontaneous Sjögren-Like lacrimal keratoconjunctivitis in germ-
free C57BL/6 mice, with significant goblet cell loss compared to
conventional mice.

Researchers have reported other models, including the New
Zealand Black and New Zealand White mouse (30, 35), the
NFS/sld mouse (44), the IQI/Jic mouse (48, 69), the CD25
knockout mouse (45, 46), and the transforming growth factor
β1 knockout mouse (51, 52). These autoimmune models affect
the function of the lacrimal gland, eventually resulting in
inadequate tear production. Depending on the characteristics of
the specific model, they can be applied to different scenarios. Of
all autoimmune dry eye models, the NODmouse (39, 40) and the
MRL-1 pr/1prmouse model (41) are most commonly reported in
scientific literature.

EVAPORATIVE DRY EYE MODELS

Environmental Stress-Induced Dry Eye
Models
In addition to decreased tear production, DED can occur despite
normal tear secretion in the context of significant environmental
stressors. Numerous models utilize changes in the external
environment, ventilation, humidity, or the forced exposure of the
ocular surface to simulate evaporative DED.

Dursun et al. (70) introduced a desiccating environment by
placing mice in a hood with a continuous airflow blower, with a
flow rate of 300 ft/min at 7 s for 1 h, thrice per day for 4 days. Mice
placed in the blower hood manifested the most severe ocular
surface disease. Simsek et al. (71) used a model in which BALB/c
male mice were exposed to an air fan inside a small compartment
for 5 h per day for 3 days. The external environment considerably
decreased the tear volume and increased corneal fluorescein and
lissamine green staining scores. Moreover, the corneal subbasal
nerve density was substantially damaged following exposure.
Contrarily, several studies have introduced dry eyemousemodels
induced by air pollution particulate matter (PM), such as PM10

and urban particulate matter (UPM). PM10 impairs tear film
function and destructs the structural organization of the ocular
surface in mice. The topical administration of PM10 in mice
induces ocular surface changes, similar to those induced by
DED in humans (72). UPM exposure induces apoptosis in the
corneal epithelium and decreases the number of goblet cells in
the conjunctiva. Moreover, it affects the stability of the tear film
by disrupting its mucin-4 layer (73). The advantage of these
models, which simulate the real environment, is highly relevant
to the development of environmentally-induced ocular surface
diseases, including DED.

In another model, researchers introduced a lid retractor to
prevent blinking. This model can be used in a short time and is
easy to implement. It enables testing preventive and therapeutic
strategies for DED (74). However, minimal changes in the ocular
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TABLE 1 | Autoimmune disease-associated dry eye models.

Models Modeling method Modeling genre Sex preference Pathogenesis Detectable serum

antibodies

Pathogenic effects References

NOD mouse Spontaneously

developed

SS-like Male CD4+ Th1 cell infiltration of the

lacrimal gland

Anti-thyroid Ab

Anti-ss-A/Ro

Anti-b adrenergic R Ab

Anti-a-fodrin Ab

Anti-M3 muscarinic R Ab

Pancreas, submandibular,

and thyroid gland

(39)

NOD.B10.H2b

mice

NOD mutant with an

altered MHC region

SS-like Male Did not develop autoimmune

diabetes, but displays lacrimal T-cell

infiltration

Similar with NOD mouse Similar to NOD mouse (40)

MRL-1 pr/1pr

mouse

Mutated Fas antigen 2nd-SS. Female Serological manifestations

characteristic of SS and exhibit

lacrimal gland infiltration,

predominantly by CD4– T cells

Anti-ds DNA Ab

Anti-ss DNA Ab

Anti-gp70 Ab

Rheumatoid factor

Anti-SA/Ro

Anti-SS-B/La

Sialadenitis

Dacryoadenitis

Kidney

Joints

blood vessels

(41)

Id3-deficient mice Gene knockout pSS-like ND T-cell-dominant lymphocyte infiltration

in both lacrimal and salivary glands

Anti-SSA/Ro

Anti-SSB/La antibodies

Reduced abilities to secrete

tears and saliva

(42)

NFS/sld mouse Spontaneous

autosomal recessive

mutation

pSS-like Female Lymphocytic infiltrates in exocrine

glands are dominated by CD4+ T

cells, with fewer CD8+ T cells and B

cells

Anti-a-fodrin Ab Inflammatory changes in the

submandibular, parotid, and

lacrimal glands

(43)

3d-Tx NFS/sld

mouse

Thymectomy of

NFS/sld mice at 3 days

of age

pSS-like Female Thymectomy impairs the expansion

of regulatory T cells

ND Severe than NFS/sld mouse (44)

CD25KO mice Interleukin 2 receptor

alpha gene knockout

SS-like disease ND Worsening of corneal surface

parameters and an increase of CD4+

T cell infiltrating the cornea

Anti-RBC antibody Age-dependent SS-like

autoimmune

lacrimal-keratoconjunctivitis,

dacryoadenitis, and corneal

epithelial disease

(45, 46)

PD knock-in

mouse

p65 S276D knock-in

mice

KCS or SS-like ND Dependent on NF-κB;

TNFR1-independent corneal

inflammation

ND Genetic and independent of

decreased lacrimal function;

Dacryoadenitis

(47)

IQI/Jic mouse CR-derived inbred

strain

2nd-SS disease Female Focal lymphocyte infiltration and

tissue destruction in the salivary

glands (SG) and LG

Antinuclear autoantibodies Salivary and lacrimal glands,

pancreas, and lungs

dysfunction

(48, 49)

Aly/aly mouse Spontaneous

autosomal recessive

mutation

SS-like disease No predilection Chronic inflammatory cell (CD4+ T

cell) infiltration in multiple organs

No detectable

autoantibodies against

nuclear components or

salivary gland proteins

Cell infiltration in multiple

organs, including the

salivary and lacrimal glands,

pancreas, skin, bones and

lungs

(50)

TGF-b1 Knock out

mouse

Gene knockout SS-like disease ND Mainly CD4+ T cells infiltration ND Heart, lung, pancreas,

lacrimal, salivary, and

submandibular gland

(51, 52)

KCS, keratoconjunctivitis sicca; ND, not determined; pSS, primary Sjögren’s syndrome; and 2nd-SS, secondary Sjögren’s syndrome.
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surface during a short preparation time limit its application in
studying dry eye syndrome.

Other models exposed animals to low-humidity environments
and continuous airflow. Chen et al. (75) established a
murine model of DED using an intelligently controlled
environmental system that maintained low humidity. Animals
exposed to this environment exhibited decreased aqueous
tear production, increased corneal fluorescein staining, and
marked thinning and accelerated desquamation of the apical
corneal epithelium compared with control eyes. The dry eye
environment supposedly upregulated apoptosis on the ocular
surface. Furthermore, biological and morphological changes in
this model were similar to those in human DED. Barabino
et al. (76) developed a controlled-environment chamber and
confirmed that low humidity could substantially alter tear
secretion, goblet cell density, and related ocular surface signs.
Moreover, Nakamura et al. (77) combined a low-humidity
environment, continuous airflow, and jogging board treatment,
which mimicked both mental and physical stress, to induce
abnormal tear dynamics and superficial punctate keratopathy,
similar to that in humans.

Meibomian Gland Dysfunction Models
Meibomian glands produce lipids, which are important
components of the tear film (78). In physiological states, they
prevent or lessen tear film evaporation, serve as the superficial
protective layer, and stabilize the tear film by lowering surface
tension. Lipid deficiency can lead to dryness of the ocular
surface, damage to the conjunctiva and corneal epithelium, and
an imbalance of the ocular surface microenvironment (79).

Jester et al. (80) introduced a meibomian gland dysfunction
(MGD) model in 34 albino rabbits by topically applying 2%
epinephrine twice daily, over 6 months to 1 year. Sixty-eight
(56%) rabbits developed signs of MGD. The development and
progression of MGD in rabbits appeared to correlate with
increasing stratification and keratinization of the meibomian
gland duct epithelium. Mishima et al. reported another rabbit
MGD model by squeezing out meibomian gland contents and
cauterizing the lid margin. Thus, a protective oily film layer
could not form over the eyes of the treated animals, eventually
leading to rapid tear evaporation. In another rabbit MGD model
that used light cautery on meibomian gland orifices, researchers
observed increased tear osmolarity in the presence of normal
lacrimal gland function and ocular surface abnormalities, similar
to that in keratoconjunctivitis sicca (81).

Other types of MGD models comprise transgenic mouse
models, including X-linked anhidrotic-hypohidrotic ectodermal
dysplasia (Tabby), apolipoprotein C1 transgenic mice, and
ACAT-1-/- mice (82, 83). The meibomian glands were absent
or abnormal in the aforementioned mice (Table 2). Tabby mice
sequentially developed corneal epithelial defects, central corneal
stromal edema, and corneal neovascularization 8–16 weeks
following birth (91). Despite reduced tear film breakup time
and tear evaporation times, tear secretion remained normal.
This model is useful for identifying novel therapeutic agents for
evaporative DED.

CHEMICAL-INDUCED DRY EYE MODELS

Researchers have used chemical substances, drugs, or biological
agents to develop a class of lacrimal gland injury models.
The scopolamine-induced dry eye model is most commonly
used. Simsek et al. (92) assessed morphological changes in
the corneal subbasal nerve plexus in wild-type mice following
exposure to scopolamine. They observed decreased tear volume
and shortened tear film breakup time (TFBUT). Confocal
microscopy revealed substantially lower mean corneal subbasal
nerve fiber density and reflectivity in the scopolamine-treated
groups. Furthermore, the mean tortuosity and mean dendritic
cell density were considerably higher in this model. Viau et al.
(93) induced dry eye symptoms using scopolamine in 6-week-old
female Lewis rats. Scopolamine was delivered via subcutaneously
implanted osmotic pumps. TNF-α, IL-1β, and IL-6 mRNA levels
increased with scopolamine treatment in both the conjunctiva
and ex-orbital lacrimal glands. All animals exhibited unilateral
or bilateral keratitis after 17 days. The scopolamine-induced dry
eye model could serve as a stable model of moderate severity for
dry eye studies.

Benzalkonium chloride (BAK) is the most frequently
used preservative in eye drops. Researchers have consistently
demonstrated its toxic effects on the ocular surface (94–96). It
causes tear film instability, the loss of goblet cells, conjunctival
squamous metaplasia and apoptosis, the disruption of the
corneal epithelium barrier, and damage to deeper ocular tissues
(97). In a rabbit BAK toxicity model, researchers demonstrated
damage to the conjunctiva-associated lymphoid tissue via the
topical application of BAK (98). In addition, Pauly et al. (99)
developed a technical model that closely resembled the human
ocular surface environment. They used fluorescence techniques
conjugated with confocal microscopy on a 3-D reconstructed
corneal epithelial model and observed an increase in apoptotic
cells from the superficial to the deeper layers.

Botulinum toxin (BTX) is a potent toxin widely used in
modern medicine (100) and has been used in various dry eye
models. Park et al. (101) developed a mouse tear-deficient dry eye
model without lacrimal gland inflammation by injecting BTX-
B into the lacrimal gland. This model could effectively induce
dry eye in mice 2 and 4 weeks following injection. The lacrimal
structures were adequately maintained without significant T
lymphocyte infiltration. Moreover, there are reports of a BTX-
A-induced DED model in male C57BL/6 mice (102), which has
also been demonstrated to be stable.

Researchers have also used other agents to establish different
mouse, rat, or rabbit models, such as the injection of human
recombinant interleukin-1 and concanavalin A into lacrimal
glands and the oral administration of finasteride. Table 3

summarizes the chemical-, biological agent-, and drug-induced
dry eye animal models.

DISCUSSION

DED is a common ocular disorder that threatens the quality
of life. Its symptoms vary from mild to severe, which are
considered public health issues (113–115). The pathophysiologic
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TABLE 2 | Transgenic models of meibomian gland dysfunction.

Models Effect results References

ACAT-1–/– Similar to dry eye syndrome in humans (83)

TRAF6–/– Defective development of epidermal appendixes (84)

K14-Noggin Replacement of meibomian glands in eyelids with hair (85)

Smad4CKO Hair follicles in place of the meibomian glands (86)

Barx2–/– Defective lacrimal gland morphogenesis, defects in meibomian gland (87)

Klf5CN Defective eyelids with malformed meibomian glands, the abnormal cornea

loss of conjunctival goblet cells

(88)

Fatp4–/– Abnormal development of both sebaceous glands and meibomian glands,

specialized sebaceous glands of the eyelids

(89)

Fgfr2CKO Significant meibomian gland acinar atrophy and clinical manifestations of

MGD

(90)

MGD, meibomian gland dysfunction.

TABLE 3 | A summary of chemical-, biological agent-, and drug-induced dry eye animal models.

Models Modeling method Demonstrated outcomes References

C57BL/6 female

mice

Subcutaneous injection of scopolamine

hydrobromide, an exposure to an air draft, and

30% ambient humidity

Tear-deficiency dry eye (103)

Male

Sprague-Dawley

rats

Topically administered 10% N-acetylcysteine Mucin-deficiency dry eye (104)

Rabbit Topically administered 0.1% benzalkonium

chloride

Both aqueous tear and mucin deficiency (105)

Rabbit Burned with 50% trichloroacetic acid Conjunctival goblet cells damage (22)

Rabbit Trichloroacetic acid-treated and/or the removal

of nictitating membrane

Stable KCS model, similar to surgical LG

removal

(106)

Rat Subcutaneous implantation of scopolamine

micro-osmotic pumps

Moderate dry eye (93)

Wistar rats Bilateral ovariectomy in female rats and oral

finasteride; both male and female rats

challenged

Tear deficiency

Androgen deficiency dry eye

(107)

CBA/J mice BTX-B injection into the LG Mimic those in humans with non-SS, KCS (108)

CBA/J mice Transconjunctival injection of BTX-B into the

lacrimal gland

Dry eye model without significant inflammatory

cells infiltration

(109)

Female Wistar rats Androgen deficiency dry eye model induced by

finasteride

Androgen deficiency dry eye (110)

Female BALB/c

mice

A single injection of interleukin-1α into the

lacrimal gland

A severe, but reversible inflammatory response

in lacrimal gland acinar epithelial cells

(111, 112)

BTX, botulinum toxin; KCS, keratoconjunctivitis sicca; LG, lacrimal gland; and SS, Sjögren’s syndrome.

mechanisms of DED comprise multiple factors that not only
involve ocular surface inflammatory processes but are also related
to systemic conditions (116, 117). Dry eye animal models for
interpreting the underlying mechanisms are indispensable. We
reviewed articles on such models, assessed their types, principles,
and characters (Figure 1), and discussed their potential value for
DED. A miscellaneous set of dry eye models has been created
and provided to researchers. Their manifestations and severities
vary according to the specific pathophysiological mechanism.
Researchers should consider an appropriate model according to
their objective.

The surgical removal of lacrimal glands, chemical- or drug-
induced lacrimal damage, and challenging environments are

convenient and effective methods for achieving aqueous
deficiency and evaporative dry eye models. Generally,
aqueous deficiency and evaporative models are the major
classifications (15). Researchers have developed models based
on these classifications according to different implementation
methods (Table 4). They share common traits, including
rapid symptom occurrence, short implementation time,
and reproducibility in different animals. Moreover, they
decrease tear secretion production, which is ideal for assessing
the efficacy of different therapies. However, these models
have different prerequisites. Specifically, a mouse model
using lacrimal gland excision could induce severe aqueous
deficiency; More dedicated surgical techniques are required.
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FIGURE 1 | Principles for animal dry eye modeling. A schematic showing approaches to developing animal dry eye models, including major methods used in recently

published studies, as described in this review. Lacrimal glands excision, neural pathway blocking, and autoimmune disease models, including Sjögren’s syndrome and

systemic lupus erythematosus, have been developed by targeting the lacrimal gland. These result in an aqueous deficiency in the tear film. Conjunctival goblet cell

damage can result in mucin deficiency in the tear film. Further, chemicals, drugs, and radiation hazards mainly cause corneal epithelium damage. Some gene-modified

mice can present with dysfunction or direct damage of the Meibomian glands, resulting in lipid deficiency in the tear film. Environmental stress due to changing

humidity, controlling airflow, and/or introduction of air pollution particulate matter, could also be significant in animal dry eye modeling.

In addition, lacrimal gland removal may not fully reproduce
the complete clinical dry eye phenotype and systemic diseases
associated with DED, including Sjögren’s syndrome, rheumatoid
arthritis, and systemic lupus erythematosus because it is
merely artificial. For chemical-induced models, the use of
1.0% atropine sulfate eye drops in albino rabbits rapidly
provided the required symptoms on day 2 of treatment. In
addition, Schirmer test scores, corneal fluorescein staining,
and Ferning tests confirmed dry eye signs (35). However,

the observations were conducted only until day 5, without
additional data.

Evaporative DED models were developed by changing
the feeding environment or imposing environmental stress
on different animals. Animals were kept in a low-humidity
environment or continuous airflow chambers for hours or
days, which decreased tear film production, shortened the
breakup time, and increased corneal fluorescence staining. The
aforementioned environmental stress models are economical
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TABLE 4 | Dry eye animal models.

Animal

models

Type Species Procedure Experimental

days

Effects to dry eye examinations Pros Cons References

Tear

secretion

volume

Tear film

breakup

time

CFS

Lacrimal

gland excision

Aqueous

deficiency

C57BL/6 WT

mice

Exorbital and

intraorbital

lacrimal gland

excision

14 days ↓16.6% ND ↑↑↑ Inducing

severe

aqueous

deficiency

model

More

surgically

invasive

(118)

Radiation-

induced

model

Aqueous

deficiency

female New

Zealand

rabbit

Radiation

15Gy

3 days ↓ ND ND Objective

surrogate

parameters

for radiogenic

dysfunction

Requires

special

radioactive

equipment

(30)

Drug-induced Aqueous

deficiency

Male New

Zealand

albino rabbits

1.0% atropine

sulfate eye

drop

2 days ↓↓ ND ↑ Producing the

required

symptoms

rapidly

Only

observed for

5 days, no

longer time

observation

data

(35)

Drug-induced Lacrimal

Gland

Denervation

Male

Sprague-

Dawley

rats

192-IgG-

saporin was

microinjected

into the

lacrimal gland

3–4 weeks No changes ND ND Useful for

exploring the

mechanism

underlying

corneal

hypoalgesia.

Microsurgery

requirements;

Normal basal

tear

production

(36)

Autoimmune

model

Aqueous

deficiency

NOD mice Derived from

the outbred

Jcl:ICR line of

mice

10–14 weeks ↓↓ 61.43% 1∼2

second

↑ Ideal model

for

autoimmune

related DED

Discrepancies

between

preclinical

studies and

clinical

outcomes

(54, 56, 119,

120)

Autoimmune

model

Aqueous

deficiency

MRL/lpr mice Derived from

the MRL/n

mouse strain

16–18 weeks

(female)

18–20 (male)

↓ ND ND A pivotal

model for

neurological

SLE

Lack of data

in the

literature

(121, 122)

Autoimmune

model

Aqueous

deficiency

Id3-deficient

mice

Gene

knockout

8 weeks ↓ ND ND Ideal primary

Sjogren’s

syndrome

model

Technical

challenges in

gene

knockout

(42)

Autoimmune

model

Aqueous

deficiency

IQI/Jic mice Developed

from outbred

ICR mice

At least 9

months

ND ND ND Model for

secondary

Sjogren’s

syndrome

model

The age of

onset limited

its application

(48, 69)

(Continued)
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TABLE 4 | Continued

Animal

models

Type Species Procedure Experimental

days

Effects to dry eye examinations Pros Cons References

Tear

secretion

volume

Tear film

breakup

time

CFS

Environmental

stress

Evaporative

dry eye model

Balb/c male

mice

Exposed to

an air fan 5

hours a day

for 3 days

3 days ↓↓↓ ↓↓↓ ↑↑↑ Promising

model to

study the

ocular surface

and corneal

nerve

changes

Only male

mice and

acute

alterations

were

assessed

(71)

Environmental

stress

Evaporative

dry eye mode

Rabbit Eyes were

held open

with an eye

specula

1–3 h ND ND ↑↑ Simply and

short-term to

implement

Not suitable

for

mechanism

research

(74)

Meibomian

gland

dysfunction

Evaporative

dry eye mode

New Zealand

rabbit

Meibomian

gland orifices

were closed

by electrical

coagulation or

light cautery

1–14 days ↓↓↓

(Observed on

day 1–3)

↓ (On day 3,

7, 14)

No difference Suitable for

MGD related

dry eye

research

Biochemistry

and

biophysics

differences

between

rabbit and

human

meibum

(81, 123)

CFS, corneal fluorescein staining; DED, dry eye disease; ICR, imprinting control region; MGD, meibomian gland dysfunction; ND, not determined; and SLE, systemic lupus erythematosus.

↑, increased; ↓, decreased.
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and easy to implement. Moreover, some studies focused on air
pollution particulate matters, such as PM2.5, PM10 exposure, or
simulating office working environments (72, 124, 125). These
studies are valuable for investigating environmental factors of
DED and the evaluation of related dry eye medicine therapies.

Evaporative dry eye models can be achieved by Meibomian
gland dysfunction. One type involves the closure of the
Meibomian gland orifices using electrical coagulation or light
cautery. Lipid layer deficiency indirectly leads to aqueous layer
evaporation. Usually, this type of model is combined with a low-
humidity environment or rapid airflow to enhance evaporation.
The abovementioned dysfunction of the Meibomian gland
could provide tools for evaporative DED research; however,
biochemical and biophysical differences between animal and
human meibum limit its application. Other MGD models
comprise transgenic models, such as ACAT-1, TRAF6, and Barx2
knockout mice, which exhibit the abnormal development of
meibomian glands (83, 84, 87). These models are technically
challenging, time-consuming, and expensive.

The short TFBUT-type dry eye model, with or without
decreased tear secretion, highlights the importance of tear film
stability in DED. Tear film stability is considered one of the
important factors for understanding DED (126). Zhang Y et al.
(127) developed a murine model based on graft-vs.-host disease
(GVHD). Shimizu et al. (128) evaluated TFBUT in this GVHD-
relatedmodel and observed significant differences in TFBUT, tear
secretion, and corneal fluorescein scores between the syngeneic
and GVHD groups from 9 to 12 weeks of age. Carpena-
Torres et al. (129) reported on the topical instillation of 0.2%
benzalkonium chloride for 5 consecutive days for establishing a
dry eye model. The results demonstrated a significant difference
in TFBUT before and after instillation; however, there was
no difference in tear secretion. Different dry eye models are
essential for understanding short TFBUT-type DED. Researchers
have demonstrated a higher incidence of short TFBUT and
concomitant keratoconjunctivitis in patients with thyroid eye
disease (130, 131). Thus, these models facilitate understanding
the etiology of short TBUT-type DED, particularly for patients
clinically diagnosed with DED and normal tear secretion.

Dry eye models developed from autoimmune diseases provide
insight into the immunopathogenic mechanisms of DED. NOD
mice and MRL/lpr mice are typical systemic autoimmune
disease models of Sjögren’s syndrome, presenting multiple organ
inflammatory lesions, including lacrimal gland damage that
eventually results in aqueous deficiency. Both demonstrated
significant lymphocytic infiltration of CD4+ T cells in the
lacrimal gland. Dacryoadenitis revealed a higher incidence in
male NOD mice than female mice. Compared with human
Sjögren’s syndrome, which is predominantly associated with
female predilection, tear secretion was not profound in mouse
models (57). MRL/lpr mice displayed more severe lacrimal
gland inflammation in females than in males (65). Moreover,
researchers observed a significant Th2T cell response in the
lacrimal gland of MRL/lpr mice, thus suggesting a mechanism
different from the NOD mouse model (132). Nevertheless, these
two models have been used for decades, with mature technology

and sufficient research support, which are ideal dry eye models
for DED.

This review summarized several major types of dry eye animal
models and discussed their advantages and disadvantages in
interpreting DED. This study had several limitations. It involved
a limited number of animal species. The results of animal
models differ considerably from human clinical manifestations.
Moreover, they exhibit anatomical differences in the lacrimal
gland system. Despite the variety of dry eye animal models, there
are no widely homogeneous criteria for evaluating abnormalities
of the ocular surface and the quality of tear film, thus making a
model-wise comparison difficult.

CONCLUSION

Researchers have used several dry eye animal models
in translational research, each focusing on different
pathophysiological mechanisms of DED. Of these models,
lacrimal gland excision is the easiest and most practical method,
and it is widely used in dry eye research. However, it is relatively
simple as it only reflects the aqueous deficiency component
of DED. Several dry eye models, such as NOD mice, MRL/lpr
mice, and specific transgenic models, provide researchers with
a better understanding of the underlying mechanisms of DED
and ideas for the development of novel biological treatments.
Models based on environmental stress and drug toxicity may
be more feasible for studies on real-world risk factors for DED.
However, DED in humans is usually multifactorial in nature and
involves complicated pathophysiological and immune responses.
Therefore, no single dry eye animal model can serve as the best
tool for research.
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The Association Between Sleep
Disorders and Incidence of Dry Eye
Disease in Ningbo: Data From an
Integrated Health Care Network

Qinxiang Zheng 1,2†, Saiqing Li 2†, Feng Wen 1†, Zhong Lin 2, Kemi Feng 2, Yexiang Sun 3,

Jie Bao 2, Hongfei Weng 1, Peng Shen 3*, Hongbo Lin 3* and Wei Chen 1,2*

1 The Affiliated Ningbo Eye Hospital of Wenzhou Medical University, Ningbo, China, 2 Eye Hospital and School of

Ophthalmology and Optometry, Wenzhou Medical University, Wenzhou, China, 3Department of Chronic Diseases and Health

Promotion, Yinzhou District Center for Disease Control and Prevention, Ningbo, China

Purpose: To investigate the association between sleep disorders and dry eye disease

(DED) in Ningbo, China.

Methods: Our data came from the Yinzhou Health Information System (HIS), including

257932 patients and was based on a 1:1 matching method (sleep disorder patients

vs. patients without sleep disorders) during 2013–2020. Sleep disorders and DED were

identified using ICD-10 codes. Cox proportional hazards regression was used to identify

the association between sleep disorders and DED.

Results: The eight-year incidence of DED was significantly higher in participants with

diagnosis of sleep disorders (sleep disorders: 50.66%, no sleep disorders: 16.48%,

P< 0.01). Sleep disorders were positively associated with the diagnosis of DED (HR:

3.06, 95% CI: 2.99–3.13, P < 0.01), when sex, age, hypertension, diabetes and other

systemic diseases were adjusted. In the sleep disorders patients, advancing age, female

sex, and presence of coexisting disease (hypertension, diabetes, hyperlipidemia, thyroid

disease, depression, heart disease, and arthritis) were significantly associated with the

development of DED by the multivariate cox regression analysis (all P < 0.05).In addition,

there was a significantly positive association between estazolam and the incidence of

DED in both sleep disorder and non-sleep disorder groups (all P < 0.05).

Conclusions : Sleep disrder was associated with a three-time increased risk of DED.

This association can be helpful in effective management of both sleep disorders and DED.

Keywords: sleep disorders, dry eye disease, risk factor, sleep medicine, coexisting disease

INTRODUCTION

Sleep disorder, defined as an abnormality in sleep quality or quantity, has become a major social
health concern throughout the world (1–3). Sleep quality and duration of sleep are important
for physical and mental health, and sleep dysfunction damages autonomic nerve and endocrine
function, leading to extensive changes in many aspects of the body system (3). Numerous evidence
show that sleep disorders increase the risk of obesity, hypertension, diabetes, dementia, and
cardiovascular disease (4–9).
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Dry eye disease (DED) is a multifactorial disease of the
ocular surface characterized by a loss of tear film homeostasis,
causing tear film instability and hyperosmolarity, as well as
ocular surface inflammation and damage, and neurosensory
abnormalities play etiological roles (10). The incidence of DED
was estimated to range from 5 to 50% worldwide (11). DED
causes a variety of ocular surface discomfort (such as pain,
foreign body sensation, irritation, and photophobia) and visual
dysfunction, which not only impedes daily activities, but also
exerts psychological impacts (12–14).

Previous studies have found that aging, female sex, systemic
diseases (hypertension, diabetes, thyroid disease, anxiety,
depression, and so on) are associated with DED development
(11, 12, 15, 16). The association between DED and sleep disorders
has recently attracted attention (11, 17, 18). It was found that
DED patients sleep poorly, and patients with sleep disorders
are more likely to have DED (17, 19–28). Some studies were
conducted in community populations or cohort populations
by collecting questionnaires on sleep and dry eye symptoms
(19, 20, 26, 27), however these studies may have drawbacks of
selection bias and recall bias. There are also studies suggesting
that sedative antidepressants would promote dry eye symptoms
and signs (17, 29–31). In the current study, we would like to
compare the incidence of DED that developed in participants
with or without sleep disorders, using the integrated health care
network system data, and evaluate whether sleep disorders was a
risk factor for DED.

MATERIALS AND METHODS

Study Population
Yinzhou District, located in the Yangtze River Delta, is one of
the core areas of Ningbo. According to the statistical yearbook

FIGURE 1 | Survival curve for survival-ratio of dry eye disease (DED). The results of log-rank test for time to DED by diagnosis of sleep disorders were statistically

significant (HR: 3.81, 95%CI:3.75–3.87, P < 0.01).

of Yinzhou District, by the end of 2018, there were 1.34 million
permanent residents in Yinzhou District. Data on hospital
visits were obtained from the Yinzhou Health Information
System (YHIS), which seamlessly links the health information
archives, chronic disease registration system, resident death
registration system and hospital outpatient system of permanent
residents in Yinzhou District, and can provide real-time
treatment information of patients in 2 general hospitals, 3
specialized hospitals, 24 community health service centers and
248 community service stations in the whole district. The health
information of each resident living in Yinzhou is integrated into
YHIS. Detailed information about this system has been described
in the previous research (32).

Medical information was classified according to the ICD-
10 (International Classification of Diseases, 10th Revision). In
this study, we first excluded all patients who were deceased, we
selected hospital visits for sleep disorders (ICD-10: G47) and
DED (ICD-10: H04.103, H11.104, H16.202 and H18.803) during
2013–2020. We excluded patients diagnosed with DED before
sleep disorders. Finally, we identified 128,966 patients with sleep
disorders between 2013 and 2020. To design the matched cohort
study using the sleep disorder patients as the case group, we
established the control group by propensity score matching by
adjusting for same sex, same age range and same date of diagnosis
for sleep disorders. We used a 1:1 matching method to select
the control group (128,966 patients) who were not diagnosed
with sleep disorders. Finally, the data used in this study included
257,932 patients from 2013 to 2020.

Variables
The outcome variable of this study is whether DED will
occur after patients were diagnosed with sleep disorders. If
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diagnosis of DED (ICD-10: H04.103, H11.104, H16.202, and
H18.803), it was defined as DED diagnosis, and classified
the patient as the DED diagnosis group. In this study, sleep
disorders were defined as organic sleep disorders (ICD-10: G47),
including insomnia, hypersomnia, narcolepsy/cataplexy, sleep
apnea, disorders of the sleep-wake schedule and other sleep
disorders. In the study, we included the following independent
variables: gender, age, medical history (hypertension, diabetes,
thyroid disease, anxiety, depression, heart disease, and arthritis),
and medication history of sleep disorders. The ages were
classified at 10-year intervals: under 29 years, 30–39 years, 40–
49 years, 50–59 years, 60–69 years, over 70 years. At present,
the clinical drugs for insomnia mainly include benzodiazepine
receptor agonists (BZRAs), melatonin receptor agonists, orexin
receptor antagonists, antidepressants and etc. (33, 34). We
studied the using condition of sleep medicine in patients
with sleep disorders, excluding the drugs mentioned in
the guide but not found in the YHIS. Finally, we mainly
included BZRAs (estazolam, diazepam, alprazolam, lorazepam),
antidepressants (trazodone, mirtazapine, doxepin), and other
sedatives (gabapentin, olanzapine).

Statistical Analysis
In order to study the relationship between DED and sleep
disorders, we first determined the frequency and percentage of

people with DED diagnosis. Next, we performed a log rank
test and generated a survival curve to compare the diagnostic
rate of DED between patients with and without sleep disorders.
Finally, we performed survival analysis using the univariate cox
regression analysis, and then variables with P< 0.20 in univariate
regression analysis were included in multivariate cox regression
analysis to determine the association between sleep disorders
and DED, and studied the association of other independent
variables with DED. All statistical analyses were performed
using SAS statistical software version 9.2 (SAS company, Cary,
North Carolina, USA). A P < 0.05 was considered to be
statistically significant.

RESULTS

Using the 1:1 propensity score matching method (patients with
sleep disorder vs. patients without sleep disorders), we analyzed
257,932 patients with or without sleep disorders between 2013
and 2020. Supplemental Table 1 shows the distribution of the
study population for each variable and the 8-year incidence of
DED among different variable subgroups. The 8-year incidence
of DED was 50.66 and 16.48% in participants with and without
sleep disorders, respectively. About 33.57% of patients in our
study were diagnosed with DED over 8 years, and incidence

TABLE 1 | Results of survival analysis using Cox regression analysis for association between sleep disorders and dry eye disease (DED) in the study population (n =

257,932).

Variables Model 1 Model 2 Model 3

HR (95%CI) P HR (95%CI) P HR (95%CI) P

Sleep disorder 3.81 (3.75, 3.87) <0.01 3.28 (3.23, 3.34) <0.01 3.06 (2.99, 3.13) <0.01

Sex

Male 1.00 (-) - - - 1.00 (-) -

Female 1.20 (1.17, 1.23) <0.01 - - 1.25 (1.22, 1.29) <0.01

Age (years)

<30 1.0 (-) - - - 1.0 (-) -

30–39 1.86 (1.71, 2.04) <0.01 - - 1.94 (1.77, 2.12) <0.01

40–49 2.00 (1.88, 2.13) <0.01 - - 2.04 (1.92, 2.18) <0.01

50–59 1.71 (1.62, 1.82) <0.01 - - 1.73 (1.63, 1.84) <0.01

60–69 1.44 (1.36, 1.53) <0.01 - - 1.46 (1.38, 1.55) <0.01

≥70 1.18 (1.11, 1.26) <0.01 - - 1.18 (1.11, 1.26) <0.01

Medical history

Hypertension 1.12 (1.17, 1.23) <0.01 1.04 (0.98, 1.10) 0.21 1.02 (0.96, 1.08) 0.51

Diabetes 1.07 (0.98, 1.16) 0.12 0.96 (0.88, 1.04) 0.33 0.95 (0.87, 1.03) 0.19

Hyperlipidemia 1.22 (1.12, 1.34) <0.01 1.10 (1.01, 1.20) 0.04 1.09 (0.99, 1.19) 0.07

Thyroid disease 0.91 (0.70, 1.17) 0.44 0.85 (0.66, 1.10) 0.21 - -

Anxiety 1.13 (0.76, 1.69) 0.54 0.98 (0.65, 1.46) 0.90 - -

Depression 1.19 (0.91, 1.56) 0.19 1.15 (0.88, 1.50) 0.31 1.14 (0.87, 1.50) 0.33

Heart disease 1.38 (1.22, 1.56) <0.01 1.20 (1.07, 1.36) <0.01 1.18 (1.05, 1.34) <0.01

Arthritis 1.39 (1.01,1.93) 0.04 1.23 (0.89, 1.70) 0.21 1.23 (0.89, 1.70) 0.21

HR , Hazard ratio; CI, Confidence interval.

Model 1: Univariate cox regression analysis, and no variables were adjusted.

Model 2: Sex and age were adjusted.

Model 3: Variables with P < 0.20 in univariate cox regression analysis were included for multivariate cox regression analysis.
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FIGURE 2 | The association between sleep medicine and DED in general population (n = 257,932). (A) Results of univariate cox regression analysis, all drugs in the

figure were statistically significant (P < 0.01). (B) Results of multivariate cox regression analysis, all drugs in the figure were statistically significant (P < 0.05).

TABLE 2 | The distribution of the sleep disorders population (n = 128,966) for

each sleep medicine.

Medicine Total DED P-value

N % N %

Estazolam <0.01

Yes 81,539 63.23 44,116 54.10

No 47,427 36.77 21,222 44.75

Diazepam <0.01

Yes 3,626 2.81 2,188 60.34

No 125,340 97.19 63,150 50.38

Alprazolam <0.01

Yes 2,346 1.82 1,429 60.91

No 126,620 98.18 63,909 50.47

Lorazepam <0.01

Yes 1,288 1.00 775 60.17

No 127,678 99.00 64,563 50.57

Trazodone <0.01

Yes 505 0.39 311 61.58

No 128,461 99.61 65,027 50.62

Mirtazapine <0.01

Yes 616 0.48 402 65.26

No 128,350 99.52 64,936 50.59

Doxepin <0.01

Yes 174 0.13 124 71.26

No 128,792 99.87 65,214 50.64

Gabapentin <0.01

Yes 502 0.39 293 58.37

No 128,464 99.61 65,045 50.63

Olanzapine <0.01

Yes 754 0.58 429 56.90

No 128,212 99.42 64,909 50.63

The proportion of DED for different sleep medicine in sleep disorders population

(n = 128,966).

DED, Dry eye disease.
*Chi square test was used to compare the incidence of DEDwith the use of individual drug.

was higher in patients with sleep disorders (with sleep disorders:
50.66%, without sleep disorders: 16.48%).

Figure 1 shows the survival curve to compare the survival
rate of DED in patients with sleep disorders and without sleep
disorders during the study period. In the survival curve, patients
with sleep disorders were more likely to be diagnosed with DED
than patients without sleep disorders (P< 0.05 for log rank test).

Table 1 shows the results of survival analysis using the
Cox proportional hazard model to determine the association
between DED and sleep disorders after adjusting other
independent variables. Univariate regression analysis showed
that sleep disorders, age, gender and coexisting systemic diseases
(hypertension, hyperlipidemia, heart disease, and arthritis) were
significantly associated with the development of DED (all P <

0.05). Then we included variables with P < 0.20 from the model
1 for multivariate cox regression analysis. By the multivariate
regression analysis, sleep disorders were positively associated
with the diagnosis of DED (HR: 3.06, 95% CI: 2.99–3.13, P <

0.01), with a three-time increased risk. Among the independent
variables, the risk of diagnosing DED was higher in women than
in men (HR: 1.25, 95% CI: 1. 22–1.29, P < 0.01). Compared with
young people who were <30 years, increased age was associated
with DED diagnosis (P< 0.01), and the risk was the highest in
the population aged 40–49 years (HR: 2.04, 95% CI: 1.92–2.18, P
< 0.01). In addition, only heart disease was positively associated
with the diagnosis of DED (P < 0.01). At the same time, other
coexisting systematic diseases did not have significant association
with the diagnosis of DED (P > 0.05).

Next, we analyzed the effect of sleep drugs on DED in the
general population. Figure 2A shows the results of univariate cox
regression analysis, all sleep medicine increase the risk of DED
(all P < 0.01). The sleep medicine with statistical significance
(P < 0.05) in multivariate cox regression analysis are shown in
Figure 2B. It can be seen that estazolam and trazodone were
positively associated with the DED.

Additionally, we analyzed the using condition of sleep
medicine and its association with DED in sleep disorders
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FIGURE 3 | Kaplan-Meier curves for survival-ratio of dry eye disease (DED) over time by the number of sleep prescriptions. The results of log-rank test for time to DED

by sleep prescriptions number were statistically significant (P < 0.01). The number of sleep prescription refers to the cumulative number of sleep drugs used by the

patient.

patients. Table 2 shows the distribution of the sleep disorders
population for each sleep medicine with the Chi square test. The
number of cases in Table 2 refers to the person who uses this
sleep drug, regardless of whether they use other type sleep drugs
or not. Among the sleep disorders, the frequency of estazolam
was 63.23%, which was most common in the patients. Compared
with patients not using sleep medicine, the incidence of DED
significantly increased in the sleep medicine using group (all P <

0.01). Figure 3 shows that the incidence of DED over time raised
with the increasing of the sleep prescription number used in the
sleep disorders.

Similarly, we performed Cox proportional hazard model in
the sleep disorder group to determine the relationship between
the independent variable and DED. The results of regression
analysis are presented in the Table 3. In the model 3 (variables
with P < 0.20 in univariate cox analysis were included for
multivariate cox analysis), the variables of female and 30–39 years
significantly increased the DED diagnosis (P < 0.01) in the sleep
disorders patients. However, the results comparing anxiety with
DED were not statistically significant (P = 0.08). As is shown in
Table 3, the estazolam and trazodone were positively associated
with the DED (P < 0.05). Contrarily, diazepam and lorazepam
showed negative correlation with DED (P < 0.05).

In the same way, we analyzed the relationship between the
independent variable and DED in the patients without sleep
disorder by performing Cox proportional hazard model. The
results of regression analysis are presented in the Table 4. We
can see the variables of female and 40–49 years significantly
increased the DED diagnosis (P < 0.01) when using multivariate
cox analysis. Among the coexisting systemic diseases, only
heart disease was significantly correlated with the incidence

of DED (P = 0.01). Table 4 showed the estazolam, diazepam
and gabapentin were all positively associated with the DED
(P < 0.05).

DISCUSSION

In the current study, we found that sleep disorder is a risk factor
of DED, with a three-time increased risk to the subjects without
sleep disorders. Besides, the use of estazolam increased the risk of
DED regardless of the presence of sleep disorder.

In our study, the 8-year incidence of DED in the study
population was 33.57%. Many previous population-based studies
have indicated a correlation between sleep disorders and DED
(19, 20, 24–27, 35). Han et.al reported that sleep disorders were
related to dry eye incidence rate (HR:1.32), and sleep had a
greater impact on DED in male and young patients (36). In a
nationally population-based survey in Korea, people with sleep
duration shorter than 5 h were found to be 20% more likely
to suffer from DED, compared to those with more than 6 h of
sleep (35).Hanyuda et al. also showed that sleep deprivation and
poor sleep quality were significantly related to DED in a Japanese
population (26). Additionally, two large studies conducted in
Hangzhou and Singapore also revealed that poor sleep quality
and short sleep time were significantly correlated with DED (19,
20). Our results are similar with the above studies, compared with
patients without sleep disorders, patients with sleep disorders
have a higher risk of DED (HR:3.06).

The association between sleep disorders and DED are
based on physiological findings. Sleep disorders are often
related to autonomic nerve dysfunction, which could affect
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TABLE 3 | Results of survival analysis using Cox proportional hazard model for association between independent variables and dry eye disease (DED) in the sleep

disorder patients (n = 128,966).

Variables Model 1 Model 2 Model 3

HR (95%CI) P HR (95%CI) P HR (95%CI) P

Sex

Male 1.00 (-) - - - 1.00 (-) -

Female 1.14 (1.12, 1.16) <0.01 - - 1.15 (1.13, 1.17) <0.01

Age (years)

<30 1.00 (-) - - - 1.00 (-) -

30–39 1.84 (1.74, 1.95) <0.01 - - 1.70 (1.60, 1.81) <0.01

40–49 1.80 (1.70, 1.90) <0.01 - - 1.67 (1.57, 1.77) <0.01

50–59 1.51 (1.42, 1.60) <0.01 - - 1.42 (1.33, 1.50) <0.01

60–69 1.32 (1.25, 1.40) <0.01 - - 1.28 (1.21, 1.36) <0.01

≥70 1.23 (1.15, 1.31) <0.01 - - 1.20 (1.13, 1.28) <0.01

Medical history

Hypertension 1.10 (1.08, 1.12) <0.01 0.94 (0.93, 0.96) <0.01 0.87 (0.86, 0.89) <0.01

Diabetes 1.07 (1.05, 1.09) <0.01 0.99 (0.97, 1.01) 0.32 0.97 (0.95, 0.99) <0.01

Hyperlipidemia 1.22 (1.20, 1.24) <0.01 1.13 (1.11, 1.15) <0.01 1.11 (1.09, 1.13) <0.01

Thyroid disease 1.10 (1.04, 1.17) <0.01 1.12 (1.05, 1.19) <0.01 1.10 (1.04, 1.17) <0.01

Anxiety 1.09 (1.08, 1.11) <0.01 1.04 (1.02, 1.06) <0.01 0.98 (0.96, 1.00) 0.08

Depression 1.18 (1.15, 1.20) <0.01 1.15 (1.13, 1.18) <0.01 1.13 (1.10, 1.16) <0.01

Heart disease 1.27 (1.25, 1.29) <0.01 1.16 (1.15, 1.18) <0.01 1.15 (1.13, 1.17) <0.01

Arthritis 1.18 (1.14, 1.23) <0.01 1.15 (1.10, 1.20) <0.01 1.12 (1.08, 1.17) <0.01

Sleep medicines

Estazolam 1.21 (1.19, 1.23) <0.01 1.12 (1.10, 1.20) <0.01 1.12 (1.10, 1.14) <0.01

Diazepam 0.87 (0.83, 0.90) <0.01 0.84 (0.81,0.88) <0.01 0.80 (0.77, 0.83) <0.01

Alprazolam 1.01 (0.96, 1.06) 0.80 0.98 (0.93, 1.03) 0.36 - -

Lorazepam 0.94 (0.87, 1.00) 0.06 0.92 (0.85, 0.98) <0.01 0.83 (0.78, 0.90) <0.01

Trazodone 1.26 (1.12, 1.40) <0.01 1.25 (1.11, 1.40) <0.01 1.15 (1.03, 1.29) 0.02

Mirtazapine 1.20 (1.09, 1.33) <0.01 1.18 (1.06, 1.30) <0.01 1.09 (0.99, 1.21) 0.09

Doxepin 1.04 (0.87, 1.24) 0.65 0.96 (0.80, 1.15) 0.66 - -

Gabapentin 1.12 (1.05, 1.30) 0.27 1.09 (0.97, 1.22) 0.12 - -

Olanzapine 0.98 (0.89, 1.08) 0.72 0.96 (0.88, 1.06) 0.44 - -

HR, Hazard ratio; CI, Confidence interval.

Model 1: Univariate cox regression analysis, and no variables were adjusted.

Model 2: Sex and age adjusted.

Model 3: Variables with P < 0.20 in univariate cox analysis were included for multivariate cox analysis.

the parasympathetic fibers in the lacrimal gland, resulting
in reduced tear secretion (37, 38). Sleep deprivation may
also inhibit peroxisome proliferator-activated receptor
alpha (PPARα) signaling which increase oxidative stress
leading to DED (39). In addition, the activation of the
hypothalamic–pituitary–adrenal axis during sleep may
lead to a relatively dehydrated state, thereby reducing tear
secretion (40, 41).

Our results also found that use of sleep medications
in the sleep disorders was significantly associated with
DED. Kawashima et al. have demonstrated that sedative
antidepressants could significantly decreased tear break-up time
of DED patients (29). Antidepressants could promote dry eye
symptoms through anticholinergic side effects (inhibition of
cholinergic nerve fibers in meibomian and lacrimal glands) or
other potential pharmacological mechanisms to reduce tear

secretion (17, 30). Using the multivariate cox regression analysis,
we found that there was a significantly positive association
between estazolam and the incidence of DED in both sleep
disorder and non-sleep disorder participants. Estazolam, a kind
of benzodiazepine drugs (BZDs), can non selectively activate
different γ subunits on γ-aminobutyric acid receptor A and
has pharmacological effects of sedation, hypnosis, antianxiety,
muscle relaxation and anti-convulsion (42). Estazolam has
side effects of anticholinergic activity (43), which reduces the
secretion of tears, resulting in DED. In the present study, the
ratio of estazolam use amounts to 63.23% in the subjects with
sleep disorders, while the ratio of other sleep medicine were
below 3%, which may limit the power of detection small effect.
Therefore, the association between other sleep medicines and
dry eye needs to be evaluated in a larger study with sufficient
sleep medication users.

Frontiers in Medicine | www.frontiersin.org 6 February 2022 | Volume 9 | Article 832851165

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zheng et al. The Association Between Sleep Disorders and Dry Eye

TABLE 4 | Results of survival analysis using Cox proportional hazard model for association between independent variables and dry eye disease (DED) in the patients

without sleep disorder (n = 128,966).

Variables Model 1 Model 2 Model 3

HR (95%CI) P HR (95%CI) P HR (95%CI) P

Sex

Male 1.00 (-) - - - 1.00 (-) -

Female 1.20 (1.17, 1.23) <0.01 - - 1.25 (1.22, 1.29) <0.01

Age (years)

<30 1.00 (-) - - - 1.00 (-) -

30–39 1.86 (1.71, 2.04) <0.01 - - 1.92 (1.75, 2.10) <0.01

40–49 2.00 (1.88, 2,13) <0.01 - - 2.03 (1.90, 2.16) <0.01

50–59 1.71 (1.62, 1.82) <0.01 - - 1.72 (1.62, 1.83) <0.01

60–69 1.44 (1.36, 1.53) <0.01 - - 1.46 (1.38, 1.54) <0.01

≥70 1.18 (1.11, 1.26) <0.01 - - 1.18 (1.11, 1.26) <0.01

Medical history

Hypertension 1.13 (1.07, 1.20) <0.01 1.04 (0.98, 1.10) 0.21 1.02 (0.96, 1.08) 0.58

Diabetes 1.07 (0.98, 1.16) 0.12 0.96 (0.88, 1.04) 0.33 0.95 (0.87, 1.03) 0.18

Hyperlipidemia 1.22 (1.12, 1.34) <0.01 1.10 (1.01, 1.20) 0.04 1.09 (1.00, 1.20) 0.06

Thyroid disease 0.91 (0.70, 1.17) 0.44 0.85 (0.66, 1.10) 0.21 - -

Anxiety 1.13 (0.76, 1.69) 0.54 0.98 (0.65, 1.46) 0.90 - -

Depression 1.19 (0.91, 1.56) 0.19 1.15 (0.88, 1.50) 0.31 1.11 (0.85, 1.45) 0.45

Heart disease 1.38 (1.22, 1.56) <0.01 1.20 (1.07, 1.36) <0.01 1.17 (1.04, 1.33) 0.01

Arthritis 1.39 (1.01, 1.93) 0.04 1.23 (0.89, 1.70) 0.21 1.21 (0.88, 1.67) 0.25

Sleep medicines

Estazolam 1.59 (1.43, 1.77) <0.01 1.44 (1.29, 1.60) <0.01 1.42 (1.27, 1.59) <0.01

Diazepam 2.01 (1.49, 2.72) <0.01 1.76 (1.30, 2.38) <0.01 1.69 (1.24, 2.28) <0.01

Alprazolam 0.82 (0.44, 1.53) 0.54 0.74 (0.40, 1.38) 0.34 - -

Lorazepam 1.14 (0.82, 1.58) 0.44 1.01 (0.73, 1.41) 0.95 - -

Trazodone 0.83 (0.35, 1.99) 0.68 0.82 (0.34, 1.97) 0.66 - -

Mirtazapine 1.11 (0.46, 2.66) 0.82 1.25 (0.52, 2.99) 0.62 - -

Doxepin 2.31 (0.33, 16.33) 0.40 1.85 (0.26, 13.08) 0.54 - -

Gabapentin 1.75 (1.41, 2.17) <0.01 1.51 (1.22, 1.88) <0.01 1.51 (1.22,1.88) <0.01

Olanzapine 0.78 (0.53, 1.14) 0.20 0.75 (0.51, 1.10) 0.14 - -

HR, Hazard ratio; CI, Confidence interval.

Model 1: Univariate cox regression analysis, and no variables were adjusted.

Model 2: Sex and age adjusted.

Model 3: Variables with P < 0.20 in univariate cox analysis were included for multivariate cox analysis.

The advantage of current study lies in the large sample size
based on data from an integrated health care network covering a
whole district in southeast China. Most of the previous studies
used questionnaires (19, 20, 26, 27), which would cause recall
bias. Our data from the medical information system can avoid
such bias. The Cox proportional hazards model used in the
current study is a reliable method to analyze the incidence of dry
eye in sleep disorders patients, since it took the impact of time
into consideration, which is different from the previous cross-
sectional population studies (19, 20, 26, 27). Besides, the paired
cohort design using propensity score matching (1:1) increased
the reliability of our study. However, limitations are unavoidable,
and the main one is the diagnosis of DED and sleep disorder may
not be in consistency among the hospitals and community health
centers during the 8-year period. However, the paired cohort
design made up for this drawback to a certain degree.

In conclusion, our findings suggest that sleep disorders is a
potential risk factor for DED and the use of sleep medicines
might be associated with dry eye development. Patients with sleep
disorders or those using sleep medicines should be monitored for
development of dry eye.
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Objective: To assess a novel eyelid pressure measurement device and

study the relationship between eyelid pressure and ocular surface parameters

of moderate-to-severe dry eye disease (DED).

Methods: The present study included 70 eyes of 35 moderate-to-severe DED patients.

All subjects were subjected to the following examinations for DED assessment: Ocular

Surface Disease Index (OSDI) questionnaire, tear meniscus height (TMH), lipid layer

thickness (LLT), number of partial blink (PB), total blink (TB) and partial blink rate (PBR),

fluorescein tear breakup time (FBUT), corneal fluorescein staining (CFS), lid margin

abnormality, meibum expression assessment (meibum score), meibomian gland dropout

(MGd) and Schirmer I test. Pressure of the upper eyelid was measured thrice with

the novel pressure measurement device. Repeatability of the device was evaluated by

intraclass correlation coefficient (ICC). Safety of the device was evaluated by observing

ocular adverse reactions of each subject prior to measurement, at day 1 and day

7 following measurement. Correlations between eyelid pressure and ocular surface

parameters of moderate-to-severe DED were analyzed by using Pearson correlation

coefficient and Kendall’s tau-b correlation coefficient.

Results: ICC of the measurement results in our study was 0.86. There

was no abnormality presenting in all subjects recorded prior to measurement,

1 and 7 days following measurement. The eyelid pressure was significantly

correlated with PBR (r = 0.286, P = 0.016), FBUT (r = −0.331, P = 0.005), CFS

(r = 0.528, P = 0.000), lid margin abnormality (r = 0.408, P = 0.011) and MGd

(r = 0.226, P = 0.016) in moderate-to-severe DED patients, but not significantly

correlated with OSDI score (r = 0.016, P = 0.912), TMH (r = −0.002, P = 0.988),

meibum score (r = −0.196, P = 0.317), LLT (r = 0.114, P = 0.346), PB (r = 0.116,

P = 0.338), TB (r = 0.074, P = 0.544), meibum score (r = −0.196, P = 0.317) and

Schirmer I test (r = 0.028, P = 0.821).

Conclusion: The novel pressure measurement device exhibited good repeatability and

safety in measuring eyelid pressure. Significant correlations were noted between the
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eyelid pressure and PBR, FBUT, CFS, lid margin abnormality and MGd in

moderate-to-severe DED. The measurement of eyelid pressure combined with ocular

surface parameters may be valuable for the assessment of DED.

Keywords: eyelid pressure, friction, tear film, ocular surface parameters, moderate-to-severe dry eye disease

INTRODUCTION

Dry eye disease (DED) has become a common health problem
worldwide, which significantly influences the life quality of the
patients (1). In 2017, the Tear Film and Ocular Surface Society
(TFOS) Dry Eye Workshop (DEWS) updated the definition
of DED as “a multifactorial disease of the ocular surface
characterized by a loss of homeostasis of the tear film, and
accompanied by ocular symptoms, in which tear film instability
and hyperosmolarity, ocular surface inflammation and damage,
and neurosensory abnormalities play etiological roles.”(2). DED
can cause a variety of ocular symptoms, such as dryness, burning
and foreign body sensation, and even visual impairment in more
severe cases (3). As a chronic ocular surface disease, DED not
only affects the quality of life, but even causes harm to mental
health (1). Therefore, it is very important to take early treatment
and prevent the occurrence of DED.While there are many causes
of DED, such as environmental changes, medication use, local
inflammation, poor eye usage habits and so on. The friction
between the eyelid and the eyeball during blinking and eye
movement can also cause the occurrence of DED symptoms (4).

As an important eye appendage, the eyelid exerts a protective
effect on the ocular surface. Normal anatomical structure and
function of the eyelid can maintain its normal closure, reduce
the evaporation of tears, and maintain the stability of the tear
film. Blinking and eyelid dynamics play important roles in the
distribution of tears and in the maintenance of the integrity of
the ocular surface (5, 6). In 1986, Snella (7) reported that the
pressure of the eyelid could alter the shape of the cornea, and
the concept of eyelid pressure was initially proposed. During the
blinking process, the movements of eyelids will generate friction
on the ocular surface. Excessive eyelid pressure or increased blink
rate can cause related damages to the cornea and conjunctiva (8).
Mathers and Lem (9) used an optical interference microscope to
demonstrate that the eyelid produced shear force on the cornea
during blinking, resulting in corneal epithelial cell damages
and changes. Cher (10) proposed the concept of “blink-related
microtrauma” in 2003, which described the presence of ocular
surface diseases caused by mechanical friction or lubrication
disorders of the eye, such as superior limbic keratoconjunctivitis,
filamentary keratitides and contact lens related damage. It seems
that when the normal physiological state of eyelid changes, it will
not only lose the protective effect on the ocular surface, but also
cause damage to the ocular surface.

Tear film is the main refractive surface for light to enter
the visual system, which can protect and moisten the ocular
surface. Stability of tear film is an important indicator of ocular
surface health (2). Therefore, when the stability of tear film is
destroyed, it can lead to the occurrence of various ocular surface
diseases, DED is one of them. Mechanical damage is one of

the major causes affecting the stability of tear film, which can
cause premature and rapid evaporation of tear. Barros et al. (11)
found that under confocal microscopy, the number of stained
corneal epithelial cells increased with the increase of mechanical
friction, confirming the relationship between mechanical friction
and corneal epithelial injury. In addition, long-term mechanical
damage can also induce inflammation and destabilize the tear
film (4). Tissues fibrosis caused by chronic inflammation can
lead to changes in normal anatomical structure, such as lacrimal
atresia, which affects the normal drainage of tear, resulting in
epiphora. Meduri et al. (12, 13) found that patients with lacrimal
atresia usually had ocular surface inflammatory diseases such
as chronic blepharitis or chronic conjunctivitis, and showed
significant symptoms and signs of epiphora. After punctoplasty
surgery was performed to restore normal anatomical structure,
the situation of epiphora was significantly improved. It suggests
that mechanical damage and inflammatory reaction can be
avoided by restoring normal anatomical structure, and then the
stability of tear film can be maintained.

As a common ocular surface disease, DED is characterized by
unstable tear film combined with a variety of ocular symptoms.
Since increased eyelid pressure can lead to ocular surface damage
and affect the tear film stability, eyelid pressure may be a cause
of DED. To explore the relationship between eyelid pressure
and DED, we developed a novel eyelid pressure measurement
device. The aim of this study was to evaluate the repeatability and
safety of the device and to investigate the correlations between
eyelid pressure and ocular surface parameters of moderate-to-
severe DED.

MATERIALS AND METHODS

Subjects
This prospective cross-sectional study was conducted from
July 2021 to October 2021 at Beijing Tongren Hospital
(<city>Beijing</city>, China). A total of 70 eyes were collected
from 6 men (12 eyes) and 29 women (58 eyes). The subjects
had an average age of 57 ± 9 (ranging from 32 to 66 years).
The diagnosis of DED was based on the TFOS DEWS II
definition and classification report. Any subject with any of
the following conditions were excluded: (1) age lower than 18
years or higher than 70 years; (2) presence of eye diseases or
systemic diseases involving the eyes; (3) a history of eye surgery
or trauma to the eye; (4) with blepharoptosis, blepharospasm
and other eyelid diseases that significantly affect eyelid pressure.
All subjects provided informed consent for their participation in
the study, and the entire process complied with the principles
of the Declaration of Helsinki. This study was reviewed and
approved by the Ethics Committee of Beijing Tongren hospital
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and registered in the Chinese Clinical Trial Registry (Clinical
Trial Registration No. ChiCTR2100054636).

Eyelid Pressure Measurement
Eyelid Pressure Measurement Device
The eyelid pressure measurement device was composed of a
control program, a data acquisition card, a drive amplifier
circuit, and a membrane pressure sensor (Figure 1). Diameter
of the sensor was 7.5mm, the thickness was <0.1mm, and the
measurement range was 0–200 mN. Signal acquisition interval
was set to 0.2ms, and the sampling accuracy was 16 bit. By
using a self-developed and designed control program (Labview
2012), the signal changes from the pressure sensor could be
continuously recorded. Following setting up, a series of weights
with different masses (5 g, 10 g, 20 g) were used to calibrate
the system. The weights of different masses were placed on the
sensor, and the data collected by the system were recorded, and
linearly fit to the pressure in the sensor and the output electrical
signal data to obtain the calibration parameters. It seemed that
the sensor exhibited very high linearity and could be used for
experimental testing.

Process of Measurement
Upper eyelids pressure was individually measured using the
same sensor for each subject. The subject was allowed to sit
and topical anesthesia eye drops (Proparacaine Hydrochloride,
Alcon, Belgium) were instilled into the conjunctival sac for
anesthesia. To protect the cornea, a sterile disposable soft contact
lens (Soft Hydrophilic Contact Lens, Horien, China) was placed
on the cornea of the subject. A pressure sensor was placed at
the center of the upper eyelid. Subsequently, the subject was
asked to close his eyes gently without squeezing and retain
them closed for 10 sec. The record of the representative eyelid
pressure is shown in Figure 2. Eyelid pressure was defined as
the average of the values obtained during the 10 sec after the
intersection point. After the measurement, one antibiotic eye
drop (Chloramphenicol, Shenlong Pharmaceutical, China) was
instilled into the patient’s conjunctival sac to prevent infection.

Repeatability and Safety of the Device
To evaluate the repeatability of the device, an ophthalmologist
was trained according to the protocol for the eyelid pressure
measurement until proficiency with it. Our measurement was
conducted in the same room (temperature 20–25◦C and
humidity 30–40%) between 10 a.m. and 2 p.m. in a single day.
Measurement process was repeated thrice with an interval of
no <10min each time for both eyes of each subject in the
same day. To evaluate the safety of the device, conjunctival
congestion, secretion production, corneal epithelial injury and
other ocular adverse reactions of each subject were observed prior
to measurement, 1 and 7 days following measurement.

Ocular Surface Examinations
Process of All Examinations
According to DED clinical examination process, all subjects
were examined in the following order: first, the completion
of the Ocular Surface Disease Index (OSDI) questionnaire

was performed prior to all examinations; after that, tear
meniscus height (TMH) of the lower eyelid was measured
with a Keratograph 5M (K5M) (OCULUS, Wetzlar, Germany);
subsequently, the LipiView interferometer (TearScience,
Morrisville, USA) was used to measure the lipid layer thickness
of the tear film (LLT), the number of partial blink (PB) and total
blink (TB) per 20 sec, and the partial blinking rate (PBR); then,
1–2% fluorescein sodium dye was placed into the conjunctival
sac of the patient’s lower eyelid, and the fluorescein tear breakup
time (FBUT) and corneal fluorescein staining score (CFS) were
measured; following that, the lid margin morphology and the
meibum expression under the slit lamp were evaluated; after
that, the images of the upper meibomian glands were obtained
to record the situation of meibomian gland dropout (MGd)
with the K5M. The subject was allowed to rest for 30min, and
Schirmer I test was performed for 5min. To avoid the impact on
the ocular surface following measurement, eyelid pressure was
determined in the end (Figure 3). It had to be emphasized that
the entire examination in the process of our study was performed
by one examiner.

Evaluation of Ocular Surface Parameters
ODSI questionnaire consisted of 12 questions and the score
ranged from 0 (no symptoms) to 100 (severe symptoms) (3).
TMH was acquired by the measuring tool and recorded in
millimeters (mm), based on the image photographed under white
light in K5M. LLT, PB, TB and PBR were analyzed by LipiView
interferometer based on a 20 sec video. FBUT of each eye was
evaluated three times, and the average of threemeasurements was
taken as the final result. CFS was scored according to American
National Eye Institute/Industry (NEI) scale, with a total score of
0–15 (14). Eye lid margin abnormality was assessed with a 4-level
scale based on the severity of the signs (grade 0–3) (15). Meibum
score was assessed with a 4-level scale based on the secretory
capacity and the quality in the 5 glands of central upper eyelids
(grade 0–3) (16). MGd was assessed with a 4-level scale based on
the images of the upper meibomian glands (grade 0–3) (17). The
results of Schirmer I test were obtained from the wetted length of
the test strip (18).

Statistical Analysis
All continuous variables were presented as mean ± standard
deviations (SD). All categorical variables were presented as
median. ICC was used to analyze the repeatability of the
device. Pearson correlation coefficient was used to analyze the
correlation between two continuous variables, and Kendall’s tau-
b correlation coefficient was used to analyze the correlation
between continuous and categorical variables. A P < 0.05 was
considered to indicate statistically significant difference. All
analyses were performed with the Statistical Package for Social
Sciences (SPSS) version 25.0.

RESULTS

Repeatability and Safety of the Device
ICC of the measurement results in our study was 0.86. No
abnormalities in conjunctival congestion, secretion production,
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FIGURE 1 | The eyelid pressure measurement device.

FIGURE 2 | Working interface of the pressure measurement device. The measured pressure was divided into two phases: an increasing phase and a plateau phase.

FIGURE 3 | The process of all examinations.
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TABLE 1 | Descriptive statistics of 35 moderate-to-severe DED patients.

Parameters Total eyes (n = 70)

Age (year) 57 ± 9

Eyelid pressure (mN) 92.20 ± 15.60

OSDI score 45.47 ± 17.23

TMH (mm) 0.23 ± 0.13

LLT (nm) 79.47 ± 20.40

PB 5.64 ± 4.32

TB 6.37 ± 4.45

PBR 0.89 ± 0.22

FBUT (s) 3.58 ± 0.67

CFS 4.80 ± 1.87

Lid margin abnormality 1.21 ± 0.41

Meibum score 1.25 ± 1.02

MGd 0.96 ± 0.95

Schirmer I test (mm) 5.26 ± 2.10

OSDI, Ocular Surface Disease Index; TMH, tear meniscus height; LLT, lipid layer thickness;

PB, partial blink; TB, total blink; PBR, partial blink rate; FBUT, fluorescein tear breakup time;

CFS, corneal fluorescein staining; MGd, meibomian gland dropout.

corneal epithelial injury and other ocular adverse reactions were
presented in all subjects prior to measurement, 1 and 7 days
following measurement.

Descriptive Statistics of the Subjects
Descriptive statistics of the 35 patients with moderate-to-severe
DED are shown in Table 1, including age, eyelid pressure,
OSDI score, TMH, LLT, PB, TB, PBR, FBUT, CFS, lid margin
abnormality, meibum score, MGd and Schirmer I test.

Relationship Between Eyelid Pressure and
Ocular Surface Parameters
Correlations between the eyelid pressure and ocular surface
parameters of moderate-to-severe DED were assessed (Table 2).
Upper eyelid pressure was significantly associated with PBR
(Figure 4), FBUT (Figure 5), CFS (Figure 6), lid margin
abnormality (Figure 7), and MGd (Figure 8). However, no
significant correlation was noted between upper eyelid pressure
and OSDI score, TMH, LLT, PB, TB, meibum score and Schirmer
I test.

DISCUSSION

Blink and eyelid dynamics play important roles in the
distribution of tears and the maintenance of tear film integrity
(19, 20). According to TFOS DEWS II, the friction caused
by relative movement of the eyelid and eyeball is one of the
important reasons for the destruction of the corneal epithelial
barrier, which may lead to the development of DED symptoms
(4). Several teams have done studies on DED and eyelid
dynamics, and found that eyelid pressure in patients with DED
was significantly higher than that in normal subjects, and was
correlated with ocular surface staining scores and severity of
lid-wiper epitheliopathy (LWE) (8, 21–23). The higher the

TABLE 2 | Relationship between eyelid pressure and ocular surface parameters.

Ocular parameters Eyelid pressure (mN)

r P-value

OSDI score 0.016 0.912

TMH (mm) −0.002 0.988

LLT (nm) 0.114 0.346

PB 0.116 0.338

TB 0.074 0.544

PBR 0.286 0.016*

FBUT (s) −0.331 0.005**

CFS 0.528 0.000**

Lid margin abnormality 0.408 0.011*

Meibum score −0.196 0.317

MGd 0.226 0.016*

Schirmer I (mm) 0.028 0.821

*p < 0.05;**p < 0.01.

OSDI, Ocular Surface Disease Index; TMH, tear meniscus height; LLT, lipid layer thickness;

PB, partial blink; TB, total blink; PBR, partial blink rate; FBUT, fluorescein tear breakup time;

CFS, corneal fluorescein staining; MGd, meibomian gland dropout.

FIGURE 4 | The relationship between the eyelid pressure and the partial blink

rate (PBR) (r = 0.286, P = 0.016).

CFS was, the higher the severity of DED became (19). To
our knowledge, there were a few studies on the relationship
between eyelid pressure and ocular surface parameters in
patients with moderate-to-severe DED. Therefore, we selected
moderate-to-severe DED patients with corneal epithelial injury
to study the relationship between eyelid pressure and ocular
surface parameters.

In this study, we developed a novel eyelid pressure
measurement device, which was used to measure upper eyelid
pressure in both eyes of 35 patients withmoderate-to-severe DED
three times, and the ICC was used to analyze the results. ICC
of the measurement results in our study was 0.86, indicating
that the device had good repeatability. No abnormality was
noted in conjunctival congestion, secretion production, corneal
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FIGURE 5 | The relationship between the eyelid pressure and the fluorescein

tear breakup time (FBUT) (r = −0.331, P = 0.005).

FIGURE 6 | The relationship between the eyelid pressure and the corneal

fluorescein staining score (CFS) (r = 0.528, P = 0.000).

epithelial injury and other ocular adverse reactions of all
subjects prior to and following measurements, indicating that
the device was safe for eyelid pressure measurement. We also
found that eyelid pressure was significantly correlated with PBR,
FBUT, CFS, lid margin abnormality and MGd, but not with
OSDI score, TMH, LLT, PB, TB, meibum score and Schirmer
I test.

The correlation between eyelid pressure and CFS was similar
to the findings by Yoshioka et al. Their study discovered that
patients with DED who had higher eyelid pressure showed
more serious staining with corneal and conjunctival (24).
In addition, they measured eyelid pressure in LWE patients
and found that the severity of LWE increased significantly
with elevated eyelid pressure (25). With the increase of
eyelid pressure, the friction between eyelid and ocular surface

FIGURE 7 | The eyelid pressure of different levels of lid margin abnormality.

Statistical significance was assessed between the 2 levels (r = 0.408, P =

0.011).

FIGURE 8 | The eyelid pressure of different levels of meibomain gland dropout

(MGd). Statistical significance was assessed following comparison of the 3

levels (r = 0.226, P = 0.016).

during blinking and eye movement also increases, resulting
in infiltration mechanical damage of the corresponding parts
of the cornea and conjunctival, manifesting as increased CFS.
At the same time, the increase of ocular surface friction
leads to a series of inflammation, and increase of CFS (4).
Although there have been many studies on CFS and FBUT
in patients with DED, few studies on the relationship between
eyelid pressure and FBUT at present are reported. We believed
that the strong correlation between eyelid pressure and FBUT
might be because the increase of eyelid pressure led to the
enhancement of eyelid friction against the ocular surface,
aggravating the instability of tear film and leading to the decline
of FBUT.
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Meibomian gland dysfunction (MGD) is the main cause
of evaporative DED, and MGd, lid margin abnormality, and
meibum are the main parameters to evaluate the Meibomian
gland function (26). This study found that eyelid pressure was
positively correlated with MGd and lid margin abnormality.
Chronic high eyelid pressure can cause chronic mechanical
irritation to the ocular surface, triggering a chain of inflammatory
reactions (4). Atrophy or even loss of the meibomian gland may
derive from chronic secretory difficulties and meibomian gland
opening obstruction (27). The atrophy and loss of meibomian
gland lead to the further reduction of meibum secretion. In
order to increase the secretion of meibomian gland, orbicularis
muscle will exert more extrusion pressure, which may lead to a
corresponding increase in eyelid pressure (26). The increase of
eyelid pressure leads to a further enhanced friction on the ocular
surface, forming a vicious circle and aggravating the severity
of DED.

In this study, eyelid pressure was significantly correlated with
PBR.Wang et al. (28) found that an increase in incomplete blinks
was positively associated with the risk of DED. Jie et al. (29)
further confirmed that incomplete blink was associated with a
higher OSDI score, more MGd, and decreased tear film stability.
Compared with complete blink, the upper and lower eyelids do
not fully contact during incomplete blink, resulting in uneven
tear redistribution and aggravating the instability of tear film.
Since the friction between the eyelid and ocular surface is related
to the eyelid pressure and the contact area between the eyelid and
the ocular surface, the higher the eyelid pressure is, the greater
the friction is when the corneal area is assumed to be roughly the
same (25). We hypothesized that due to the increase in friction,
blinking patterns might be more prone to incomplete blink that
required less eyelid power, manifesting as increased PBR. PB and
TB were recorded in the blink frequency of subjects’ normal gaze
in the 20 sec video. Due to the influence of visual fatigue, task
difficulty and other factors, there was a large individual difference
in the blink mode (30). Therefore, we speculated that this was
the reason why eyelid pressure had little correlation with PB
and TB.

There were still some limitations to our study. First, due to
the large size of the membrane pressure sensor, it could not be
completely covered by the lower eyelid when put into the lower
conjunctival sac, so it was difficult to accurately measure the
eyelid pressure of the lower eyelid. Secondly, the pressure was not
measured at multiple positions of the eyelid, so we could not get
the correlation between the pressure and the staining condition
in the corresponding area. Finally, we had limited number of
subjects and the results needed to be further confirmed in studies
with a large sample size.

CONCLUSION

We developed a novel pressure measurement device, which
was used to measure the eyelid pressure in patients with
moderate-to-severe DED, and analyzed the relationship between
the eyelid pressure and ocular surface parameters. The device
demonstrated good repeatability and safety. Furthermore, it was
found that eyelid pressure in moderate-to-severe DED patients
was significantly correlated with PBR, FBUT, CFS, lid margin
abnormality andMGd, but not significantly correlated withOSDI
score, TMH, LLT, PB, TB, meibum score and Schirmer I test.
We believed that the measurement of eyelid pressure might be of
important significance for the evaluation of DED, showing higher
predictive value in combination with ocular surface parameters
of DED.
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Purpose: To assess the ocular surface and meibomian gland (MG) of patients with

obstructive sleep apnea hypopnea syndrome (OSAHS) and to explore the effects of

surgery for OSAHS on the ocular surface and MG.

Methods: Based on the apnea hypopnea index (AHI), 21 patients with mild OSAHS

(Group A, 5/h ≤ AHI < 15/h), 20 patients with moderate OSAHS (Group B, 15/h ≤

AHI < 30/h), 62 patients with severe OSAHS (Group C, AHI ≥ 30/h) were examined.

The ocular surface and MG were evaluated using Keratograph 5M. In addition, detailed

Ophthalmic examination including visual acuity, refraction, slit-lamp examination of the

anterior segment, corneal fluorescein staining (CFS), ocular surface disease index (OSDI)

scoring, Schirmer I test (SIT) and serum lipid measurement was performed. For OSAHS

patients with dry eye syndrome (DES) who underwent uvulopalatopharyngoplasty for

improving AHI, the conditions of the ocular surface and MG were compared before

surgery and 3 months after surgery. Only the data of the right eyes were analyzed.

Results: There were no significantly different in the OSDI score, tear meniscus height

(TMH), or loss ratio of the lower eyelid (LRLE) among these groups. The first non-

invasive tear film breakup time (fNIBUT), average non-invasive tear film breakup time

(avNIBUT), bulbar redness index (BRI), lipid layer grading (LLG), CFS, plugged orifices and

distortion in MG, the loss ratio of upper eyelid (LRUE), and the incidence of DES, floppy

eyelid syndrome (FES) and meibomian gland dysfunction (MGD) showed significant

differences between Groups A and C (p = 0.015, p = 0.018, p < 0.001, p = 0.022,

p = 0.036, p = 0.007, p = 0.019, p = 0.017, p = 0.045, p = 0.013, and p = 0.029,

respectively). The SIT in the Group A was significantly higher than in Group B (p =

0.025) and in Group C (p < 0.001). In the correlation analyses, the fNIBUT, avNIBUT,

SIT and LLG had negative correlations with the AHI (p = 0.013, p = 0.010, p = 0.003,

p < 0.001, and p = 0.006, respectively). The BRI, CFS and LRUE were positively

correlated with the AHI (p = 0.006, p = 0.007, and p = 0.046, respectively). Three

months after surgery, there were no significant differences in the ocular surface or MG.
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Conclusion: Patients with severe OSAHS have poor stability of tear film and are prone

to lipid-deficient dry eye as a result of the loss of meibomian gland. By improving the AHI,

the ocular surface damage of OSAHS patients cannot be reversed in a short time.

Keywords: obstructive sleep apnea hypopnea syndrome, dry eye, ocular surface, meibomian gland, tear film

INTRODUCTION

Obstructive sleep apnea hypopnea syndrome (OSAHS) is a
chronic intermittent hypoxic sleep-disordered breathing disease
that is characterized by repeated apnea and hypopnea during
sleep (1). The prevalence of OSAHS is 2–4% in symptomatic
patients and 24% in asymptomatic patients, especially in
middle-aged overweight men (2, 3). Long-term intermittent
hypoxia, hypercapnia, heightened sympathetic nervous system
activity and increased catecholamine levels constitute the
pathophysiological mechanism of OSAHS (4). The systemic
hypertension, atheromatosis and autonomic nerve dysfunction
caused by OSAHSmay give rise to a series of complications, such
as coronary atherosclerotic heart disease, diabetes mellitus, heart
failure and even death (5, 6). Ocular blood vessels are also affected
by these mechanisms, including increased oxidative stress,
systemic inflammation and sympathetic activity (4). OSAHS is
associated with various eye diseases, including glaucoma, optic
neuropathy, optic papilledema and ocular surface disease (7–15).
This association can be explained that long-term intermittent
hypoxia increases the levels of carbon dioxide in blood and causes
hemodynamic changes, such as large nocturnal fluctuations in
blood pressure, dilation and increased volume of cerebral vessels.
It disturbs the normal ocular hemodynamics, resulting in a
series of ocular disorders eventually (16, 17). The ocular surface
manifestations of OSAHS present as floppy eyelid syndrome
(FES), papillary conjunctivitis, punctate epithelial keratopathy,
keratitis and keratoconus (7–11).

Previous studies have found that OSAHS is associated with
reduced tear film breakup time (TBUT) and Schirmer values,
and increased ocular surface disease (OSDI) scores and corneal
fluorescein staining (CFS), these associations show that ocular
surface parameters are impaired in OSAHS and suggest a
tendency toward dry eye syndrome (DES) in these patients
(18, 19). Meibomian gland dysfunction (MGD) is a common
etiology of DES (20), and there are only two researches that
have explored the relationship between meibomian gland (MG)
and OSAHS. It has been demonstrated that MG are lost in
OSAHS, especially severe OSAHS (21, 22). In recent years,
non-invasive examination has begun to be frequently applied
for the evaluation of dry eye and MG (23–25). Keratograph
5M is a non-invasive corneal topographer that measures non-
invasive breakup time by the irregular change of ring pattern
projected by the Placido disc onto the surface of the tear film
(26). Compared with invasive examination, Keratograph 5M
does not need to instill fluorescein, which can avoid physical
interference following invasive procedures, such as reflex tearing,
drop size and concentration of fluorescein (26–28). It has great
reproductivity and reliability in dry eye tests as a non-invasive

and objective examination (29–31), and can observe distinct
morphological changes in MG with infrared imaging technology.
We have also included more observation indices, including tear
meniscus height, lipid layer and bulbar redness index.

The treatment of OSAHS includes conservative approaches,
such as weight loss, avoiding smoking, excessive alcohol and
sedatives, continuous positive airway pressure (CPAP) and
surgical therapy (32–34). Although CPAP has always been the
preferred therapy for moderate to severe OSAHS (33), the effects
of CPAP for improving AHI on the ocular surface are unclear.
Kadyan et al. and Acar et al. have found that ocular surface
damage improves along with OSAHS severity after continuous
positive airway pressure (CPAP) therapy (35, 36). However,
Hayiric et al. found that ocular surface damage was exacerbated
after CPAP therapy, although the severity of OSAHS improved
(37). In the process of CPAP therapy, the opposite results may be
affected by the air leakage or counterflow (38–40). Therefore, we
will explore the effects of surgical therapy for improving AHI on
the ocular surface and MG in this study.

METHODS

This study was conducted in the Department of Ophthalmology
and Otorhinolaryngology at the Second Xiangya Hospital of
Central South University between August 2019 and April
2021. This study was conducted according to the Declaration
of Helsinki and approved by the Ethics Committee of
the Second Xiangya Hospital of Central South University
(Number: 2021205).

Participates
Patients who presented with snoring, nocturnal choking, and
excessive daytime sleepiness underwent polysomnography (PSG)
tests before their enrollment. According to the PSG results, a
total of 103 patients (AHI ≥ 5) were included in our study.
Based on the AHI, the severity of OSAHS was classified as
follows: mild, 5/h ≤ AHI <15/h; moderate, 15/h ≤ AHI <30/h;
severe, AHI ≥ 30/h (41). Twenty-one patients with mild OSAHS
(Group A), 20 patients with moderate OSAHS (Group B) and
62 patients with severe OSAHS (Group C) were included in
this study. Only the data of the right eyes were analyzed.
Exclusion criteria included a history of ocular surgery and
trauma, contact lens use, diabetes mellitus, glaucoma, thyroid-
associated ophthalmopathy, chronic topical medication (anti-
glaucoma eye drops), keratography, conjunctivitis, high myopia,
rheumatic diseases and OSAHS patients receiving treatment. All
subjects underwent detailed ophthalmological examinations. The
examination was performed sequentially as follows: Keratograph
5M, visual acuity assessment, slit-lamp examination of the
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anterior segment, corneal fluorescein staining (CFS), ocular
surface disease index (OSDI) questionnaire, Schirmer I test (SIT)
and measurement of serum lipids. The results of PSG were
blinded to the examiner during ophthalmic examination.

Keratograph 5M
Keratograph 5M was applied to non-invasively measure certain
parameters of the ocular surface, including tear meniscus height
(TMH), non-invasive break-up time of tear film (NIBUT),
lipid layer grading (LLG), bulbar redness index (BRI) and
infrared meibography (42–44). The TMH was measured with an
integrated ruler on the vertical line through the pupil center. The
NIBUT was comprised of the first NIBUT (fNIBUT) and the
average NIBUT (avNIBUT). The level of NIBUT was classified
as follows: normal 0 (fNIBUT ≥ 10 s and avNIBUT ≥ 14 s);
borderline 1 (between 0 and 2) or Dry eye (fNIBUT ≤ 5 s
or avNIBUT ≤ 6 s) (45). Based on structural clarity and color
richness, the lipid layer grading was divided into three levels: thin
(level 1 with fizzy structure and gray color), normal (level 2 with
clear structure and rich color), and thick (level 3 with extremely
clear structure and rich color) (42). The BRI, comprising nasal
limbal, temporal limbal, temporal bulbar, nasal bulbar and global
regions, appears together with the total area analyzed (mm2),
which is calculated by the equipment software as the area
percentage ratio between the vessels and the rest of the analyzed
area. The BRI ranges from 0.0 to 4.0, and the more blood vessels
there are, the higher the score (46). Infrared images of the
MG were taken after eyelid eversion, and the loss of the MG
was calculated by Photoshop and Image J software as the area
percentage ratio of dropout sections to the total area, including
the upper and lower eyelids. Additionally, the distortion of ducts
was defined as distortion of> 45◦ in at least oneMG in the upper
or lower eyelid (47).

Corneal Fluorescein Staining
The CFS was performed by placing a wet sodium fluorescein
test strip in the lower conjunctival sac, and observed the dye
under the blue light from a slit-lamp. The CFS was ranged from
0 to 12, which was the sum of the scores of the four corneal
quadrants (superior nasal, inferior nasal, superior temporal and
inferior temporal) scored individually as 0 (no staining), 1 (mild
staining with 1–30 dots of stains), 2 (moderate staining between

TABLE 1 | General information of the OSAHS patients.

Group A (n = 21) Group B (n = 20) Group C (n = 62)

Age 35.6 ± 10.7 38.6 ± 7.3 40.1 ± 8.4

Sex (male/female) 17/4 18/2 61/1*

BMI (kg/m2 ) 25.2 ± 2.5 26.6 ± 3.1 28.0 ± 3.0***

AHI 9.8 ± 3.1 24.8 ± 4.4 57.2 ± 15.8###

mSaO2 82.1 ± 8.0 74.7 ± 7.8 63 ± 9.3###

BMI, body mass index; AHI, apnea hypopnea index; mSaO2, minimum oxygen saturation.

Compared with Group A: *P < 0.05, ***P < 0.001, Mann–Whitney U test. ###P < 0.001,

Kruskal-Wallis H-test.

1 and 3), or 3 (severe staining with confluent stains, filaments or
ulcers) (48).

Ocular Surface Disease Index
Questionnaire
The OSDI questionnaire is composed of three sections, involving
eye symptoms, environmental factors and visual function. The
score of each item on the questionnaire is 0 to 4. The OSDI score
is the sum of the scores of 12 items, multiplied by 25, and then
divided by the number of questions answered (49).

Schirmer I Test
After the subjects accomplished the corneal staining, they were
given a 30min rest. The Schirmer I test strip was placed into the
lower eyelid one-third of the distance from the lateral canthus
and the wetting distance was recorded after 5 min.

Diagnostic Criteria of LDDE, FES, and MGD
The diagnostical criteria of lipid-deficient dry eye (LDDE):
LDDE is caused by the abnormal quality and quantity of the
lipid layer, such as MGD, or various factors causing increased
tear evaporation. The tear film stability decreased significantly
(FBUT or NIBUT ≤ 5 s), and the tear secretion was slightly
abnormal (10 mm/5min ≤ SIT ≤ 12 mm/5min), which tended
to be considered as lipid-deficient dry eye (50). The floppy
eyelid syndrome (FES) was defined as lid hyperlaxity, easily
everted upper eyelids and reactive conjunctival changes (51).
The diagnostic criteria of meibomian gland dysfunction (MGD)
were abnormalities of the lid margin, meibomian gland orifices,
meibum secretion and lipid layer thickness, dropout of the
meibomian gland and ocular symptoms (52).

Statistical Analysis
Statistical analysis was executed with software package SPSS
version 25.0 (SPSS Inc., Chicago, IL, USA). Descriptive variables
are expressed as the mean ± standard deviation (SD). The
normality distribution of the data was tested by the Kolmogorov-
Smirnov test. The variables with a non-normal distribution were
analyzed bymeans of a non-parametric test. The variables among
the three groups were analyzed through the non-parametric
Kruskal-Wallis H-test. The non-parametric Mann–Whitney U
test was applied to compare two groups. The enumeration
data was analyzed using Chi-square tests, including sex and
the incidence of DES, FES and MGD. The paired Student’s T-
test was applied to compare the preoperative and postoperative

TABLE 2 | The serum lipid levels of the OSAHS patients.

Serum lipids Group A (n = 19) Group B (n = 15) Group C (n = 48)

TC (2.90–5.20) 4.74 ± 0.58 4.81 ± 0.88 5.28 ± 0.84*

TG (<1.71) 2.56 ± 2.15 2.34 ± 1.19 2.80 ± 1.61

HDL (>1.04) 1.10 ± 0.27 1.12 ± 0.21 1.06 ± 0.22

LDL (<3.12) 3.08 ± 0.62 3.17 ± 0.78 3.55 ± 0.76*

TC, total cholesterol; TG, triglycerides; HDL, high density lipoprotein; LDL, low density

lipoprotein. Compared with Group A: *P < 0.05, Mann–Whitney U test.
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FIGURE 1 | The significant difference in serum lipids among these groups. The difference was significant for TC (A) and LDL (B) between Groups A and C. *P < 0.05.

differences. Spearman’s correlation was applied to analyze the
relationship between the variables. P-value< 0.05 was considered
as statistically significant.

RESULTS

The general information of the subjects is shown in Table 1. The
ratio of males to females was 96–7 and body mass index (BMI)
was 28.0 ± 3.0 kg/m2 in severe OSAHS patients, which was
significantly higher in Group C than in Group A (p < 0.001).
Some patients were taking hypolipidemic drugs or had a lack of
results, resulting in the partial loss of serum lipid data (Table 2).
The total cholesterol (TC) values were 4.74 ± 0.58 mmol/L,
4.81 ± 0.88 mmol/L, and 5.28 ± 0.84 mmol/L for Groups A,
B, and C, respectively. The low-density lipoprotein (LDL) values
were 3.08 ± 0.62 mmol/L, 3.17 ± 0.78 mmol/L, and 3.55 ±

0.76 mmol/L for Groups A, B, and C, respectively. These values
were significantly different between Groups A and C (p = 0.014
and p = 0.020) (Table 2; Figure 1). The high-density lipoprotein
(HDL) or triglyceride (TG) levels was not significantly different
among these groups.

The ocular surface parameters are presented in Table 3

and Figure 2. The OSDI score and TMH were not significant
difference among the groups (p = 0.291 and p = 0.287,
respectively). The fNIBUT and avNIBUT were significantly
different between the group A andGroup C. In Group C, fNIBUT
and avNIBUT were shorter than in Group A (p = 0.015 and
p = 0.018, respectively). Similarly, the BRI, LLG and CFS has
significant difference among these groups. In Group A, both BRI
and CFS were lower and LLG was higher than in Group C (p
< 0.001, p = 0.022 and p = 0.036, respectively). The Schirmer
values were 14.7 ± 1.5mm, 13.7 ± 1.4mm, and 12.4 ± 1.5mm,
respectively. The Schirmer in the Group A was significantly
higher than in Group B (p= 0.025) and in Group C (p < 0.001).

The morphology of MG was significantly altered in severe
OSAHS patients (Figure 3). Plugged orifices and distortion of
ducts were observed in 70.97 and 58.06% of patients with severe
OSAHS, respectively (p = 0.007, p = 0.019). In the Group
C, the loss ratio of the upper eyelid was more severe than

TABLE 3 | The ocular surface parameters of the OSAHS patients.

Group A (n = 21) Group B (n = 20) Group C (n = 62)

OSDI score 3.4 ± 4.6 3.6 ± 4.3 5.2 ± 6.0

TMH (mm) 0.25 ± 0.06 0.24 ± 0.05 0.23 ± 0.05

fNIBUT (mm) 12.01 ± 5.98 12.55 ± 5.24 8.27 ± 4.18*

avNIBUT (mm) 14.94 ± 5.83 12.55 ± 5.24 11.52 ± 4.81*

BRI 1.0 ± 0.4 1.2 ± 0.4 1.4 ± 0.4***

LLG 2.1 ± 0.9 1.8 ± 0.7 1.6 ± 0.7*

Plugged orifices (n, %) 8 (38.10%) 11 (55%) 44 (70.97%)**

Distortion (n, %) 6 (28.57%) 9 (45%) 36 (58.06%)*

LRUE (%) 25.71 ± 12.50 30.40 ± 13.07 36.38 ± 18.08*

LRLE (%) 26.45 ± 16.54 26.87 ± 25.57 27.03 ± 23.22

CFS 0.2 ± 0.4 0.4 ± 0.5 0.6 ± 0.6*

Schirmer (mm) 14.7 ± 1.5# 13.7 ± 1.4* 12.4 ± 1.5***##

OSDI, ocular surface disease index; TMH, tear meniscus height; fNIBUT, first non-invasive

breakup time; avNIBUT, average non-invasive breakup time; BRI, bulbar redness index;

LLG, lipid layer grading; LRUE, loss ratio of the upper eyelid; LRLE, loss ratio of the lower

eyelid; CFS, corneal fluorescein staining; Compared with Group A: *P < 0.05, **P < 0.01,

***P < 0.001, Mann–Whitney U test. Compared with Group B: #P < 0.05, ##P < 0.01,

Mann–Whitney U test.

that in the Group A (p = 0.017). However, that of the lower
eyelid was much higher but not significantly different. The
incidence of DES and MGD was higher in Group C than in
the Group A (p = 0.045 and p = 0.013, respectively), and all
of dry eye was lipid-deficient dry eye (LDDE). The FES was
observed more frequently in severe OSAHS patients (p = 0.029)
(Table 4).

The correlation analyses are described in detail in Tables 5,
6. The fNIBUT, avNIBUT, Schirmer values and LLG were
significantly negatively correlated with the AHI (R = −0.263, p
= 0.006; R = −0.200, p = 0.038; R = −0.200, p < 0.001; R =

−0.211, p = 0.029, respectively). Moreover, the BRI, CFS and
LRUEwere found to be significantly positively correlated with the
AHI (R = 0.284, p = 0.003; R = 0.256, p = 0.008; R = 0.176, p=
0.040). The TC and LDL levels were significantly correlated with
MGD (R = 0.221, p = 0.041; R = 0.246, p = 0.023, respectively)
(Figure 4).
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FIGURE 2 | The significant difference in Ocular Surface Parameters and bulbar redness index among these groups. The fNIBUT (A), avNIBUT (B), and LLG (C) were

lower in severe OSAHS patients. The difference was significant between Groups A and C for BRI (D), as well as for CFS (E). The Schirmer in the Group A was

significantly higher than in Group B (P = 0.025) and in Group C (F). The bulbar redness index in mild (G), moderate (H), and severe (I) OSAHS patients. *P < 0.05; **P

< 0.01; ***P < 0.001.

A total of 103 OSAHS patients were enrolled in our
study, of these patients, 66 cases were diagnosed with DES.
5 cases who underwent uvulopalatopharyngoplasty for
OSAHS were followed up in 3 months, of which 3 cases
were moderate OSAHS patients and 2 cases were severe

OSAHS patients. The characteristics of the postoperative
ocular surface are shown in Table 7. The AHI values were
significantly different from the preoperative values, but
no significant differences were found among other ocular
surface characteristics.
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FIGURE 3 | The morphological changes of MG. The number of plugged orifices (A) and distortion (B) of the MG was higher in severe OSAHS patients. The loss ratio

of the upper eyelid (C) was significantly different between Groups A and C. The loss of meibomian gland in mild (D), moderate (E), and severe (F) OSAHS patients.

Black arrows demonstrate the distortion in the duct. *P < 0.05.

TABLE 4 | The incidence of DES, FES and MGD in patients.

Group A (n = 21) Group B (n = 20) Group C (n = 62)

DES (n, %) 4 (19.1%) 6(30%) 27 (43.6%)*

LDDE/ATD 4/0 6/0 27/0

FES (n, %) 0 0 12 (19.4%)*

MGD (n, %) 7 (33.3%) 9 (45%) 40 (64.5%)*

DES, dry eye syndrome; LDDE, lipid-deficient dry eye; ATD, aqueous tear deficiency; FES,

floppy eyelid syndrome; MGD, meibomian gland dysfunction. Compared with Group A:

*P < 0.05, Chi-square test.

DISCUSSION

To our knowledge, this is the first study to evaluate certain
parameters of the ocular surface for OSAHS patients by
a non-invasive instrument, and to analyze the correlation
between the ocular surface and the severity of OSAHS in
terms of AHI. In our study, we found that the patients
with severe OSAHS had higher BRI and CFS scores, which
were positively correlated with the AHI. The BRI may be a

potential objective index to estimate the severity of OSAHS in
the clinic. In OSAHS patients, long-term chronic intermittent
hypoxia has been found to increase oxidative stress, resulting
in an upregulation of stress signaling cascades, such as HIF-
1, NF-KB and Nrf2 (53). These pathways further incite a
systematic chronic inflammatory response and immunological
alterations (54), and increase the expression of proinflammatory
cytokines and adhesion molecules, including IL-6, IL-8, TNFα,
and Fas recptor-positive lymphocytes (55). Dilated conjunctival
vessels and damaged epithelial cells release cytokines, resulting
in a persistent inflammatory state that ultimately causes the
apoptosis of goblet cells and keratoconjunctival epithelial cells
(56). Therefore, inflammation may contribute to ocular surface
damage in OSAHS patients. Local anti-inflammatory treatments
may improve the ocular surface damage caused by OSAHS, but
this needs further research.

Additionally, the loss ratio of the upper eyelid MG was higher
in severe OSAHS patients, and the incidence of gland distortion,
FES and MGD were positively correlated with the AHI. The
proportion of OSAHS patients with FES varies from 2 to 40%,
and the occurrence of FES in OSAHS patients indicates that
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TABLE 5 | The correlation between ocular surface parameters and the apnea

hypopnea index.

R P

OSDI score 0.103 0.156

TMH 0.102 0.305

fNIBUT −0.245 0.013**

avNIBUT −0.253 0.010*

BRI 0.268 0.006**

LLG −0.267 0.006**

LRUE (%) 0.197 0.046*

LRLE (%) 0.062 0.534

CFS 0.263 0.007**

Schirmer I −0.366 <0.001***

OSDI, ocular surface disease index; TMH, tear meniscus height; fNIBUT, first non-invasive

breakup time; avNIBUT, average non-invasive breakup time; LLG, lipid layer grading; BRI,

bulbar redness index; LRUE, loss ratio of the upper eyelid; LRLE, loss ratio of the lower

eyelid; CFS, corneal fluorescein staining; R, Spearman’s correlation coefficient, −1 ≤ R

≤1; P: Spearman’s correlation analysis significance value. *P-value < 0.05; **P-value <

0.01; ***P-value < 0.001.

TABLE 6 | The correlation between MGD and serum lipids.

R P

TC 0.182 0.041*

TG 0.092 0.399

HDL −0.165 0.128

LDL 0.224 0.038*

TC, total cholesterol; TG, triglycerides; LDL, low density lipoprotein; HDL, high density

lipoprotein. R, Spearman’s correlation analysis coefficient, −1 ≤ R ≤ 1, P: Spearman’s

correlation analysis significance value. *P value < 0.05.

the disease severity is more serious (57). This may be related
to the increase in elastase activity in eyelid connective tissue
caused by longstanding hypoxia, resulting in the degradation and
fracture of eyelid elastic fibers (18, 57). We hypothesize that the
reason for the above change in OSAHS patients may be due to
the long-term intermittent hypoxia that leads to an increase in
matrix metalloproteinase activity in eyelid connective tissue, the
degradation of elastic fibers, a decrease in eyelid tension, and the
weakening of the squeeze-driving effect of the orbicularis oculi
muscle on the MG, resulting in stasis of the meibum. With the
accumulation of meibum, the pressure in the conduct gradually
increases, which contributes to the atrophy and dropout of the
MG eventually. An additional reason could be that intermittent
hypoxia increases the degradation of the MG matrix, causing
the gland duct to be distorted and irregular. This could result
in the increased resistance to meibum secretion, causing the
stasis of meibum. This may be followed by its accumulation and
degeneration, which would change the quantity and quality of
meibum secretion.

Furthermore, the plugged orifices increase the intraluminal
pressure, forming a vicious circle that leads to atrophy and
dropout of the MG. Finally, another reason could be due to the
lower androgen level in OSAHS patients than that in normal

people (58). The MG contains the androgen receptor, which
can improve the quality of meibum secretion (59). Therefore,
the decreased androgen level may be one of the reasons for the
abnormal morphology and function of the MG.

In 2019, Karaca et al. observed dropout and morphological
changes in the MG in OSAHS patients with a slit-lamp
biomicroscope (19). They first reported that compared with
mild OSAHS patients, severe OSAHS patients had a higher
degree of upper meiboscore and morphological alterations,
such as thinning, dilatation and distortion. However, the lower
meiboscore was not significantly different. Similarly, our findings
were in accordance with their results. Muhafiz et al. found that
the loss of the MG in both the upper and lower eyelid was more
severe in the OSAHS group than that in the control group (22).
Research has found that the loss of MGwas significantly different
in the upper eyelid and lower eyelid between Sjögren’s syndrome
and non-Sjögren’s syndrome (45). Heiko and Youngsub et al.
observed that the loss of MG in the lower eyelid was more
severe than that in the upper eyelid in MGD patients (60, 61).
This phenomenon can be explained by the evident action of
orbicularis oculi muscles in the upper eyelid during blinking.
In addition, the direction of meibum delivery of the upper
eyelid is consistent with the direction of gravity, while that of
the lower eyelid is the opposite. Therefore, the meibum from
the lower eyelid is more easily stagnate in the orifices, leading
to duct dilation, acinar atrophy and eventual loss of MG. In
OSAHS patients, the pathogenesis of FES is mainly related to
the elastin located in the tarsal plate of the upper eyelid (7),
and long-term hypoxia decreases the amount of elastin, causing
prominent upper eyelid laxity (62, 63). This may result in a
relative deterioration in easy and persistent secretion of meibum
from the upper eyelid. Thus, as shown in this study, the loss of
the MG in the upper eyelid appears to be more prominent.

The tear film has a complex structure, and it is followed by
a lipid layer, aqueous layer, and mucin layer from the outside
to inside. The normal function of various tear functional units
is vital to a stable tear film and heathy ocular surface (64). The
MG is a type of sebaceous gland with tubule acinar structure and
holocrine function. MG secrete meibum to the ocular surface,
where it coats the aqueous layer and prevents tear evaporation
and provides tear stability (65). Studies have shown that TBUT
and Schirmer values were lower in OSAHS patients, and much
more in moderate and severe OSAHS (18, 19, 21). Similarly, we
also found these results in moderate and severe OSAHS, and
they were associated with increasing OSAHS severity. Previous
researches have found that the values of NIBUT were higher
than FBUT (31, 66, 67). The reason could be that the fluorescein
affects the stability of tear film, and has low Reproducibility
(64), while Keratograph 5M is considered as a non-invasive and
objective method that measure BUT by the analysis of disruption
of the reflection of Placido rings onto the tear film, with good
repeatability and reliability (29). Additionally, the lipid layer
was thinner and the incidence of DES was higher in severe
OSAHS patients, and the DES was lipid-deficient dry eye caused
by MGD. As mentioned above, in patients with OSAHS, long-
standing intermittent hypoxia causes systematic inflammation,
resulting in distortion and dropout of the MG and subsequent
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FIGURE 4 | Correlations between the AHI and ocular surface parameters, MGD and serum lipids. The fNIBUT (A), avNIBUT (B), LLG (C), and Schirmer (F) were

significantly negatively correlated with the AHI. The BRI (D), CFS (E), and LRUE (G) were positively correlated with the AHI. The TC (H) and LDL(I) were positively

correlated with MGD. R, Spearman’s correlation coefficient, −1 ≤ R ≤ 1. A P-value < 0.05 was considered to be statistically significant.

MGD. MGD affects the quality of meibum, causing accelerated
tear evaporation and decreased stability of tear film and tear
hyperosmotic pressure. These conditions lead to ocular surface
damage through a series of inflammatory cascade responses and
are the main causes of lipid-deficient dry eye.

Studies have shown that elevations in TC, TG and LDL, and
decreases in HDL in patients with OSAHS, and those alterations
may be exacerbated with the increasing of OSAHS severity (68,
69). A possible reason is that long-standing intermittent hypoxia
stimulates the production of stearoyl-coenzyme A desaturase-
1 and reactive oxygen species. Increase production of these
cause lipid peroxidation and sympathetic system dysfunction,

resulting in disorders of lipid metabolism and dyslipidemia
(69). In this study, TC and LDL levels were higher in severe
OSAHS patients than in mild OSAHS patients. Meibum is
mainly composed of wax and neutral sterol esters, with low
amounts of polar lipids, triglycerides, and cholesterol, which
have been reported to range from 1 to 2% (70). Alterations
in the quality of meibum and plugged ducts are considered
the core of MGD. Research has found that high levels of
TG, TC and LDL are associated with MGD (71, 72). The
melting point of normal meibum ranges from 30 to 34◦C,
but the melting point of cholesterol is 148◦C because of
structural differences (73). Therefore, meibum would have a
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TABLE 7 | The ocular surface parameters of Pre- and Post-operation in patients.

Pre-operation (n = 5) Post-operation (n = 5) P-value

AHI 40.48 ± 25.38 16.42 ± 9.19 0.030*

OSDI score 2.27 ± 2.88 1.52 ± 1.86 0.363

TMH (mm) 0.25 ± 0.07 0.25 ± 0.04 0.932

fNIBUT (s) 7.49 ± 3.42 7.95 ± 6.28 0.905

avNIBUT (s) 11.17 ± 6.22 11.28 ± 6.78 0.977

LLG 1.8 ± 0.8 1.8 ± 0.8 -

BRI 1.58 ± 0.26 1.35 ± 0.32 0.319

LRUE (%) 34.22 ± 25.80 32.72 ± 24.65 0.316

LRLE (%) 24.43 ± 33.33 23.45 ± 32.98 0.294

CFS 0.83 ± 0.98 0.67 ± 0.82 0.363

Schirmer I (mm) 12.83 ± 2.82 13.33 ± 1.86 0.580

AHI, apnea hypopnea index; TMH, tear meniscus height; fNIBUT, first non-invasive

breakup time; avNIBUT, average non-invasive breakup time; LLG, lipid layer grading; BRI,

bulbar redness index; LRUE, loss ratio of the upper eyelid; LRLE, loss ratio of the lower

eyelid; CFS, corneal fluorescein staining. *P-value < 0.05, paired Student’s T-test.

higher melting point and be more viscous due to a higher
concentration of cholesterol, thus plugging the ducts and
resulting in MGD.

Currently, CPAP and surgery are the two major treatment
modalities for OSAHS. CPAP is considered as the first-ling
treatment for OSAHS, but patient compliance has been notably
poor result from mask discomfort, nasal dryness and congestion,
and difficulty adopting to the pressure, which decrease the usage
and efficacy (74, 75). In the literature, there are 3 prospective
studies on ocular surface problems in patients with OSAHS
after CPAP therapy. Kadyan et al. and Acar et al. have reported
that TBUT and ocular irritative symptoms were improved in
OSAHS patients after CPAP therapy (35, 36). This may be
explained by reduced displacement of mask due to OSAHS
patients were in a supine position during CPAP. The blood
oxygen levels were increased after long-term treatment, and
the mechanical injury to the eyelid was reduced accordingly,
thereby improving the ocular surface health. Hayiric et al. has
demonstrated that the TBUT was decreased only in the right
eyes between pre-CPAP and post-CPAP (37). They speculated
that the inconsistency between the left and right eyes may be
caused by the sleep posture. When in the left-lying position,
air leakage promotes tear evaporation due to the shift of the
CPAP mask, resulting in decreased TBUT and increased ocular
irritative symptoms. The evaluation of the effects of CPAP

therapy for improving AHI on the ocular surface has been
influenced by a variety of factors, the following conclusions
were controversial. Therefore, we sought to explore the changes
of the ocular surface parameters in OSAHS patients after
surgical treatment. In the present study, the OSAHS severity
was significantly improved 3 months after surgery, but the
ocular surface characteristics were not significantly different.
The ocular surface damage in OSAHS patients cannot be
reversed in a short time by improving the severity of OSAHS.
However, there are some limitations in demonstrating the
effects of surgery on ocular surface parameters due to small
samples and short period of follow-up. It may be necessary
to follow up with more cases and longer treatment cycles to
observe the changes in ocular surface parameters to explain
whether improving the severity of OSAHS by surgery can
help to improve the ocular surface condition. This could
thereby achieve the purpose of clinically intervening in the
progression of dry eye in OSAHS patients or treating dry eye in
OSAHS patients.
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Objective: To evaluate the clinical features and inflammatory cytokines of dry eye disease

(DED) in patients with schizophrenia.

Methods: This is a case-control study. The modified self-rating depression scale

(M-SDS) and the ocular surface disease index (OSDI) were used to evaluate the

symptoms of depression and DED, respectively. Lipid layer thickness (LLT), partial blink

rate (PBR), meibomian gland loss (MGL), tear break-up time (TBUT), corneal fluorescein

staining, Schirmer I-test, and eyelid margin abnormalities were also measured. A

multiplex ELISA Quantibody array was used to detect the inflammatory cytokines in the

tears of all participants.

Results: Forty schizophrenic patients and 20 control subjects were included. The

mean age was 45.0 ± 9.5 years (range, 22–63 years) in schizophrenic patients and

45.4 ± 16.2 years (range, 23–76 years) in controls (P = 0.914). The ratio of male

to female was 1.1 in schizophrenic patients and 1.0 in controls (P = 0.914). Ten

women (52.6%) with schizophrenia and 2 (20%) in the control group (P = 0.096)

were menopausal or post-menopausal. The OSDI [0.0 (0.0–4.2) vs. 7.3 (2.1–14.6)]

and TBUT [4.5 (3.0–6.0) vs. 10.0 (3.5–11.0)] were significantly lower in patients with

schizophrenia than in controls (P = 0.003 and P = 0.009, respectively). The rate of MGL

[36.5 (17.5–47.5) vs. 8.5 (0.0–17.5)] increased in schizophrenic patients (P < 0.001).

Among pro-inflammatory cytokines, the levels of interleukin (IL)-1α, IL-6, IL-11, IL-12A,

IL-15, IL-17A, and granulocyte colony-stimulating factor (G-CSF) in tears were elevated

in the schizophrenia group (all P < 0.01). Most of the chemokines examined were

at increased levels in the tears of schizophrenics (all P < 0.05). The levels of matrix

metalloproteinases-9 (MMP-9) and intercellular adhesion molecule-1 (ICAM-1) were also

higher in the schizophrenic patients (all P < 0.001). The concentrations of IL-1Ra,

tissue-inhibitor of metalloproteinase-1 (TIMP-1), and TIMP-2 in the schizophrenia

group were decreased (all P < 0.001). In schizophrenic patients, the level of CCL2

in tears was positively correlated with OSDI (R = 0.34, P = 0.03). The increasing

TIMP-1 and decreasing IL-5 were correlated with increasing LLT (R = 0.33, P = 0.035;

R = −0.35, P = 0.027, respectively). The level of ICAM-1 was then positively

correlated with partial blink rate (PBR) (R = 0.33, P = 0.035). There was a

negative correlation between IL-8 and the Schirmer I-test (R = −0.41, P = 0.009).
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Conclusions: Patients with schizophrenia were more likely to experience asymptomatic

DED, with mild symptoms and obvious signs. The inflammatory cytokines in the tears of

schizophrenic patients differed greatly from that of non-schizophrenic patients.

Keywords: dry eye disease, schizophrenia, cytokine, inflammation, tear

INTRODUCTION

Dry eye disease (DED) is one of the most common ocular
surface diseases and has been recognized as a major public
health problem (1). Based on the report of Dry Eye Workshop
II (DEWS II) from the Tear Film & Ocular Surface Society,
DED was defined as a multifactorial disease of the tear film and
ocular surface, including three core parts: tear film instability,
ocular surface inflammation, and neurosensory abnormalities
(2). We have always emphasized that the symptoms were the
main features of DED, but the symptoms of DED were often
inconsistent with the signs (3). Some researchers, however, tried
to explain it with the theory that mental health conditions
could be one of the considerable contributing factors for DED
symptoms and undiagnosed mental diseases could have similar
symptoms in some special types of DED (4). In addition,
psychiatric medications could influence the stability of the tear
film and were considered as a risk factor for DED (5). In
recent years, numerous studies have focused on the relationship
between DED and psychiatric disorders, such as depression,
anxiety, post-traumatic stress disorders, and sleep disorders (6–
11).

Although some DED patients present psychiatric or mood
disorders, it remains unclear whether psychiatric patients also
experience the symptoms or clinical signs of DED. As a severe
psychotic disorder, schizophrenia is characterized by varying
degrees of cognitive impairments, emotional aberrations, and
behavioral anomalies (12). So, It may be a goodmodel to evaluate
the relationship between DED and psychiatric disorders because
schizophrenia always disrupts the processes of perception,
reasoning, judgment. The medications for schizophrenia may
also induce the signs of DED (13). Although a study conducted
in Taiwan, China, found that patients with DED may be more
likely to develop schizophrenia (10), the symptoms of DED were
not associated with schizophrenia according to a population-
based study in the Netherlands (14). Until now, there have been
few studies to analyze the DED status of schizophrenic patients
and detect the relationship between DED and schizophrenia. So,
with the existing epidemiological investigations, the relationship
between DED and schizophrenia was investigated at both the
clinical and molecular levels.

MATERIALS AND METHODS

Study Design
A case-control study was performed at Beijing Tongren Hospital,
Capital Medical University, and Beijing Miyun Mental Health
Prevention and Treatment Hospital between December 2020 and
April 2021. This study was registered in the Chinese Clinical

Trial Registry (Registration number: ChiCTR-RDD-17013855),
and ethical approval was obtained from the Medical Ethics
Committee of Beijing Tongren Hospital (TRECKY2019-130). All
participants obtained written informed consent in accordance
with the Declaration of Helsinki.

Participants
All enrolled schizophrenic patients were hospitalized in the
Beijing Miyun Mental Health Prevention and Treatment
Hospital, whose diagnoses were conducted by professional
psychiatrists (ZJW) using international criteria for schizophrenia
listed in theDiagnostic and Statistical Manual of Mental Disorders
(Fourth Edition). The inclusion criteria were that the patients
should be over 18 years old, their conditions should be under
control, and they should be able to complete the questionnaires
and ocular examinations. The exclusion criteria included current
pregnancy or lactation, and any ocular surface disease that may
affect the integrity of the cornea (for example, past corneal
chemical injury, recurrent corneal epithelial erosion, corneal
epithelial defect, and map-dot-fingerprint dystrophy). Cases with
ocular topical treatment within the past 6 months, history of
ocular trauma, previous ocular laser or surgical treatment, and
other common ocular diseases were also excluded.

The inclusion criteria for the control group were that the
patients should be older than 18 years with no ocular discomfort.
Exclusion criteria of the control group included: (1) abnormality
of lid margin and cornea under slit lamp microscopy; (2)
conjunctival inflammation; (3) systemic diseases or medications
that may cause DED; (4) contact lens wear in the month
prior to enrollment; (5) other ocular diseases; (6) pregnant or
lactating women.

Demographic Information Collection
Demographic information was obtained from questionnaires
based on the previous study (15). These questionnaires included
basic information (age and gender), systemic medical history
(such as hypertension, hyperlipidemia, diabetes mellitus, and
coronary heart disease), and smoking and alcohol intake history.

Depression Symptoms Evaluation
The symptoms of depression were assessed using the modified
self-rating depression scale (M-SDS) adapted from the 1965 self-
rating depression scale by Zung, which had been applied in the
Beijing Eye Study (15, 16). The M-SDS consisted of 20 questions,
each carrying a score of 1 to 4. Definite depression was defined as
having an M-SDS score of 40 or higher.

Ocular Surface Evaluation
The ocular surface symptoms of each participant were quantified
by the ocular surface disease index (OSDI) questionnaire (range,

Frontiers in Medicine | www.frontiersin.org 2 February 2022 | Volume 9 | Article 831337189

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chen et al. Dry Eye in Schizophrenic Patients

0–100) (17). OSDI contained 12 questions, which included DED
symptoms (sensitivity to light, foreign body sensation eye pain or
sore eyes, blurred vision and poor vision), restrictions on daily
activities (reading, driving at night, working on the computer or
automatic teller machine, and watching TV), and environmental
factors (wind, low humidity, and air conditioning). Each question
consisted of 5 levels, which were as follows: 0, none; 1, sometimes;
2, half the time; 3, most of the time; and 4, all the time. The higher
the score, the more severe the symptoms. An OSDI score of 13 or
higher was considered as a symptom of DED (18).

All ocular surface examinations were performed on the left eye
of the participants.

The LipiView interferometer (TearScience Inc, Morrisville,
North Carolina, USA) was used to measure lipid layer
thickness (LLT), capture infrared photography of the meibomian
gland, and analyze blink pattern as previously described (19).
Interferometry color units (ICU) represent the amount of lipid
distribution, and 1 ICU is about 1 nm of LLT. Conformance
factor (CF) represents the quality of the measured data. If the CF
is lower than 0.7, it must be re-tested to ensure the correctness
of the data. Partial blink rate (PBR) was calculated by the ratio
of partial blinks to total blinks (20). ImageJ software was used
to semi-automatically analyze the loss rate of the lower lid
meibomian glands.

Tear break-up time (TBUT) was calculated according to the
previous description (21). In brief, the fluorescein strip (Tianjin
Jingming New Technological Development Co., Ltd., China) was
wetted with saline, and then a drop was put into the lower
fornix. Participants were asked to blink several times before being
observed under a cobalt blue filter at the slit lamp. The time
gap between participants starting to open their eyes and the
appearance of the first dark spot on the tear film was recorded.
The average of three consecutive measurements was regarded as
TBUT. TBUT <10 s was considered abnormal (18).

Corneal staining was conducted according to the Oxford
scheme to assess the integrity of corneal epithelium after TBUT
evaluation (22). In brief, the Oxford score was graduated with
points ranging from 0 to 5, based on the staining dots of cornea
as follows: 0 for≤1 dot; 1 for≤10 dots; 2 for≤32 dots; 3 for≤100
dots; 4 for ≤316 dots; and 5 for >316 dots.

Schirmer I-test was carried out as described previously (23).
A 5 × 35mm sterile filter paper strip (Tianjin Jingming New
Technological Development Co., Ltd., China) with one end
folded at a right angle at 5mmwas placed at the middle and outer
1/3 of the inferior fornix. The subject was then asked to close the
eyes, and the soaked length of the filter paper was measured after
5 min.

Eyelid margin abnormalities (including irregularity,
telangiectasia, plugging of orifices, and Marx line location)
were evaluated under slit-lamp microscopy with 1 point for each
item, and the total score of eyelid margin was added up (24).

Tear Collection and Cytokine Detection
A total quantity of 60µl of tears were extracted from the temporal
area of the meniscus under the left eye of each participant using
20 µl microcaps (Drummond Scientific Company, Broomall, PA,
USA) and stored at−80◦C.

Multiplex ELISA Quantibody array kits (QAH-DED-1,
RayBiotech) were used to detect the cytokines in tears, including
interleukins (ILs), chemokines, matrix metalloproteinases
(MMPs) and inhibitors, and other cytokines related to DED.
The Quantibody array was carried out according to the manual
provided by the company. To be brief, the 16-well glass chip
was dried completely and incubated at room temperature for
1 h with 100 µl sample dilution in each well. The diluent was
removed and cleaned two times by Wellwash Versa (Thermo
Fisher Scientific, Waltham, MA, USA) with wash buffer I and II,
respectively. Samples of 60 µl volume were added and incubated
overnight at 4◦C. Detection antibody cocktails of 80 µl were
then added and incubated at room temperature for 2 h on a
shaker. After cleaning again as before, 80 µl of Cy3 equivalent
dye-conjugated streptavidin was put into each well and incubated
on a shaker at room temperature, away from light, for 1 h. After
the third cleaning, a laser scanner (InnoScan 300 Microarray
Scanner, Innopsys, Carbonne, France) was used for detection.
Finally, QAH-DED-1 data analysis software was used for data
analysis. Standard substances with eight concentration gradients
were used as controls.

Statistical Analysis
Statistical analysis was performed with SPSS 26.0. A
Kolmogorov-Smirnov test was used to assess for normality of
continuous variables. The t-test was used for measurement
data that followed a normal distribution, described by
mean ± standard deviation. For non-normal distribution
parameters, the Mann–Whitney U-test was used, and the
values of parameters were described in terms of median
and inter-quartile range. Chi-square test was used for
enumeration date. Moreover, Spearman’s correlation coefficient
was calculated. The value of P < 0.05 was considered
statistically significant.

RESULTS

Demographic Characteristics
A total of 60 participants were included−40 patients with
schizophrenia and 20 control subjects. The demographic
information and medical history of the schizophrenic patients
and controls were summarized in Table 1. The mean age was
45.0 ± 9.5 years (range, 22–63 years) in the schizophrenic
group and 45.4 ± 16.2 years (range, 23–76 years) in the
control group (P = 0.914). The number of men in the
schizophrenic group and control group were 21 (52.5%) and
10 (50%), respectively (P = 0.802). Ten women (52.6%) with
schizophrenia and two (20%) in the control group (P = 0.096)
were menopausal or post-menopausal. The length of hospital
stay in patients with schizophrenia was 33.4 ± 65.2 months
(range, 1–315 months). Twenty-six (65%) patients took one
kind of antipsychotic drug and 14 (35%) patients took a
combination of antipsychotic drugs. These antipsychotic drugs
included rispehdone, olanzapine, zopiclone, clonazepam, sodium
valproate, trihexyphenidyl, lorazepam, haloperidol, quetiapine
fumarate, magnesium valproate, sertraline, escitalopram oxalate,
and estazolam.
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TABLE 1 | Characteristics and basic medical history of schizophrenic patients and

normal controls.

Parameters Schizophrenia group

(n = 40)

Normal controls

(n = 20)

P-value

Age (years) 45.0 ± 9.5 45.4 ± 16.2 0.914

Gender [n (%)] 0.802

Male 19 (47.5%) 10 (50%)

Female 21 (52.5%) 10 (50%)

Systemic

diseases [n (%)]

Hypertension 6 (15%) 1 (5%) 0.407

Hyperlipidemia 8 (20%) 1 (5%) 0.249

Diabetes mellitus 5 (12.5%) 2 (10%) 1.000

Coronary heart

disease

3 (7.5%) 1 (5%) 1.000

Others 10 (25%) 6 (30%) 0.542

Smoking [n (%)] 19 (47.5%) 3 (15%) 0.022*

Alcohol intake

[n (%)]

4 (10%) 2 (10%) 0.089

M-SDS 26.0 (22.0–32.5) 26.5 (23.0–30.5) 0.597

*P < 0.05 was considered statistically significant.

There was no significant difference in the prevalence of
systemic diseases (such as hypertension, hyperlipidemia, diabetes
mellitus, and coronary heart disease) (all P < 0.05). Nineteen
(47.5%) patients with schizophrenia smoked more than 5
cigarettes a day, far more than the 3 (15%) patients in the controls
(P = 0.022). Four (10%) schizophrenic patients and 2 (10%) of
the control subjects consumed alcohol everyday (P= 0.089). The
median score of M-SDS in the schizophrenia group was 26.0
(22.0–32.5), which was similar to 26.5 (23.0–30.5) of the controls
(P = 0.597).

Clinical Manifestations
Compared with normal controls, schizophrenic patients had
lower OSDI score [median 0.0 (0.0–4.2) vs. 7.3 (2.1–7.6);
P = 0.003, Table 2]. Three (7.5%) patients with schizophrenia
showed DED symptoms, which was <5 (25%) patients in the
controls (P = 0.073). However, the rate of meibomian gland loss
(MGL) was 36.5 (17.5–47.5) percent in schizophrenic patients
compared with 8.5 (0.0–17.5) percent in controls (P < 0.001).
In the assessment of tear film stability, TBUT was significantly
reduced in schizophrenia group (P = 0.009). Notably, 39
(97.5%) of schizophrenics and 9 (45%) of controls presented
abnormalities in TBUT (P < 0.001). There was no significant
difference between the two groups in LLT, PBR, Oxford score,
and the Schirmer I-test (all P > 0.05). Therefore, among
schizophrenic patients, 36 (90%) cases presented DED signs
without symptoms, which were more than 5 (25%) from the
control group (P < 0.001). In evaluation of eyelid margin, 14
(35.0%) schizophrenic patients and 1 (5.0%) in the control group
(P = 0.009) presented irregularity. There was no significant
difference in telangiectasia, plugging of orifices, and Marx line
location between the two groups (P = 0.204; P = 0.102; P =

0.463, respectively). The total score of eyelid margin was higher

TABLE 2 | Ocular surface clinical outcomes in controls and schizophrenia group.

Parameters Schizophrenia group

(n = 40)

Normal controls

(n = 20)

P-value

OSDI 0.0 (0.0–4.2) 7.3 (2.1–14.6) 0.003*

LLT (nm) 75 (58.5–84) 89.5 (63.0–100.0) 0.229

PBR (%) 50.0 (25.0–77.5) 77.4 (33.3–100.0) 0.229

MGL (%) 36.5 (17.5–47.5) 8.5 (0.0–17.5) <0.001*

TBUT (s) 4.5 (3.0–6.0) 10.0 (3.5–11.0) 0.009*

Oxford score 0.0 (0.0–0.0) 0.0 (0.0–0.0) 0.294

Schirmer I-test

(mm)

10.0 (6.0–16.0) 7.0 (2.5–17.5) 0.509

Eyelid margin

[n (%)]

Irregularity 14 (35.0) 1 (5.0) 0.009*

Telangiectasia 24 (60.0) 9 (45.0) 0.204

Orifice plugging 30 (75.0) 11 (55.0) 0.102

Marx line location 22 (55.0) 10 (50.0) 0.463

Score of eyelid 2.0 (1.0–3.0) 1.5 (1.0–2.0) 0.032*

OSDI, ocular surface disease index; LLT, lipid layer thickness; PBR, partial blink rate; TBUT,

tear brake-up time; MGL, meibomian gland loss. *P < 0.05 was considered statistically

significant.

in schizophrenic patients than controls (median, 2.0 vs. 1.5; P
= 0.032).

Cytokine Expression in Tears
The expression levels of cytokines in tears were measured
between the two groups and clustered into several categories
according to previous studies (25, 26). Principal component
analysis (PCA) and the heatmap showed obvious separation of
cytokines from the two cohorts (Figure 1), suggesting that the
ocular surface status of the two populations may be different.

Among pro-inflammatory cytokines, the levels of interleukin
(IL)-1α, IL-6, IL-11, IL-12A, IL-15, IL-17A, and granulocyte
colony-stimulating factor (G-CSF) in tears were significantly
higher in patients with schizophrenia than that in normal
controls (all P < 0.01; Figure 2). No significant differences in
IL-2 and IL-7 levels were observed between the two groups
(P = 0.107; P = 0.163, respectively). Among anti-inflammatory
cytokines, IL-1Ra was decreased and IL-10 was increased in tears
of schizophrenic patients compared with that of controls (all P
< 0.001).

The cytokines of tears released by T helper (Th) cells were
also measured. The cytokines secreted by Th1 were significantly
higher in the tears of schizophrenic patients than that of
normal controls, including IL-1β, tumor necrosis factor (TNF)-
α, and interferon (IFN)-γ (all P < 0.001; Figure 2). The
cytokines produced by Th2 (IL-4, IL-5, and IL-13) were also
increased in patients with schizophrenia (P < 0.001; P < 0.001;
P = 0.012, respectively).

In chemokines, the expression levels of chemokine (C-C
motif) ligand 2 (CCL2), CCL4, CCL5, CCL11, CCL15, IL-
8, chemokine (C-X-C motif) ligand 9 (CXCL9), and CXCL10
in tears of schizophrenic patients were significantly higher
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FIGURE 1 | Cytokines profile in tears of subjects with and without schizophrenia. (A) Principal component analysis was performed by the concentration of 32

cytokines in tears. Scatter plot of principal component 1 (PC1) and PC2 were represented, and each dot represented a sample projected in them. The orange and

green dots represented schizophrenia and control groups, respectively. (B) Heatmap of high and low concentrations of tear cytokines. The groups evaluated were

controls (n = 20) and patients with schizophrenia (n = 40). High levels of cytokines were shown in red on the heatmap, while low levels were shown in blue.

than that of normal controls (all P < 0.05; Figure 2). There
was no significant difference in CXCL1 level of tears between
schizophrenic patients and controls (P = 0.589).

Additionally, we also found that the expression of matrix
metalloproteinases-9 (MMP-9) and their inhibitors in tears
were different between the two groups. The level of MMP-
9 was increased in schizophrenic patients (P < 0.001;
Figure 2). However, the concentration of tissue-inhibitor of
metalloproteinase-1(TIMP-1) and TIMP-2 in patients was much
lower than that of controls (all P < 0.001). Finally, other
cytokines outside the above classification, including intercellular
adhesion molecule-1 (ICAM-1) and transforming growth factor-
beta 1 (TGF-β1), were also elevated in the tears of schizophrenic
patients (all P < 0.001).

Correlation Between Clinical Parameters
and Cytokines
Among schizophrenic patients, the concentration of CCL2 in
tears was positively correlated with OSDI (R = 0.34, P =

0.03; Figure 3). The levels of IL-13, IFN-γ, and IL-5 were
positively correlated with TBUT (R = 0.43, P = 0.005; R= 0.36,
P = 0.023; R = 0.32, P = 0.045, respectively). The increasing

TIMP-1 and decreasing IL-5 were correlated with increasing
LLT in schizophrenic patients (R = 0.33, P = 0.035; R =

−0.35, P = 0.027, respectively). The increasing level of ICAM-
1 was positively correlated with increasing PBR in patients
with schizophrenia (R = 0.33, P = 0.035). There was a
negative correlation between IL-8 and Schirmer I-test (R =

−0.41, P = 0.009). In addition, we also found the correlation
of cytokines in the tears of patients with schizophrenia
(Supplementary Figure S1).

DISCUSSION

In the current study, we found an increase in DED (mainly
asymptomatic DED) in patients with schizophrenia. Compared
to controls, most inflammatory cytokines of tears were
significantly increased in schizophrenic patients. Correlation
between the concentration of cytokines and clinical parameters
was also observed.

The results of this study showed that OSDI and TBUT were
decreased, and the rate of MGL was elevated in patients with
schizophrenia. These indicated that the symptoms and signs
of DED in schizophrenic patients were inconsistent, with mild
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FIGURE 2 | Comparative analysis of expression level of 32 cytokines in tears between normal controls and schizophrenia group. *P < 0.05; ***P < 0.001.

symptoms and severe signs. Moreover, low TBUT, high MGL,
and normal Schirmer I-test suggested that DED in schizophrenic
patients was more likely to be evaporative rather than aqueous-
deficient. A study conducted by Tiskaoglu et al. (27) showed
that patients with newly diagnosed depressive disorder had
lower Schirmer score and TBUT, while DED symptoms were
not different from the control group. Kim et al. (28) suggested
that depression was related to DED symptoms rather than
signs. A review by McMonnies (29) also showed that dry eye
features in patients with mental disorders were mostly severe
symptoms and relatively mild signs. In addition, other studies
have found that patients with depression, anxiety, and obsessive-
compulsive disorder had more severe signs and symptoms
of DED than the controls (11, 30). Unlike previous studies,
our study involved patients with schizophrenia. Moreover, the
patients in the previous studies were outpatients, whereas we
focused on inpatients. In the current study, all schizophrenic
patients took antipsychotic drugs, which could induce side-
effects on the ocular surface, including pigmentary deposits of
conjunctiva and cornea, reduction of tear secretion and tear
film stability, damage of corneal epithelium, reduction of corneal

thickness, and ocular toxicity (13, 31, 32). The absence of DED
symptoms in patients with schizophrenia may be due to cognitive
abnormalities and hypoesthesia (33). Moreover, the obvious signs
of DED in schizophrenic patients could be due to the lack of
activities and use of antipsychotic drugs (13).

Cytokines are key signal molecules of the immune system,
which play important roles in the inflammatory response of
the ocular surface and whole body. Among the tear cytokines
examined, increased levels of pro-inflammatory cytokines (IL-
1α, IL-6, IL-11, IL-12A, IL-15, IL-17A, and G-CSF), anti-
inflammatory cytokines (IL-10), Th1 cytokines (IL-1β, TNF-α,
and IFN-γ), Th2 cytokines (IL-4, IL-5, and IL-13), chemokines
(CCL2, CCL4, CCL5, CCL11, CCL15, IL-8, CXCL9, and
CXCL10), MMP-9, and others (ICAM-1 and TGF-β1) were
observed in patients with schizophrenia.While the concentration
of IL-1Ra of anti-inflammatory cytokines, TIMP-1 and TIMP-
2 were decreased in tears of schizophrenic patients. A meta-
analysis showed increased levels of IL-6, IL-8, IL-10, IL-12, IL-
1β, IFN-γ, TNF-α, and TGF-β in the blood of patients with
schizophrenia, which was similar to our findings (34). The
levels of IL-2, IL-4, IL-10, TGF-β, and IL-17 in blood were
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FIGURE 3 | Correlation between cytokines and clinical parameters in schizophrenic patients.

also detected to be elevated in schizophrenic patients (35).
Some studies found an increased level of IL-1Ra in the serum
of patients with schizophrenia, while another study showed
decreased expression of IL-1Ra in the prefrontal cortex (34–
36). In chemokines, the levels of CCL2, CCL3, CCL4, CCL5,
CCL11, and IL-8 in serumwere increased in patients compared to
controls, but CXCL9 and CXCL10 were similar between the two
groups (37, 38). MMP-9, as a novel role involved in pathological
synaptic plasticity in schizophrenia, was highly expressed in

serum and brain tissues of patients with schizophrenia and
could be regulated by TIMP-1 and TIMP-2 (39). The ratio of
MMP-9/TIMP-1 in serum was higher in schizophrenic patients
compared to healthy controls, which was similar to our study
(40). As inflammation of the ocular surface is one of the core
mechanisms of DED, increased inflammatory cytokines in the
tears of schizophrenic patients could potentially cause ocular
surface damage and promote the occurrence of DED. In a meta-
analysis of 13 studies, there were strong pieces of evidence that
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the concentrations of IL-1β, IL-6, IL-10, IFN-γ, and TNF-α were
significantly elevated in the tears of DED patients (41). The
levels of IL-1α, IL-4, IL-11, IL-12A, IL-13, IL-15, IL-17A, and G-
CSF were also increased in the tears of DED patients according
to previous studies (42–45). Additionally, IL-1Ra was reduced
in patients with DED, and topical treatment with IL-1Ra was
effective in improving the clinical signs and reducing underlying
inflammation of DED (46). During the inflammation response
of DED, chemokines such as CCL2, CCL3, CCL5, CCL15, IL-
8, CXCL9, and CXCL10 could recruit and bind macrophages,
dendritic cells, neutrophils, and activated T cells (47–49). MMP-
9 was a recognized cytokine that activated other inflammatory
cytokines, leading to a vicious cycle of inflammation, impaired
tear secretion, ocular surface damage, and worsening DED
symptoms (50).Matrixmetalloproteinase inhibitors, TIMP-1 and
TIMP-2, could mediate corneal regeneration by inducing corneal
epithelium proliferation and inhibiting apoptosis (51). Another
study showed that the ratio of MMP-9/TIMPs was higher in
evaporative dry eye, which was consistent with the current study
(52). ICAM-1 and TGF-β1 were also highly expressed in the
ocular surface of patients with DED (53, 54).

Further study found the correlation between tear cytokine
levels and DED clinical parameters. As a well-known monocyte
chemotactic protein-1 (MCP-1), the increase in CCL2
concentration was positively correlated with the increase of
OSDI score in this study, suggesting that CCL2 could be an
aggravating factor for the symptoms of DED. Similar to our
findings, Perez et al. (55) found a significant increase of CCL2
in DED patients with mild signs but exaggerated symptoms.
IL-8, a chemokine that recruited immune cells, was increased
in the tears of patients with DED and has been found to be
negatively associated with the Schirmer I-test, the same as in
our study (56). As a natural endogenous inhibitor of MMP-9,
TIMP-1 improved the symptoms and signs of DED, which was
consistent with the positive correlation between the increase in
TIMP-1 and the increase in LLT in the current study (57). IL-13
and IFN-γ were associated with the damage of corneal epithelial
integrity and decrease of tear secretion in evaporative dry eye
(58, 59). However, the levels of IL-13 and IFN-γ in tears were
positively correlated with TBUT, as observed by us. Increased
concentration of IL-5 in tears was inversely associated with
TBUT, OSDI, and Oxford score in patients with DED, whereas
we observed a positive association between IL-5 and TBUT, and
a negative correlation between IL-5 and LLT in patients with
schizophrenia (59, 60). In addition, we also observed that ICAM-
1 concentration was positively correlated with PBR in patients.
ICAM-1, an adhesion molecule that recruited and assisted
in the migration of inflammatory cells during inflammation
response of DED, has been a target for dry eye therapy (55).
Also, partial blink was reported to be associated with DED (61).
The correlation between cytokines and clinical parameters was
somewhat different from previous studies, possibly because the
ocular surface conditions of patients with schizophrenia may be
different from those of patients with ordinary DED.

There were some limitations in this study. First, the
relationship of inflammatory cytokines between blood and tears

was not comparatively analyzed because of ethical issues. Second,
all patients with schizophrenia were treated with antipsychotic
medicines, which may have a potential effect on the results.
Third, more patients with schizophrenia smoked than controls,
which was consistent with the results of a meta-analysis that
smoking may be associated with the risk of dry eye (62). Finally,
a small number of cases were included in this study. There is a
requirement for a prospective study with a large sample size to
verify our findings.

In conclusion, patients with schizophrenia were more likely
to be accompanied by asymptomatic DED, which presented mild
symptoms and obvious signs. DED in patients with schizophrenia
was a mixed type, but mainly evaporative. The cytokine profiles
in tears of schizophrenic patients differed from that of non-
schizophrenic patients. Correlations between tear cytokines and
ocular surface clinical parameters were also observed. Further
studies of DED in untreated schizophrenic patients are needed.
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Purpose: Previous studies suggest that overnight orthokeratology (OOK) may be

detrimental to tear function. We aimed to investigate the effect of OOK on lipid layer

thickness (LLT), blink pattern, and meibomian gland and elucidate the relationship of

these variables.

Methods: Thirty-seven participants who wore OOK lenses every night for at least 2

years and twenty-four healthy non-contact lens wearers (controls) were enrolled in this

retrospective study. LipiView interferometry, blink pattern analysis, the ocular surface

status, and morphology and function of the meibomian gland were determined.

Results : The OOK group and healthy controls had similar LLT, blink patterns, ocular

surface status, and the function of the meibomian gland. OOK participants demonstrated

higher meiboscore in the lower eyelids (p < 0.05) but not in the upper eyelids. Within the

OOK group, LLT was significantly impacted by the partial blink rate (p < 0.05) and the

total score of the upper meibomian gland (p = 0.10).

Conclusions: Wearing OOK for 2 or more years increased lower eyelid meibomian

gland dropout but did not have a reduction of LLT.

Keywords: orthokeratology, lipid layer thickness, dry eye, LipiView, meibomian gland

INTRODUCTION

With the widespread availability of electronic devices, the prevalence of myopia in children is
rising rapidly and is considered a major public health issue worldwide, especially in East Asia
(1). It has been reported that 80% of high school graduates in China suffer from myopia, which
greatly increases the incidence of blinding diseases like glaucoma and macula lutea, resulting in
a disease burden of over $240 billion per year (2, 3). Several methods of preventing myopia have
been proposed, of which Overnight Orthokeratology (OOK) has been proved to be one of the most
effective and widely used options in recent years (4, 5). Through reshaping the corneal epithelial
tissue to change refractive and present myopic defocus in the peripheral retina, OOK can effectively
slow down the elongation of the axial length by+0.70mm after a 2 year treatment (6, 7).
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Several studies have reported on the potential impact of OOK
on diseases of the ocular surface, including corneal staining
and infectious keratitis (8). OOK wearers may suffer from
contact lens-related dry eye, which manifests as increased tear
evaporation rate, reduced tear film thickness, and increased
frequency of incomplete blinks. Such dry eye problems are
common reasons for the discontinuation of OOK-wear (9). It is
generally accepted that these tear film complications might be
attributed to meibomian gland dysfunction (MGD) instead of
hypoxia given the high oxygen permeability design of the OOK
(10, 11).

Despite several reports that explored the association between
OOK and the structure and function of the meibomian gland
in OOK-wears (12, 13), these relationships remain controversial
because lipid layer analysis was rarely performed and the effect
of long term OOK has not been sufficiently evaluated. Recently,
LipiView interferometry, which can accurately determine tear
lipid layer thickness and rate of incomplete blinks, has become
available (14–16). This offers an opportunity to re-evaluate the
relationship between OOK and MGD, along with other tear
film parameters.

The main purpose of this study was to evaluate the changes
in the meibomian gland, lipid layer, and incomplete blinking in
OOK-wears based on LipiView to reveal the potential etiology of
OOK-related dry eye.

METHODS

Design and Patients
This retrospective study was conducted at the Department of
Ophthalmology, Peking University Third Hospital from January
2019 to September 2019. The inclusion criteria were as follows:
(1) Age > 10 years; (2) myopia from −1.0D to −5.5 DS, and
with-the-rule astigmatism of up to −1.75 DC or against-the-
rule astigmatism of <-0.75 DC with keratometry from 41 to 46
D; (3) For the OOK group, patients should have been able to
master the wearing of OOK lenses and had worn them for 2
years; and (4) for the control group, all patients wore no glasses
or used mainly frames, rarely using contact lenses (<2 h/d and
<2 d/1w). Consent of guardians was obtained for minors who
met the aforementioned inclusion criteria. The exclusion criteria
were patients who were previously diagnosed with dry eye disease
(DED), had a daily screen time ≥ 2 h, had pathological changes
of the lid margin or cornea, uvea, or retina, had other systemic
diseases that may influence the ocular surface, and received other
ocular treatment or surgeries.

The sample size was estimated through PASS software (NCSS,
LLC., USA) with LLT as the primary outcome under the power
of the test (1–β) = 0.8 and significance level (α) = 0.05. The
difference in LLT between the OOK and control groups was set to
be significant at 10± 15mm according to previous research (16–
18). The 1:1 equal sample size design was used in this study, and
the sample size for each group was calculated to be 37. The study
was approved by the Institutional Ethics Committee of Peking
University Third Hospital (M2018171), and all procedures were
conducted in accordance with the principles of the Declaration
of Helsinki.

Ocular Examination
All subjects were asked to avoid using any eye cream and ocular
medications for at least 24 h prior to the clinical measurements,
and for the OOK group, contact lenses should be removed more
than 4 h in advance. The ocular surface disease index (OSDI)
was conducted to compare the DED-related symptoms between
OOK and healthy control, and the total scores of 13, 23, and 33
represented the cut points of mild, moderate, and severe DED
symptoms, respectively (19). The cornea staining and tear break-
up time (TBUT) were conducted through a fluorescein strip
(Meizilin Co., Ltd. China) to evaluate the ocular surface status
and tear film stability. The score of cornea staining followed
by the Oxford grading scheme and the TBUT < 10 s was
considered consistent with the diagnosis of DED (20). For tear
secretion evaluation, the Schirmer test sterile strips (Meizilin
Co., Ltd. China) were inserted into the lower conjunctival sac,
the wetting paper was measured after 5min with the eye closed,
and the wetting length > 10mm were considered to be normal
(21). The physiological function of the meibomian gland was
assessed by observing the meibomian gland expressibility and its
properties in the central five meibomian glands of the eyelids.
Zero referred to all meibomian glands secreting normally or the
meibum presenting as clear and transparent, while 3 stood for
none of the meibomian gland secreting meibum or the meibum
presenting toothpaste-like consistency (22). The total score of
the meibomian gland was defined as the sum of meiboscore,
meibomian gland expressibility, and its properties score.

LipiView Measurement
During the examination, the patients were asked to look
at the front light-spot to ensure their pupils were directly
in the center of the interferometer camera with natural
blinking, and all the measurements were conducted by the
same experienced examiner using LipiView Ocular Surface
Interferometer (Johnson & Johnson, USA). The average lipid
layer thickness (LLT), partial blinks and their rate (PBR, per 20s),
and complete blinks of subjects were recorded, and the patients
with an outcome conformance factor (CF) of <0.8 were asked
to repeat the measurement. The morphology of the upper and
lower eyelid meibomian gland in these subjects were observed
using the photographic module of LipiView, and the extent of
meibomian gland loss was scored as follows (meiboscore): 0 (no
loss), 1 (loss area <33%), 2 (34%< loss area <66%), and 3 (loss
area >67%) (23).

Statistical Method
Statistical analysis was performed by IBM SPSS Statistics 24.0
(IBM SPSS Inc., USA) and R software 4.0.4, and themeasurement
data subjected to normal distribution were presented as the
mean ± SD (M ± SD) while the enumeration data were
presented as the ratio (%). Their differences between the
groups were compared through t-test (demographic data), linear
mixed models (ophthalmic examination data), and Clustered
Wilcoxon rank sum test (enumeration data), respectively (24,
25). The generalized estimating equation was used to assess the
relationship among various factors and LLT (26). The significant
level was set up as α = 0.05.
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FIGURE 1 | Comparison of (A) ocular surface disease index (OSDI) score, (B) cornea staining score, (C) tear break-up time (TBUT), (D) tear secretion, (E) LLT,

(F) partial blinks, (G) partial blinks and their rate (PBR), and (H) total blinks between orthokeratology (OOK) group and control group.

RESULTS

A total of sixty-one participants (122 eyes) were recruited into
the study and completed the LipiView examination, which
met sample size requirements. The OOK group consisted
of thirty-seven cases (74 eyes) who had worn OOK lenses
for 2 years with an average age year of 12.7 ± 1.9 and
male/female = 20:17. Twenty-four cases (48 eyes) who were
without a history of contact lens wearing and dry eye with
an average age year of 12.9±7.7 and male/female = 13:11
were included in the control group. There was no statistical
difference between each group in age (p = 0.92) and sex
(p = 0.99). Additionally, the CF in both the OOK group
(0.94 ± 0.06) and control group (0.93 ± 0.08) were higher
than 0.8, indicating the high accuracy and reliability of
the examination.

Intergroup Comparison of the Ocular

Surface Examination
The results of the ocular surface examination and LipiView
examination were summarized in Figure 1. There was no
difference between OOK group and control group in OSDI (7.69

± 3.71 vs. 6.98± 3.25, p= 0.44), cornea staining (score= 0: 85.1
vs. 83.4%, p = 0.82), TBUT (13.03 ± 2.40 vs. 13.67 ± 3.05, p =

0.36), Schirmer test (14.40± 3.02 vs. 14.71± 3.58, p= 0.71), LLT
(66.53± 18.12 vs. 66.42± 23.52, p= 0.77), partial blinks (5.78±
3.98 vs. 5.14 ± 3.38, p = 0.44), PBR (0.62 ± 0.34 vs. 0.63 ± 0.32,
p= 0.91), and total blinks (9.78± 4.83 vs. 9.14± 5.77, p= 0.54).

Comparison of Morphology and Function

of Meibomian Gland
Figure 2 demonstrated the distribution of meibomian gland
dropout in the OOK group and control group, and the
meiboscore of each group was lower than 3. In the lower
eyelids, the OOK group showed a higher proportion of light
(51.35%) and medium (5.40%) loss of meibomain glands,
while the meiboscore was limited to mild loss (1) without
any case of moderate or severe loss in the control group
(33.3%) (p < 0.01). There was no statistically significant
difference in the upper meibomian gland dropout (p = 0.25),
upper and lower score of meibum properties (p = 0.71,
0.83), and meibomian gland expressibility (p = 0.79, 0.13) in
each group.
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FIGURE 2 | Meiboscore, meibum properties, and meibomian gland expressibility of the upper and lower eyelid in the OOK group and control group.

TABLE 1 | Associations of lipid layer thickness (LLT) and other parameters in generalized estimating equations models.

Variable OOK group Control group

B P B P

Age −0.90 0.24 −0.56 0.45

Gender 0.91 0.83 0.11 0.74

Years of lens 3.88 0.94 – –

Partial Blink 0.34 0.61 0.34 0.76

PBR 17.30 P < 0.001 3.24 0.76

Total blink −0.50 0.13 0.91 0.08

Total score of upper meibomian gland* −2.30 0.10 −11.37 P < 0.05

Total score of lower meibomian gland* −1.43 0.25 −7.25 P < 0.05

*Compared with score = 0.

Correlation Between LLT and Other

Factors
The generalized estimating equation model was established to
evaluate the associations of LLT with demographic factors, blink-
related parameters, and the total score of the meibomian gland
(Table 1). The LLT was significantly affected by the total score
of the meibomian gland as well as PBR in the control and OOK
groups, respectively. In addition, it could be considered that the
lower total score of the upper meibomian gland was related to
higher LLT in the OOL group with a significance level of 0.10.

DISCUSSION

In this study, we found LLT to be unaffected by OOK-wear and
lower eyelid meibomian gland atrophy to be increased.

The lipid layer located in the superficial layer of the tear film is
mainly formed by meibomian lipids secreted from the upper and
lower meibomian gland (27, 28). The lipid layer was associated
with contact lens-related ocular dryness and discomfort because
an abnormal lipid layer could result in a high tear evaporation
rate, low tear breakup time, and high tear osmolarity value (29–
31). The LLT measured by LipiView interferometry is considered
an important indicator of tear lipid health and demonstrates a
good correlation with meibomian gland function (32–34). In this
study, we do not observe any effect of long-term wearing of OOK
on the LLT and the ocular surface status which is consistent
with previous reports of high comfort levels in OOK wearers
(11, 35, 36).

Previous studies of OOK wearers have reported changes in
meibomian gland morphology, tear cytokines, and ocular surface
parameters (13, 35).
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The meibomian gland plays a vital role in maintaining
the stability of tear film, and an increased meiboscore
is generally considered as the important risk factor for
DED and contact lens-related discomfort (37, 38). Previous
studies have examined the influence of OOK wearing on the
morphology of the meibomian gland based on non-contact
infrared meibography or Keratograph 5M and found that
there is no significant difference in the meiboscore before
and after wearing lenses (12, 39). The discrepancy might be
attributed to the imaging quality of different instruments.
Wong et al. (40) found that the LipiView was easier in
evaluating the extent of the meibomian gland, owing to its high
contrast and low reflectivity compared with Keratograph 5M.
Alternatively, the duration of OOK lens wear may be shorter
in previous studies and so, insufficient to cause meibomian
gland dropout.

Mechanical trauma and inflammation are the main
hypotheses in explaining the contact lens-related meibomian
gland damage. Overnight lens wearing plus rapid-eye-movement
might further prolong the eyelid/lens contact duration and
increase friction between the lens and the meibomian
gland (41). Pult et al. (42) and Eom et al. (43) found the
destruction of the meibomian gland in MGD and DED
patients to be more severe in the lower eyelid. The upper
eyelid could be relaxed to a larger extent to compensate for
the damage induced by OOK (43–45). It may be that the
lower eyelid is more irregular (46), and so predisposed to
greater meibomian gland dropout. Considering that the upper
eyelid usually shows a larger area lens than the lower eyelid
during sleep, its deformation might be less affected by wearing
OOK lenses, which results in a more regular lid margin and
lower meiboscore.

It is generally accepted that the duration of contact lens
plays a more critical role on the meibomian gland, rather than
lens material (47). If anything, however, OOK lens materials
have higher oxygen permeability and induce less hypoxia and
inflammation (48–50). In addition, theMGDwas also considered
to be posterior blepharitis involving various inflammatory
processes. The major reason that there was no difference in
physiological functions of the meibomian gland between OOK
and healthy control might be attributed to such characteristics of
OOK (51, 52).

Blink can maintain tear film stability of the ocular surface
by promoting the reconstruction and development of the lipid
layer (53, 54). can be covered by tears through complete
blinking, preventing damage from DED. Therefore, partial
blinking is deleterious (55). Several studies have reported
increased partial blinks in contact lens wearers, which have
also been reported in DED (56, 57). However, we did not
show OOK affecting PBR, likely due to underpowering for
this variable.

As seen in previous studies, there was an exact correlation of
LLT with the total score of the meibomian gland in the healthy
control from the regression analysis results, which could be
attributed to how the meibomian gland secreted lipid layer and
stabilized them (58). In the OOK group, the PBR demonstrated a

significant positive effect on LLT. Nevertheless, the relationship
between partial blink and LLT was still unclear because of its
complex influencing factors from meibomian gland function,
tear composition, and flow rate (27). Li et al. (59) reported that
the LLT showed significant negative correlations with incomplete
blinking rate, while Jie et al. (60) presented that there was not
an association between them. In this study, a reason proposed
was that the upper meibomian gland could produce a stable
tear film alone after a partial blink and the lower meibomian
gland did not contribute to it, while the LLT was essential for
tear film stability (61, 62). Based on this, a partial blink was
considered a compensatory response to an abnormal tear film
(63). It can be speculated that the function of the upper and
lower meibomian gland might be reconfigured after a long time
of wearingOOK lenses, and the PBR became a protective factor of
LLT and tear film in OOK wearers. Furthermore, the significance
of the total score of the upper meibomian gland in regression
analysis indicated that the LLT was more likely to be influenced
by the upper eyelid than the lower, which further supported
this hypothesis.

There are a few limitations to our study. This is single-center
research, and the limited number of participants enrolled in
this study might increase potential sampling bias. Moreover,
there was a lack of longitudinal assessment about the effect
of long-term wearing OOK on the ocular surface, LLT, blink-
related parameters, and the meibomian gland. Future studies
are needed to evaluate tear composition and distribution,
and how these are influenced by LLT, PBR, and meibomian
gland status.
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Semiautomated and Automated
Quantitative Analysis of Corneal
Sub-Basal Nerves in Patients With
DED With Ocular Pain Using IVCM
Yu Zhang, Yaying Wu, Wenbo Li and Xiaodan Huang*

Eye Center, School of Medicine, The Second Affiliated Hospital of Zhejiang University, Hangzhou, China

Purpose: Investigate the correlation and agreement between the results of

semiautomated and fully automated quantitative analysis of the corneal sub-basal nerve

plexus (SNP) in patients with dry eye disease (DED) with ocular pain using in vivo confocal

microscopy (IVCM).

Method: A total of 50 voluntary participants were enrolled in this study, i.e., 25 DED

patients with ocular pain and 25 healthy controls. Each patient underwent an evaluation

of ocular symptoms that utilized: the Ocular Surface Disease Index (OSDI), the Ocular

Pain Assessment Survey (OPAS), the tear film breakup time (TBUT) test, the Schirmer

test, corneal staining, and IVCM. Five SNP images of the cornea of each eye were

selected and analyzed using a semiautomated analysis software (NeuronJ) and a fully

automated method (ACCMetrics) to quantify corneal nerve fiber density (CNFD), corneal

nerve branch density (CNBD), and corneal nerve fiber length (CNFL).

Results: The intraclass correlation coefficient (ICC) of the CNFD (0.460 [0.382–0.532],

p < 0.001), CNBD (0.608 [0.545–0.665], p < 0.001), and CNFL (0.851 [0.822–0.875], p

< 0.001) represents the repeatability and consistency of measurements by the NeuronJ

and ACCMetrics software. The CNFL values (r = 0.881, p < 0.001) obtained using the

two methods have extremely high correlation, and similarly, the CNFD values (r = 0.669,

p < 0.001) and CNBD values (r = 0.703, p < 0.001) are highly correlated. The CNFL

had the biggest area under the curve (AUC; 0.747 [0.700–0.793], p< 0.001) when using

ACCMetrics. In DED patients with ocular pain, the mean CNFD values for semiautomated

and fully automated quantization were 23.5 ± 8.1 and 23.8 ± 8.6 n/mm2; the mean

CNBD values were 46.0 ± 21.3, 35.7 ± 23.3 n/mm2; and the mean CNFL values were

19.3± 4.3 and 15.2± 3.8 mm/mm2, which were significantly lower than healthy subjects

(p < 0.001).

Conclusion: There is a significant correlation between the measurements obtained

via ACCMetrics and NeuronJ, especially for CNFL, which can be considered as the

primary indicator in the diagnosis of DED with ocular pain. The SNP of the disease was

significantly lower than that of healthy subjects.

Keywords: dry eye disease, ocular pain, in vivo confocal microscopy, corneal subbasal nerve plexus, NeuronJ,

ACCMetrics
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INTRODUCTION

Dry eye disease (DED) is one of the most often reported ocular
diseases, with a global incidence of 5–50% by symptoms (1–
3). Ocular surface inflammation and injury, tear film instability,
hyperosmolarity, and neurosensory abnormalities are all factors
that contribute to DED, as defined by the International Dry
Eye Workshop in 2017 (4). Along with abnormalities of the
tear film and ocular surface, the revised DED criteria include
neurosensory dysfunction as a contributing component. Ocular
pain, such as burning, aching, and itching, is a frequent symptom
of moderate-to-severe DED. It is commonly accepted that DED
combined with ocular pain alters the structure and function of
the ocular surface’s sensory nerves, resulting in the appearance of
unpleasant sensations ranging frommild discomfort and dryness
to scorching pain (5).

With an abundant supply of nerve fibers, the cornea is
one of the most highly innervated tissues in the body. The
human cornea is filled with sensory nerve fibers originating from
the trigeminal nerve’s ophthalmic branch and sympathetic and
parasympathetic nerve fibers. Nerve fibers in the human cornea
flow radially from the periphery of the anterior part of the stroma
to its center. These nerve fibers penetrate the Bowman’s layer and
then branch vertically and horizontally between the epithelium of
the Bowman’s layer and the basal epithelium to create a network
of nerve fibers known as the sub-basal nerve plexus (SNP) (6).
Numerous scientific investigations have been conducted on the
corneal nerve’s structural and functional anomalies in the setting
of a range of ocular and systemic illnesses (7).

Corneal in vivo confocal microscopy (IVCM) is a noninvasive
technique for obtaining high-resolution images of the SNP at
the cellular level with image quality equivalent to that obtained
using histochemical techniques. Oliveira-Soto and Efron were
the first to utilize IVCM to describe corneal nerves (8). Previous
research has revealed variations in the morphology of the
corneal nerves in patients having DED, such as considerably
decreased nerve density and relatively high reflectivity, beading,
and tortuosity. Shetty et al. observed a substantial reduction in
SNP characteristics (corneal nerve fiber length [CNFL], fiber
density, fiber width, total branch density, nerve branch density,
and fiber area) in DED with ocular pain patients (9). Yavuz-
Saricay et al. discovered a significant decrease in main and
branch nerve densities, an increase in dendritic cell density, and
the existence of microneuromas in DED patients with ocular
pain (10).

Notwithstanding the growing use of IVCM in DED clinical
practice, there have only been a few pertinent advances in
available software tools that facilitate automated corneal nerve
analysis. To date, the majority of IVCM image analyses of corneal
nerves have been performed manually or semiautomatically,
which has a lot of drawbacks, such as being time-consuming,
subjective, prone to observer bias, and having low repeatability
and consistency (6). According to the latest the dry eye
workShop II (DEWS II) of the tear film and ocular surface
society (TFOS) Pain and Sensation Subcommittee Report,
automating quantitative IVCM assessments would significantly
improve research technique and interpretation of the
results (5).

At the present, quantitative applications for evaluating corneal
nerves range from fully manual (CCMetrics, University of
Manchester, Manchester, UK) to semiautomated (NeuronJ, with
ImageJ plugin, National Institutes of Health, Bethesda, MA,
USA) to fully automated (ACCMetrics, University ofManchester,
Manchester, UK), all of which generate varying degrees of
quantitative nerve evaluation (11). Due to the laborious and
time-consuming nature of applying fully automated CCMetrics
software, the fully automated CCMetrics approach has been
replaced with the semiautomated NeuronJ technique (12).
The NeuronJ software traces the structure of the nerve
semiautomatically with a smooth line, providing total length
measurements. However, the operator’s ability to discern
the nerve’s beginning and end impacts the accuracy of the
measurements (13). ACCMetrics is a fully automated image
analysis program that reduces the time required to evaluate
an image to 15 s per image. ACCMetrics evaluates neural
morphometric characteristics, such as corneal nerve fiber density
(CNFD), CNFL, and corneal nerve branch density (CNBD),
and nerve fiber total branch density, nerve fiber area, and
nerve fiber width. As a result, it is particularly advantageous
for major studies analyzing a massive amount of IVCM
images (14).

The objective of this study is to evaluate the diagnostic
performance of ACCMetrics, a fully automated software, with
that of NeuronJ, a semiautomated program, in distinguishing
patients with DED with ocular pain from healthy controls
via IVCM morphometric analysis of the corneal SNP. The
correlations between DED with ocular pain and several
characteristics of the corneal SNP, such as the CNFD, CNBD,
and CNFL, were also investigated to identify which was the more
significant diagnostic parameter.

MATERIALS AND METHODS

Subjects
We conducted this prospective observational study in 2019
and 2020 at the outpatient clinics of the Second Affiliated
Hospital, Zhejiang University School of Medicine, in adherence
to the precepts of the Declaration of Helsinki. The study was
authorized by the Ethics Committee of the Second Affiliated
Hospital at Zhejiang University School of Medicine (2019-283).
All participants freely signed an informed consent form. A total
of 50 participants comprised DED patients (n = 25) and healthy
controls (n= 25).

An OSDI score of ≥13 points, a Schirmer I test score of
<10 mm/5min, and a tear film breakup time (TBUT) of <10 s,
associated with Ocular Pain Assessment Survey (OPAS) scores of
10–27, were used as diagnostic criteria for DED with ocular pain.

An OSDI score of <7 points, a Schirmer I test score of ≥10
mm/5min, or a TBUT score of ≥10 s, associated with OPAS
scores of 0–9, is considered healthy.

Individuals who met the following criteria were all excluded
from the study: (1) inability or unwillingness to sign an informed
consent form, (2) a history of eye surgery, (3) a history of
wearing contact lenses during the previous 30 days, (4) a history
of eye diseases other than DED, (5) a history of using any
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eye medication other than eye lubricant during the previous 3
months, and (6) severe systemic disease.

In vivo Confocal Microscopy
In this study, all participants underwent an IVCM examination.
The remote center of motion (RCM) module of the in vivo
confocal microscope (HRT-3, Heidelberg Engineering GmbH,
Heidelberg, Germany) was used to observe the center of the
corneal epithelium. The IVCM has a helium-neon diode laser
with a wavelength of 670 nm, a ×60 objective lens (Olympus,
Tokyo, Japan), a numerical aperture of 0.9, and a working
distance of 0.0–3.0mm relative to the flat cap (Tomo-Cap,
Heidelberg Engineering GmbH, Germany). The images were
two-dimensional, with a field size of 400 × 400µm and a
resolution of 384 × 384 pixels. An expert technician performed
all operations. Before beginning the examination, the technician
placed a drop of carbomer gel (Bausch & Lomb, Germany)
on the microscope lens and then covered it with a disposable
corneal contact cap. Next, a drop of topical anesthetic was
applied to the eye (Proparacaine Hydrochloride Eye Drops,
Alcon, United States), and the participant was instructed to
place their chin and forehead in a bracket. Participants were
instructed to look at a blip of light directly from the machine
in front of them. The lens was zeroed out before being pushed
toward the cornea of the participant’s eye. The SNP of the cornea
was then targeted at a depth of 50–80µm. The participants
were then instructed to move their center of attention across
their visual field to capture images of the corneal nerves from
the central, upper, lower, nasal, and temporal orientations.
A minimum of five clean, wrinkle-free, nonoverlapping, and
representative photos were taken in each direction. The five most
representative photos for each eye were selected and examined
using NeuronJ and ACCMetrics. NeuronJ is a Java-based image
analysis software package that includes a nerve-tracing plugin
module. ACCMetrics is a software application for autonomous
image analysis and processing developed by the University of
Manchester in Manchester, United Kingdom. All images were
manually assessed using NeuronJ by two experienced blind
observers (YZ and WL). CNFD, CNBD, and CNFL were chosen
as measurement indicators.

Ocular Surface Disease Index (OSDI)
The OSDI consists of six questions on visual disturbance and
visual function. Each response is graded on a 5-point scale, with
the total OSDI score ranging from 0 (no symptoms) to 100
(maximum symptoms). Patients with a score >13 are diagnosed
with symptomatic DED.

Ocular Pain Assessment Survey
We assessed average eye pain severity and frequency, aggravating
causes, related factors, and symptomatic alleviation over the
preceding 2 weeks using a 32-question ocular pain questionnaire
designed by Yureeda Qazi using numerical rating scales (15).

Tear Film Breakup Time
The TBUT test assesses the amount of time between a full blink
and the appearance of the first tear film break.

Corneal Fluorescein Staining
Corneal fluorescein staining was conducted after the TBUT test.
The Oxford Scale was used to assess corneal stains under a
yellow filter. Positive scores were defined as those that exceeded
zero points.

Statistics
All statistical analyses, excluding Bland-Altman plots, were
conducted using version 26 of the IBM Statistical Package for
the Social Sciences (SPSS) software package for Windows (IBM,
Chicago, IL, USA). Bland-Altman plots were created via an
online website: https://spssau.com. IVCM and SPSS were used
to construct the figures used in this study. The descriptive
statistics are summarized asmean± SD. AKolmogorov-Smirnov
test was used to assess the normality of continuous variables,
and the Bland-Altman plots were employed to determine
the interobserver agreement between the measurements. The
repeatability and reproducibility values were calculated in terms
of mean bias and 95% limits of agreement (LoA). The intraclass
correlation coefficient (ICC) was determined as an index
of repeatability and reproducibility between measurements.
Paired t-tests were used to assess the differences between
the two sets of measurements being compared. The receiver
operating characteristic (ROC) curve, area under the ROC
curve (AUC), cutoff point, sensitivity, and specificity were
also calculated. Correlation between the results obtained using
NeuronJ and ACCMetrics was explored using logarithmic
Pearson’s correlation coefficient (r). The analysis was double-
sided, and a p < 0.05 was considered statistically significant.

RESULTS

Demographics and Medical Status
A total of 50 voluntary participants were enrolled in this study,
comprising 25 patients with DED with ocular pain (7 men and
18 women, mean age: 43.8 ± 14.7 years) and 25 healthy controls
(6 men and 19 women, mean age: 44.2± 11.0 years). The clinical
test results of patients with DEDwith ocular pain were as follows:
average pain time of 1.89 ± 1.1 years, average OSDI score of
62.73 ± 20.73, average OPAS score of 12.84 ± 5.77, average
TBUT of 2.24± 1.27 s, average Schirmer test score of 8.18± 7.36

TABLE 1 | The intraclass correlation coefficient (ICC) for measurements of

NeuronJ and ACCMetrics.

ICC Neuron J ACCMetrics

Interobserver p value Comparison with p value

NeuronJ*

CNFD 0.933 (0.914–0.948) <0.001 0.460 (0.382–0.532) <0.001

CNBD 0.921 (0.898–0.938) <0.001 0.608 (0.545–0.665) <0.001

CNFL 0.918 (0.895–0.937) <0.001 0.851 (0.822–0.875) <0.001

*Comparisons between ACCMetrics and mean measurements from two observers.

Results are expressed as mean ± SD, statistically significant difference using ANOVA. In

brackets are the 95% CIs.
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FIGURE 1 | Bland-Altman plots for CNFD (A), CNBD (B), and CNFL (C) were measured by two masked observers. Solid line, mean difference; Dashed lines, 95% CI.

CNFD, corneal nerve fiber density; CNBD, corneal nerve branch density; CNFL, corneal nerve fiber length.

Frontiers in Medicine | www.frontiersin.org 4 February 2022 | Volume 9 | Article 831307208

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Compare Two Analyses of SNP

mm/5’, and average corneal staining score of 1.89 ± 1.59. These
indicators were within normal limits in the healthy controls.

Interobserver Agreement for NeuronJ and
ACCMetrics Measurements
All the images were measured by two blind observers (YZ
and WL), semiautomatically using NeuronJ and automatically
using ACCMetrics.

Table 1 presents a summary of the ICC for interobserver
measures obtained using NeuronJ and ACCMetrics to show the
amount of agreement between the two observers. As can be seen
in Table 1, all three parameters had an excellent interobserver
agreement. With an ICC value of 0.933 (95% CI: 0.914–0.948, p
< 0.001), CNFD had the most agreement, followed by CNBD,
with an ICC value of 0.921 (95% CI: 0.898–0.938, p < 0.001),
and CNFL, with an ICC value of 0.918 (95% CI: 0.895–0.937,
p < 0.001).

Figure 1 presents Bland-Altman plots of differences vs. the
averages of the CNFD, CNBD, and CNFL in images of the
healthy controls obtained by the blind observers, YZ and WL.
The solid lines indicate the average difference, while the dashed
lines represent the 95% LoA. Themean difference (±SD) between
the two observers was as follows: CNFD,−0.533± 2.113; CNBD,
0.147 ± 5.202; and CNFL, 0.130 ± 1.078. The coefficients of
repeatability (CoR) for CNFD, CNBD, and CNFL were 4.262,
10.176, and 2.121, respectively.

Differences in CNFD, CNBD, and CNFL
Between the Semiautomated and
Automated Methods
A total of 500 images obtained from the entire cohort were
analyzed using NeuronJ and ACCMetrics. The data on CNFD,
CNBD, and CNFL are presented in Table 2. The mean CNFDs
quantified via NeuronJ and ACCMetrics were 25.0 ± 7.6 and
27.4 ± 9.4 n/mm2, respectively (paired-samples t-test, t =

−5.619, p < 0.001). The mean CNBDs quantified via NeuronJ
and ACCMetrics were 57.1 ± 23.3 and 41.1 ± 24.2 n/mm2,
respectively (paired-samples t-test, t = 15.740, p < 0.001), and
the mean CNFL quantified via NeuronJ and ACCMetrics were
21.6± 4.7 and 17.0± 4.0 mm/mm2, respectively (paired-samples
t-test, t = 40.385, p < 0.001). As can be seen in Table 2, there is
a substantial difference between the results obtained via the two
strategies. The CNFD calculated by ACCMetrics was significantly
higher than that assessed via NeuronJ, while the CNBD and

TABLE 2 | Mean ± SD of parameters of the entire cohort measured by NeuronJ

and ACCMetrics.

TOTAL NeuronJ ACCMetrics t Value p Value

CNFD (n/mm2 ) 25.0 ± 7.6 27.4 ± 9.4 −5.619 <0.001

CNBD (n/mm2 ) 57.1 ± 23.3 41.1 ± 24.2 15.740 <0.001

CNFL (mm/mm2 ) 21.6 ± 4.7 17.0 ± 4.0 40.385 <0.001

Results are expressed as mean ± SD.

CNFL estimated by ACCMetrics were clearly lower than those
calculated via NeuronJ.

As illustrated in Figure 2, the nerve fibers traced in NeuronJ
are colored purple, and NeuronJ is capable of calculating the sum
of the fiber lengths (CNFL). However, the CNFD and CNBD
values need to be manually recorded by the observers. In the
images analyzed using ACCMetrics, CNFD values were traced
in red, CNBD values were denoted as green dots, and CNFL is
the sum of all nerve tracings, i.e., red-colored tracings and blue-
colored tracings. To a certain extent, some of the CNBD and
CNFL values were not detected and are indicated by arrows and
circles in the images.

Agreement in CNFD, CNBD, and CNFL
Between NeuronJ and ACCMetrics
Table 1 presents a summary of the ICC for the two methods:
NeuronJ and ACCMetrics. An ICC value of 0.460 (95% CI:
0.382–0.532, p < 0.001) was the lowest value for the CNFD. The
CNBD has an ICC value of 0.608 (95% CI: 0.545–0.665, p <

0.001), while the CNFL has an ICC value of 0.851 (95%CI: 0.822–
0.875, p < 0.001). We can speculate that the CNFL has strong
agreement and repeatability.

The scatterplots (Figure 3) of the CNFD, CNBD, and CNFL
showed correlations between NeuronJ and ACCMetrics. The
CNFD values (r = 0.471, p < 0.001) are moderately related, the
CNBD values (r= 0.609, p < 0.001) are strongly related, and the
CNFL values (r = 0.864, p < 0.001) are highly related, based on
manual and automated analysis.

The Bland-Altman plots (Figure 4) for the CNFD, CNBD,
and CNFL present the agreements between the results obtained
via NeuronJ and ACCMetrics. The results show differences in
CNFD (−2.4 ± 8.9), CNBD (16.0 ± 21.0), and CNFL (4.7
± 2.4); the 95% LoA of CNFD (−19.903 – 15.058), CNBD
(−25.207 – 57.193), and CNFL (−0.013 – 9.348); and the
repeatability coefficient (RC) of CNFD (18.094), CNBD (51.730),
and CNFL (10.273). The majority of the scatter plots fall
within the 95% CI, indicating that the two detection methods
are consistent.

The ROC curves and relevant analysis convincingly
demonstrate the ability of each parameter to diagnose DED
with ocular pain. Table 3 presents a summary of the AUC,
cutoff, sensitivity, and specificity values, while Figure 5

presents the ROC curves. Using ACCMetrics, the CNFL most
effectively distinguishes patients with DED with ocular pain
from healthy controls (AUC = 0.747 [0.700–0.793], cutoff =

0.384, sensitivity = 0.884, specificity = 0.500, p < 0.001). Using
NeuronJ, the CNBD had the highest AUC of 0.773 (0.728–
0.818), followed by the CNFL (0.769 [0.725–0.813]) and CNFD
(0.608 [0.555–0.662]).

Significantly Lower CNFD, CNBD, and
CNFL in Patients With DED With Ocular
Pain Than in Healthy Controls via Both
NeuronJ and ACCMetrics
To investigate the correlation between SNP and patients with
DED with ocular pain, we compared the mean differences
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FIGURE 2 | Illustrations are examples of SNP measurements. (A) A representative raw IVCM image from a healthy control and (D) a patient of DED with ocular pain.

(B,E) were measured by NeuronJ; (C,F) were automatically analyzed by ACCMetrics. Nerve fibers which failed to be identified were marked as arrows. Nerve

branches that were unable to be detected were marked as circles. DED, dry eye disease; SNP, sub-basal nerve plexus; IVCM, in vivo confocal microscopy.

FIGURE 3 | Scatterplots of CNFD (A), CNBD (B), and CNFL (C) using NeuronJ vs. ACCmetrics on the whole images (n = 500). CNFD, corneal nerve fiber density;

CNBD, corneal nerve branch density; CNFL, corneal nerve fiber length.

between the results obtained using NeuronJ and ACCMetrics
for healthy controls and DED with ocular pain patients. As
illustrated in Table 4, the patients with DED with ocular pain
had significantly fewer SNP than healthy controls. When using
NeuronJ, the values for the CNFD, CNBD, and CNFL were
26.5 ± 6.9 vs. 23.5 ± 8.1 n/mm2, p < 0.001; 67.0 ± 20.4 vs.

46.0 ± 21.3 n/mm2, p < 0.001; and 23.7 ± 4.1 vs. 19.3 ± 4.3
mm/mm2, p < 0.001, respectively. When ACCMetrics is utilized,
the values for CNFD, CNBD, and CNFL were 30.7 ± 8.9 vs.
23.8 ± 8.6 n/mm2, p < 0.001; 46.0 ± 24.0 vs. 35.7 ± 23.3
n/mm2, p < 0.001; and 18.6 ± 3.4 vs. 15.2 ± 3.8 mm/mm2,
p < 0.001, respectively.
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FIGURE 4 | Bland-Altman plots for CNFD (A), CNBD (B), and CNFL (C) measured by NeuronJ and ACCMetrics. Solid lines, mean difference; Dashed lines, 95% CI.

CNFD, corneal nerve fiber density; CNBD, corneal nerve branch density; CNFL, corneal nerve fiber length.

Frontiers in Medicine | www.frontiersin.org 7 February 2022 | Volume 9 | Article 831307211

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Compare Two Analyses of SNP

TABLE 3 | AUC indicators for the discrimination of DED with ocular pain.

Parameter AUC & 95%CI Cutoff Sensitivity Specificity p Value

ACCMetrics –CNFD 0.705 (0.656–0.754) 0.328 0.609 0.719 <0.001

ACCMetrics –CNBD 0.629 (0.577–0.682) 0.183 0.631 0.552 <0.001

ACCMetrics –CNFL 0.747 (0.700–0.793) 0.384 0.884 0.500 <0.001

NeuronJ–CNFD 0.608 (0.555–0.662) 0.177 0.409 0.768 <0.001

NeuronJ–CNBD 0.773 (0.728–0.818) 0.490 0.889 0.601 <0.001

NeuronJ–CNFL 0.769 (0.725–0.813) 0.420 0.791 0.629 <0.001

AUC, area under the ROC curve; DED, dry eye disease.

DISCUSSION

In this study, we compared two distinct assessment techniques
for IVCM images and the difference in SNP between DED with
ocular pain patients and healthy subjects. We used ACCMetrics,
a fully automated measurement software, and NeuronJ, a
semiautomated method, to identify SNP and detect ocular pain
symptoms associated with DED with ocular pain.

Previous research studies have shown that patients with DED
with ocular pain have fewer SNP than healthy controls and
that ACCMetrics can partially replace the manual method. The
semiautomated measurements were particularly well correlated
with the measurements obtained via the manual methods for
the same image (16). According to a study by Giannaccare et
al., the ACCMetrics software can detect alternations in SNP and
distinguish DED patients (6). In patients with DED with ocular
pain, Kheirkhah et al. discovered a significantly low number and
density of sub-basal nerves (17). However, research studies on
the relationship between SNP and ocular pain symptoms in DED
with ocular pain patients, and the corresponding measurement
indicators, were hard to obtain. Simultaneously, it is necessary to
demonstrate the specific efficacy of fully automated software over
the traditional method.

The ACCMetrics software can partially replace
semiautomated methods (18). The traditional semiautomated
method has a high ICC and CoR between observers for the
CNFD, CNBD, and CNFL (Table 1 and Figure 1). In Table 1,
it can also be seen that the CNFL (ICC = 0.851, p < 0.001) has
the highest ICC between ACCMetrics and Neuron J, whereas the
CNBD (ICC = 0.608, p < 0.001) has a medium ICC. Between
the two methods, the CNFL has the highest correlation (r =

0.864, p < 0.001), followed by the CNBD (r = 0.609, p <

0.001). The difference in the CNFL (4.7 ± 2.4) is apparent on
the Bland-Altman plot, and the majority of the scatter plots
are distributed within the 95% CI. Based on the foregoing, we
propose the CNFL as one of the measurement indicators to
replace semiautomated methods.

Furthermore, when the ACCMetrics software is compared to
the traditional method, there are negligible differences in the
results. In Table 1, it can be seen that the ACCMetrics software
recorded higher CNFD values, lower CNBD values, and lower
CNFL values. Conversely, the CNFD has a weak correlation
(ICC = 0.460, p < 0.001, r = 0.471, p < 0.001) between the
two approaches. Figure 2 presents the reasons behind some

differences, e.g., some nerve trunks were misidentified and a
certain number of nerve bands and fibers were missed, as
indicated by the arrows and circles in the images. Consequently,
we must acknowledge that the two methods differ, and we do not
recommend CNFD as the primary parameter to be measured.

However, we recommend combining the CNFD, CNBD, and
CNFL to support the diagnosis of DED with ocular pain, with
the CNFL serving as the most critical parameter. Patients with
ocular pain have fewer SNP, such as lower CNFD, CNBD, and
CNFL values, regardless of whether the data are obtained via
NeuronJ or ACCMetrics (17). From Table 4, it is apparent
that when NeuronJ was used, CNFD was decreased by 11.32%,
CNBD was decreased by 31.19%, and CNFL was decreased by
18.99%. Following the implementation of ACCMetrics, CNFD
was decreased by 22.48%, CNBD was decreased by 22.39%, and
CNFL was decreased by 18.28%. The ROC parameters (Figure 5)
also demonstrate that the three indexes are all highly efficient
diagnostic tools. In addition, we recommend the CNFL obtained
via NeuronJ and ACCMetrics as the recommended parameter.
DED patients with ocular pain exhibit distinctive pathological
changes in the SNP, which can be detected using IVCM, and
nerve quantification can be used to confirm the diagnosis.

It is widely accepted that manual and semiautomatedmethods
have some advantages, such as the highest degree of consistency
and efficacy. The observers can obtain additional pathological
details on factors, such as inflammatory cells, nerve ganglion,
neuroma, and nerve endpoint, which helps them make a more
accurate diagnosis of the situation (19). However, these methods
are not only time and energy consuming, but also challenging
to apply in a medical environment, particularly, when analyzing
large amounts of data (18).

A fully automatedmethod is well suited to clinical applications
because it is operated automatically, allowing clinicians to
conserve time and energy. A significantly large number of clinical
samples can be assessed and the values of parameters can be
calculated, facilitating a deeply comprehensive understanding of
the symptoms, and consequently, highly effective treatment for
the patients (20). Nevertheless, there are some disadvantages,
such as the extremely high image quality requirements, such
as image representativeness, clarity, and contrast. As indicated
in Figure 2, the ACCMetrics software recognizes fewer nerve
fibers and is not very capable of distinguishing nerve branches,
inflammatory cells, nerve ganglions, neuromas, nerve endpoints,
and other such entities in the cornea (16).
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FIGURE 5 | ROC parameters of CNFD, CNBD, and CNFL dividing by DED with ocular pain using ACCMetrics (A) and NeuronJ (B). DED, dry eye disease; CNFD,

corneal nerve fiber density; CNBD, corneal nerve branch density; CNFL, corneal nerve fiber length.
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TABLE 4 | Mean ± SD of parameters measured by NeuronJ and ACCMetrics.

Control DED with ocular pain Mean difference & 95%CI t Test

t Value P Value

CNFD (n/mm2 ) NeuronJ 26.5 ± 6.9 23.5 ± 8.1 3.0 (1.6–4.4) 4.1 <0.001

ACCMetrics 30.7 ± 8.9 23.8 ± 8.6 6.9 (5.2–8.6) 8.1 <0.001

CNBD (n/mm2 ) NeuronJ 67.0 ± 20.4 46.0 ± 21.3 20.9 (16.9–24.9) 10.4 <0.001

ACCMetrics 46.0 ± 24.0 35.7 ± 23.3 10.3 (5.8–14.8) 4.5 <0.001

CNFL (mm/mm2 ) NeuronJ 23.7 ± 4.1 19.3 ± 4.3 4.5 (3.7–5.3) 11.0 <0.001

ACCMetrics 18.6 ± 3.4 15.2 ± 3.8 3.4 (2.7–4.1) 9.7 <0.001

Results are expressed as mean ± SD. DED, dry eye disease.

Simultaneously, our research does have some limitations.
Standard IVCM generates narrow-field images of the cornea
(400 × 400µm) that each display an extremely small area
(<1%). According to the study of Winter et al., averaging
parameters from multiple IVCM images may not result in
very well accurate predictions for the whole image region (21).
Additionally, it requires manual selection of non-overlapping
IVCM images from a larger pool of images acquired during the
image acquisition phase. Meanwhile, Allgeier et al. developed
a novel automated approach that incorporates directed eye
movements to rapidly expand the captured SNP region and
axial focus plane oscillations to ensure complete imaging of the
SNP (22). Moreover, we learned from their work on CNFL that
expanding the mosaic image area stabilizes the CNFL values and
decreases the movement variation (23). Currently, there have
been a number of reports using wide-field imaging tools to study
SNP-related diseases, such as the study of severe diabetic foot
deformity by Herlyn et al. (24), Andreasson et al.’s research on
Parkinson’s disease with restless legs syndrome (25), Sterenczak
et al.’s research on atypical cellular elements of unknown origin of
a diabetic cornea (26), Koschmieder et al.’s research on multiple
myeloma (27), and so on. A significant advantage of the wide-
field technique is its capacity to offer imaging data with a wider
field of view, possibly allowing the physician to analyze identical
tissue sections repeatedly (22). Moreover, it prevents subjective
field selection, resulting in an objective perspective of the whole
SNP architecture, enabling accurate analysis of SNP patterns
and precise quantification of SNP parameters (28). However,
the wide-field technique for mosaic images is generally more
time-consuming and difficult to implement in terms of software
and hardware (e.g., three connected PCs) configuration. In our
study, due to a lack of appropriate software and hardware,
we relied on the widely used standard IVCM image extraction
approach (29). Our study applied the well-accepted method of
averaging the values of the five sites to represent the overall
SNP of the eye (11). In the process of photographing and image
selection, we tried to select images containing non-repeating
SNP. The study of Ahmad Kheirkhah supported that there are no
significant variations in the mean sub-basal nerve and dendritic
cell densities between the average values of three representative
standard IVCM images and wide-field mosaic composite images
(29). However, given that the images we analyzed were of cases
of decreased nerve density, the wide-field composite images

may more accurately represent the entire cornea. We anticipate
further studies on the application of wide-field techniques on
DED with ocular pain.

Our expectations and recommendations for the future
of the ACCMetrics software are as follows: we anticipate
that the structure will improve software detection while
simultaneously increasing recognition in images with low
contrast and poor clarity; improved detection of nerve bands,
weak nerve fibers, inflammatory cells, nerve ganglions,
neuromas, nerve endpoints, and other abnormalities in the
nervous system, and detection of other irregularities in the
corneal stroma.

In summary, the fully automated software ACCMetrics can
be used to partly replace semiautomated method NeuronJ.
For instance, a relatively precise measurement of the CNFL
can denote a significant degree of corneal nerve loss in
patients, which can be used as a reference for the diagnosis
of DED with ocular pain. Present status demonstrates the
clinical importance in various fields of medicine and not
only in DED with ocular pain. It may be turned out as
an early biomarker for many neurodegenerative diseases,
such as diabetic peripheral neuritis, Parkinson’s disease,
and so on. Nevertheless, current software often incorrectly
recognizes and underestimates nerve fibers and is unable to
identify biological details in images (e.g., inflammatory cells).
Therefore, we anticipate that the ACCMetrics software will
be upgraded and further developed to meet the demands of
clinical practice.
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Purpose: This study aimed to determine the composition and diversity of bacterial

communities on the ocular surface before and after the intervention with sodium

hyaluronate eye drops (with or without preservatives) using 16S rRNA gene

amplicon sequencing.

Methods: Sixteen healthy adults were randomly divided into two groups and treatedwith

sodium hyaluronate eye drops with or without preservatives for 2 weeks. The individuals

used the same artificial tears in both eyes. The microbial samples from the conjunctival

sac of each participant were collected at baseline and 2 weeks after intervention. The

diversity and taxonomic differences among different groups before and after intervention

were compared by sequencing the V3–V4 region of the 16S rRNA gene.

Results: The similarity in the binocular microbial community was high in 1 of the

16 volunteers (Bray-Curtis dissimilarity score < 0.3). At the genus level, 11 bacteria

were detected in all samples with an average relative abundance of more than 1%.

The bacterial community changed significantly after the use of sodium hyaluronate eye

drops (with or without preservatives), whether within individuals or between individuals in

different groups (P < 0.05, PERMANOVA). Different dosage forms of sodium hyaluronate

eye drops significantly decreased the relative abundance of Flavobacterium caeni and

Deinococcus antarcticus, respectively (P < 0.05).

Conclusions: Healthy people had a rich diversity of the bacterial microbiota on the

ocular surface, but the bacterial communities between the eyes were not completely

similar. Irrespective of containing benzalkonium chloride (BAC), sodium hyaluronate eye

drops can change the bacterial community on the ocular surface.

Keywords: microbiome, ocular surface bacterial microbiota, preservatives, 16S rRNA gene amplicon sequencing,

sodium hyaluronate eye drops, benzalkonium chloride

INTRODUCTION

The ocular surface is a microecosystem in contact with the outside air and colonized by a
specific microbial community (1). With the innovation of molecular biology techniques, such as
polymerase chain reaction (PCR) and gene sequencing, it has been found that the total number
of microorganisms is relatively small on the ocular surface compared with other parts of the body
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such as the intestinal tract, oral cavity, and skin, but they are quite
abundant from the perspective of biodiversity (2–6). The ocular
surface microbiota is mainly composed of bacteria, accounting
for 98.15%, while fungi and viruses account for 0.94 and 0.91%,
respectively (7). The ocular surface microbiota settles on the
mucosal epithelium of the ocular surface and the tear film
covering it. They form a dynamic balance microecosystem with
the ocular surface tissue. The system is stable over time with
low variability within an individual (8). However, differences
exist among different individuals due to the influence of many
factors. In healthy populations, age and region are the influencing
factors for differences in microbial community (7, 9–12). Several
studies have assessed the role of these microorganisms in ocular
surface health and disease by characterizing ocular surface
microbiota in patients under different disease conditions (13–19).
Anthropogenic factors, such as the use of antibiotics (20) and the
wearing of corneal contact lens (21, 22), also contribute to the
changes in the microbiota on the ocular surface.

In recent decades, sodium hyaluronate eye drops have
become an option for artificial tear therapy, thanks to sodium
hyaluronate, a water-soluble polymer (23). Sodium hyaluronate
not only has a strong water-retention function due to a large
amount of negative charge, but also has high viscosity and
affinity. It can stay on the ocular surface for a long time
and lubricate the eye surface. It can also promote corneal
epithelial extension and wound healing, reducing the adverse
effects of preservatives in ophthalmic preparations (1). Sodium
hyaluronate eye drops can be divided into single-dose and multi-
dose types based on the presence of preservatives in them.
Considering the risk of pollution, preservatives are added to
many artificial tears to kill microbial vegetative forms and
inhibit the growth ofmicroorganisms for long-term preservation.
Benzalkonium chloride (BAC) is the most common preservative.
Several previous studies have found that BAC has a particular
toxic effect on the ocular surface epithelium, and its toxicity is
related to the frequency, concentration, tear secretion level, and
severity of ocular surface diseases (24–27).

The ocular surface bacterial microbiota is the largest group
in the ocular surface microbiota. Its colonization site is in the
ocular surface epithelium and tear film, and therefore whether
it is affected by the use of sodium hyaluronate eye drops is
of great concern. Also, whether BAC affects the ocular surface
bacterial community is not clear. To better understand the
ocular surface bacteria and thus guide clinical medication, the
present study aimed to (1) evaluate the diversity of ocular surface
bacterial microbiota before and after the intervention with
sodium hyaluronate eye drops using 16S rRNA gene amplicon
sequencing and (2) compare the effects of different dose types
with and without BAC on the diversity and composition of ocular
surface bacterial microbiota.

MATERIALS AND METHODS

Study Population and Trial Groups
This study was designed as a randomized, parallel-group, open-
label, controlled trial. It included 16 healthy volunteers (10
women and 6 men, aged 28.25± 3.51 years). The participants all

lived in the same city and were the medical staff of the Xiamen
Eye Center. They had no symptoms of ophthalmic surface
disease and no more than 12 points on the Ophthalmic Surface
Disease Index (OSDI) screening questionnaire. They underwent
detailed eye examinations on the day before sampling, including
intraocular pressure, tear meniscus height, non-invasive breakup
time, and lipid layer analysis. Table S1 shows the information of
the included population and the measurements of ocular surface
indicators. They did not have any systemic disease, ocular surface
disease, uveitis, glaucoma, retinal disease, or a history of eye
trauma/transplant; did not wear contact lenses; and did not use
eye drops (artificial tears, antibiotics, steroids, and non-steroidal
anti-inflammatory drugs) for 6 months. All the participants
were randomly divided into two groups, each consisting of five
women and three men. Table 1 shows the statistical data of the
included population; no statistically significant difference was
found in the indicators between the two groups (P > 0.05,
Mann–Whitney U test). The first group was given 0.3% sodium
hyaluronate eye drops containing preservatives (Santen, Osaka,
Japan), four times a day for 2 weeks in both eyes. The second
group was given preservative-free 0.3% sodium hyaluronate eye
drops (Santen, Osaka, Japan) with the same frequency and
duration as the first group. The study plan was approved by
the ethics committee of Xiamen Eye Center affiliated to the
Xiamen University (Ethics Number: xmykzx-ky-2020-010). The
study followed the principles of the Declaration of Helsinki. All
participants provided a written informed consent document, and
the participation was voluntary.

Sample Collection
The researchers took samples in a clean eye treatment room
disinfected with ultraviolet light. The first sampling was done
in the morning after the eye examination. The eyes were then
treated with artificial tears and sampled again at the same
time 2 weeks later. Based on the study by Shin et al. (22),
topical anesthetics themselves could affect sequencing results.
However, considering the previous reports of the differentiation
between the superficial and deep microbiome (6), we used a
single dose of anesthetic before sampling. Topical anesthetics
allowed the subjects to cooperate fully by reducing blink
reflexes and the discomfort of sampling. This ensured that
sufficient and consistent pressure was taken during the sampling
process to obtain high-quality samples. Meanwhile, it avoided
the sample contamination caused by the accidental contact of
the swab with the eyelid margin or the cornea, as well as
the corneal epithelial injury caused by subjects’ overreaction
to the discomfort of sampling. After topical anesthesia with
Proparacaine Hydrochloride Eye Drops (Alcon, TX, USA), a
disposable sterile flocking cotton swab was used to wipe the
upper and lower conjunctival sacs from the nasal side to the
temporal side in a clockwise direction, and the intensity of the
wiping was determined to avoid obvious discomfort. Care was
taken not to touch the cornea, eyelid margin, or even eyelid
skin throughout the process. Immediately after the collection,
the swab was placed in a 1.5-mL sterile centrifuge tube (Axygen,
CA, USA) and stored in an ultra-low temperature refrigerator
at −80◦C prior to DNA extraction, PCR amplification, and
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TABLE 1 | Demographic and clinical characteristics of the cohort.

All participants Preservative-free group Preservative-containing group P-value*

No. of participants, n 16 8 8 –

Age, median (range) 29 (22-33) 29.5 (25-33) 27 (22-33) ns

Female, % (n) 62.5 (10) 62.5 (5) 62.5 (5) ns

Eyes, n 32 16 16 –

Ethnicity Chinese (100%) Chinese (100%) Chinese (100%) ns

IOP, mean ± SD 14.27 ± 2.73 13.89 ± 2.37 14.65 ± 3.08 ns

TMH, mean ± SD 0.23 ± 0.03 0.24 ± 0.03 0.23 ± 0.03 ns

NIBUT, mean ± SD 13.94 ± 2.55 14.04 ± 2.59 13.84 ± 2.59 ns

Avg ICU, mean ± SD 77.47 ± 11.37 75.75 ± 11.02 79.19 ± 11.80 ns

OSDI, mean ± SD 3.44 ± 2.00 3.25 ± 1.98 3.63 ± 2.13 ns

ICU, interferometric color units; IOP, intraocular pressure; NIBUT, non-invasive breakup time; ns, not significant; OSDI, ocular surface disease index; TMH, tear meniscus height.

Data presented as % (n) or mean (SD) or median (range).
*P-values based on Mann–Whitney U test comparing the preservative-free and preservative-containing groups.

16S rRNA gene amplicon sequencing (Guangzhou Genedenovo
Biotechnology Co., Guangzhou, China). To avoid contamination,
topical anesthetics were injected into disposable sterile swabs and
placed in sterile centrifuge tubes as blank controls.

DNA Extraction, PCR Amplification, and
16S rRNA Gene Amplicon Sequencing
The sample DNA was extracted using a HiPure soil DNA
kit (Magen, Guangzhou, China) following the manufacturer’s
protocols. The blank samples were also fully extracted to exclude
false-positive results from the process.

The V3–V4 region of 16S ribosomal RNA gene was amplified
by PCR (94◦C for 2min, followed by 30 cycles at 98◦C for
10 s, 62◦C for 30 s, and 68◦C for 30 s, and finally extended at
68◦C for 5min). Primers 341 F (5

′
- CCTAGGGNGGCWGCAG-

3
′
) and 806 R (5

′
-GGACTACHVGGGTATCTAAT-3

′
) were used.

PCR reactions were performed in triplicate in a 50-µL mixture
containing 5 µL of 10× KOD buffer, 5 µL of 2mM dNTPs, 3
µL of 25mM MgSO4, 1.5 µL of each primer (10µM), 1 µL of
KOD polymerase, and 100 ng of template DNA. The related PCR
reagents were from Toyobo, Japan.

Amplicons were extracted from 2% agarose gels and purified
using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
CA, USA) following the manufacturer’s protocols and quantified
using an ABI StepOnePlus Real-Time PCR System (Life
Technologies, CA, USA). Purified amplicons were pooled in
equimolar amounts and paired-end sequenced (PE250) on an
Illumina platform following the standard protocols. The raw
sequence data were deposited into the Sequence Read Archive
database (Accession Number: PRJNA720296).

Processing of 16S rDNA Dataset
Raw reads were further filtered using FASTP (28) (version
0.18.0) to obtain high-quality clean reads, according to the
following rules: (1) removing reads containing more than 10%
of unknown nucleotides (N) and (2) removing reads containing
< 50% of bases with quality (Q-value) < 20. Paired-end
clean reads were merged as raw tags using FLASH (version

1.2.11) with a minimum overlap of 10 bp and mismatch
error rates of 2% (29). Noisy sequences of raw tags were
filtered using the QIIME (30) (version 1.9.1) pipeline under
specific filtering conditions (31) to obtain high-quality clean
tags. The filtering conditions were as follows: (1) raw tags
were broken from the first low-quality base site where the
number of bases in the continuous low-quality value (default
quality threshold, ≤3) reached the set length (default length,
3); (2) subsequently, tags whose continuous high-quality base
length was <75% of the tag length were filtered. Clean tags
were searched against the reference database (version r20110519,
http://drive5.com/uchime/uchime_download.html) to perform
reference-based chimera detection using the UCHIME algorithm
(32). All chimeric tags were removed, and the finally obtained
effective tags were used for further analysis. The UPARSE
(33) (version 9.2.64) pipeline was used to cluster all effective
tags, and the sequences with 97% similarity were grouped into
operational taxonomic units (OTUs) (33). In each OTU, the
absolute abundance of tags was calculated. The tag sequence with
the highest abundance was selected as a representative sequence
within each cluster. The representative sequences were classified
into organisms by a naive Bayesian model using an RDP classifier
(34) (version 2.2) based on the SILVA (35) database (version 132),
with the confidence threshold value of 0.8.

Diversity and Statistical Analysis
The alpha diversity and beta diversity data of all populations
before and after treatment were obtained through calculation and
analysis. Observed-species index, Shannon index, and all other
alpha diversity indices were calculated in QIIME (version 1.9.1)
(Table S2). Rarefaction curves of alpha index and the stacked
bar plot of the community composition were visualized in R
project ggplot2 package (version 2.2.1). Unweighted UniFrac
distance matrices were generated using the GUniFrac package
(36) (version 1.0) in the R project. Bray-Curtis distance matrix
was calculated in the R project Vegan package (version 2.5.3).
Based on the distance index between samples, the Vegan package
in the R project was used for the unweighted pair group method
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with arithmetic mean analysis (UPGMA), and the samples with
smaller distance were merged into the same cluster. According
to the study of Zilliox et al. (15), the similarity in ocular surface
bacterial microbiota was high for Bray-Curtis dissimilarity scores
< 0.30. The principal coordinate analysis (PCoA) of distance
index and the statistical analysis of Adonis (also known as
PERMANOVA) test were performed in the R project Vegan
package (version 2.5.3) and plotted in the R project ggplot2
package (version 2.2.1). We used PCoA to evaluate the ocular
surface microbiome at baseline and the differences in repeated
samples after intervention. In GraphPad Prism (version 9.2.0),
the box diagram was used to show the distribution of the relative
abundance of bacteria in different samples. The top 10 at the
phylum level and the top 20 at the genus level were shown.
Kruskal–Wallis test and one-way analysis of variance were used
to compare the differences in alpha diversity index and distance
index before and after intervention in different groups. A scatter
plot was drawn to visualize the average relative abundance of
“core” bacteria at the genus level in each group after intervention.
Based on the abundance and frequency of species in the sample,
the indicator analysis was used to calculate the indicator value
(IndVal) of each species in each group. The higher the value
of IndVal, the more likely the species was to be the indicator
species of the group. The labdsv package in the R project was used
to calculate the indicator value of the species whose abundance
value was >0 and the total proportion was >0.1% in each sample
of the comparison group. We used cross-validation test to get the
P-value. The biomarker of each group, shown in the bubble chart,
could be found intuitively through the bubble size.

RESULTS

Sample Quality
The blank control samples used for monitoring DNA
contamination did not produce 16S rRNA gene amplification
products, indicating that the sampling process was controlled
effectively. Then, 16S rDNA data were generated from 64
samples from 16 participants. A total of 6,870,617 reads were
generated, with an average of 107,353.4 reads per sample.

A total of 5,825,884 effective tags were generated after strict
quality control of removing low-quality reads, tag mosaic, tag
filtering, and tag de-chimerism. The total number of OTUs
at 97% sequence similarity ranged from 674 to 2,127, with an
average of 1,205.22 OTUs per sample and a total of 77,134
OTUs in all samples (Table S3). Rarefaction curves can directly
reflect the rationality of sequencing data size by showing the
variation trends in alpha diversity indices through a simulated
resampling process and estimating the diversity of species in
the environment. The curves reaching the saturation platform
indicate that the sequencing data size is reasonable. The speed
of the curve reaching the platform and the height of the curve
reflect the difference in community alpha diversity among
different groups. The value of Good’s coverage equal to 1
indicates that all species in the sample have been detected.
With the increase in the sequencing depth, the values of the
Observed-species index, Shannon index, and Good’s coverage
increased, and later the curves gradually flattened (Figure 1).
When the sequencing depth reached 50,000 tags/sample, these
curves reached the saturated platform, and the average Good’s
coverage of all samples was 0.994 (Table S2), indicating that
the sequencing had covered almost all species. The number of
effective tags in this study was 91,029.44 tags/sample (Table S3),
which showed that the depth of sequencing was sufficient for
further analysis.

Composition Analysis of Ocular Surface
Bacterial Microbiota
The results of each sample were first plotted to see whether a
single individual had similar bacterial microbiota in both eyes
before the artificial tears were used (Figure 2A). In the UPGMA
analysis (Figure 2B), the samples with smaller distances between
the eyes of volunteers 14 and 15 were merged into the same
cluster. According to the study by Zilliox et al. (15), the Bray-
Curtis dissimilarity score < 0.3 was considered to be high in
similarity between the two samples. In our study, only 1 of the
16 volunteers had a high similarity in the microbiome between
eyes (Figure 2B, Volunteer 14, Bray-Curtis dissimilarity score <

0.3). Using the single-sample t-test, the binocular Bray-Curtis

FIGURE 1 | Rarefaction curves computed for alpha diversity indices. (A) Observed-species index for reflection of the observed OTUs of individual sample. (B)

Shannon indices for the species richness of samples. (C) Good’s coverage reflected the sequencing saturation of samples. All rarefaction curves of samples from the

volunteers reached the saturation platform, indicating that the sequencing data size was reasonable.
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FIGURE 2 | Analysis of composition and dissimilarity of bacterial community between eyes within individual at baseline. (A) Stacking map of abundance of bacteria at

baseline. 16S rRNA gene sequences were classified into genus levels. (B) Unweighted pair group method with arithmetic mean analysis (UPGMA) of all samples at

baseline. (C) PCoA analysis between right (R) and left (L) eyes.

dissimilarity score was compared with the hypothetical value
(the hypothetical value was set to 0.3). The average value of
the sample was 0.6133, which was significantly different from
the hypothetical value (Figure S1, P < 0.0001). The PCoA
plot showed that none of the paired samples between eyes
had an identical microbial composition (Figure 2C). Therefore,
our study showed that the composition of ocular surface
microbial community was not completely consistent between
eyes and between different individuals. One volunteer had
mainly Catenovulum in one eye and Corynebacterium in the
second eye (Figure 2A, Volunteer 2). A second volunteer had
Catenovulum in one eye and a variety of bacteria in the other
eye, including Sphingomonas, Comamonas, Bradyrhizobium,
Acinetobacter, Staphylococcus, Pseudomonas, and Mycoplasma
(Figure 2A, Volunteer 1). In an individual, we treated one
eye as an independent microhabitat. All further analyses were
performed at the level of a single eye, rather than a combination
for each participant.

At the phylum level, Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes occupied the top four,
which together accounted for 77.25% of all sequencing reads.

They could be detected in all samples, and the relative abundance
was more than 1% (Figure 3A; Figure S2). At the genus level,
11 bacterial genera had an average relative abundance of
more than 1% in the population (Figure 3B). Catenovulum
occupied the largest portion (0.2359–31.4431%), followed by
Corynebacterium (0.1043–26.9518%), Sphingomonas (0.4794–
5.5446%), Bacteroides (0.0879–15.6569%), Faecalibacterium
(0.0268–13.3857%), Alteromonas (0.0179–5.2026%), Escherichia-
Shingella (0.0812–17.4233%), Bradyrhizobium (0.1752–4.658%),
Acinetobacter (0.1877–7.4161%), Staphylococcus (0.0398–
4.523%), and Pseudomonas (0.1616–5.0249%). These bacteria
were detected in the eyes of all participants, but the relative
abundance values of different samples were significantly
different. The proportion distribution of other bacteria was also
different, but the range of relative abundance was smaller than
that of the former two.

Sodium Hyaluronate Eye Drops Altered
Ocular Surface Bacterial Microbiota
Multivariate statistical analysis was used to observe the
changes in the ocular surface bacterial microbiota before and
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FIGURE 3 | Sample distribution of relative abundance of bacteria at different taxonomic levels. (A) Top 10 at phylum levels. (B) Top 20 at genus levels.

after intervention with different doses of sodium hyaluronate
eye drops in different groups. The PCoA plot showed the
relationships of bacterial microbiota among individual samples.
The higher the similarity between the two samples, the closer the
distance of the straight line projected in the graph. The PCoA plot
based on the unweighted UniFrac distance index showed that the
bacterial community on the ocular surface changed significantly
after the use of sodium hyaluronate eye drops (with or without
BAC), whether within individuals or between individuals in
different groups (Figure 4A, P < 0.05, PERMANOVA). We
analyzed the alpha and beta diversities of each group before
and after intervention. We calculated the differences in the
Shannon index before and after intervention in each group and
compared them between groups. Whether within individuals or
between individuals in different groups using different disposal
methods, the use of sodium hyaluronate eye drops (whether
containing BAC or not) did not cause a significant change in
alpha diversity (Figure 4B, P > 0.05, Kruskal–Wallis test). We
calculated the distance index between the repeated samples.
Whether within individuals or between individuals in different
groups, the distance index changed significantly after the use of
sodium hyaluronate eye drops (whether containing BAC or not).
The average distance index of repeated samples in each group
was more than 0.6. However, no significant difference was found
among the groups (Figure 4C, P > 0.05, one-way analysis of
variance). Combined with the results of Shannon index analysis,
no significant change was noted in species richness before
and after intervention. The reason for the large distance index
between repeated samples was probably that the composition and
proportion of bacterial communities in each sample had changed.

To confirm our hypothesis, we first focused on 11 bacterial
genera with an average relative abundance of more than 1%
at baseline. These bacteria accounted for a relatively large
proportion of the microbial community, and therefore the

fluctuation in their relative abundance was bound to affect the
composition of the whole bacterial community. We ranked
the genera of bacteria in each group according to their
relative abundance, as detailed in Table S4. These 11 genera
of bacteria could be detected in all samples before and after
intervention. The relative abundance of these bacteria was
also ranked high among repetitive samples in different groups.
Within and between individuals, the relative abundance of these
bacteria fluctuated after the intervention of sodium hyaluronate
eye drops (with or without BAC) (Figure 5A). Among these,
four kinds of bacteria had an average relative abundance of
more than 1% before and after the intervention; they were
Catenovulum, Bacteroides, Faecalibacterium, and Sphingomonas.
At the species level, we used the indicator analysis to find species
with significant changes in relative abundance before and after
intervention in different groups (Figures 5B–E; Table S4). The
relative abundance of different species selected in each group
was very low before and after intervention. The proportion of
a few species was between 0.1 and 0.5%, and that of the rest
was no more than 0.06%. A consistent and significant decrease
in the relative abundance of Flavobacterium caeni in both eyes
was found in the preservative-free group. In the preservative
group, a consistent and significant decrease in intraocular relative
abundance was observed with Deinococcus antarcticus.

DISCUSSION

Sodium hyaluronate eye drops are common artificial tears in
China, accounting for about 60% of the dry eye market share,
divided into single-dose and multi-dose packaging. Preservatives
need to be added to conventional multi-dose artificial tears to
prevent microbial growth. However, small bottles of artificial
tears in single-dose packaging are discarded immediately after
opening the bottle, and therefore preservatives are not required.
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FIGURE 4 | Alpha and beta diversity analysis within the individuals and between the preservative-free (PF) and preservative-containing (PC) groups. (A) The PCoA plot

based on the unweighted UniFrac distance index. (B) The differences in Shannon index between the repeated samples in each group. (C) Bray-Curtis indices

between the repeated samples in different groups.

The tear film and the ocular surface epithelial cells are the
physical barriers between the eye and the environment. As a
part of the ocular surface microenvironment, ocular surface
symbiotic bacteria also play an important role in ocular surface
health, and the change in dynamic balance may be related
to ocular pathology. The present study hoped to provide
guidance for rational drug use by evaluating the effects of
sodium hyaluronate eye drops and their different dosage types
(with or without preservatives) on ocular surface bacteria. The
traditional bacterial culture methods have obvious limitations
in identifying conjunctival microflora. In this study, 16S
rDNA sequencing was used to compare the conjunctival sac
bacterial microbiota between single-dose and multi-dose sodium
hyaluronate eye drops before and after the intervention. Our
study found that healthy people had a rich diversity of ocular
surface bacterial microbiota, but the bacterial communities
between the eyes were not completely consistent. We also
found that sodium hyaluronate eye drops, whether containing
BAC or not, caused changes in the ocular surface bacterial
community after treatment. The changes in the ocular surface
microenvironment caused by sodium hyaluronate eye drops with
different composition seemed to inhibit some bacteria.

Although previous studies compared ocular surface
microbiota between eyes, the conclusion was controversial:

previous studies found no significant difference in alpha diversity
between left and right eyes (7, 10, 15); however, the present
study found significant differences in genera and the relative
abundance. The bacterial communities on the ocular surface
between eyes were not entirely similar. The study by Zilliox
et al. (15) supported the conclusion of this study. They found
that half of the healthy people and patients with ocular surface
diseases had different microbiota between their eyes. However,
still, some differences were noted between the present study
results and previous reports. Wen et al. (7) found no significant
difference in the composition of microbial communities between
the left and right eyes of the same volunteer. In addition, no
significant difference was observed in the relative abundance
of “core” species. This inconsistency was probably due to the
differences in samples and methods used. The age range of
the sample population in this study was 24–84 years. The
conjunctival imprinting cytology technique was used to collect
microorganisms on the conjunctival surface of the lower
hemisphere, and the DNA shotgun sequencing was used for
follow-up analysis. The beta diversity was analyzed by PCA
analysis. PCA analysis was a direct projection of the species
abundance data in the sample. The distance in different groups of
samples reflected the community differences between the groups.
This analysis was based on a linear model. The so-called linear
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FIGURE 5 | Indicator analysis of repeated samples from the preservative-free (PF) and preservative-containing (PC) groups. (A) Changes in the average abundance of

11 “core” bacterial genera in each group before and after intervention. Indicator analysis of (B) PF-L group, (C) PF-R group, (D) PC-R group, and (E) PC-L group.

model assumed that species abundance changed linearly with
the change in environmental variables. The scope of application
of this model was limited. In real life, microbial abundance
usually presents a unimodal model. Therefore, we thought that
different raw data processing methods and statistical testing
methods were also the reasons for the inconsistency between
our conclusions and those of Wen et al. Differences existed
in microbial communities among individuals, including many
confounding factors. The limitation of our study and previous
studies was in the lack of large–sample size data and data
processing methods with gold standards. Larger–sample size
research and recognized data research methods are needed to
solve this controversial problem.

The core human microbiome is the set of genes present
in a given habitat in all or the vast majority of humans (37).
Dong et al. (3) identified the 10 most prevalent (defined as
>1% of all detected genera) of the conjunctival microbiome,
including Pseudomonas, Bradyrhizobium, Propionibacterium,
Corynebacterium, and Acinetobacter. Zhou et al. (38) found
610 genera belonging to 22 phyla. Of the genera with a
relative abundance > 1%, Corynebacterium, Streptococcus,
Propionibacterium, Staphylococcus, Bacillus, and Ralstonia were

present in 80% of the participants. Huang et al. (4) found
that 10 bacterial genera that might represent the core genera
accounted for more than 76% of the microbial community
in the normal conjunctival sac. They were Corynebacterium,
Pseudomonas, Staphylococcus, Acinetobacter, Streptococcus
Millisia, Anaerococcus, Finegoldia, Simonsiella, and Veillonella.
Ten genera were identified as common ocular bacteria in most
participants (defined as >1% of all detected genera). Delbeke et
al. (39) summarized the data on the ocular surface microbiome
for a systematic review. In this study, the major phyla were
found to be Proteobacteria, Actinobacteria, Firmicutes, and
Bacteroidetes, with the first two being the most abundant. They
defined the healthy adult core microbiome as genera present in
minimum 5 out of the 11 published control cohorts with available
raw data with a relative abundance of at least 1%. They found a
core ocular surface microbiome comprising Corynebacterium,
Acinetobacter, Staphylococcus, Pseudomonas, Propionibacterium,
and Streptococcus. The present study also reported the core
ocular surface bacterial microbiota in healthy adults. According
to the definition in the previous literature, the core ocular surface
microbiome, at the phylum level, includes Proteobacteria,
Firmicutes, Actinobacteria, Bacteroidetes, Planctomycetes,
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Chloroflexi, Cyanobacteria, Acidobacteria, Verrucomicrobia, and
Gemmatimonadetes. The relative abundance of the first four
items accounts for the largest proportion, which was consistent
with previous findings (4, 39). However, at the genus level,
the results were slightly different from the previous ones. The
discrepancy in this series of results was due to the differences
in swab pressure, amplification region, primer selection,
detection platform, and database (8). Current microbiome
analysis techniques have been developed for samples with high
bacterial biomass (such as feces or soil), but not for samples
with low bacterial content (such as ocular surface). The lack of
standardization of the research workflow limited the repeatability
and reliability of the study. It is worth noting that Ozkan et al.
(5) assessed the time stability of ocular surface microbiota by
sampling 43 participants at 3 time points. No single OTU was
shown to be present in all participants at all times or at any
given point in time. The possibility of individual-specific (or
“minimal”) core microbiomes was suggested. However, in our
study, the 11 “core” genera were detected in all samples before
and after intervention. Limited by the sample size, whether we
have really defined the core ocular surface bacterial community
of healthy people is debatable. Also, large differences in sample
sizes existed in previous studies, and the conclusions thus
obtained could not confirm the accurate definition of the core
ocular surface microbiome. Future studies with larger sample
sizes are needed to address this question.

Another finding of the present study was that the use of
sodium hyaluronate eye drops, whether containing BAC or not,
changed the ocular surface bacterial microbiota. Hyaluronic
acid (HA) is a glycosaminoglycan polymerized by disaccharide
units composed of glucuronic acid and N-acetyl glucosamine.
It is the main component of the extracellular tissue and is
abundant in synovial fluid, vitreous body, and aqueous humor
of the joint cavity (40). Sodium hyaluronate is the second-
generation product of HA. Using the first-generation common
HA as the raw material, the low–molecular weight substances
produced by mechanical, chemical, and biological enzyme-
cuttingmethods are easier to absorb compared with the previous-
generation products. The characteristic of sodium hyaluronate
is that it can combine with ocular surface cells and form
a regular, stable, and long-lasting water film on the ocular
surface, which is not easy to wash off and promotes wound
healing (41–44). The ocular surface microbiota settles on the
mucosal epithelium of the ocular surface and the tear film
covering it. The use of sodium hyaluronate eye drops resulted
in a change in the microbial environment, which might be
accompanied by an increase or decrease in nutrients. When two
or more kinds of microorganisms have the same requirements
for specific environmental factors, competition inevitably occurs.
Certain bacteria that can adapt to the changes in the external
environment stand out as the dominant species. Competition
among species throughout the microecological environment
creates this ebb and flow. It is also worth considering whether
sodium hyaluronate itself is used as an energy source by some
species to cause specific selection of microbial communities.
Costagliola et al. (45) found that staphylococci and streptococci
were obtained low–molecular weight sugars that could be used

as nutrients by producing hyaluronidase in the presence of
HA. Some bacteria such as Pseudomonas aeruginosa did not
have the ability to produce hyaluronidase, thus limiting the
benefit of sodium hyaluronate to them (46, 47). However, these
results are not based on a complete microbiome, and therefore
cannot explain whether this phenomenon occurs in the ocular
surface microbiome.

Benzalkonium chloride (BAC) is used to avoid microbial
contamination. It is also worth considering whether the
environmental pressures imposed by BAC may cause some less
tolerant species to fall behind in competition. However, how
much it contributes to environmental change is unclear. The
concentration of preservatives used in eye drops was very low,
while the concentration of BAC in the present study was 0.003%
(30µg/mL). Tear dilution and blink scouring further weakened
the effect of BAC. One study found that when 0.005% BAC
(50µg/mL) was injected into the eye for 1min, the dilution
multiple of BACwas 16 times, and the concentration of BAC after
5min was negligible (48). BAC had neither the concentration nor
the time (1 h) required to produce the antibacterial effect due to
the rapid dilution of the tear film.

We analyzed differential species to explore whether single-
dose andmulti-dose sodium hyaluronate eye drops were selective
for specific bacteria. According to the results of indicator
analysis, no common and significant differences were found in
11 genera of “core” bacteria, either within individuals or between
individuals in different groups. At the species level, most of
the differential species selected in each group were those with
an average relative abundance of <0.05%. In terms of relative
abundance, we conjectured that even small fluctuations in
bacteria with high values would have a significant impact on the
values of the bacteria with low level in the bacterial community.
However, sodium hyaluronate eye drops without BAC decreased
the abundance of F. caeni between the eyes within the individual
(P < 0.05). Meanwhile, the environmental pressure exerted by
sodium hyaluronate eye drops containing BAC decreased the
consistency of D. antarcticus between eyes. It seemed to suggest
that these two specifications of sodium hyaluronate eye drops
were selective for specific species (P < 0.05). However, it could
not be ignored that the relative abundance of these two kinds of
bacteria was not high; therefore, the reason for this phenomenon
was likely to be consistent with our previous guess. Coupled
with our sample size limit, we need more population samples for
further research and analysis.

This study also had other limitations. First, gene sequencing
could only detect the relative abundance of microorganisms
and could not represent the true density of microorganisms
in the environment. Hence, absolute quantitative indicators for
the changes in the number of bacteria before and after the
intervention were lacking, and the impact of differences in PCR
amplification could not be ignored. Second, differences over
the V3–V4 region were not enough to resolve everything to
the species level. They were either identical or insufficiently
different to identify a species within the genera. It limited the
comprehensive analysis of the microbial community. Third,
this study lacked the comparison of people of different ages.
Hence, the impact of the same intervention on infants and
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even the elderly is worth in-depth exploration. Fourth, which
environmental factors in the ocular surface microenvironment
were changed by sodium hyaluronate eye drops was not
clear. Fifth, what changes will occur once sodium hyaluronate
eye drops are stopped or permanently used could not be
predicted. We failed to indicate at what point in time the
microbial community returned to the baseline level after stopping
the use of sodium hyaluronate eye drops and whether the
bacterial community really returned to it. Finally, the changes
in ocular surface microbiota and the related mechanism in
patients with different ocular surface diseases also needed to be
further discussed.

In conclusion, 16S rDNA sequencing confirmed the
rich diversity of the bacterial microbiota on the ocular
surface of healthy people, but the bacterial communities
between the eyes were not completely similar. Whether
containing BAC or not, sodium hyaluronate eye drops could
change the bacterial community on the ocular surface.
These findings might help further understand the ocular
surface bacteria and reasonably guide the use of drugs in
the eye.
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Objective: To analyze the incidence and risk factors of dry eye in children from a myopia

outpatient clinic via a questionnaire and Keratograph 5M.

Methods: A cross–sectional study was performed. sThere were 214 children (428 eyes)

selected from the myopia outpatient clinic of the affiliated Eye Hospital of Shandong First

Medical University from July 2021 to September 2021, including 105 boys (210 eyes)

and 109 girls (218 eyes), with an average age of 10.1 ± 2.5 years. The incidence rate

and influence factors for dry eye were calculated.

Results: Thirty–four of 214 children were diagnosed with dry eye, accounting for 15.9%

of the patients. The correlation between fussy eating and the tear meniscus height was

statistically significant (Z = −2.158, p = 0.039), along with the correlation between

short–distance use of eyes and the tear meniscus height (Z = −2.135, p = 0.033).

The degree of meibomian gland deficiency was graded. The meibomian gland was

graded as grade 1 in 242 eyes (68.9%), grade 2 in 104 eyes (29.6%), and grade 3 in

5 eyes (1.4%). There was a significant difference in the correlation between eye rubbing

and the incidence of dry eye in children (Z = −2.747, p = 0.008). There was also a

significant difference in the correlation between picky eating and the incidence of dry

eye in children (Z = −2.347; p = 0.024). There was a statistically significant correlation

between the time of looking at electronic products and the morphology of the meibomian

gland (Z = −2.201, p = 0.028). The results showed that the effect of mild and moderate

ametropia on the non–invasive tear breakup time in children was statistically significant

(Z = −2.027; p = 0.043).

Conclusion: There is a high incidence of dry eye in children in the myopia outpatient

clinic. There is a significant correlation between picky eating, eye rubbing, and the

incidence of dry eye. Looking at electronic products for a long time will also affect the

morphology of the meibomian gland in children.

Keywords: dry eye, children, questionnaire, myopia outpatient, incidence and risk factors

228

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.846709
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.846709&domain=pdf&date_stamp=2022-02-14
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lsuxiasusu@163.com
https://doi.org/10.3389/fmed.2022.846709
https://www.frontiersin.org/articles/10.3389/fmed.2022.846709/full


Wang et al. Dry Eye of Children

INTRODUCTION

Dry eye is a common chronic eye disease. In this condition, the
noninvasive tear breakup time (NIBUT) is shortened because
of the instability of the tear film of the patient. The cornea is
exposed to the external environment, and the tear evaporates
too fast, causing a series of discomforts, such as burning and
dryness in the eyes (1). It is reported that the incidence of dry eye
has reached 21–30% in Chinese adults, with varying incidence
rates in different regions (2, 3). However, the incidence rate of
dry eye in children has not been reported in detail because of
unsatisfactory cooperation among patients, poor expression, and
lack of attention (4). Environmental pollution, the popularity
of electronic products, and lifestyle changes in recent years
have led to continuous increases in the incidence of dry eye
in China. Moreover, the incidence rate of dry eye in children
is increasing year by year; indeed, dry eye has become the
most common ophthalmic disease other than ametropia among
adults (5, 6). In this study, dry eye in 218 children (436 eyes)
from the myopia outpatient clinic at Shandong First Medical
University Eye Hospital was investigated using questionnaires
and a Keratograph 5M. The incidence rate of dry eye in children
and the risk factors for dry eye in children were analyzed.

METHODS

Research Objective
In the study, 214 children (428 eyes) were selected from the
myopia outpatient clinic of the Eye Hospital of Shandong First
Medical University from July 2021 to August 2021, including 105
boys (210 eyes) and 109 girls (218 eyes). The age distribution was
4–17 years, with an average of 10.1± 2.5 years.

The inclusion criteria were as follows: (1) Participants had
no active ocular organic diseases, (2) Participants were able to
complete the questionnaire independently or accompanied by
their guardians, and (3) Participants had no systemic diseases or
systemic diseases involving the eyes. The exclusion criteria were
as follows: (1) history of eye surgery; and (2) The best corrected
visual acuity was <0.8.

The trial was approved by the medical ethics committee of
the affiliated ophthalmic hospital of Shandong First Medical
University (approval: SDSYKYY202107) and complied with the
Declaration of Helsinki. All the children and their guardians gave
an informed consent and signed an informed consent form.

Questionnaires and Examination Items
To exclude the active eye diseases, all participants underwent
a detailed medical history collection, routine refractive
examination, mydriasis free fundus photography, and slit
lamp microscopy in the myopia outpatient clinic. All subjects
and their guardians fulfilled the 5–item Dry Eye Questionnaire
(DEQ−5) and the Children’s Dry Eye Questionnaire that is
developed for this study under the guidance of professionals.
The NIBUT, tear meniscus height (TMH), and meibomian gland
morphology were determined using the Keratograph 5M.

The questions on the Children’s Dry Eye Questionnaire were
as follows:

(1) Are there dry eye symptoms, including dryness, burning,
fatigue, heaviness, redness, photophobia, itching, eye pain,
tears, and increased secretion?

(2) Does the patient wear contact lenses or
orthokeratology lenses?

(3) Does the patient blink frequently (>20 blinks/min or
abnormal blinks, such as winking and frowning)?

(4) Has the frequency of eye rubbing increased
abnormally recently?

(5) Is there is a history of allergic rhinitis?
(6) Is there any history of eyelid conjunctiva, such as wheat

granuloma, chalazion, entropion, trichiasis, blepharitis,
or conjunctivitis?

(7) Is there a history of eye trauma?
(8) Does the patient often look at electronic products?
(9) What types of electronic products often used (e.g., mobile

phones, tablets, computers, televisions, ink screens, or other
electronic products)?

(10) How much time is spent looking at electronic products
every day (<1 h, 1–3 h, more than 3 h)?

(11) much time does the patient spend using his/her eyes for
close work every day, such as reading paper books and
doing homework (<1 h, 1–3 h, more than 3 h)?

(12) Does the patient prefer certain foods (a lover of fried foods,
sweets, meat, and too little fruit and vegetables)?

(13) If the patient prefer certain foods, what are the patient
dietary preferences. (meat, grains, vegetables, fruits, fried
foods, sweets)?

(14) Is the patient to the following substances: pollen, catkins,
insects and mites, pets?

(15) How much time do you spend participating in outdoor
activities every day (<1 h, 1–3 h, more than 3 h)?

(16) Is your reading posture correct?
(17) Are you exposed to secondhand smoke?

We adopted the DEQ−5 questionnaire, which is more suitable
for children than the is Ocular Surface Disease Index (OSDI) (7).
A Keratograph 5M was used to collect the dry eye data of all the
subjects, including the NIBUT, the TMH, and any meibomian
gland loss. All subjects were examined by the same examiner at
the same room temperature. Meibomian gland photography was
finally collected to avoid eye irritation, which could affect the data
accuracy of NIBUT and TMH, caused by eyelid turnover.

Dry Eye Diagnosis Index
The diagnostic criteria of patients with dry eye from the
“Consensus of Chinese Dry Eye Experts: Examination and
Diagnosis” (2020) were used. Specifically, the criteria are as
follows: the child complains of one of the subjective symptoms,
such as dry eye, foreign body sensation, burning, fatigue,
discomfort, red eye, or vision fluctuation, or the score of the child
on the DEQ−5 questionnaire is >6 points but NIBUT is <5 s.

Should a child fit these criteria, he/she is considered to have
dry eye.

On the other hand, the degree of meibomian gland deletion
can be divided into four grades, as follows: grade 1, in which
the degree of meibomian gland deletion is 0–25%, or there is
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FIGURE 1 | Different meibomian gland morphologies in ametropic children. (A) 0–25% area of loss. (B) 25–50% area of loss. (C) 50–75% area of loss. (D) Meibomian

glands were twisted, and some meibomian glands were twisted more than 90◦.

no deletion but the meibomian gland has different degrees of
distortion; grade 2, in which the degree of deletion is 26–50%;
grade 3, in which the degree of meibomian gland deficiency is
51–75%; and grade 4, in which the degree of deletion is 76–100%.

Statistical Methods
The IBM SPSS Statistics 26.0 statistical software was used for the
analysis. The measurement data were tested for K–S normality,
and the measurement data with non–normal distribution were
presented as median (25%, 75%). TheMann–WhitneyU-test was
used to analyze the difference of different groups. A p < 0.05
was considered statistically significant. The following values were
assigned to the content of the questionnaire: gender: male = 1,
female = 2; duration of viewing electronic products: <1 h = 3,
1–3 h = 2, more than 3 h = 1; exposure to secondhand smoke:
yes = 1, no = 2; history of eyelid conjunctiva: yes = 1, no = 2;
rubbing eyes frequently: yes= 1, no= 2; picky eater: yes = 1, no
= 2; correct reading posture: yes = 1, no = 2; frequent blinking:
yes= 1, no= 2; and history of allergy: yes= 1, no= 2.

RESULTS

Among the 214 patients, 34 were diagnosed with dry eye,
accounting for 15.9% of the sample. Conversely, there were 180
patients without dry eye, accounting for 84.1% of the sample.
There were 351 meibomian gland images collected in 428 eyes,
accounting for 82% of the sample. Meibomian gland deletion was
graded using Image J software. The degree of meibomian gland
deletion was grade 1 (no deletion) in 242 eyes (68.9%), grade 2
(mild deletion) in 104 eyes (29.6%), and grade 3 (severe deletion)
in 5 eyes (1.4%; Figure 1).

A total of 213 questionnaires were collected. The results
showed that 9 patients (4%) wore orthokeratology lenses, whereas
204 patients (96%) did not wear orthokeratology lenses. There
were 62 patients (29.1%) with recent frequent blinking symptoms
and 151 (70.9%)without such symptoms. There were 117 patients
(54.9%) who often rubbed their eyes and 96 (45.1%) who did not.
Forty–two patients (19.7%) had a history of allergy, whereas 171
(80.3%) had no history of allergy. There were 56 patients (26.3%)

with palpebral conjunctiva history and 157 patients (73.7%)
without palpebral conjunctiva history. Furthermore, 111 patients
(52.1%) were picky and partial eaters, whereas 102 people (47.9%)
were not picky and partial eaters; among them, the picky eaters
preferred meat, fried food, and sweets. Incorrect reading posture
was evident in 68 patients (31.9%) and correct reading posture in
145 patients (68.1%). Fifty–two patients (24.4%) were exposed to
secondhand smoke, whereas 161 (75.6%) were not (Figures 2–4).

Data on a total of 428 eyes were collected, including 109 eyes
with NIBUT ≤ 5 s (25.5%) and 319 eyes with NIBUT > 5 s
(74.5%). The NIBUT ≤ 5 s was set to 1 and NIBUT > 5 s was
set to 2. Data on TMH were collected for a total of 425 eyes
collected, of which the TMH of 236 eyes was ≤0.2mm (55.5%)
and the TMH of 189 eyes was >0.2mm (44.5%). If the TMH was
<0.2mm, the value was set to 1; if the TMH was >0.2mm, the
value was set to 2. The results showed that there was no statistical
difference in the correlation between eye rubbing, fussy eating,
exposure to secondhand smoke, history of eyelid conjunctiva,
frequent blinking, history of allergy, time spent on electronics,
short distance use of eyes, outdoor activity time, and the NIBUT
(Z = −0.375, p = 0.738; Z = 1.051, p = 0.317; Z = 0.423, p =

0.698; Z = 0.353, p = 0.798; Z = 0.628, p = 0.541; Z = 1.201,
p = 0.264; Z = 0.251, p = 0.802; Z = 1.457, p = 0.145; Z =

1.457, p= 0.145; Z=−0.032, p= 0.974;Table 1). The correlation
between fussy eating and the TMH was statistically significant (Z
=−2.158, p= 0.039), and the correlation between short distance
use of eyes and the TMHwas statistically significant (Z=−2.135,
p = 0.033). There was no statistical difference in the correlation
between eye rubbing, exposure to secondhand smoke, history
of eyelid conjunctiva, frequent blinking, history of allergy, time
spent on electronics, outdoor activity time and the TMH (Z =

−1.383, p= 0.168; Z = 0.127, p= 0.910; Z = 0.721, p= 0.498; Z
= 1.066, p= 0.331; Z = 0.695, p= 0.537; Z = 1.308, p= 0.191; Z
=−0.006, and p= 0.995; Table 2).

The influencing factors that may affect the dry eye disease of
children were statistically analyzed using the Mann-Whitney U-
test. The results showed that there was a significant difference
in the correlation between eye rubbing and the incidence of dry
eye in children (Z = −2.747, p = 0.008). Furthermore, there was
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FIGURE 2 | Questionnaire content and results.

a significant difference in the correlation between picky eating
and the incidence of dry eye in children (Z = −2.347, p =

0.024). There was no significant correlation between age, gender,
exposure to secondhand smoke, frequent blinking, history of
allergy, time to see electronic products, using your eyes for
close work every day, time spent on outdoor activities, and the
incidence of dry eye in children (Z = −0.477, p = 0.636; Z =

1.374, p = 0.193; Z = −1.607, p = 0.128; Z = −1.275, p= 0.220;
Z =−0.163, p= 1.000; Z =−0.153, p= 0.898; Z =−0.388, p=
0.748, Z =−0.463, and p= 0.674; Table 3).

Because of the poor cooperation of some subjects, which
meant that meibomian gland images could not be taken, 350
meibomian gland images were collected in 428 eyes, accounting
for 81.78% of all eyes. Among them, 126 eyes (36%) had normal
meibomian glands, whereas 224 (64%) had meibomian gland
loss or meibomian gland distortion. Data were assigned with the

following values: normal meibomian gland = 0, and meibomian
gland loss or meibomian gland distortion = 1 (meibomian
gland distortion was defined as one or more gland distortions
>90◦; Figure 4). The influencing factors of meibomian gland
loss were analyzed using the Mann–Whitney U-test. There was a
statistically significant correlation between the time spent looking
at electronic products and the morphology of the meibomian
gland (Z = −2.201, p = 0.028). There was no significant
correlation in terms of exposure to secondhand smoke (Z =

−1.712, p = 0.090) and whether patients had a history of eyelid
conjunctiva (Z = −1.542, p = 0.127), eye rubbing (Z = −0.787,
p= 0.436), and meibomian gland morphology (Table 4).

Data were collected for a total of 288 out of 428 eyes. The
Best Corrected Visual Acuity (BCVA) of all eyes was >4.9,
including mild ametropia where myopia and astigmatism were
±0.5D ∼ ± 3D and moderate ametropia, where myopia and
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FIGURE 3 | Questionnaire content and results.

astigmatism were > ± 3D. Mild ametropia was assigned 1 and
moderate ametropia was assigned 2. The effects of refractive
status on NIBUT and the incidence of dry eye were analyzed
using the Mann–Whitney U-test. The results showed that the
effect of mild and moderate ametropia on the incidence of dry
eyes in children was not statistically significant (Z = −0.795, p
= 0.453), whereas the effect of mild and moderate ametropia on
the NIBUT in children was statistically significant (Z = −2.027,
p= 0.043) (Table 5).

DISCUSSION

Dry eye is a chronic disease caused by the shortening of NIBUT
because of the abnormal quality, quantity, and dynamics of
tears (8). The latest epidemiology shows that nearly 400 million
people in China are troubled by dry eye symptoms (9), but
most of the previously researched groups comprised adults. In

the past, it was believed that eye conditions of children were
better than those of adults, and the incidence of dry eye disease
in children was lower. When it did arise, it was thought to be
mostly caused by congenital, endocrine, or other diseases, such
as ectodermal hypoplasia, Sjogren syndrome, and so on (10).
However, home quarantine measures during the Corona Virus
Disease 2019 (COVID−19) epidemic, the increase in children’s
online education, and close eye use may lead to an increase
in the incidence of dry eye and ametropia in children. This
article discusses the missing condition of meibomian glands, the
incidence rate of dry eye in children, and the risk factors of dry
eye in children who are eye outpatients in Shandong Province to
improve the understanding of doctors on dry eye.

It has been reported that the incidence of dry eye in children
worldwide is 0.2–36% (11–14). The incidence of dry eye in
the 214 children included in this study was 15.9%, and the
results were similar to those in previous studies. We found a
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high proportion of children with dry eyes who often rubbed
their eyes and were picky eaters. Balasubramanian et al. (15)
showed that protease activity and levels of inflammatory factor
matrix metalloproteinase 9 (MMP−9), interleukin 6 (IL−6), and
tumor necrosis factor α (TNF–α) significantly increased after
eye rubbing. Recent studies (16) have shown that dry eye is a
chronic inflammatory response. Inflammatory factors destroy the
connecting barrier between corneal cells, resulting in damage to

FIGURE 4 | History distribution of eyelid conjunctiva.

corneal epithelial cells. The abscission of the corneal epithelium
intensifies the inflammatory reaction process, finally leading to a
vicious circle. Soifer et al. (17) found that the increase of MMP−9
may be related to a reduced tear secretion. However, there is no
evidence that regular eye rubbing causes the occurrence of dry
eye, and extensive research is still needed on the relationship
between eye rubbing and dry eye.

Our questionnaire shows that children who are picky and
partial eaters prefer meat, fried foods, and sweets, which may
lead to an insufficient intake of various trace elements. Studies
have shown that vitamin A deficiency may be related to the
occurrence of dry eye. Vitamin A deficiency will lead to the
drying of the cornea and conjunctiva, damage to conjunctival
goblet cells, and the reduction of mucin secretion, which will
affect the quality of tear film, resulting in the occurrence of
dry eye symptoms (18). Research findings showed that the dry
eye symptoms of a Ω-3 fatty acid group were significantly less
than those of a placebo group after 12 months (19). Picky
eating can also lead to obesity, and Ω-3 fatty acids can delay
the progress of obesity (20, 21). The research of Gupta et al.
(22) showed that meibomian gland curvature is significantly
associated with higher body mass index (BMI) in children,
and meibomian gland morphological abnormality is considered
to be a sensitive indicator of meibomian gland dysfunction
(23). The research of Bu et al. (24) showed that a high fat
diet can also cause meibomian gland inflammation in mice.
Therefore, picky eating may reduce the intake of vitamin A,
Ω-3 fatty acids, and other trace elements. The lack of trace
elements affects the morphology of the meibomian gland, the
quality of tear film, and the TMH, leading to the occurrence of
dry eye.

We observed the meibomian gland photos of 351 eyes, which
showed that in about 30% of the eyes, the meibomian gland
atrophy was more than 25%. We speculate that meibomian
gland atrophy may occur prior to dry eye symptoms, which
may be due to the compensatory function of an increased
tear secretion. Our analysis of the factors that may lead to
the loss of meibomian glands in children shows that the
longer we watch electronic products, the more severe the
atrophy of the meibomian gland becomes. Research shows

TABLE 1 | Effects of different factors on the noninvasive tear breakup time (NIBUT).

Influence factor NIBUT < 5 s NIBUT > 5 s Mann–Whitney U-test

Z–value p–value

Eye rubbing 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) −0.375 0.738

Picky eating 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) −1.051 0.317

Exposure to secondhand smoke 2.00 (1.00, 2.00) 2.00 (2.00, 2.00) −0.423 0.698

History of eyelid conjunctiva 1.00 (1.00, 1.00) 1.00 (1.00, 2.00) −0.353 0.798

Frequent blinking 2.00 (1.00, 2.00) 2.00 (1.00, 2.00) −0.628 0.541

Any history of allergy 2.00 (2.00, 2.00) 2.00 (2.00, 2.00) −1.201 0.264

Looking at electronics 2.00 (2.00, 3.00) 2.00 (2.00, 3.00) −0.251 0.802

Using his/her eyes for close work 2.00 (1.00, 2.00) 2.00 (2.00, 2.00) −1.457 0.145

Outdoor activity time everyday 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) −0.032 0.974
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TABLE 2 | Effects of different factors on the tear meniscus height (TMH).

Influence factor TMH < 0.2 mm TMH > 0.2 mm Mann–Whitney U-test

Z–value p–value

Eye rubbing 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) −1.149 0.280

Picky eating 1.00 (1.00, 2.00) 2.00 (1.00, 2.00) –2.438 0.019

Exposure to secondhand smoke 2.00 (1.00, 2.00) 2.00 (2.00, 2.00) −0.590 0.572

History of eyelid conjunctiva 1.00 (1.00, 1.00) 1.00 (1.00, 2.00) −1.014 0.367

Frequent blinking 2.00 (1.00, 2.00) 2.00 (1.00, 2.00) −0.979 0.336

Any history of allergy 2.00 (2.00, 2.00) 2.00 (2.00, 2.00) −1.067 0.327

Looking at electronics 2.00 (2.00, 3.00) 2.00 (2.00, 3.00) −1.308 0.194

Using his/her eyes for close work 2.00 (1.00, 2.00) 2.00 (2.00, 3.00) −2.135 0.035

Outdoor activity time everyday 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) −0.006 1.000

TABLE 3 | Influence of various factors on the prevalence of dry eye.

Influence factor Dry eye group Undiagnosed dry eye group Mann–Whitney U-test

Z–value p–value

Age 10.00 (8.00, 12.00) 10.00 (8.00, 11.00) −0.477 0.636

Gender 2.00 (1.00, 2.00) 1.00 (1.00, 2.00) −1.374 0.193

Eye rubbing 1.00 (1.00, 1.25) 1.00 (1.00, 2.00) −2.747 0.008

Picky eating 1.00 (1.00, 2.00) 2.00 (1.00, 2.00) −2.347 0.024

Exposure to secondhand smoke 2.00 (1.00, 2.00) 2.00 (2.00, 2.00) −1.607 0.128

Frequent blinking 2.00 (1.00, 2.00) 2.00 (1.00, 2.00) −1.275 0.220

Any history of allergies 2.00 (2.00, 2.00) 2.00 (2.00, 2.00) −0.163 1.000

Look at electronics 2.50 (2.00, 3.00) 2.00 (2.00, 3.00) −0.153 0.898

Using his/her eyes for close work 2.00 (1.00, 2.00) 2.00 (2.00, 2.00) −0.388 0.748

Outdoor activity time everyday 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) −0.463 0.674

TABLE 4 | Analysis of influencing factors of meibomian gland deletion.

Influence factor Normal meibomian gland group Meibomian gland deletion group Mann–Whitney U-test

Z–value p–value

Length of looking at electronic products 3.00 (2.00, 3.00) 2.00 (2.00, 3.00) −2.201 0.028

Exposure to secondhand smoke 2.00 (2.00, 2.00) 2.00 (1.00, 2.00) −1.712 0.090

Any history of eyelid conjunctiva 1.00 (1.00, 1.00) 1.00 (1.00, 2.00) −1.542 0.127

Eye rubbing 1.00 (1.00, 2.00) 1.00 (1.00, 2.00) −0.787 0.436

that looking at electronic products for a long time will
lead to a decrease in blinking frequency and an increase in
incomplete blinking times. The discharge of meibum mainly
occurs through the mechanical force of the eyelid covering
the corneal surface in a blink. A complete blink is helpful
to increase the thickness of the lipid layer on the eye
surface, whereas an incomplete blink will reduce the lipid
discharge and the thickness of the lipid layer on the eye
surface (25, 26).

If a large amount of meibum is deposited in the meibomian
gland, resulting in the expansion and bending of the gland, the
gland will have a chronic inflammation. Finally, the meibomian
gland will gradually shrink. Ning and Zhao (27) showed that
meibomian gland atrophy was more serious in children exposed

TABLE 5 | Effects of ametropia on tear film rupture time and dry eye incidence in

children.

Parameter Mild ametropia Moderate

ametropia

Mann–Whitney U-test

Z–value p–value

Dry eye diagnosed 2.00 (2.00, 2.00) 2.00 (2.00, 2.00) −0.795 0.453

NIBUT(S) 9.18 (5.35, 14.91) 7.46 (3.54, 14.15) −2.027 0.043

to video terminals for a long time, whereas the degree of dry
eye and NIBUT in children exposed for a short time were
correlated with incomplete blinking. In addition, we found
that the increase in refractive power may affect the NIBUT,
which may be due to the change in tear film morphology
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and visual fatigue caused by ametropia, resulting in uneven
tear film distribution. Studies have shown that there is a
significant correlation between ametropia and the incidence of
dry eye (28–30).

Our study found that the incidence of dry eye in children
in the myopia outpatients of our hospital was 15.9%. There
was a significant correlation between eye rubbing, picky eating,
and the incidence of dry eye in children. We speculate that
this may be related to the increase of inflammatory factors
after eye rubbing and the insufficient intake of Ω-3 fatty acids
and vitamin A. We also found deletion of the meibomian
gland in many children. Meibomian gland shrinking may be
related to watching electronic products for a long time. In
conclusion, the attention of doctors should be paid to dry
eye in children because of the high incidence of dry eye and
high degree of meibomian gland deletion in this population.
This study also has some shortcomings, such as a small
sample size.
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Purpose: To investigate the association between sleep quality and meibomian gland

dropout characteristics in dry eye patients.

Methods: This cross-sectional study involved 172 dry eye patients with no history

of conditions or factors that could confound dry eye disease (DED) and/or meibomian

gland dropout. Participants underwent a comprehensive anterior eye assessment. The

validated Athens Insomnia Scale (AIS) and Pittsburgh Sleep Quality Index (PSQI) were

used to assess sleep quality. The measured outcomes were dry eye symptoms via

the Ocular Surface Disease Index (OSDI), tear breakup time (TBUT), corneal fluorescein

staining, meibomian gland function, and extent of meibomian gland dropout.

Results: Of the dry eye participants, 34.9% had severe meibomian gland dropout

(SMD) and 41.3% of the subjects had poor sleep quality. Patients with poor sleep

quality had greater Meibomian gland dropout while the sleep AIS and PSQI scores were

significantly correlated with Meibomian gland dropout (r = 0.495, p < 0.001; r = 0.24,

p = 0.002; respectively). SMD patients had worse scores on all components of the

PSQI (all p < 0.001, corrected for age and sex). Use of sleep medication, poor habitual

sleep efficiency, and sleep disturbance were particularly prevalent in SMD patients as

compared to Non-severe meibomian gland dropout (NSMD) patients. Multivariate logistic

regression analysis revealed that sleep quality was eventually associated with female

gender (p = 0.042), OSDI (p = 0.004), TBUT (p = 0.036), and Meibomian gland dropout

score (p < 0.001).

Conclusion: It was found that greater meibomian gland dropout in poor sleep quality

individuals is especially related to use of sleep medication, poor habitual sleep efficiency,

and sleep disturbance. This finding suggests a need for long-term studies of anterior eye

health in people with poor sleep quality.

Keywords: poor sleep quality, dry eye, MGD, meibomian gland dropout, Pittsburgh Sleep Quality Index (PSQI)
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INTRODUCTION

Sleep dysfunction leads to disruption of physiological systems
essential to maintaining good health. Sleep disturbances, such
as difficulties with sleep onset (sleep latency), efficiency, or
duration, are not only highly prevalent in over one-third of the
general population, with 8–27% reporting experiencing chronic
or severe sleep problems, but are also associated with increased
risk for serious diseases and health conditions, dependence on
medication, higher incidences of drugs or alcohol abuse, and
greater utilization of medical services (1, 2).

Dry eye disease (DED) is a multifactorial disease of the tears
and ocular surface that results in symptoms of discomfort, visual
disturbance, and tear film instability (3). The chronic discomfort
observed in DED directly decreases quality of life and interferes
with the ability to carry out daily functions (4–6). Meibomian
gland dysfunction (MGD) is a leading cause of evaporative
DED. MGD is characterized by terminal duct obstruction and
altered meibum secretion. These obstructions block the delivery
of meibum into the lid margin and cause an increase in pressure
within the gland. The increased pressure results in atrophic gland
degeneration, meibomian gland dropout, and ultimately results
in the disappearance of glandular tissue within the upper and
lower tarsal plates (7). Abnormal meibum quality and quantity
can lead to a decreased tear film lipid layer, tear hyperosmolarity,
mechanical irritation through increased friction, and the onset
of inflammatory cascades, all of which can lead to ocular
surface damage (7–9). Meibomian gland dropout and altered
quality of expressed meibum have been used to classify the
severity of MGD (8).

DED is commonly observed in individuals with sleep
disturbances and other related disorders. A large, community-
based study conducted by our eye center showed a strong
association between poor sleep quality and an increased severity
of dry eye (10). Mengliang et al. (11) found that sleep quality plays
an important role in the development of dry eye by influencing
tear secretion and tear film stability by indirectly aggravating
anxiety and depression. Furthermore, sleep deprivation in a
mouse model study indicated that sleep deprivation induced
dry eye by disrupting superficial corneal epithelial cells
microvilli morphology, which is caused by sequential declines
in the peroxisome proliferator-activated receptor alpha (PPARα),
transient receptor potential vanilloid 6 (TRPV6) expression, and
Ezrin phosphorylation status (12). Though these studies suggest
that sleep deprivation may contribute to dry eye status, they
have not identified differences in meibomian gland structure in
subjects with and without sleep deprivation in dry eye patients.
Additionally, few studies to date have further analyzed the
relationship between meibomian glands architecture parameters
and poor sleep quality.

This study had several objectives. First, the purpose of the
present study was to compare meibomian gland dropout and
meibum quality between dry eye patients with and without sleep
deprivation. Second, we planned to determine the association
between sleep quality and meibum grade scores. Finally, we
sought to assess the strength of the association between sleep
quality and meibomian gland dropout excluding other chronic

conditions known to induce meibomian gland loss. Our findings
explored increasing severity of meibomian gland dropout in dry
eye patients with the likelihood of having poor sleep quality.

PATIENTS AND METHODS

Patients
This study was approved by the Institutional Review Board of the
Affiliated Second Hospital of Zhejiang University. The research
followed the tenets of the Declaration of Helsinki. In this cross-
sectional study, patients with DED were recruited at the eye
clinic of the Affiliated Second Hospital of Zhejiang University
(Hangzhou, China) and underwent standardized assessments
from June 1, 2020 to May 30, 2021 (N = 172). DED was
diagnosed in accordance with the following characteristics: 1) dry
eye symptoms; 2) positive corneal fluorescein staining; and 3) a
Schirmer I test result<5mmor a tear breakup time (TBUT)<5 s.

Patients were excluded from the study if they presented with
conditions or factors that could confound DED and meibomian
gland dropout including eyelid or ocular surface disorders,
allergic conjunctivitis, glaucoma, macular degeneration, contact
lens-wear, any active external ocular processes, eye tattoo history,
or a history of ocular surgery. Subjects with systemic conditions
knowingly associated with ocular surface disease were also
excluded from the study. These included anxiety, depression,
diabetes mellitus, autoimmune disease, thyroid disease, vitamin
B12 deficiency, oral isotretinoin therapy, patients taking oral
hormone level drugs, and patients diagnosed with obstructive
sleep apnea.

Tear meniscus height (TMH) and meibography were
performed by capturing infrared images with the noncontact
meibography system Oculus Keratograph 5M (Oculus, Wetzlar,
Germany). The meibomian gland dropout was defined as the
percentage of gland dropout in relation to the total tarsal area
of the upper and lower eyelids. The patients were classified
into two groups in accordance with the severity of meibomian
gland dropout: (1) Non-severe meibomian gland dropout group
(NSMD group; where the affected area was <1/2 of the total
area occupied by meibomian glands); (2) severe meibomian
gland dropout group (SMD group; where the affected area was
>2/3 of the total area occupied by meibomian glands). The
demographic characteristics of the patients in each group are
shown in Table 1. For each individual, demographic information
(age, sex, residence, level of education, working status, financial
status) were collected.

Evaluation of Dry Eye Symptoms
Before any examination, all patients completed the Ocular
Surface Disease Index (OSDI) questionnaire to assess the severity
of ocular surface symptoms. The OSDI questionnaire consists of
12 questions regarding the presence and frequency of symptoms
related to the ocular surface (13).

The OSDI total score (ranging from 0 to 100) can be calculated
with a formula using the sum score of all completed questions.
The final scale ranges from 0 to 12 (no disability), 13 to 22
(mild symptoms), 23 to 32 (moderate symptoms), and 33 to 100
(severe symptoms).
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TABLE 1 | Demographic characteristics of study subjects: sleep characteristics and dry eye parameters.

MG evaluation Sleep evaluation

Parameters Group with NSMD Group with SMD p-value Group with good sleep Group with poor sleep p-value

Number of subjects 112 (65.1%) 60 (34.9%) – 101 (58.7%) 71 (41.3%) –

Age, years 46.3 ± 11.1 51.0 ± 8.8 0.003* 46.2 ± 11.2 50.4 ± 9.1 0.003*

Gender 0.227 0.007*

Male 40 (35.7%) 16 (26.7%) – 41 (40.6%) 15 (21.1%) –

Female 72 (64.3%) 44 (73.3%) – 60 (59.4%) 56 (78.9%) –

Residence 0.506 0.13

Rural 67 (59.8%) 39 (65%) – 67 (66.3%) 39 (54.9%) –

Urban 45 (40.2%) 21 (35%) – 34 (33.7%) 32 (45.1%) –

Level of education 0.681 0.562

Illiteracy 9 (8.0%) 4 (6.7%) – 8 (7.9%) 5 (7.1%) –

Primary school 13 (11.6%) 11 (18.3%) – 13 (12.8%) 11 (15.5%) –

Middle school 38 (33.9%) 19 (31.7%) – 30 (29.7%) 27 (38%) –

College or more 52 (46.5%) 26 (43.3%) – 50 (49.6%) 28 (39.4%) –

Working status 0.961 0.233

Employed 78 (69.6%) 42 (70%) – 74 (73.3%) 46 (64.8%) –

Unemployed 34 (30.4%) 18 (30%) – 27 (26.7%) 25 (35.2%) –

Financial status 0.733 0.701

Low 21 (18.7%) 11 (18.3%) – 17 (16.8%) 13 (18.3%) –

Medium 63 (56.2%) 37 (61.7%) – 57 (56.4%) 43 (60.6%) –

High 28 (25.1%) 12 (20%) – 27 (26.8%) 15 (21.1%) –

OSDI 39.9 ± 22.3 53.2 ± 17.9 <0.001* 39.6 ± 21.4 51.7 ± 20.4 <0.001*

TBUT, s 5.2 ± 2.3 3.6 ± 1.8 <0.001* 5.1 ± 2.3 3.9 ± 2.1 <0.001*

Corneal staining 0.2 ± 0.5 0.4 ± 0.7 0.012* 0.3 ± 0.6 0.3 ± 0.7 0.738

TMH 0.17 ± 0.05 0.16 ± 0.05 0.343 0.17 ± 0.05 0.17 ± 0.07 0.351

MG quality 1.5 ± 0.9 2.2 ± 0.9 <0.001* 1.6 ± 0.9 1.9 ± 0.9 0.031*

MG expressibility 2.0 ± 0.8 2.9 ± 0.9 <0.001* 2.1 ± 0.9 2.6 ± 0.9 0.001*

MG dropout score 1.7 ± 1.8 9.9 ± 1.7 <0.001* 3.0 ± 3.6 6.9 ± 4.3 <0.001*

Sleep AIS score 3.5 ± 3.7 8.8 ± 4.9 <0.001* 2.0 ± 1.7 10.3 ± 3.6 <0.001*

Sleep PSQI score 3.7 ± 4.3 11.4 ± 6.9 <0.001* 2.0 ± 2.3 12.7 ± 5.3 <0.001*

*p-values < 0.05 were considered significant.

NSMD, Non-severe meibomian gland dropout; SMD, severe meibomian gland dropout; MG, meibomian gland; TBUT, tear film break-up time; OSDI, ocular surface disease index; TMH,

tear meniscus height.

Sleep Quality Assessment
The validated Athens Insomnia Scale (AIS) and Pittsburgh Sleep
Quality Index (PSQI) were used to assess sleep quality. AIS is
an eight-item self-assessment psychometric instrument designed
for quantifying sleep difficulty. For each item, four answers are
provided representing increasing difficulty with sleep. Among
these options are no problem, minor problem, considerable
problem, and serious problem or did not sleep at all. Answers
are scored 0, 1, 2, and 3, respectively. The total score ranges from
0 to 24, with greater scores depicting poorer sleep quality. A total
score of 6 or higher identifies 90% of the subjects suffering from
nonorganic insomnia (14).

The PSQI is the most frequently used validated questionnaire
for assessing sleep quality (15). This self-reported questionnaire
of Chinese version assesses the average sleep quality over the
patient’s last month of sleep. It consists of 19 questions in
seven domains: subjective sleep quality, sleep latency, sleep
duration, habitual sleep efficiency, sleep disturbances, use of sleep

medication, and daytime dysfunction. The scores in each of these
seven domains, each on a 0–3 scale, are summed to generate a
global score with a possible range of 0–21. A global score of >5
was used as the cut-off to distinguish good sleepers (≤5) from
poor sleepers (>5) (15).

Evaluation of Dry Eye Signs
Dry eye tests were performed in both eyes in the following order:
TBUT, corneal fluorescein staining, and MGD evaluation. As
previously reported, corneal fluorescein staining was measured
using commercially available sterile fluorescein paper strips
(Jinming New Technological Development Co. Ltd., Tianjin,
China) (16). The strip was moistened with 20 µL 0.9% sterile
saline and gently pressed along the lower tarsal conjunctiva.
The TBUT was then measured by counting the seconds after
a blink before the tear film was broken. A median of three
measurements per eye was taken. The TBUT ranged from 0 to
10. Corneal fluorescein staining score was assessed by grading
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FIGURE 1 | Representative infrared meibography images from the superior (A,C,E) and inferior (B,D,F) eyelids of a control (A–D) and poor sleep (E,F) participant.

Overall, the poor sleep quality participant demonstrates more extensive MG dropout than the control participant.

the upper, middle, and lower parts of the cornea on a nine-
point scale: no staining = 0; <5 stained punctate dots = 1;
5 to 9 stained punctate dots = 2; and ≥ 10 stained punctate
dots or filamentous staining = 3. Afterwards, the total score for
corneal fluorescein staining was calculated as the summed score
for all three parts of the cornea and ranged from 0 to 9 (17).
Meibomian gland function was evaluated in accordance with the
recommendations of the International Workshop onMeibomian
Gland Dysfunction (18, 19). MGD was assessed by averaging the
quality score (clear = 1; cloudy = 2; granular = 3; toothpaste =
4) and expressibility score of the meibum (minimal pressure= 0;
light pressure= 1; moderate pressure= 2; heavy pressure= 3).

Evaluation of Meibomian Gland

Morphology
As shown in Figure 1, partial or complete dropout of meibomian
glands was scored using the following meiboscore grades: 0 =

no loss; 1 = loss of an area of <1/3 of the total area; 2 = loss
of an area between one-third and two-thirds of the total area; 3
= loss of an area of more than two-thirds of the total area. The
meiboscores for the upper and lower eyelids were summed for
each eye (20), and were evaluated by one examiner. Images were
digitally analyzed using ImageJ software (National Institutes of
Health). Photographs were analyzed in a random order by two
double-blinded investigators to minimize observer bias.

Statistical Analysis
Data analysis was performed using SPSS statistical software (SPSS
Inc., Chicago, IL, USA). Continuous variables were expressed as
mean ± SD and categorical variables were expressed as absolute
and relative (%) frequencies. The data of only the right eye from
all subjects were used for analysis. The Mann-Whitney U test
was used to compare the ocular surface changes. Categorical
variables were compared with the χ2 test. Correlations (Pearson
and Spearman) were used to evaluate the strength of association
between sleep and severity of meibomian gland dropout signs
and symptoms. Logistic regressionmodels were used to assess the
relationship between poor sleep quality (PSQI score > 5 as the
dependent variable) and meibomian gland dropout (meibomian

gland dropout ≥2 as the independent variables). To investigate
which components of sleep quality were most affected, we
performed the same analysis for the seven components of the
PSQI separately. The analysis was stratified by age in decades
and sex. Multivariate logistic regression analysis was used to
investigate the effects of various parameters on meibomian
dropout. ORs and 95% CIs were presented. A p-value of <0.05
was considered statistically significant.

RESULTS

During the study period between June 1, 2020 and May 30,
2021, an initial dataset was collected on a total of 286 patients
with dry eye that had an ocular surface evaluation and sleep
quality assessment. After the filtering process, 172 patients
were included.

Out of the 172 dry eye participants, 60 (34.9%) subjects had
severe meibomian gland dropout and 71 (41.3%) subjects had
poor sleep quality. The subjects in NSMD and SMD groups did
not differ significantly in terms of gender (p = 0.227), residence
(p = 0.506), level of education (p = 0.681), working status
(p = 0.961), and gross income (p = 0.733). The mean age
of SMD participants was 51.0 ± 8.8 years (range: 26–75) and
44 were women (73.3%). Patients with SMD were older (p =

0.003), experienced more dry eye symptoms (p < 0.001), had
worse meibomian gland function (p < 0.001), and had poorer
sleep quality (p < 0.001) as compared to patients without SMD
(Table 1). Patients with poor sleep were generally older (p =

0.003), were more frequently women (p = 0.007), experienced
more dry eye symptoms (p < 0.001), and had greater meibomian
gland dropout (p < 0.001) as compared to patients without poor
sleep (Table 1).

The mean sleep AIS score was significantly higher in subjects
with SMD than in subjects with NSMD (8.8 ± 4.9 vs. 3.5 ± 3.7,
p < 0.001). Similarly, patients with poor sleep quality had greater
Meibomian gland dropout than patients without poor sleep (6.9
± 4.3 vs. 3.0 ± 3.6, p < 0.001) and the sleep AIS score and PSQI
score were significantly correlated to Meibomian gland dropout
(r = 0.495, p < 0.001; r = 0.24, p = 0.002; respectively; Table 2).
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TABLE 2 | Correlation between sleep quality and dry eye parameters.

Variables OSDI TBUT Corneal staining MG quality MG expressibility MG dropout

TBUT, s r = −0.284

p < 0.001*

Corneal staining r = 0.245 r = −0.627

p = 0.001* p < 0.001*

MG quality r = 0.062 r = −0.359 r = 0.246

p = 0.418 p < 0.001* p = 0.001*

MG expressibility r = 0.254 r = −0.454 r = 0.343 r = 0.551

p = 0.001* p < 0.001* p < 0.001* p < 0.001*

MG dropout r = 0.34 r = −0.691 r = 0.751 r = 0.303 r = 0.478

p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001*

Sleep AIS score r = 0.248 r = −0.434 r = 0.318 r = 0.2 r = 0.238 r = 0.495

p = 0.001* p < 0.001* p < 0.001* p = 0.008* p = 0.002* p < 0.001*

Sleep PSQI score r = 0.292 r = −0.189 r = 0.079 r = 0.084 r = 0.17 r = 0.24

p < 0.001* p = 0.013* p = 0.3 p = 0.271 p = 0.026* p = 0.002*

*p-values < 0.05 were considered significant.

OSDI, ocular surface disease index; MG, meibomian gland; TBUT, tear film break-up time; PSQI, pittsburgh sleep quality index.

TABLE 3 | Association between sleep quality (all components of the PSQI) and MG dropout.

PSQI component Without

SMD

With SMD p value Corrected for age and sex only Corrected for age, sex, education,

residence, income, working

status

OR (95% CI) p-value OR (95% CI) p-value

Global score: Overall poor quality of

sleep (PSQI > 5)

3.7 ± 4.3 11.4 ± 6.9 <0.001* 1.226

(1.145–1.312)

<0.001* 1.248

(1.158–1.346)

<0.001*

1. Subjective sleep quality

(bad vs. good)

1.2 ± 1.1 2.3 ± 0.8 <0.001* 2.428

(1.696–3.476)

<0.001* 2.614

(1.773–3.853)

<0.001*

2. Suboptimal sleep latency

(>2 vs. ≤2)

0.5 ± 0.8 1.4 ± 1.2 <0.001* 2.023

(1.439–2.843)

<0.001* 2.182

(1.521–3.132)

<0.001*

3. Suboptimal sleep duration

(>6 h vs. ≤6 h)

0.6 ± 0.8 1.7 ± 1.2 <0.001* 2.902

(1.991–4.231)

<0.001* 3.205

(2.118–4.849)

<0.001*

4. Poor habitual sleep efficiency

(<75% vs. ≥75%)

0.4 ± 0.6 1.6 ± 1.2 <0.001* 3.798

(2.464–5.857)

<0.001* 4.226

(2.631–6.787)

<0.001*

5. Sleep disturbance

(>9 vs. ≤9)

0.5 ± 0.8 1.9 ± 1.1 <0.001* 3.439

(2.338–5.057)

<0.001* 4.495

(2.766–7.305)

<0.001*

6. Use of sleep medication

(yes vs. no)

0.2 ± 0.4 1.1 ± 1.1 <0.001* 4.37

(2.532–7.541)

<0.001* 4.554

(2.581–8.037)

<0.001*

7. Daytime dysfunction

(>2 vs. ≤2)

0.4 ± 0.7 1.4 ± 1.1 <0.001* 2.846

(1.911–4.24)

<0.001* 3.415

(2.152–5.421)

<0.001*

*p-values < 0.05 were considered significant.

PSQI, pittsburgh sleep quality index; MG, meibomian gland; SMD, severe meibomian gland dropout; CI, confidence interval; OR, odds ratio.

Comparably, Meibomian gland dropout score was significantly
associated with Meibomian gland quality (r = 0.303; p < 0.001),
Meibomian gland expressibility (r = 0.478; p < 0.001), dry eye
symptoms (r= 0.34; p< 0.001), TBUT (r=−0.691; p< 0.001∗),
and corneal staining (r = 0.751; p < 0.001). Nevertheless, the
sleep PSQI score was not significantly associated with corneal
staining (r = 0.079; p = 0.3) or Meibomian gland quality (r =
0.084; p= 0.271).

Table 3 presents the relationship between sleep quality and
Meibomian gland dropout. In SMD patients, poor sleep quality

was much more prevalent than in NSMD groups (3.7 ± 4.3 vs.
11.4 ± 6.9; p <0.001; OR 1.21 [95% CI 1.13–1.29], corrected
for age and sex only, p < 0.001; OR 1.21 [95% CI 1.13–1.30],
corrected for age, sex, education, residence, income and working
status, p < 0.001). Table 3 further demonstrates the association
between Meibomian gland dropout and different components
of sleep quality. It reveals that SMD patients have worse scores
than NSMD patients on all components of the PSQI (all p <

0.001, corrected for age and sex). Use of sleep medication, poor
habitual sleep efficiency, and sleep disturbance were particularly
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TABLE 4 | Multivariate logistic regression analysis between sleep quality (PSQI

score), demographics and dry eye parameters.

Parameters OR p value 95% CI

Lower Upper

Age 0.001 p = 0.991 −0.118 0.119

Female gender 0.129 p = 0.042* 0.068 3.519

Rural residence 0.044 p = 0.496 −1.118 2.296

Level of education 0.007 p = 0.935 −1.136 1.233

Gross income 0.032 p = 0.684 −1.256 1.909

Working status 0.122 p = 0.154 −0.658 4.120

OSDI 0.195 p = 0.004* 0.018 0.098

TBUT, s −0.145 p = 0.036* −0.790 −0.028

Corneal staining −0.046 p = 0.476 −1.770 0.829

TMH −0.037 p = 0.572 −18.437 10.213

MG quality −0.014 p = 0.857 −1.140 0.950

MG expressibility −0.047 p = 0.580 −1.424 0.800

MG dropout score 0.467 p < 0.001* 0.481 0.928

*p-values < 0.05 were considered significant.

PSQI, pittsburgh sleep quality index; MG, meibomian gland; TBUT, tear film break-up time;

OSDI, ocular surface disease index; TMH, tear meniscus height; CI, confidence interval;

OR, odds ratio.

prevalent in SMD patients as compared to NSMD patients.
After correcting for age, sex, education, residence, income,
and working status, SMD was still associated with lower sleep
quality on all seven components. The multivariate logistic
regression analysis included presence or absence of poor sleep as
dependent parameters, with demographics and dry eye variables
as independent parameters by dropping those parameters with
a p value > 0.05. Sleep quality was eventually associated with
female gender (p = 0.042) and poorer scoring on OSDI (p =

0.004), TBUT (p = 0.036), and Meibomian gland dropout scores
(p < 0.001) (Table 4).

DISCUSSION

Although previous studies have conducted meibomian gland
evaluation and quantification in individuals with poor sleep,
during this study we undertook a novel and comprehensive
approach in characterizing anterior ocular health and dry
eye disease in people with and without poor sleep (11).
In doing so, the major finding of this cross-sectional study
revealed the presence of more extensive meibomian gland
dropout in poor sleep quality individuals relative to that of the
control participants.

It was determined that poor sleepers with worse outcomes
in all components of the PSQI were more likely to have
severe meibomian gland dropout. Moreover, patients with dry
eye with poor sleep had shorter TBUT and higher meibum
grade scores that were in accordance with previous studies
that showed a positive association between dry eye and sleep
quality (11). The result of severe meibomian gland dropout in
participants with reduced quality of sleep may emphasize the
clinical value of this association and help increase awareness of

sleep disease as a serious disorder affecting multiple aspects of
ocular surface health.

Meibomian glands provide key components to the tear
film that help maintain a healthy ocular surface. When these
glands are reduced, absent, or dysfunctional, the impact on
the ocular surface can be immense (21). Clinical studies
have reported that patients with obstructive MGD (defined
as meibomian gland dropout, poor meibum expression, and
lack of signs of inflammation) had increased tear evaporation
rates compared with controls (22). If alterations in meibum
lipid composition occur in MGD pathogenesis, meibum cannot
function normally and can increase tear film evaporation, which
results in evaporative dry eyes and corneal staining (23). Our
study supports this understanding of pathogenesis based on
the correlations between expressed meibum grade, TBUT, and
corneal staining.

Meibomian gland dropout is typically caused by atrophic
degeneration secondary to increased pressure within the gland
because of orifice obstruction and meibomian gland duct
obliteration in the late phase of the disease (8, 24). In a cross-
sectional study, Bao et al., reported the possible mechanism of an
immune-driven process underlying meibomian gland dropout in
early HIV (25). Another prospective cross-sectional study found
that meibomian gland dropout is related to indoor microbial
concentration (26). As found in other studies, aging is also
a known risk factor for MGD (27). With age, meibomian
glands exhibit decreased meibocyte differentiation, decreased
meibomian gland size, increased meibomian gland dropout, and
increased inflammatory cell infiltration (28). Additionally, age is
a significant factor when evaluating the clinical signs of dry eye
and sleep quality (29, 30). Consistent with previous studies, we
found that most older individuals showed more glandular loss
and had poorer sleep. Therefore, we analyzed the relationship
between meibomian gland dropout score and sleep quality after
correcting for age.

Past studies investigating the association between poor sleep
quality and dry eye have shown that the relationship is likely
to be complex. Several studies have gone so far as to correlate
DED not only with sleep quality, but sleep position (31, 32).
Mengliang et al. reported that sleep quality plays an important
role in the development of DED in influencing tear secretion
and tear film stability by indirectly aggravating anxiety and
depression, ultimately leading to higher self-reported symptom
scores (11). Similarly, a large population-based study found that
dry eye is associated with worse outcomes in all quantitative
and qualitative aspects of sleep, and this relationship is present
in all ages and sexes (33). An randomized control trial showed
that the repeated use of warming eye masks had a positive
effect on both tear function and mental health including
depression and anxiety (34). An recent study suggested that the
inability to close the eyelids during sleep was associated with
worsenedDED symptoms and poor sleep quality (35). The results
might provide additional evidence for a clinical association
between DED and sleep. This relationship between sleep quality
and dry eye is partly explained by coexisting comorbidities
such as autoimmune diseases, psychiatric disorders, endocrine
disorders, and chronic pain syndromes. Therefore, patients were
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excluded from the study if they presented with conditions
or factors that could confound DED and meibomian gland
dropout. Within this current study, results showed noticeable
changes in tear film break-up time and meibomian gland
function in sleep deprivation subjects. In previous studies, sleep
deprivation induced dry eye through the defective changes
of superficial corneal epithelial cells in a mouse model (12).
This study also revealed that meibomian gland morphology
after sleep deprivation for 5–10 days was the same as that
of normal mice. One possibility for explanation is that short-
term sleep deprivation could not cause meibomian gland
morphology change. Considering all of this, it is clear that
all the mechanisms underlying the association between sleep
quality and meibomian gland function are still not fully
understood. Further studies in understanding the underlying
biological mechanisms linked to sleep deprivation disorder
are warranted.

In the present study it was demonstrated that SMD is clearly
associated with various sleep parameters, particularly use of sleep
medication, poor habitual sleep efficiency, and sleep disturbance.
This highlights the impact of sleep quality on a patient’s life,
but also the need for holistic thinking when treating a patient
with DED. It is important to address comorbid conditions such
as systemic conditions, poor sleep, depression, and anxiety. As
these conditions are thought to exacerbate one another and
contribute to the overall burden of disease, treatment options
should be considered.

Our study has several limitations. First, as this was a cross-
sectional study, we were unable to infer causality on any of
the reported associations. Longitudinal studies with a larger
sample size are required to further clarify these relationships.
Second, since some study participants could not answer the
sleep quality questionnaire alone, these questions were asked
by trained technicians for all subjects. Other limitations of
this study also subject to recall bias of self-reported sleep
parameters. Nevertheless, self-reported assessments of sleep have
been shown to be valid measures compared with quantitative
sleep assessments with actigraphy (36). Moreover, the effects of
risk factors, such as menopause, body mass index, social status,
and other possible confounding factors, should be considered
to ensure a detailed understanding of the relationships among

sleep status and SMD. In addition, we excluded individuals with a
known diagnosis of autoimmune diseases, psychiatric disorders,
endocrine disorders, and chronic pain syndromes, but did not
conduct laboratory screening for this potential confounder in the
present study.

In conclusion, poor sleep quality is significantly associated
with severe meibomian gland dropout. These findings suggest
that clinicians should be aware of this relationship and ask
about dry eye symptoms and sleep quality, especially in highly
symptomatic patients. Further prospective studies are needed
to determine the directionality of this association and establish
appropriate treatment strategies for patients with poor sleep
quality and severe meibomian gland dropout.
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Objective: To report the influence of Demodex folliculorum (D. folliculorum) infestation in

patients with meibomian gland dysfunction (MGD) related dry eye and the associations

of the infestation with MGD related dry eye.

Methods: Eyelashes (three from the upper eyelid and three from the lower eyelid) from

119 eyes of 119 patients diagnosed with MGD related dry eye were examined under

a light microscope. There were 68 eyes of 68 patients with MGD related dry eye and

D. folliculorum infestation (Demodex positive group) and 51 eyes of 51 patients without

infestation (Demodex negative group). All patients completed an Ocular Surface Disease

Index (OSDI) questionnaire and underwent tests for dry eye and MGD. The tests included

fluorescein tear breakup time (TBUT), corneal fluorescein staining, Schirmer I test (SIT), lid

margin abnormalities, meibum expression assessment, and meibomian gland dropout.

Results: The scores for OSDI, corneal fluorescein staining, lid margin abnormalities,

meibum expression, andmeibomian gland dropout were significantly higher (allP< 0.05),

while TBUT was significantly shorter in the Demodex positive group compared to the

Demodex negative group (P = 0.020). The SIT values did not significantly differ between

groups. Chalazion was significantly more prevalent in the Demodex positive group.

The number of D. folliculorum was positively correlated with all three MGD parameters

(P ≤ 0.035), OSDI; corneal fluorescein scores, and it was inversely correlated with BUT.

The correlation for SIT was R2 = 0.075 (P = 0.064).

Conclusion: Demodex folliculorum infestation is possibly one of the key contributors in

the pathogenesis of MGD related dry eye, and a higher prevalence of chalazion was found

in D. folliculorum infected patients. The possible causal role of D. folliculorum infestation

needs to be further studied.

Keywords: dry eye,Demodex folliculorum infestation, meibomian gland dysfunction, lid margin abnormality score,

meibum expression, meibomian gland dropout, chalazion

INTRODUCTION

Demodex can have different effects on the ocular surface, including anterior blepharitis, posterior
blepharitis accompanied by meibomian gland dysfunction (MGD), ocular rosacea, keratitis, and
so on (1). There are two types of Demodex being identified in humans: Demodex folliculorum
and Demodex brevis. Demodex folliculorum (D. folliculorum) is generally found around the root
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of the eyelashes as well as the lash follicles, while Demodex
brevis (D. brevis) primarily infest the deeper sebaceous glands
(2, 3). Previous studies have reported that Demodex infestation
is related to ocular diseases including blepharitis, dry eye,
conjunctivitis, corneal injury, and so on (4, 5). To be specific,
Demodex folliculorum is more likely to cause anterior blepharitis
with eyelash involvement while Demodex brevis may lead to
posterior blepharitis more often, and the streptococci and
staphylococci reside on the surface of the mites will lead to
blepharitis both anteriorly and posteriorly (2, 3, 6). However,
the role of Demodex infestation in the pathogenesis of chronic
blepharitis is still controversial (1, 3, 6).

Dry eye disease (DED) is considered a type of multifactorial
disease accompanied by various ocular symptoms. The
pathogenesis of which mainly includes the imbalance of
the microenvironment of the ocular surface and the instability
of the tear film. According to the TFO DEWS II (2017), the
condition could also be along with inflammation and damage of
the ocular surface, as well as neurosensory disorders (7).

Meibomian glands, the largest sebaceous glands in the body,
produce the main component of the tear film to maintain
a stabilized ocular surface (8). They synthesize and secrete
mixed lipids known as meibum, which are delivered through
orifices located anterior to the mucocutaneous junction (9,
10). Diseases of the meibomian gland can be subdivided into
focal lesions (hordeolum or chalazion) and diffuse lesions
(MGD). MGD is a chronic disease of the meibomian glands,
whose pathological basis includes the obstruction of the
terminal duct of the glands with or without changes in
the amount or quality of the meibum (11). When MGD
happens, multiple factors including enhanced tear evaporation,
hyperosmolarity, increased pro-inflammatory mediators in tears,
and reduced lubrication between the eyelids and the eyeball
will break the stability of tear film and disequilibrate the
balance of the ocular surface, thus contributing to a series of
ocular symptoms and signs, which overlap with DED (12).
Therefore, MGD is considered to be a key factor of evaporative
dry eye.

The reported prevalence of MGD was found to vary
considerably. To be specific, the prevalence of which in the
Shihpai Eye Study in Taiwan is 60.8%, in the Beijing Eye Study
is 68.3%, and in the Singapore Malay Eye Study is 56.3% (13–15).
MGD is more prevalent in the Asian populations and has been
associated with pinguecula, anterior blepharitis, contact lens use,
and infestation with Demodex mites (4, 13). Liang et al. reported
a high prevalence of demodicosis, especially Demodex brevis, in
patients with chalazion (4). However, the frequency of Demodex
infestation in patients with dry eye accompanied by MGD and
the association between Demodex infestation and Meibomian
function have not been studied in detail.

As the detection rate of D. brevis is quite low in meibomian
glands and could be affected by various factors, the objective of
this study was to evaluate the function of meibomian glands and
the ocular surface characteristics in MGD related dry eye patients
with or without Demodex folliculorum infestation, to investigate
the influence of anterior blepharitis on the ocular signs and
symptoms of MGD related dry eye patients.

METHODS

All patients diagnosed with dry eye in the cornea clinic of the
Tongren Eye Hospital, Beijing, between August 2020 and May
2021 were eligible for inclusion. Patients who are willing to
participate in the study, with the same ethnicity (Chinese) and
over 18 years old, were included after signing the informed
consent. Subjects who previously underwent corneal or ocular
surgery, had any ocular diseases other than DED, MGD, or
Demodex infestation, had any other systemic, dermatologic, or
rheumatologic diseases known to impact the tear film, had
worn contact lens in the past 24 h, or underwent any treatment
related to Demodex within 2 weeks, on medication recently
were excluded from the study. A total of 119 eyes of 119
patients diagnosed with dry eye disease (DED) associated with
meibomian gland dysfunction (MGD) whomet the inclusion and
exclusion criteria were included. The institutional review board
of the Beijing Tongren Hospital, Beijing, China approved the
study as TRECKY2021-065 in 2021, and all participants signed
informed consent. The study was conducted in accordance with
the Declaration of Helsinki.

The DED diagnosis was made according to the TFO DEWS
II diagnostic methodology report (2017), which implies: (1)
Ocular Surface Disease Index (OSDI) questionnaire ≥13 scores;
(2) fluorescein tear film breakup time (TBUT) ≤5 s; (3) a non-
anesthesia Schirmer I test value≤5mm/5min; (4) being reported
with corneal fluorescein staining (16).

The diagnosis of MGD was confirmed based on the
international workshop on meibomian gland dysfunction: report
of the diagnosis subcommittee (2011), which includes the
following: (1) clinical signs: meibomian gland dropout, altered
meibomian gland secretion, and changes in lid morphology; (2)
symptoms of global discomfort including redness and swelling,
itching, irritation, soreness, and so on (11).

All patients completed the OSDI survey and underwent
the following ocular surface evaluation: (1) tear function
assessment: fluorescein tear breakup time (TBUT), Schirmer
I test (SIT); (2) assessment of meibomian gland function: lid
margin examination,meibum quality, meibomian gland dropout,
examination (or recorded diagnosis) of chalazion; (3) assessment
of Demodex infestation as detailed below.

Ocular Surface Evaluation
Ocular Surface Disease Index
All patients were asked to complete the OSDI survey before
clinical examinations, providing a score ranging from 0 (no
symptoms) to 100 (severe symptoms).

Corneal Fluorescein Staining
Corneal fluorescein staining was determined after recording
TBUT (described below) and was graded from 0 to 15 according
to the National Eye Institute/Industry grading scale (NEI). Each
section of the cornea was graded as 0 (no staining), 1 (mild, with
<10 scattered staining dots), 2 (moderate, between 10 and 30
dots), and 3 (severe, with over 30 dots, confluent staining, or
presence of corneal filaments), and the total of five sections was
recorded (17).
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Tear Function Assessment
Fluorescein Tear Breakup Time (TBUT)
Fluorescein dye was used to evaluate corneal staining and
TBUT. A moistened aseptic fluorescein strip was dipped in the
inferior fornix. The time interval between the last blink and the
appearance of the first random dry spot on the corneal surface,
being observed through a slit-lamp microscope with a cobalt-
blue filter, was recorded by a stopwatch (16). The average of
three consecutive TBUT tests was recorded. Corneal fluorescein
staining was assessed after TBUT measurements and was graded
according to the NEI scale.

Schirmer I Test (SIT)
A standard 5 × 40mm Schirmer test strip was applied over the
middle and outer third of the inferior lid. Patients were required
to keep their eyes closed for 5min, during which time the amount
of wetting was recorded (18).

Assessment of Meibomian Gland Function
Meibomian gland assessment was carried out as previously
described in the literature (19).

Lid Margin
The following lidmargin abnormalities were recorded and scored
from 0 to 4: irregularity, vascular engorgement, obstruction of
meibomian gland orifices, anterior or posterior displacement of
the mucocutaneous junction (20).

Meibum Expression
The quality of the meibum was semi-quantitatively graded in
eight glands of the central third of the lower eyelids. To be
specific, Grade 0: clear; Grade 1: cloudy; Grade 2: cloudy with
particulate material and Grade 3: inspissated and toothpaste-
like (11).

Meibomian Gland Dropout
All subjects underwent infrared imaging of themeibomian glands
in both upper and lower eyelids with the Keratograph 5M (K5M;
Oculus Optikgeräte GmbH, Wetzlar, Germany). After everting
the upper and lower eyelids, the areas of partial or complete
loss of the meibomian glands were scored according to criteria
proposed by Arita et al. (20). The sum of themeiboscores for both
upper and lower eyelids was recorded for each eye.

Demodex Examination
A modified sampling and counting method reported in the
previous study (4) was used. Six eyelashes (3 each from the
upper and lower eyelids) from the right eye of each patient were
removed from and examined for Demodex species under a light
microscope. The three lashes from each lid were selected from
the nasal, middle, and temporal side; lashes were likely to have
a higher tendency to harbor Demodex—those with cylindrical
dandruff-like material at the base or those with a different
color/brittle appearance were selected (21). Before epilation, the
lash was rotated to bring any Demodex closer to the surface.
The epilated lashes were placed on a glass slide, a drop of cedar
oil was gently added to the lash, and the slide was examined
under the microscope without a coverslip. A technician blinded

to the clinical findings performed the microscopic examination
and mite count. Figure 1 shows images of Demodex seen on the
root of a lash.

The patients were analyzed based on the presence or absence
ofDemodex on the eyelashes. The right eye from each patient was
selected for analysis.

Statistical Analysis
All analyses were performed using SPSS version 17.0 (SPSS,
Inc., Chicago, IL, USA). Data were tested for normality by the
Kolmogorov-Smirnov test, and the mean and standard deviation
(SD) were displayed. Welch’s modified Student’s two-sample t-
test and the Wilcoxon rank-sum test were used to evaluating the
differences between groups. A Chi-square test was carried out
to assess the difference in gender distribution. Linear regression
analysis was performed to estimate the association between
various factors. A P< 0.05 was considered statistically significant.

RESULTS

Demographics
A total of 119 patients with MGD related dry eye who visited
the Tongren Hospital were included in the study. After taking
a series of ocular surface evaluations and Demodex examination
described previously, subjects were subdivided into two groups
according to the positivity of Demodex infestation. Sixty-eight
eyes of 68 dry eye patients with MGD accompanied by D.
folliculorum infestation were enrolled in the Demodex positive
group, and 51 eyes of 51 dry eye patients with MGD related
dry eye alone were enrolled in the Demodex negative group. The
characteristics of the study population are shown in Table 1. The
mean age of patients was 40.32± 12.88 years (range 19–65 years)
with 22 men and 46 women in theDemodex positive group, while
the mean age of patients was 39.65 ± 13.98 years (range 20–
66 years) with 17 men and 34 women in the Demodex negative
group. There was no difference between the mean age and gender
composition between the two groups (age, P = 0.785; gender,
P =0.910).

All clinical indexes (OSDI, SIT, TBUT, and corneal staining)
were significantly better in the Demodex negative group
compared to the Demodex positive group. The prevalence of
chalazion was significantly higher in patients with Demodex
infection (P = 0.033).

Meibomian Gland Indices
The prevalence of MGD was significantly higher in patients
with Demodex infection (P = 0.002). In addition, lid margin
abnormality score and meiboscore were significantly higher, and
the expressed meibum was significantly worse in the Demodex
negative group compared to the Demodex positive group (all P <

0.05, Table 2).

Association Between Demodex Infestation,

Ocular Surface, and Meibomian Gland

Indexes
The number of Demodex was significantly associated with OSDI
(R2 = 0.075, P = 0.024) and corneal fluorescein score (R2 =
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FIGURE 1 | D. folliculorum on the root of the eyelash. Demodex inside dandruff can be observed clearly both at low (×100) and high (×400) magnification.

TABLE 1 | Characteristics of the study population.

Parameters Demodex positive

group [range]

(n = 68)

Demodex negative

group [range]

(n= 51)

P-value

Age (year) 40.32 ± 12.88 [19–65] 39.65 ± 13.98 [20–66] 0.785

Gender

(male/female)

22/46 17/34 0.910

OSDI (score) 45.12 ± 18.53 [14–90] 35.78 ± 18.24 [12–65] 0.007

TBUT (s) 4.18 ± 1.79 [2–9] 5.01 ± 2.04

[1.96–9.85]

0.020

SIT (mm/5min) 8.15 ± 4.06 [1–19] 7.16 ± 5.21 [1–17] 0.246

Fluorescein score 4.52 ± 2.4 [0–10] 2.19 ± 1.28 [0–4] <0.001

Demodex number

of eyelids

7.53 ± 4.43 [3–21] – –

Chalazion, n (%) 35.29% 17.65% 0.033

OSDI, the Ocular Surface Disease Index; TBUT, Fluorescein tear breakup time.

TABLE 2 | Meibomian Gland Function Indices in Demodex positive and Demodex

negative group.

Parameters Demodex

positive group

[range] (n = 68)

Demodex

negative group

[range] (n = 51)

P-value

Lid margin

abnormality score

2.32 ± 0.72 [0–3] 1.53 ± 0.7 [0–3] <0.001

Meibum score 2.06 ± 0.99 [0–3] 1.39 ± 1.02 [0–3] <0.001

Meiboscore 3.54 ± 1.33 [2–6] 2.67 ± 1.74 [0–6] 0.0023

MGD, Meibomian gland dysfunction.

0.144, P = 0.001) and inversely correlated with TBUT (R2 =

0.072, P = 0.027). The association with SIT was not statistically
significant (R2 = 0.075, P = 0.064). A significant positive
correlation was observed between the number of Demodex and

all three MGD parameters (Lid margin abnormality score, R2

= 0.065, P = 0.035; meibum scores, R2 = 0.303, P <0.001;
Meiboscore, R2 = 0.232, P <0.001).

DISCUSSION

It has been well-established that Demodex can infest eyelash
follicles; however, its role in blepharitis remains controversial
(22). Previous studies have shown that many infestations are
asymptomatic, which could be related to the number ofDemodex
present (6, 23). Demodex may also worsen coexisting lid-margin
diseases such as anterior blepharitis and posterior blepharitis,
includingMGD. A 60% prevalence ofDemodex in lashes has been
reported in patients with MGD vs. 18% in control subjects free of
lid and margin disease (24). An over-reproduction of Demodex
may cause lid-margin infestation, leading to irritation symptoms
of ocular surface such as itching, a foreign-body sensation, or
stinging (22). It has been recommended thatDemodex infestation
should be suspected in all patients with symptomatic advanced
blepharitis, which is accompanied by abnormal fluorescein tear
breakup time (22). As MGD is a key contributor to evaporative
dry eye, a thorough examination of ocular symptoms, ocular
signs, and meibomian gland function is necessary to evaluate
the influence of Demodex infestation on MGD and dry eye to
illuminate the role of Demodex in blepharitis.

Our study explored the relationship between the density of
Demodex infestation with ocular symptoms and MGD function.
We reported that the OSDI, corneal fluorescein score, the
prevalence of chalazion and MGD, as well as the three MGD
parameters measured, were significantly higher in the Demodex
positive group, and the TBUT was significantly shorter in the
Demodex positive group compared to the Demodex negative
group. Our findings were consistent with the outcomes of
previous studies (22, 25, 26), which indicated that ocular
Demodex infection might be related to ocular discomfort and
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ocular surface damage. A previous study has clarified that
Demodex can consume the lining of hair follicles and generate
debris and waste accumulated at the root of the lashes, thus
forming cylindrical dandruff (3). Another possible pathogenesis
is that the mites mechanically obstruct the orifices of meibomian
glands (1, 3). Both mechanisms lead to changes in the quality
and quantity of glandular secretion, resulting in the alteration
of the tear film, symptoms of eye irritation, clinically apparent
inflammation, and ocular surface disease diagnosed as MGD
or DED (27). Also, those abnormalities and dysfunction of
the meibomian gland and ocular surface could be reflected by
ocular parameters and meibomian gland indices that we have
already studied. Apart from the causes of the mites themselves,
the bacteria residing on the surface or inside themselves
might be another possible pathogenesis. The staphylococci and
streptococci on the surface of Demodex and the bacillus inside
the Demodex as well as the toxins expressed by the organisms
could activate the inflammatory cascade, contributing to the
blepharitis both anteriorly and posteriorly and lead to the
disorder of ocular surface and meibomian glands (1, 6, 28).
Although previous studies reported that D. folliculorum and D.
brevis were tend to parasite and cause blepharitis in different
location, our results showed that the chronic blepharitis caused
by D. folliculorum could also affect the function of ocular surface
by the mechanisms discussed above and lead to a series of ocular
signs and symptoms.

Our results also revealed that the number of Demodex was
positively correlated with all MGD indices in the Demodex
positive group. However, the minimum number required to
produce symptoms is still unknown, and it is likely to be different
in different patients.

In this study, we also tested the difference in the prevalence
of chalazion with Demodex infestation. We found that the
prevalence of chalazion was significantly higher in patients with
Demodex infestation, which is consistent with the outcome from
Liang et al. (4) who reported a high prevalence of demodicosis
(69%) in those with chalazion compared to healthy controls
(20.3%). They also reported an increased recurrence rate in those
with infestation (33.3 vs. 10.3%) (4). Moreover, Yam et al. found
a high prevalence of 72.9% of Demodex infestation in adult
patients with recurrent chalazion (29). It has been shown that
the chitinous exoskeleton of Demodex may act as a foreign body
and produce granulomatous inflammation, which may implicate
chalazion (4, 30). A recent study indicated thatDemodex was also
related to recurrence of chalazion after surgical excision (31). If
Demodex is not radically eliminated, it cannot continue to clog
the meibomian gland, resulting in abnormal meibum and leading
to recurrent chalazion. Age is a key risk factor for MGD that
has been proved to affect meibomian gland dropout, with the
elderly showing a higher dropout rate (22, 32). To rule out the
difference in age as a reason for the observed differences in the
meibomian gland dropout between groups, we selected relatively
young patients with a similar mean age between the two groups.
While gender has also been associated with MGD dropout, there
was a similar gender distribution between the two groups (33, 34).

The present study has several limitations. First, as it is an
observational cross-sectional study, it cannot certainly assure

whether Demodex infestation caused MGD and DED. Although
the association between the number of mites and meibomian
gland function indices and ocular surface parameters as well
as biologic plausibility is suggestive of a causal role, it still
merits further investigation. Also, we did not formally calculate
the sample size. So, despite that our results are statistically
significant, the sample could be considered relatively small.
Apart from that, it is inevitable that false-negative results
may appear during Demodex detection, for the six eyelashes
removed from each patient is randomized and it is unavoidable
to epilate uninfected lashes while infected lashes remained,
which will cause false-negative result and affect the accuracy of
the outcome.

In conclusion, our study indicated that all dry eye parameters
andMGD indices were worse in theDemodex positive group than
in the Demodex negative group. Specifically, the scores of OSDI,
corneal fluorescein, lid margin abnormality, and meibum were
significantly higher, and TBUT was significantly shorter in the
Demodex positive group. Demodex infestation is possibly one of
the key contributors to the pathogenesis of MGD related dry eye
patients. In addition, it was associated with a higher prevalence
of chalazion in those patients.
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Purpose:High recurrence rate of chalaziosis and serious side effects of repeated surgical

excision may help increase awareness of recurrent and refractory chalaziosis as a serious

disorder affecting many aspects of life. This present study was aimed to investigate the

efficacy and safety of intense pulse light (IPL) therapy and meibomian gland expression

(MGX) in cases of recurrent chalaziosis after excision surgery.

Methods: Forty-two consecutive recurrent chalaziosis cases (35 patients) treated with

IPL-MGX were enrolled. All patients initially underwent excision with curettage. One week

after lesion excision, IPL-MGX were performed at least 3 times. Another set of age- and

sex-matched consecutive cases of recurrent chalaziosis, who received excision with

curettage, but went without IPL-MGX treatment, were collected to calculate recurrence

rate. Treatment efficacy and safety were measured before IPL-MGX treatment and 1

month after the final treatment.

Results: The majority of patients received 4 sessions of IPL-MGX therapy (20 patients;

57.1%) or 3 sessions of IPL-MGX therapy (10 patients; 28.6%), resulting in a lower

recurrence rate of 11.4% compared to that of recurrent chalaziosis without IPL-MGX

cases (45.6%, P< 0.001). The NIBUTwas significantly prolonged from 3.9± 1.8 to 5.1±

1.7 s at 4 weeks after the final treatment (P= 0.001). Similarly, mean TMH score improved

and was statistically significant when compared with baseline (0.17 ± 0.07 vs. 0.21±

0.09; P = 0.008). Furthermore, meibum quality and expressibility scores significantly

improved at 4 weeks following the final treatment (both P <0.001). Other variables, such

as intraocular pressure and visual acuity, remained unaffected following treatment.

Conclusion: The combination of IPL treatment and MGX offers a low risk and effective

option in decreasing the recurrence rate of recurrent chalaziosis by improving meibomian

gland function. IPL-MGX may be considered for first-line treatment in recurrent or

refractory cases post excision.

Keywords: recurrent chalaziosis, meibomian gland, IPL-MGX treatment, IPL, chalazion

INTRODUCTION

Chalazion is a common eyelid disease generally caused by blocked meibomian glands and chronic
lipogranulomatous inflammation (1). After blockage, secreted lipids accumulate and erupt from
the gland into the defensive collagen matrix of the tarsus. These lipids irritate and provoke a
granulomatous inflammatory reaction resulting in the accumulation of immune cells, including
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polymorphonuclear leukocytes, lymphocytes, and plasma cells
(2). This can also result in changes concerning cosmesis
of the eyelid, ocular symptoms such as inflammation and
irritation, or even disruption of vision resulting from mechanical
ptosis and corneal astigmatism (3). Multiple factors are
claimed in the pathogenesis of chalazion, such as constitutional
atopic and seborrheic, hormonal, immunological, presence of
irritable bowel disease, iatrogenic, infectious, mainly related
to Staphylococcus aureus and Cutibaterium acnes, demodicosis,
dysmetabolic factors such as vitamin A deficiency and diabetes
(4–7). In previous studies, higher incidences and recurrence
of chalaziosis have been observed in patients with chronic
blepharokeratoconjunctivitis and meibomian gland dysfunction
(MGD), as these patients have long-standing poor meibomian
gland function that subsequently alters morphology (8).

Recurrent and refractory chalaziosis are usually associated
with chronic blepharitis, acne rosacea, and meibomitis. Repeated
surgical excision to remove these recurrent chalaziosis may
create conjunctival-tarsal scar tissue and/or injure the ducts of
meibomian glands, thus blocking lipids in the proximal ducts and
ultimately resulting in more granuloma formation (9). Surgical
intervention may also result in undesired appearance changes
such as madarosis, eyelid margin deformation, and scarring of
the skin. Additionally, improper management of the underlying
cause of the infection potentially leads to recurrent infections,
or to the development of other diseases. High recurrence rate
and other serious side effects may help increase awareness of
recurrent and refractory chalaziosis as a serious disorder affecting
many aspects of life.

Chalazion often may be self-limiting, as is the case in 25-
50% of cases, and can be resolved with warm compresses and/or
medical treatment within 1-3 months of onset (10). Treatment
options for persistent lesions include steroid injection, lesion
excision with curettage, or total excision (11). Although steroid
injection is considered simple to perform with effective results,
serious unintended adverse effects have been reported in previous
studies (11, 12).

Despite chalazion being a local lesion of an individual
meibomian gland, patients with recurrent chalaziosis and
multiple chalaziosis are more likely suffer from MGD (13).
Therefore, concentrating on the management of the condition
and the function and morphology of all the meibomian glands
is more important than just treating chalaziosis alone. Intense
pulsed light (IPL) is widely used to treat dermatological
conditions, such as facial telangiectasia, facial rosacea, pigmented
lesions, and excessive hair growth (14, 15). In recent years,
ophthalmologists have studied the efficacy and safety of IPL
treatment for dry eye and MGD. Several studies have reported
that IPL and meibomian gland expression (MGX) treatment
significantly improves meibomian gland secretion and quality,
and lengthens tear film break-up time (TBUT) in dry and
MGD (16, 17). We hypothesized that IPL treatment on the skin
adjacent to eyelids after chalaziosis surgery would result in better
meibomian gland functioning and a lower recurrence rate.

To date, the outcomes of the use of this technology for the
management of chalaziosis recurrence have not been previously
reported. The purpose of the present study was to investigate

the efficacy of IPL-MGX in cases of recurrent chalaziosis
after surgery.

PATIENTS AND METHODS

Patients
This study was a retrospective, interventional, consecutive
case series. All enrolled patients underwent a complete
ophthalmologic examination, including the assessment of onset,
duration and location of the chalaziosis before the recruitment.
Inclusion criterion was as follows: (1) eyes diagnosed with
recurrent chalaziosis (defined by a previously diagnosed
chalaziosis eye that had completely resolved after treatment
and had recurred either at the same site or at a different site)
were enrolled. Recurrent chalazia or multiple chalazia associated
with meibomian gland dysfunction is called chalaziosis. Notably,
these recurrent chalaziosis failed to resolve after conservative
treatment, including antibiotic ophthalmic ointments, steroid
injection, and warm compresses; (2) were examined in the eye
clinic of the Affiliated Second Hospital of Zhejiang University
(Hangzhou, China) between July 1, 2020 and December 31, 2020,
and (3) had received IPL-MGX treatment 1 week after lesion
excision (Recurrent chalaziosis with IPL-MGX). Another set of
age- and sex-matched consecutive cases of recurrent chalaziosis,
who received excision with curettage but without IPL-MGX
treatment, were collected to calculate recurrence rate (Recurrent
chalaziosis without IPL-MGX).

The exclusion criteria included the following: (1) any ocular
infection, allergy, intraocular inflammation, ocular surgery, or
ocular trauma in the past 6 months; (2) any eyelid diseases or
structural abnormality; (3) any systemic diseases that may lead to
dry eye or MGD and (4) skin pigmented lesion in the treatment
zone. This study was approved by the Institutional Review Board
of the Affiliated Second Hospital of Zhejiang University. The
sample size calculation for unmatched case-control study showed
a power of 80 and alpha error of 0.05, for sample size of 42 in the
cases (recurrent chalaziosis with IPL group) vs. 57 in the control
(recurrent chalaziosis without IPL group).

Procedures
Patients whose lesions had failed to respond to antibiotic
ointments and/or warm compresses treatment underwent
excision with curettage. First, the eyelid was infiltrated with 2-
3ml 2% lidocaine. It was then everted using a chalazion clamp.
A single vertical incision was made at the point of the lesion,
while all pus material was cleaned with a curette, and the lesion’s
capsule was removed. The eye was bandaged for 2 h with an eye
patch after applying antibiotic ointment.

One week after lesion excision, the E-Eye machine (E-SWIN
company, France) IPL application was administered to the skin
area below the lower eyelid (18). Briefly, the eyes were protected
with opaque goggles, and ultrasound gel was applied to the
patient’s face from tragus to tragus. The intensity of the IPL
treatment ranged from 9.8-13 J/cm2 in accordance with the
Fitzpatrick Skin Type Grading. For each IPL treatment, five
overlapping flashes were applied to the skin area below the lower
eyelid with no pressure (19). After removal of the ultrasound gel,
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FIGURE 1 | Time schedule of IPL-MGX in recurrent chalaziosis and clinical

assessment of ocular surface.

MGX was performed with a forceps-shaped meibomian gland
compressor. The subjects received separate treatment sessions on
days 1, 15, 45, and 75 per the manufacturer’s recommendations
until the lesion was resolved. All treatments and surgeries were
performed by one ophthalmologist in the outpatient surgery
room. All lesions were photographed before surgery and at each
follow-up visit. The chalazion is considered to be resolved if the
lesion size showed 80-100% regression, with no recurrence in
6 months, based on clinical evaluation and digital photographs
(11). Patients whose lesion recurred were offered steroid injection
or surgical excision and drainage (Figure 1).

Clinical Assessment
To evaluate treatment efficacy, the following parameters were
measured before the IPL-MGX treatment (baseline) and at 1
month after the final treatment. Non-invasive tear film breakup
time (NIBUT), bulbar conjunctival hyperemia, and tear meniscus
height (TMH) were assessed using the Keratograph 5M (Oculus,
Wetzlar, Germany). The corneal fluorescein staining (CFS)
score, meibum grade, and chalaziosis location were determined
using slit-lamp microscopy. As previously reported, corneal
fluorescein staining was measured using commercially available
sterile fluorescein paper strips (Jinming New Technological
Development Co. Ltd., Tianjin, China) (20). The corneal
fluorescein staining score was assessed by grading the upper,
middle, and lower parts of the cornea on a nine-point scale:
no staining = 0; <5 stained punctate dots = 1; 5-9 stained
punctate dots= 2; and ≥10 stained punctate dots or filamentous
staining = 3. The total score for corneal fluorescein staining was
calculated as the summation of all three parts of the cornea,
and it ranged from 0 to 9 (21). The meibomian gland function
was evaluated in accordance with the recommendations of the
International Workshop onMeibomian Gland Dysfunction (22).

TABLE 1 | Demographic characteristics of recurrent chalaziosis.

Characteristic Recurrent

chalaziosis

with IPL

Recurrent

chalaziosis

without IPL

P-value

No. Eyes (patients) 42 (35) 57 (50) -

Gender 0.73

Male 11 (31.5 %) 14 (28%) -

Female 24 (68.5%) 36 (72%) -

Age (years) (±SD;

range)

38.5 ± 11.5

(24-74)

36.7 ± 14.1

(16-75)

0.18

Duration of chalaziosis

(month, ±SD; range)

2.3 ± 1.8; 0.5-7 2.0 ± 1.6;

0.25-8

0.14

Location 0.13

Upper lid 21 (50%) 24 (42.1%) -

Lower lid 6 (14.3%) 10 (17.5%) -

Upper and lower lid 15 (35.7%) 12 (40.4%) -

Onset 0.77

Second onset 30 (71.4%) 37 (64.9%) -

Third onset 10 (23.8%) 16 (28%) -

Multiple onset 2(4.8%) 4 (7.1%) -

Blepharitis 28 (66.7%) 33 (57.9%) 0.37

Acne rosacea 5 (11.9%) 7 (12.3%) 0.95

Previous treatment 0.98

Lid hygiene 40 (95.2%) 57 (100%) -

Topical antibiotic

ointment

38 (90.5%) 52 (91.2%) -

Excision 42 (100%) 57 (100%) -

SD, standard deviation.

The quality of the expressed meibum was scored as follows:
clear = 1; cloudy = 2; granular = 3 and toothpaste = 4. The
expressibility score of the meibum was assigned according to the
secretory capacity percentage (Number of glands with secretory
ability in the corresponding area the of chalazion/Total number
of glands in the corresponding area) based on the International
MGDWorking Group Standard (all glands= 0; 60-80% of glands
= 1; 20-40% of glands= 2; no glands= 3).

The safety of IPL-MGX treatment was evaluated by the
measurement of visual acuity, intraocular pressure, lens opacity,
as well as by fundus examination before and at 1 month and 6
months after the treatment session.

Statistical Analysis
An independent sample t-test was used to evaluate differences
in gender, age, duration of chalaziosis, and the presence of
blepharitis and acne rosacea on the clinical outcome (IPL-
MGX response and chalaziosis recurrence). Pearson bivariate
correlation analysis was used to examine the influence of age, the
duration of chalaziosis, the number of IPL-MGX, and chalaziosis
recurrence. The recurrence rate values were compared with the
χ2 test. SPSS 19.0 (SPSS, IBM Corporation, Chicago, IL, USA)
was used for all analyses. A P-value of <0.05 was considered to
be statistically significant.
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FIGURE 2 | Typical images of the patients with recurrent chalaziosis or multiple chalaziosis during the pre-treatment stage (A–F). Note the eyelid margin

neovascularization (B) and lipid suppository (D) (white arrows) at the meibomian gland openings.

RESULTS

Forty-two consecutive recurrent chalaziosis eyes (35 patients,
seven of whom had bilateral disease) were treated in the ocular
disease clinic. Table 1 summarized the demographics and clinical
characteristics of the patients. Most of the patients presented with
recurrent chalaziosis (Figure 2). Of the recurrent chalaziosis eyes,
28.6% had secondary or multiple recurrences after a previous
episode. The mean duration of the lesion was 2.3 months.
Blepharitis was a common finding in 66.7% of the eyes. Acne
rosacea was prevalent in 11.9% of the eyes.

Most of the patients were treated previously with warm
compresses and topical antibiotic ointment, and all eyes in
current study underwent previous excision of the lesion. Twelve
patients (34%) with recurrences had extruded contents sent to
laboratory for histopathologic analysis after the second excision.
All patients had normal histopathologic results without any
evidence of cancer. There is no significance between chalaziosis
with and without IPL-MGX cases in age, chalaziosis duration,
location, onset, and previous treatment. However, the recurrence
rate is significantly higher in recurrent chalaziosis without IPL-
MGX cases (45.6%, P < 0.001).

The mean number of IPL-MGX treatments was 3.9 ± 0.8,
with a range of 3-6 treatments. Most of the patients received
four rounds of IPL-MGX therapy (20 patients; 57.1%), with
others at three rounds of IPL-MGX therapy (10 patients;
28.6%), five rounds of IPL-MGX therapy (3 patients; 8.6%),
or six rounds of IPL-MGX therapy (2 patients; 5.7%; Table 2,
Figure 3). Recurrent lesions (4 patients; 11.4%) that failed
to respond to two IPL-MGX treatments were recommended
to undergo steroid injection or excision with curettage. No
correlation was found between age, duration of chalaziosis,
the number of IPL-MGX, and chalaziosis recurrence (Pearson
bivariate correlation).

Visual acuity and intraocular pressure remained unchanged
after IPL-MGX treatment. The average visual acuity was 20/25
before and after treatment, and the average intraocular pressure

TABLE 2 | Treatment outcome of recurrent chalaziosis in 35 consecutive patients

(42 lesions).

Value

Number of IPL

3 10 (28.6%)

4 20 (57.1%)

5 3 (8.6%)

6 2 (5.7%)

Average number of IPL (±SD) 3.9 ± 0.8

Chalaziosis recurrence 4 (11.4%)

Preoperative and postoperative VA 20/25, 20/25 (ns)

Preoperative and postoperative IOP (mmHg) 13.0, 14.5 (ns)

Follow up (month, ±SD; range) 7.19 ± 1.1; 6-10

SD, standard deviation; VA, visual acuity; IOP, intraocular pressure; ns, not significant.

Resolution was defined as at least 80% decrease in size with no recurrence.

changed from 13.0 to 14.5 mmHg (paired samples t-test;
not significant). No complications were encountered in the
current study.

The NIBUT (normal > 10 s) was significantly prolonged from
3.9 ± 1.8 to 5.1 ± 1.7 s at 4 weeks after the final treatment
(P = 0.001). There was also an increase in the mean TMH
score, which was statistically significant when compared with
the baseline (0.17 ± 0.07 vs. 0.21 ± 0.09; P = 0.008). However,
bulbar conjunctival hyperemia and corneal fluorescein staining
decreases were not statistically significant (P = 0.8, P = 0.3;
respectively; Figures 4A,B). Furthermore, the meibum quality
and expressibility scores significantly decreased at 4 weeks after
the final treatment (both P < 0.001, Figure 4C).

DISCUSSION

To our knowledge, this is the first study to show that
IPL-MGX therapy following recurrent chalaziosis surgery
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FIGURE 3 | Bilateral upper and lower eyelid chalaziosis before incision surgery (A), 1 week after incision (B) and 6 months after IPL-MGX therapy. Note complete

resolution of the lesion by 6-months follow-up (C).

FIGURE 4 | Changes in the bulbar conjunctival hyperemia, NIBUT (A), TMH, CFS score (B), and the expressibility and quality of meibum (C) between baseline and 4

weeks after the final IPL-MGX treatment session (**P < 0.01, ***P < 0.001).

significantly decreases the recurrence rate of chalaziosis. IPL-
MGX treatment resulted in significantly better meibomian
gland secretion function, improvements in dry eye symptoms,
length in TBUT, and a very low recurrence rate after an
average of four treatments. No adverse effects were attributed
to IPL-MGX therapy. This study obtained new insight into
the effect of IPL-MGX therapy on the recurrence rate
of chalaziosis.

During excision with the curettage process, several
meibomian glands were clogged with orifice-plugging meibum
and toothpaste-like meibum. They were found in locations
where recurrent chalaziosis were present before treatment,

which suggests that local meibomian gland function had already
changed before the chalaziosis formed and that the meibomian
gland obstruction may have led to chalaziosis formation. This
indicates that complete chalaziosis resolution does not indicate
the end of the treatment. Once the meibomian gland function
in the non-chalaziosis area does not improve, the meibomian
glands would become obstructed resulting in the formation
of chalaziosis again. This supports the observation that some
people are more prone to recurrent chalaziosis. As the results
showed, the recurrence rate of chalaziosis without meibomian
gland treatment was significantly higher compared to the treated
group (45.6 vs. 11.4%, respectively). One reason was that the
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improvement of meibomian gland function may differ between
the two groups, since chalaziosis are closely related to the
meibomian gland.

Conservative measures for treating chalaziosis include
following proper eyelid hygiene, the use of warm compresses,
and antibiotics. The initial treatment of chalaziosis is typically
limited to the application of a topical antibiotic in conjunction
with warm compresses. Antibiotics can be administered
locally at the site of infection, or may be given systemically.
Application of topical antibiotics may reduce the healing time
by fighting against the causative bacterial infection and reducing
inflammation (13). Tetracyclines are effective in the treatment
of acne rosacea. Erythromycin lengthens tear break-up time and
helps resolve punctate keratopathy by improving meibomian
gland function (23). In up to 25% of onset cases, chalazia may
resolve spontaneously within a mean duration of 6 months (24).
However, a randomized multicenter study demonstrated that
the complete resolution rates were low for each of these three
conservative treatments. The overall complete resolution rate for
the study was only 18%, with a range of 16-21%, depending on
the specific treatment group (25). Advocating invasive therapy,
such as excision with curettage or steroid injections, should be
considered if the chalazia have been present for a long period
of time.

Previous studies have evaluated the efficacy of steroid
injections for chalazia (26). These studies confirmed that the
use of intralesional triamcinolone acetonide was as effective as
excision with curettage for the treatment of primary chalazia.
Serious complications of intralesional steroid injection, such
as retinal and choroidal vascular occlusion, inadvertent globe
penetration and delayed post-injection hemorrhage have been
described (12, 27, 28). These serious complications are rare,
however, skin depigmentation changes can be more common at
the injection site (29). Excision with curettage is recommended
for the treatment of infected chalazia, larger lesions, and cases of
recurrent chalazia that necessitate biopsy. Treatment by excision
and curettage is simple and less inconvenient, but the eyelid
may be somewhat painful. Surgery is a less favorable option for
younger age patients who would not tolerate a longer surgery and
patients who may have substantial psychological fear of surgery
(30). Moreover, multiple and marginal chalaziosis excision may
result in permanent eyelid functional and aesthetic defects. IPL-
MGX therapy is comfortable and, in most cases, would be more
likely to be accepted by younger age and older age patients as
opposed to surgery.

Few studies have reported the recurrence rate of refractory
and recurrent chalaziosis after clinical treatments. A meta-
analysis compared the efficacy of excision with curettage
and intralesional steroid injections for chalazia treatment
showing that the recurrence rate ranged from 0 to 16.7%
for excision with curettage and 0-27.3% for intralesional
steroid injections. These results show that the recurrence rates
after both treatments are low since most of the primary
chalazia were enrolled. Despite the high prevalence of recurrent
chalaziosis in clinical practice, there is few study reporting
the recurrence rate of recurrent chalaziosis after various
treatments. In our study, we compared the recurrence rate of

recurrent chalaziosis after second surgery with and without
IPL-MGX therapy. IPL-MGX treatment significantly improved
meibomian gland function and decreased the recurrence rate
of chalaziosis.

Chalazion patients commonly present with coexisting
blepharitis or acne rosacea, which are associated with
telangiectasias and superficial angiogenesis that produce
inflammatory mediators that may travel to the eyelids (31).
Several studies have reported that IPL-MGX treatment can
relieve dry eye symptoms in refractory MGD cases (16, 17, 31).
Studies on IPL use for acne vulgaris have shown a reduction
in inflammatory infiltrates around the area of meibomian
glands and sebaceous glands (32, 33). Furthermore, a high
prevalence of MGD has been evidenced in patients with the
autoimmune disease Sjögren’s syndrome. A toxic environment is
created by the conjunctival inflammation with the lymphocyte
accumulation leading to tarsal and peri-glandular inflammation
(34). It was demonstrated that the IPL treatment reduce
the ocular discomfort and improves ocular surface signs
and symptoms (35). Both tear film stability and meibomian
gland function responded positively to IPL-MGX in our
study, resulting in improvement in the condition of tear film
stability and meibomian secretion. These results may explain
the IPL-MGX-induced lower recurrence rate of recurrent
chalaziosis. Possible mechanisms of underlying the effects
of IPL-MGX treatment in recurrent chalaziosis include the
inhibiton of superficial angiogenesis that decrease inflammatory
infiltration, reduction of microorganisms on the eyelids and
thermal effect of IPL facilitating meibomian gland secretion
(36, 37).

Limitations of our study included potential bias due to
surgeon variation in technique and previous surgical experience
on initial chalazia. In order to minimize variation, a fixed
surgeon was chosen to perform excision with curettage
on the recurrent chalaziosis. Secondly, the single-arm
study was designed based on a small sample size. A larger
sample size of recurrent chalaziosis patients and a more
controlled experimental design are will be preferable for
future studies. Third, patients’ conservative treatments varied
prior to being enrolled in the study. Furthermore, dry eye
and meibomian function tests were not observed in the
recurrent chalaziosis without the IPL-MGX group. There
were other inconsistencies, such as the variation in number
of IPL-MGX treatments, which depended on the number of
chalaziosis, the chalaziosis size, the lesion duration, and the
patient’s consent.

In summary, the management of recurrent or multiple
chalaziosis in clinical practice remains challenging as the
conservative therapies are notoriously poor. We found that IPL
treatment combined with MGX is effective and safe in decreasing
the recurrence rate of chalaziosis by promoting meibomian gland
function. Our results present the possibility of an important
new approach for treatment of recurrent or refractory chalaziosis
due to meibomian gland function. Further studies are required
to determine if the first-line choice of IPL-MGX treatment
improves the outcome of specific types of refractory chalaziosis
in clinical scenarios.
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Background: The study aimed at investigating the changes of dry eye parameters,

especially the meibomian gland function in dry eye patients with primary Sjögren’s

syndrome (SS) and non-Sjögren’s syndrome (non-SS) before and after punctal

plugs insertion.

Material and Methods: The SS and non-SS dry eye patients that received punctal

plugs insertion were prospectively investigated. This study recruited fifty patients. The

standardized patient evaluation of eye dryness (SPEED), ocular surface disease index

(OSDI), tear meniscus height (TMH), non-invasive Keratographic breakup time (NIKBUT),

Schirmer test without anesthesia (Schirmer I Test, SI T), corneal fluorescein staining (CFS),

the meibomian gland dropout (meiboscore), meibum expressibility score (MES), meibum

quality score (MQS), lid margin abnormalities and the lipid layer thickness (LLT) were

analyzed at pre-obstruction, 2 weeks, 2 months and 6 months following the obstruction.

Results: Our study observed a statistically significant improvement in ocular symptom

scores (SPEED and OSDI scores) after punctal plugs insertion at every visit in both SS

and non-SS patients (all p < 0.05). A similar pattern was observed in TMH, SI T, NIKBUT

and CFS score in both groups (all p < 0.05), except that NIKBUT and CFS score had no

obvious change in SS group at 6 months (P > 0.05). In terms of the meibomian gland

evaluation, meiboscore did not change significantly, MES decreased at 2 and 6 months

and MQS decreased only at 2 months in both groups. The lid margin abnormalities of

the non-SS group were significantly improved at 2 and 6 months, while that of the SS

group had changes only at 2 months. Interestingly, LLT in non-SS group continued to rise,

reaching a higher level at 2 months (p < 0.05), while LLT in SS group increased only at 2

months (p < 0.05). Meanwhile, after the puntcal plugs insertion, non-SS group showed

better outcomes concerning some parameters, such as lower ocular symptom scores,

higher TMH and significantly greater LLT, compared with that in SS group (all p < 0.05).
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Conclusions: Our study revealed that dry eye symptoms and signs, including

meibomian gland function, improved for at least 6 months in non-SS dry eye patients

as well as in SS dry eye patients after punctal plugs insertion.

Keywords: Sjögren’s syndrome, dry eye, meibomian gland, punctal and canalicular obstruction, Smart Plug

BACKGROUND

Dry eye is one of the most common clinically observed ocular
surface diseases (1). The TFOS DEWS II report confirmed tear
hyperosmolarity, along with tear instability, as the core drivers of
dry eye diseases (DED) (1, 2). Based on predominant etiology,
two major subtypes of DED are defined, aqueous-deficient
dry eye (ADDE) and evaporative dry eye (EDE) (1). Sjögren’s
syndrome (SS) is a chronic autoimmune disease exhibiting
the feature of infiltration of salivary and lacrimal glands by
activated T-cells which cause acinar and ductular cell death and
hyposecretion of the tears or saliva (2, 3). Thus, dry eye correlated
with SS is typically classified as ADDE (1). As for the EDE,
meibomian gland dysfunction (MGD) is considered as the main
cause (1). So the background of the two kinds of DED is different
from the view of pathophysiological aspect of dry eye.

However, in recent years, it is reported that SS and MGD are
related to each other andMGDparticipates in the pathogenesis of
dry eye disease related to SS as well. Several studies have reported
abnormal evaporation rates and clinically significant destruction
of meibomian glands in SS patients (4–7).

Punctal obstruction is usually a non-pharmacological therapy
for ADDE patients who had poor response to other treatment
(8). It has already been proved to be effective in ADDE associated
with SS patients (9, 10). In the previous study, many researches
have focus on the changes of tear volume (the central portion of
the lower tear meniscus radius, TMR) and precorneal tear film
(TF) in ADDE after punctal obstruction. However, the changes
in morphology and function of meibomian glands after applying
punctal plugs in SS patients are still unclear.

Thus, the aim of this study is to evaluate associated changes in
dry eye parameters following punctal obstruction in ADDE cases,
especially the manifestation of MGD.

SUBJECTS AND METHODS

This prospective study was approved by the institutional review
board of the First Affiliated Hospital of Chongqing Medical
University and adhered to the tenets of the Declaration of
Helsinki. All patients were fully informed of the details and
possible risks of the procedure. Consents in written form were
acquired from all participants prior to any procedure here.

Subjects and Procedures
Primary SS ADDE patients between Jan 2019 to Oct 2020 at dry
eye clinical center in the First Affiliated Hospital of Chongqing
Medical University were included. Gender- and age-matched
non-SS ADDE patients seen during the same period of time were
set as control group. Primary SS patients all met the criteria

reported by the American–European Consensus Group (11).
ADDE was diagnosed as having decreased tear production (≤5
mm/5min in Schirmer I test) etc. (1). Inclusion criteria also
included that both SS and non-SS patients received preservative-
free artificial tear (0.1% sodium hyaluronate) treatment for at
least 2 months before this study and the dry eye symptoms were
not relieved. Exclusion criteria included pregnant or lactating
women, acute inflammation or infection of the eye, other
ocular surface diseases, history of ocular surface surgery or lid
abnormalities. All patients were diagnosed and evaluated by one
ocular surface disease specialist (MX).

Polyacrylic acid punctal plugs (Smart Plug, Medennium, US)
were inserted into the lower lacrimal duct in both eyes of all
the included patients and preservative-free artificial tears (0.1%
sodium hyaluronate) were permited to use 4 times a day. Punctal
plugs remained in-situ and there had no obvious complications
during the follow-up visits. The right eyes of both groups were
chosen for the statistical analysis.

All subjects underwent a clinical evaluation at each visit (pre-
punctal obstruction, 2 weeks, 2 months, and 6 months after
punctal obstruction), which included ocular surface examination,
meibomian gland evaluation and measurement of lipid layer
thickness (LLT). Before clinical evaluations, patients were
required to complete Ocular Surface Disease Index (OSDI)
questionnaire and the Standard Patient Evaluation of Eye
Dryness (SPEED). Data included age, gender was collected in
both groups.

OSDI and SPEED
Standard OSDI questionnaire was employed to evaluate the
frequency of symptoms over the preceding weeks (12). Total
OSDI score equals [(sum of the scores for each question
answered) × 100]/[(overall number of questions answered) × 4]
and the scores ranged from 0 to 100. The SPEED was used to
evaluate frequency and severity of dry eye symptoms especially
for the assessment of longer-term symptom changes over 3
months with a score ranging from 0 to 28. It should be noted that
the higher the scores of either of the two questionnaires were, the
more severe the symptoms were (13).

Ocular Surface Examination
Ocular surface examination consisted of the measurement of tear
meniscus height (TMH), test of non-invasive Keratograph break-
up time (NIKBUT), Schirmer test without anesthesia (Schirmer I
test, SI T) and corneal fluorescein staining (CFS). Ocular surface
examination was performed 2 h after using artificial tears. Since
forced eye opening required for the assessment of tear film
stability increased TMH possibly due to reflex tear secretion, so
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TMH should be measured for accuracy before a non-invasive
assessment of tear film stability (14).

TMH was measured using a keratograph 5M (Oculus GmbH,
Wetzlar, Germany), which is equipped with a modified tear
film scanning function. Lower tear film meniscus images
were captured and TMH was measured before NIKBUT
measurements in each subject.

NIKBUT was evaluated automatically through a Keratograph
5M. We required that the patients to blink first and subsequently
open their eyes as long as possible. The time between the last blink
and the first sign of distortion of the ring pattern was recorded.
The process was repeated three times and the average of the three
measurements was recorded as the final BUT.

SI T was performed with the patient’s eyes closed for 5min
without anesthesia. The tear strip (30mm; Jingming Tianjin,
China) was folded in the front, positioned in the mid-lateral
portion of the lower fornix for 5min. The length of the wetting
strip was recorded using the millimeter scale.

The score of CFS was evaluated through a white light and
cobalt blue filter. The cornea was divided into four quadrants
(superior nasal, inferior nasal, inferior temporal, and inferior
temporal) and each quadrant got 0–3 points according to the
degree of staining (15). Corneal staining was graded individually
as follows: 0 point (no staining), 1 point (mild staining), 2 points
(staining between 1 and 3), and 3 points (severe staining with
bulk or strip staining). The total score of each eye was 0∼12
points (15).

Meibomian Gland Evaluation
Meibomian gland evaluation consisted of meibomian gland
structure, gland morphology (gland dropout), gland function
(meibum expressibility and quality) and lid margin assessment.
We also measured lipid layer thickness (LLT) using the
LipiView R© interferometer (TearScience, Inc., Morrisville, NC)
since ocular surface lipids are closely related to meibomian
gland function.

The meibography images of the upper and lower eyelids
were documented to assess the structure of the meibomian
gland after satisfying focus using the LipiView R© interferometer.
The meibomian gland dropout (meiboscore) was analyzed by
using Image J in Keratograph 5M as described previously by
Pult and Nichols (16). The meibomian gland dropout rate was
divided into four grades: grade 0 (no meibomian gland loss was
detected), grade 1 (no more than 33% of meibomian gland loss
was detected), grade 2 (33–66% of meibomian gland loss was
detected), and grade 3 (>67% of meibomian gland loss was
detected) (17). Upper and lower eyelids scores were added to
calculate a total meiboscore (0–6) for each eye (18).

Meibomian gland function assessment was conducted in
accordance with the recommendations of the International
Workshop on Meibomian Gland Dysfunction and TFOS DEWS
II (2, 17, 19). For assessing the gland expression, the Meibomian
Gland Evaluator (MGE; TearScience, Inc.) was placed in the
lower eyelid 2mm from the root of the eyelash applying
constant, gentle pressure for 10–15 s to evaluate meibomian
gland secretions by simulating the pressure of a normal blink.
And then, the lipid secretion from the meibomian gland orifices

was observed through a slit-lamp microscope. Five continuous
glands were evaluated, respectively, in the temporal, central, and
nasal parts of the lower eyelid, 15 glands in total (20). The
meibum expressibility score (MES) was graded by counting the
central eight expressed meibomian gland orifices of the lower
lid as follows: Grade 0 means all glands are expressible; Grade
1 means 3–4 glands are expressible; Grade 2 means 1–2 glands
expressible; Grade 3 means no gland is expressible. The secretion
of the meibum quality score (MQS) of each of the 15 glands in
the lower eyelid was graded from 0 to 3 as follows: Grade 0, clear;
Grade 1, cloudy; Grade 2, cloudy with granular debris; Grade 3,
thick like toothpaste or non-expressible glands. The total possible
score of both MES and MQS was ranged from 0 to 3 points
(2, 17, 19).

Lid margin abnormality score was documented as 0 (absent)
or 1 (present) in accordance with the existence of the following
four signs: vascular engorgement, plugged meibomian gland
orifices, anterior or posterior displacement of themucocutaneous
junction and irregularity of the lid margin. If any of these signs
was present, one point was assigned for each item, with a total
possible score range of 0–4 points (17).

LipiView R© II interferometer was applied to measure LLT
of the tear film as described previously: the interferometer
converts the specific interference colors into the values of LLT
(21). The results of LLT were automatically obtained after
the measurement.

Statistical Analyses
Statistical analyses were performed using Graphpad (version
6.01, San Diego, CA, USA). Comparisons of parameters
between the two groups were performed using student-t test at
baseline and each visit (all parameters are normally distributed).
Comparisons of parameters at different visits among the same
group were performed with one-way ANOVA. P < 0.05 was
considered as significant from the statistic perspective.

RESULTS

Demographics
Fifty cases were qualified in this study (25 in SS group and 25 in
non-SS group).Mean age of the SS patients was 55.41± 10.07 and
58.85 ± 15.36 years for non-SS patients. The numbers of males
and females were the same in both groups (2 males, 23 females).
There was no statistically significant difference of age and dry eye
parameters between the two groups (all P > 0.05) before punctal
obstruction except SPEED scores and CFS scores.

The Changes of OSDI and SPEED Scores
At the baseline, OSDI score has no difference between the SS
group and non-SS group. It was improved at every visit compared
with the baseline (all p < 0.01) in both SS patients and non-
SS patients. However, the patients in SS group had significantly
larger OSID scores than that in the non-SS group at 2 weeks, 2
months, and 6months after punctal plugs insertion (all p< 0.01).

SPEED scores in SS group were statistically higher compared
with the non-SS group (p < 0.05) at the baseline. After the
obstruction they were improved in both groups at every visit
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TABLE 1 | Changes of mean SPEED and OSDI scores in SS and Non-SS group after punctal obstruction.

Time Pre-punctal obstruction 2 weeks after punctal obstruction 2 months after punctal obstruction 6 months after punctal obstruction

SS Non-SS SS Non-SS SS Non-SS SS Non-SS

OSDI score 24.36 ± 6.32 23.08 ± 3.84 16.08 ± 4.65ab 7.28 ± 1.77c 13.32 ± 0.80ab 3.76 ± 1.23c 12.36 ± 2.69ab 1.96 ± 0.61c

SPEED score 12.16 ± 3.31a 9.32 ± 1.99 9.28 ± 1.98b 7.88 ± 2.13c 7.36 ± 1.60ab 4.48 ± 1.42c 8.40 ± 2.18ab 3.96 ± 1.72c

ap < 0.05 in SS vs. Non-SS.
bp < 0.05 in SS vs. baseline.
cp < 0.05 in non-SS vs. baseline.

FIGURE 1 | Ocular surface parameter changes were observed in baseline, 2 weeks, 2 and 6 months after punctal plugs insertion. (A) Change in TMH (mm). After

treatment, a significantly larger TMH was found in non-SS group comparing with SS group at every visit (all p < 0.05). In both groups, the TMH was improved at every

visit compared to baseline (all p < 0.01). (B) Change in NIKBUT (sec). Non-SS group had a significantly longer BUT than that in the SS group at every visit. Compared

with the baseline, there was statistically significant increase in NIKBUT at every visit in non-SS patients (p < 0.01, respectively) and in SS patients NIKBUT was

improved at 2 weeks and 2 months (p < 0.01, respectively). (C) Change in SI T (mm). A significantly larger SI T was found in non-SS group comparing with SS group

at every visit (all p < 0.01). The SI T score was improved at every visit compared to baseline in both groups (all p < 0.01). (D) Change in CFS score. There was a

statistically significant decrease in the corneal staining score after the treatment, but the SS group showed higher score than the non-SS group (p < 0.01) and there

was no CFS in non-SS patients. (&p < 0.05 in SS vs. non-ss, *p < 0.05 in SS vs. baseline, #p < 0.05 in non-SS vs. baseline).

compared with the baseline (all p< 0.05). There had no statistical
difference between the two groups at 2 weeks (P > 0.05) and the
SS group had a significantly larger SPEED scores compared with
the non-SS group at 2 months and 6 months (both p < 0.01).

The changes of SPEED and OSDI scores in both groups were
summarized in Table 1.

Ocular Surface Examination
(1) TMH

The TMH had no difference between the non-SS and SS group at
baseline (P > 0.05). After punctal plugs insertion, a significantly
larger TMHwas found in non-SS group comparing with SS group
at 2 weeks, 2 months, and 6 months visit (all p < 0.05). The
TMH improved at every visit compared to baseline (all p <

0.01) both in SS group and non-SS group. The highest TMH was
noted at 6 months after punctal plugs insertion in both groups
(Figure 1A).

(2) NIKBUT

At the baseline, there was no statistical difference in NIKBUT
between non-SS an SS patients. A statistically longer NIKBUT
was found in the non-SS group compared with the SS group at
2 weeks, 2 months, and 6 months after the treatment (P < 0.01,
respectively). Compared with the baseline, NIKBUT statistically
increased in non-SS patients at every visit (p< 0.01, respectively),
while in SS patients it was improved at 2 weeks and 2months (p<

0.01, respectively) and had no difference at 6 months (P > 0.05)
(Figure 1B).

Frontiers in Medicine | www.frontiersin.org 4 March 2022 | Volume 9 | Article 849700262

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liu et al. Changes of Dry Eye Parameters

FIGURE 2 | Changes of Meiboscore, MES, MQS and Lid margin abnormality score after punctal plugs insertion. (A) There was no statistically significant difference

between the two groups in the mean meiboscores at baseline, 2 weeks, 2 and 6 months (P > 0.05, respectively). Compared with the baseline, the meiboscores did

not change significantly at every visit in both groups. (B) The MES had no difference between the two groups at baseline and every visit (all P > 0.05). Compared with

the baseline, the MES was improved at 2 and 6 months in both groups (P < 0.05, respectively). (C) There was no obvious difference of MQS between the two groups

at baseline and every visit (all P > 0.05). Compared with the baseline, the decrease of MQS was statistically significant only at 2 months in both groups. (D) There was

no statistical difference in the scores of lid margin abnormalities at baseline and every visit between the two groups (P > 0.05). After punctal plugs insertion, compared

with the baseline, lid margin abnormalities scores were significantly improved in non-SS group at 2 and 6 months (P < 0.05, respectively). While SS group showed

statistical difference only at 2 months (P < 0.05). (*p < 0.05 in SS vs. baseline, #p < 0.05 in non-SS vs. baseline).

(3) SIT

Though initial SI T score had no difference between the two
groups (P > 0.05), a significantly larger SI T was found in non-
SS group comparing with SS group at 2 weeks, 2 and 6 months
visit after the treatment (all p < 0.01). Compared to baseline it
improved at every visit both in SS group and non-SS group (all p
< 0.01). The highest SI T score was noted at 2 weeks after punctal
plugs insertion in both groups (Figure 1C).

(4) CFS

Comparing with the non-SS group, the SS group had a
significantly larger score in CFS at baseline and every visit (all
p < 0.01). After punctal plugs insertion, there was no CFS in
non-SS patients during the follow-up. In SS group, the lowest
score was found at 2 weeks, and it slowly increased at 6 months
(Figure 1D).

The Result of Meiboscore, MES, MQS, Lid
Margin Abnormality Score and LLT
(1) Meibomian gland dropout (Meiboscore)

The meiboscores seemed higher in the SS group than in the
non-SS group at baseline, 2 weeks, 2 months, and 6 months, but

there was no statistically significant difference between the two
groups in the mean meiboscores (P > 0.05, respectively). Both
in the SS and non-SS dry eye patients, the meiboscores did not
change significantly after punctal plugs insertion at 2 weeks, 2, 6
months compared with the baseline (Figure 2A).
(2) Meibum expressibility score (MES)

The MES had no difference between the two groups at
baseline (P > 0.05). After punctal plugs insertion, no statistically
difference was found in SS group comparing with non-SS group
at 2 weeks, 2 months, and 6 months visit (all P > 0.05).
Compared with the baseline, the MES was improved in both
groups at every visit, but there was no statistical difference at
2 weeks in both groups (P > 0.05, respectively). The meibum
expressibility seemed to reached a peak at 2 months in both
groups (Figure 2B).
(3) Meibum quality score (MQS)

There was no significant difference in MQS at baseline
between the SS and non-SS group (P > 0.05). After the
obstruction, the MQS in the SS group looked higher than that
in the non-SS group at 2 weeks, 2 months, and 6 months, but no
statistical difference was found between the two groups at every
visit (P > 0.05, respectively). Compared with the baseline, the
MQS was decreased in both groups at every visit, but only at 2
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FIGURE 3 | Changes of LLT after punctal plugs insertion. LLT had no

difference between the two groups at baseline (P > 0.05) and it was

significantly larger in the non-SS group than in the SS group at every visit after

the treatment (all p < 0.05). Compared with the baseline, the increase of LLT in

SS group was statistically significant only at 2 months (p < 0.05) and in

non-SS patients it was greater than the baseline at every visit (p < 0.01). (&p

< 0.05 in SS vs. non-ss, *p < 0.05 in SS vs. baseline, #p < 0.05 in non-SS

vs. baseline).

months the difference was statistically significant in both groups
(P < 0.01, respectively) (Figure 2C).
(4) Lid margin abnormalities

There was no statistical difference in the scores of lid margin
abnormalities at baseline between the two groups (P > 0.05).
After the obstruction, the scores of lid margin abnormalities in
the non-SS group appeared to be lower than that in the SS group
during follow-up, but there had no statistical difference between
the two groups at each visit (P > 0.05, respectively). Compared
with the baseline, the scores of lid margin abnormalities were
significantly improved in non-SS group at 2 and 6 months (P <

0.05, respectively), while SS group showed statistical difference
only at 2 months (P < 0.05) (Figure 2D).
(5) LLT

There was no difference in LLT between the two groups at
baseline (P > 0.05). At 2 weeks, 2 and 6 months after the
obstruction, it was significantly larger in the non-SS group than
that in the SS group (all p < 0.05). Compared with baseline, LLT
increased in SS group after the treatment, but the difference was
statistically significant only at 2 months (p < 0.05). In non-SS
patients, LLT reached its highest level at 2 weeks (p< 0.0001) and
experienced continuous decrease, although it decreased to some
extent at 2 and 6 months, it was still greater than baseline (p <

0.05) (Figure 3).

DISCUSSION

In this study, the clinical features of 25 SS and 25 non-
SS ADDE patients before and after punctal plugs insertion
were analyzed in dry eye clinical center of the First Affiliated
Hospital of Chongqing Medical University in China. We
found that both SS and non-SS patients not only had
ADDE, but also showed MGD at baseline prior punctal
plugs insertion and after punctal obstruction the dry eye
parameters were improved in both groups including ocular

surface examination, MES, MQS, lid margin abnormalities and
LLT, but meiboscores did not change significantly. We also
found although the symptoms and some dry eye parameters
improved after punctal obstruction in SS patients, they generally
did not respond to the treatment as well as non-SS patients
during follow-up.

Dry eye is a key finding in SS patients, which has been
classified as “aqueous tear deficient dry eye.” However, the
possibility of evaporative factors was often overlooked (4, 22).
Primarily, SS affects the exocrine glands of mucous membranes
such as lacrimal glands, but not the meibomian glands. However,
recent studies have found that MGD may also be involved
in SS as well (5, 23), and meibomian gland dropout is more
severe in SS than in healthy individuals or non-SS dry eye
patients (4, 23). This suggests that both aqueous deficiency and
tear evaporation were involved in the pathogenesis of dry eye
in SS patient (4, 23). The results of our study was consistent
with these previous studies. We evaluated a total of 11 dry eye
parameters including those related to meibomian glands and
the lipid layer of the tear film. Consistent with the reports,
our results showed mild to moderate dry eye symptoms at
baseline in both groups (5<average SPEED score <14 and
12<average OSDI score< 32), low BUT (average BUT < 5 s),
thin LLT (average < 60 nm) and MGD as well (lid margin
abnormalities score>0, MES <5 and abnormal MQS, etc.) (24).
Nowadays, several hypotheses concerning the cause of MGD in
SS patients have been raised. First, T-lymphocytes can directly
infiltrate and attack the epithelium in the conjunctival area of SS
patients (25, 26), probably causing hyperkeratinization of ductal
epithelium of the meibomian gland (27). Secondly, female SS
patients can experience androgen deficiency (28). As androgen
plays an important role in maintaining the normal function of
meibomian glands, the decreased level of androgen can then
lead to MGD (29). The immunosuppressive action of androgen
is well-descried. It was also reported low levels of E2 promote
TH1 and cell-mediated response, while high levels of E2 lead
to TH2 and humoral response (30). We hypothesize the role of
the hormonal affecting the ocular surface in patients with dry
eye is mediated by inflammatory cytokines. In the future, further
studies will definitely help us in achieving such results.

In our study, a statistically significant decrease in ocular
symptom scores (SPEED and OSDI scores) was observed in
both SS and non-ss patients after punctal plugs insertion. The
SPEED score, which is usually used to assess the frequency
and severity of dry eye symptoms over a period of time, was
significantly improved from a mean value of 12.16 to 8.40 and
from 9.32 to 3.96 between pre-treatment and 6 months after
treatment initiation in the SS and non-SS groups, respectively.
The cutoff value of the SPEED score to evaluate dry eye disease is
9 (13), with individuals scoring 9 or higher thus complaining of
ocular symptoms of dry eye. This means that dry eye symptoms
could be relieved in both groups in our study by the plugs for
obstruction of the lacrimal drainage system. A similar change
was observed in OSDI, SI T, NIBUT and CFS scores at each
visit in both groups, except that NIKBUT and CFS score had
no significant improvement at 6 months in SS group. Our
study confirmed that ocular surface parameters changed from
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abnormal to normal range or from lower level to higher level after
punctal plugs obstruction.

To our knowledge, there are no studies to evaluate the
meibomian gland parameters and their changes after punctal
plugs insertion in SS dry eye patients. As a chronic, diffuse
abnormality of the meibomian glands, both terminal duct
obstruction and changes in the glandular secretion may
present as typical clinical manifestation in MGD patients (31).
Meiboscore, MES, MQS and lid margin abnormality score were
often used to evaluate meibomian gland function. In our study,
after punctal obstruction, MES decreased at 2 and 6 months of
follow-up in both groups, while MQS changed only at 2 months.
The lidmargin abnormalities were significantly improved in non-
SS dry eye patients at 2 and 6 months, and changed in SS group
at 6 months, but no significant changes were observed in both
groups at 2 weeks. At the same time, there was no significant
difference in meiboscores between the SS group and the non-
SS group, though meiboscores of the SS group were higher than
that of the non-SS group. These results suggest that the function
of meibomian glands may be improved to some extent after
punctal obstruction, although the number of meibomian glands
did not change significantly. However, the reason why punctal
plugs can alleviate MGD in SS patients was not investigate in this
study. Based on previously published articles, we speculate that
inflammation may be a key factor. Inflammation is part of the
core pathogenesis of MGD. Increased inflammation is associated
with more severe dry eye (32, 33). It can activate expression
of pro-inflammatory proteins in the ocular surface (34, 35),
which will exacerbate hyperkeratinization of ductal epithelium,
aggravate the atrophy of the gland and alter the function of the
meibomian gland, finally resulting in MGD (36). Therefore, anti-
inflammatory agents have been used chosen to treat MGD (37).
Although two recently published papers state that punctal plugs
insertion influenced the inflammatory status of ocular surface
(38, 39), little evidence can be found concerning the underlying
pathogenesis of changes of inflammatory state and tear film
stability after puntcal plugs insertion.

The lipid layer in the tear film can prevent tear from
evaporating and thus has a protective effect in dry eye (40).
It was reported that the lipid layer was thinner and BUT
was shorter in SS patients than in non-dry eye controls (4).
Previously published study found that LLT was thinner in
the MGD patients than control group. Furthermore, LLT was
negatively correlated with meibomian gland dropout rate (21).
Therefore, LLT may be an indicator of changes in meibomian
gland function. That’s the reason we measured LLT to evaluate
MGD in both groups in this study. In our study, LLT in the non-
SS group continued to rise and got a high level at 2 months,
while LLT in the SS group only increased at 2 months. This
was consistent with the changes of meibomian gland function in
both groups. Meanwhile, meiboscores did not change after the
treatment, which indicated that the changes in LLT and BUT
after punctal plugs insertion might be due to the improvement
of the meibomian gland function, instead of the change of the
meibomian gland quantity.

In this study, although both SS group and non-SS group
obtained improvement in various measured parameters

compared with pre-treatment values, it also appeared that non-
SS group benefit more from punctal obstruction than SS patients.
In non-SS patients, punctal obstruction significantly improved
the ocular symptom scores, tear film-related parameters such
as BUT, LLT, CFS scores, as well as TMH and SI T compared
with SS patients. Even though the meiboscore, MES, MQS and
lid margin abnormalities scores did not show a statistically
significant difference between the two groups, they were higher
or the change lasted for a shorter time in the SS patients
compared that in the non-SS patients. We speculated that they
were related to more pronounced inflammatory state in SS
patients than in non-SS patients. Further analysis is needed to
reveal whether inflammatory factors are altered after punctal
plugs insertion in SS dry eye patients and whether these changes
can alleviate MGD.

However, it should also be noted that there were some
limitations to this study. Firstly, this is a prospective study,
so selection biases cannot be ignored. Furthermore, there
is only a relatively small sample size and short follow-
up time. Nevertheless, this study did find that MGD was
also present in SS ADDE patients and improved after
punctal plugs insertion. Further randomized controlled
trials are needed to provide insights into the effect of
punctal plugs insertion on the treatment of MGD in
ADDE patients.

In conclusion, this study confirmed that both SS and non-SS
patients not only had ADDE, but also showed MGD at baseline
and after punctal obstruction the dry eye parameters including
meibomian gland function improved for at least 6 months in
both groups except for meiboscores. In the future, studies will
aim to clarify the mechanism of the effect of punctal plugs
insertion on the meibomian gland function and how to prolong
the therapeutic effect.
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Abundant ion-channels, including various perceptual receptors, chloride channels,

purinergic receptor channels, and water channels that exist on the ocular surface,

play an important role in the pathogenesis of dry eye. Channel-targeting activators

or inhibitor compounds, which have shown positive effects in in vivo and in vitro

experiments, have become the focus of the dry eye drug research and development, and

individual compounds have been applied in clinical experimental treatment. This review

summarized various types of ion-channels on the ocular surface related to dry eye, their

basic functions, and spatial distribution, and discussed basic and clinical research results

of various channel receptor regulatory compounds. Therefore, further elucidating the

relationship between ion-channels and dry eye will warrant research of dry eye targeted

drug therapy.

Keywords: ocular surface, dry eye, ion channels, compounds, targeted therapy

INTRODUCTION

Ion channels are crucial for sensing temperature and mechanical and chemical stimuli and
are important structures for transmitting information between cells (1–3). Dry eye (DE) is a
multifactorial ocular surface syndrome that mainly manifests as a series of sensory abnormalities
on the ocular surface, including pain, burning sensation, and increased sensitivity to foreign
bodies (4, 5). Abnormal physiological functions of the corneal epithelium and nerve endings
also contribute to DE pathogenesis (5–10). These abnormalities, along with the dysfunctional
expression and function of ion channels on the surface of the eye, further aggravate subjective
symptoms of discomfort from DE (11, 12).

Many ion channels exist in the cornea, conjunctival epithelial cells, and corneal nerve
fibers (4, 11). Their main physiological function is to maintain the internal and external
ecological balance of the cells, sense chemical, temperature, and pressure stimuli, and transmit
information (11). At present, many studies have revealed the key role of ion channels present
in ocular surface cells in the pathogenesis of DE, and some ion channel activators or inhibitors
have shown promise in the targeted treatment of DE (11–17). This review focused on the
research status and progress of studying ion channels related to the ocular surface and DE and
summarized the importance of ion channels in the DE to provide insights on DE-targeted drugs.
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FIGURE 1 | Ion-channels that exist in the cornea, conjunctival epithelial cells,

and corneal nerve fibers. The specific stimuli activating each receptor channel

class is shown (11, 18–20).

DISTRIBUTION OF DE-RELATED

ION-CHANNELS ON THE OCULAR

SURFACE

The stability of the ocular surface environment is an important
factor in the pathological mechanisms of DE (5–9). The
physiological state of the cornea, conjunctiva, and corneal nerve
plays a considerable role in the occurrence and development of
the DE, and the information transmission of related physiological
functions depends on various ion channels at the cellular level
(Figure 1) (11).

The trigeminal ganglion (TG) is distributed widely on the
ocular surface through the eye meridian, especially in the
cornea. There are multimodal nociceptors (∼70%), mechanical
nociceptors (15–20%), and temperature receptors (10–15%)
at nerve endings, which can sense mechanical, thermal, and
chemical stimuli within or near a harmful threshold (4, 11). At
present, many studies have reported that the expression of ion
channels is influenced by DE in corneal nerve endings, mainly
including transient receptor potential (TRP) channels (TRPV1,
TRPA1, and TRPM8), acid-sensing ion channels (ASICs), and
mechanically gated ion channels (piezo2) (11–17).

Many ion channel receptor proteins also appear in corneal
epithelial cells. At present, the ion channels related to DE
include TRPV1, TRPM8, TRPA1, cystic fibrosis transmembrane
conductance regulator (CFTR), chloride channels, among others
(11, 13–16). In addition, receptor proteins closely related to
the physiological functions of ion channels, such as purine and
purinergic receptors [G protein coupled adenosine receptors

(ARS), P2Y receptors (p2yrs), and ATP gated P2X receiver
ion channels (p2xrs)], show potential in DE-targeted therapy
(17). Aquaporins (AQPs), proteins involved in the balance and
stability of the water inside and outside the cells, also exist in
the corneal epithelium. Recently, it has been found that they are
closely related to the pathogenesis of DE (21).

Goblet cells in the conjunctival epithelium secrete mucin
(MUC5AC) and some non-mucin proteins, including
peroxidase, trefoil factor, and defensin. As an important
component of tear film formation, mucin maintains the
conjunctival and corneal epithelial microenvironment (22–25).
Studies have shown that purinergic gated ion channel proteins
are expressed in the conjunctival epithelium and goblet cells
and participate in the inflammatory response of NLRP3 (26).
Mergler et al. detected human conjunctival cells and found that
conjunctiva expressed TRPV1, TRPV2, and TRPV4 channels,
implying novel drug targets for DE therapeutics (27).

POLYMODAL NOCICEPTORS AND DE

Polymodal nociceptors are widely present in cornea and nerve
fibers. They can be activated by external stimuli, such as harmful
mechanical factors, heat, and chemical stimuli. Simultaneously,
they are also sensitive to endogenous chemical mediators and
inflammatory cells (11). In DEs, polymodal nociceptors can sense
changes of temperature, inflammatory stimulation, and osmotic
pressure caused by DEs, and regulate the wetting of the ocular
surface. According to these characteristics, the screening of TRP
family receptor block or activation-related compounds is of great
significance for the development of DE-related ocular surface-
targeted drugs. It has been reported that these receptors are
closely related to DE, as described in the following paragraphs.

Transient Receptor Potential A1 (TRPA1)
TRPA1, also known as ANKTM1, is an ion channel receptor of
TRP that participates in nociceptive temperature and mechanical
perception (28–30). TRPA1 activation causes calcium influx and
plays a role in persistent and allergic inflammation (30, 31).
Katagiri et al. found that TRPA1 mechanisms are involved in the
sensitivity of ocular responsive trigeminal brain neurons in the
model for tear defect DE (32).

TRP Cation Channel Subfamily V Member 1

(TRPV1)
TRPV1 participates in polymodal nociceptors’ sensory
conduction (33). Previous studies have confirmed that TRPV1
is an ion channel related to sensations including pain and
pruritus, and diseases like asthma (34–38). As a multi-sensory
receptor, TRPV1 is activated by capsaicin, acidity, heat damage,
and a hypertonic external environment (33). Eye irritation is
a common clinical symptom of DE, and the TRPA1 inhibitor
has shown great potential in easing peripheral nerve pain (39).
Masuoka et al. have reported that chronic lacrimal deficiency
sensitizes the response mediated by TRPV1 in corneal epithelial
cells, which may be related to hyperalgesia caused by noxious
stimulation in water-deficient DEs (40). In the DE model,
overexpression of TRPV1 in TRPM8+ sensory neurons leads
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to cold hyperalgesia in corneal and non-corneal tissues without
affecting their thermal sensitivity and promotes the release of
neuropeptide P to signal cold response nociception (41). The
increase in tear permeability and ocular surface inflammatory
reactions are important mechanisms for the pathogenesis of DE
(4–9). In addition, hyperosmotic stress (HOS) induces EGFR,
MAPK, and NF signaling pathways through the TRPV1 channel
and further mediates the increase of the pro-inflammatory
cytokine interleukin (IL)-6 and chemokine IL-8 (42). Hua
et al. found that the TRPV1 inhibitor capsaicin significantly
reduced inflammatory tumor necrosis factor (TNF)-α, IL-
1β, and IL-6 stimulated by human corneal endothelial cells
(HCECs) (43). They further reported osmo-protectors to
suppress inflammatory responses via the TRPV1 pathway in
HCECs exposed to HOS (43). The targeted drug regulation
of TRPV1 activity or its signal medium may be utilized as
a novel method to inhibit the inflammatory response of DE
syndrome. The mRNA expression levels of TRPA1, TRPV1,
ASIC1, and ASIC3 were upregulated in the TG ocular branches
of rigorously treated DE mice. After the intervention of the
DE disease (DED) mouse model with the TRPV1 blocker
(capsazepine), a reduction in the multimodal response of
the cornea to heat, cold, and acid stimulation, and a further
reduction in eye pain-associated anxious states were observed
(44). Another study found that 1.125% syl1001, a novel
short interfering RNA targeting TRPV1, can greatly improve
ocular surface disease index scores and is tolerated well (45).
Bereiter et al. clarified that TRPV1 plays an important role in
mediating the enhanced nociceptive behavior in DE, which is
beneficial for treating ocular surface stimulation pain in patients
with moderate to severe DEs (46). These data support the
effectiveness of blocking TRPV1 in treating tear deficiency and
relieving chronic eye pain in DED, and is a potential choice for
DED-targeted therapy.

ASIC3
ASICs are hydrogen ion–gated cation channels that are easily
activated and opened by extracellular H+ ions, instigate
Na+ ion influx, lead to cell depolarization and excitation,
and participate in the sensitization process of moderate
acid stimulation (47–51). Previous ASIC-related studies
have mostly focused on the protection of the optic nerve
and retinal injury. Inhibition of ASICs can reduce retinal
ischemia-reperfusion and optic nerve injury (52, 53). In
DE research, the possible role of the ASIC channel was
recognized during a recent study. ASIC3 was shown to
activate several corneal multimode sensory nerve fibers,
significantly increase the blink and tear rate, and mediate
acid stimulation and inflammatory pain on the ocular surface
(54). ASICs are present in corneal sensory neurons. An
acidic pH depolarizes these neurons to stimulate the action
potential. ASIC blockers eliminate nociceptive behaviors
caused by moderate acid stimulation (54). Even in the allergic
keratoconjunctivitis model, ASIC3 blocking can also significantly
reduce nociceptive behavior and reduce nociceptor sensitization
during inflammation (54).

MECHANO-NOCICEPTORS AND DE

In the corneal nerve fiber axons, 20–30% of the receptors are
mechanical nociceptors sensitive to mechanical pressure and
activated by pressure perception (11, 55). Piezo channel protein,
a member of the mechanically gated cation channel family, is
the main baroreceptor on the ocular surface (56). It can be
divided into two subtypes: piezo1/fam38a and piezo2/fam38b.
Bron et al. found that piezo2 expression occurred in ∼26%
of TG neurons and 30% of corneal afferent neurons (55).
Morozumi et al. confirmed that piezo1 and especially piezo2
are common in the corneal epithelium and optic nerves (57).
Piezo inhibitors can protect against optic nerve damage caused by
high intraocular pressure (57). Corneas of patients with DEs are
sensitive to temperature changes and mechanical stimulation. As
a common clinical symptom of DE, corneal pain may be related
to the influence of chronic inflammation on the corneal pain
conduction pathway. The piezo2 channel existing in the corneal
nerve is directly involved in alleviating acute corneal mechanical
injury, and local regulation of piezo2 helps ease the related pain
caused by ocular surface mechanical stimulation (58).

COLD RECEPTORS AND DE

Cold receptors account for 10.15% of corneal neurons. They are
sensitive to ocular surface temperature, continuously produce
action potentials, and are regulated by dynamic changes in
temperature (11). TRPM8 is a member of the cation channel
family of TRP. As a cold sensory receptor, TRPM8 mainly
senses temperature changes on the ocular surface and participates
in temperature sensing, thermoregulation, and sensing pain
caused by cold (11, 14, 16, 59). TRPM8 is also involved in
the pathophysiology of DE and has anti-hypersensitivity and
antipruritic effects (15, 60). On the ocular surface, evaporation
of tears and changes in temperature lead to the activation of
TRPM8, which further regulates basic tear secretion (61).

A study has found that in corneal refractive surgery and
moderate DE, cold-heat receptors seem to mainly be affected,
which can cause the major unpleasant feeling of DE (39).
The corneal cold-sensitive neurons were closely related to
the function of the TRPM8 channel in the injury response.
The enhanced functional expression of the TRPM8 channel in
primary sensory neurons of the trigeminal nerve could lead to an
increase in tear rate and DE sensation (62). The dry conditions
changed the sensitivity of neurons to menthol (its activator),
resulting in desensitization to a cold-induced response, which
could lead to reduced tear production that is harmful to patients
with DEs (63). Moreover, certain interactions exist between TRP
pathways. Khajavi et al. showed that the activation of TRPM8
can reduce TRPV1 activity, which may play a therapeutic role
in the treatment of TRPV1-mediated inflammatory hyperalgesia,
colitis, and DE syndrome (64). Arcas et al. reported the
direct agonistic effect of tacrolimus on TRPM8 activity, which
explains the anti-inflammatory effect of TRPM8 channels on
the ocular surface of DEs (65). In related clinical studies, it
was communicated that TRPM8 activation had a positive effect
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on DEs. A TRPM8 receptor agonist called cryosim-3 (C3, 1-
diisopropylphosphorylnonane) can significantly increase tear
secretion and improve DE symptoms (66). Yoon et al. also
confirmed that C3 can significantly improve the symptoms of DE
associated with menstrual pain, which is ineffective in routine
treatments (67). In addition, a warm compress containing
menthol can continuously increase the amount of tears and tear
film stability in patients with DEs (68).

However, it seems paradoxical that patients with DED
are more sensitive to cold compared to patients with non-
DED. The duration of DED, rather than age, is an important
factor in sensitivity to cold. Corneal cold receptor sensitivity
decreased with an increase in DED duration (69). Fakih et al.
found that severe DED mice had cold hyperalgesia, which was
consistent with the high expression of TRPM8 mRNA in the
TG. Chronic m8-b (TRPM8 antagonist) instillations significantly
reversed the corneal mechanical hyperalgesia and spontaneous
eye pain. M8-b also reduced the sustained spontaneous and
cold-induced ciliary nerve activity observed in DED mice, as
well as inflammation in the cornea and TG (60). In this
regard, Kaido et al. further studied the cold perception of the
TRPM8 pathway in DEs and found that activating TRPM8
only at the peripheral level was not enough to explain the
manifestations of DE-related symptoms of discomfort (70).
Higher brain levels may be involved in the occurrence and
progression of DE symptoms.

CHLORIDE CHANNEL-CFTR AND DE

CFTR is an important chloride ion and water secretion channel
(18, 71). In corneal epithelial cells, CFTR channel activation
is important for maintaining the balance of chloride transport
and promoting tear secretion (72). It has potential value in
the treatment of DEs. The protective effect of CFTR channel-
related activators on DEs has been observed in DE animal
experiments. Nandoskar et al. found that CFTR was also
present in lacrimal gland cells, in which CFTR was significantly
expressed in ductal cells, while the expression of CFTR
was significantly reduced in an autoimmune dacryoadenitis
rabbit model (73). There is an obvious imbalance between
the osmotic pressure and chloride ions in the ocular surface
of DED. However, the combined administration of CFTR
activator (genistein) and vitamin D (calcitriol) can reduce
HOS-induced TonEBP (Tonicity—responsive enhancer binding
protein), inflammatory gene expression, p-p38, and vitamin D
receptor (VDR) degradation in HCECs (74). Furthermore, CFTR
activators can significantly improve the ocular surface of mice
with DE and even accelerate the repair of damaged corneal
epithelium (75). Lee et al. screened a new CFTR activator,
isorhamnetin, and reported that it could significantly increase
the tear secretion in a mouse DE model, improve the ocular
surface injury in mice, and inhibit the expression of IL-1β, IL-
8, and TNF-α (76). Flores et al. also screened aminophenyl-
1,3,5-triazine, CFTRact-K089, and fully activated CFTR, which
can double tear secretion in a DE mouse model (77). In the
tear deficiency mouse DE model induced by lacrimal ablation,

it is interesting to note that 0.1 nmol CFT act-k089 can restore
the tear secretion level by administering drops three times a
day (77). Felix et al. conducted pharmacological experiments
on New Zealand white rabbits with CFTR activator cftract-
k267 and found that CFTR channel activation significantly
increased tear production. At the same time, no obvious
long-term toxicity affected the ocular surface after continuous
treatment for 28 days (78). These data further suggest the relative
safety and potential advantages of CFTR-related activators in
DE treatment.

AQPS AND DE

AQPs were previously thought to be selective only to water,
but recent studies have found that they have more complex
regulatory mechanisms and a range of permeability. They
also have characteristics of double water channels and gated
ion channels and play an important role in maintaining the
homeostasis of internal and external balance (21, 79). AQPs
are closely related to the transport of Na+ and K+ on the cell
membrane. They can maintain the osmotic gradient of corneal
cells, further maintain the water balance of corneal cells, and
play an important role in corneal transparency (21, 79). In the
corneal epithelium, aquaporins 3 and 5 (AQP3 and 5) have
been identified (19, 72, 80–82). Tear film hypertonicity and
ocular surface inflammation are the main pathogenic factors
of DE, and the AQP5 protein channel plays a role in the
pathological process. AQPs and anti-AQPs autoantibodies have
been confirmed to be involved in the pathogenesis of Sjögren’s
syndrome (83). Liu et al. reported that AQP5-/- mice can
spontaneously develop DE symptoms, in which AQP5 deficiency
changes the structure of lacrimal gland epithelial cells (84).Mucin
secreted by conjunctival goblet cells (mainly MUC5AC) is a key
condition for tear film stability. The co-immunoprecipitation of
conjunctival AQP5 and MUC5AC suggested a possible physical
interaction between the two molecules in response to acute
DE stress (85). Nakamachi et al. found that pituitary adenylate
cyclase-activating polypeptide (PACAP)–deficient mice can have
DE-like symptoms, such as corneal keratosis and reduced tears.
PACAP eye drops can increase the level of AQP5 in the tear
film and p-AQP5 in the infraorbital lacrimal gland. Inhibition
of AQP5 can reduce PACAP-induced tear secretion (86). In
the study of new DE alternative drugs, it was revealed that
the internal mechanism might be related to the upregulation
of AQP5. Yu et al. found that ambroxol significantly increased
tear secretion and upregulated the expression of AQP5 (87).
AQP5 can also be used as a predictor of DE. Mani et
al. detected that the expression of AQP4 increased and the
expression of AQP5 decreased in conjunctival cells of patients
after vitreoretinal surgery, indicating that the changes in these
factors may suggest the prognosis of surgically sourced DE
(88). Interestingly, Ren et al. found that hyperosmolarity-
induced AQP5 upregulation promoted inflammation and caused
corneal cell apoptosis (89), which seems to be a contradictory
result and may be related to the overall internal imbalance
of AQP5.
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FIGURE 2 | Ion-channels target activating or inhibiting compounds as substrates for these specific receptors affect subsequent ions and intra- and extracellular

information transmission.

PURINE AND PURINERGIC RECEPTORS

AND DE

Purine receptors are widely distributed in neuronal and
non-neuronal cells and mediate important signals such as
cell proliferation, differentiation, and death, and participate
in physiological and pathological activities such as immune
response, exocrine and endocrine, inflammation, pain, platelet
aggregation, and endothelial-mediated vasodilation (20, 90, 91).
Purine receptors mainly include G protein-coupled adenosine
receptors (ARS), P2Y receptors (p2yrs), and ATP-gated P2X
receptor ion channels (p2xrs).

There are few studies on G protein coupled adenosine
receptors (ARS) and P2X receptors in the field of DE (13).
A key adaptive response to tear film hyperosmolarity induced
by excessive evaporation is the reflective release of mucin by
conjunctival goblet cells. The P2X7 receptor/channel is also
activated during continuous extracellular hyperosmolarity. The

activation of P2X7 not only damages the viability of goblet cells
but also enhances exocytosis activity (26).

The P2Y receptor is a purinergic receptor, a G protein
coupled receptor of extracellular nucleotides, and participates
in physiology and pathophysiology, including inflammatory
response and neuropathic pain (92, 93). At present, the P2Y2
subtype in the P2Y receptor (p2yrs) family is closely related to
DEs (13). Research has found that the number of purinergic
receptors P2Y1, P2Y11, and P2Y13 in lacrimal gland MEC
(myoepithelial cells) of TSP1-/- mice (a mouse model of Sjögren’s
syndrome) decreased significantly, and the regulatory ability of
cholinergic agonists, VIP, and purinergic receptors decreased,
accompanied by increased expression of inflammatory factors
(94). Dogru et al. reported that the tear stability, quantity, and
ocular surface health of aged mice decreased with age, but the
mRNA expression level of the P2Y2 receptor in the conjunctiva
increased significantly, which may be used as compensation for
the decline of age-related tear function (95).
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Diquafosol is a purinergic P2Y2 receptor agonist that
stimulates the conjunctiva to secrete water and mucin. It has
achieved positive results in basic and clinical research in the
field of DE. The diquafosol tetrasodium (DQS) was found to
stimulate meibocytes to release lipids through the P2Y2 receptor
and possibly facilitate holocrine secretion in isolated rabbit
Meibomian gland cells (96). Diquafosol significantly reduced the
levels of reactive oxygen species, apoptosis, and inflammation
in corneal cells caused by DE in in vivo and in vitro DE
models (97). In a one-year clinical study, the researchers used
diquafosol to treat 580 patients with DEs for 12 months and
found that it significantly improved the kerato-conjunctival
staining score, tear film break-up time, and Dry Eye-related
Quality of Life Score (DEQS) (98). This demonstrated that
diquafosol 3.0% ophthalmic solution was tolerated well and was
effective in the long-term treatment of DED. Utsunomiya et al.
further confirmed that diquafosol was more effective in patients
with DEs with foreign body sensation and problems when
reading and using visual display terminals (99, 100). In a large
randomized, double-blind clinical study, diquafosol improved
the ocular surface Rose Bengal staining score more than sodium
hyaluronate ophthalmic solution (101).

CONCLUSIONS

As an important intercellular information-mediated pathway,
ion channels play an important role in various physiological and
pathological processes. As the main component of the ocular
surface, many ion channels with various functions exist in the
corneal nerve, corneal epithelium, and conjunctival epithelium.
DE is a common ocular surface disease, and the ion channels play
an important role in its pathogenesis. This review summarized
the current research status and progress of TRP channels, AQPs,
CFTR chloride channels, and purine and purified receptors

closely related to DE. Notably, the development of antagonists
and activators for these key channels may help with their further
popularization and clinical applications. However, from other
studies, we have recognized that there may also be possible
biological functional variability behind relevant antagonists or
activators, which may be related to the overall stability of
the internal environment and the interaction between different
channel signals. The eye surface receptor protein family has
a wide range of members, and its corresponding physiological
functions are also diverse. Selection of the best receptor channel,
finding the best specific receptor channel targeted drugs, and
reducing the impact on other physiological functions will be the
focus areas of ion channel research. Therefore, pharmacologists
need to screen channel-targeted compounds that are more stable,
simple, and have fewer side effects to provide more choices for
the over-the-counter treatment of DE. In conclusion, a new and
broad treatment protocol for treating DEs by developing ocular
surface ion receptor channel-targeted therapy is in our future
(Figure 2).
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Objective: To investigate the differences in ocular surface characteristics, tear film

quality, and the incidence of dry eye disease (DED) between Systemic Lupus

Erythematosus (SLE) patients and healthy populations.

Methods: This age and gender-matched cross-sectional study included 96 SLE patients

without secondary Sjögren’s syndrome (SS) and 72 healthy subjects. The Ocular Surface

Disease Index (OSDI), tear meniscus height (TMH), non-invasive tear film breakup

time (NIKBUT), meibography, and tear film lipid layer grade were assessed. A receiver

operative characteristic (ROC) curve was constructed to evaluate the predictive value of

risk factors.

Results: Compared with the control subjects, a significantly greater proportion of SLE

patients met the TFOS DEWS II DED diagnostic criteria (34.3 vs. 18.1%, P = 0.019).

SLE patients without SS had higher OSDI scores [10.0 (4.5,18.0) vs. 5.0 (2.5,11.9), P <

0.001], and shorter NIKBUT [9.6 (6.6,15.0) vs. 12.3 (8.4, 15.8), P= 0.035]. Furthermore,

TMH, Tear film lipid layer grade, and Meibomian gland (MG) dropout in SLE patients were

worse than those in control subjects (all P < 0.05). For ROC analysis, the area under

curve (AUC), sensitivity and specificity of prediction were 0.915, 75.8 and 92.1% for the

combination of SLE disease activity index (SLEDAI), age and NIKBUT.

Conclusions: SLE patients without SS exhibited a higher risk for DED than healthy

subjects, and the poorer Meibomian gland function in SLE patients may potentially

contribute to the development of DED. The combined parameters of SLEDAI, age and

NIKBUT showed a high efficiency for the diagnosis of DED in SLE patients, with practical

clinical applications.

Keywords: dry eye disease, tear film, ocular surface, Meibomian gland, Systemic Lupus Erythematosus
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INTRODUCTION

Dry eye disease (DED) is a multifactorial disease of the ocular
surface, which is characterized by the loss of tear film homeostasis
accompanied by ocular surface symptoms (1, 2). The etiology
includes tear film instability, hyperosmolarity, ocular surface
inflammation, and neurosensory abnormalities (3, 4). In 2017,
The Tear Film and Ocular Surface Society Dry Eye Workshop
II (TFOS DEWS II) redefined DED and emphasized the need
for further research examining the associations of the DED with
autoimmune disease and noted that autoimmune disease was
a high risk factor for DED. There is an association between
aqueous-deficient DED and autoimmune diseases, especially
Sjögren’s syndrome (SS), which is characterized by chronic
inflammation of the salivary and lacrimal glands (5).

SS can be classified in two types: primary SS (pSS) and
secondary SS (sSS), in which SS can occur concomitantly
with other autoimmune diseases, the most common being
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE)
or scleroderma. Many studies have confirmed that patients with
SS are prone to DED (6–8). The persistence of ocular surface
inflammation plays an important role in the decline of tear film
homeostasis in SS patients (9). SLE is a chronic autoimmune
disease, which can affect multiple organs of the body (10). In SLE
patients with SS, DED is a common complication (11). In SLE
patients without SS, however, there have been few studies on the
incidence and the etiological subcategories of DED. In addition,
whether the SLE activity is a risk factor for DED is unclear.

The TFOS DEWS II Diagnostic Methodology Report
proposed a more appropriate examination sequence
and technique to guide the clinical diagnosis of DED,
and recommends non-invasive examination (12). The
Keratograph 5M is a non-invasive examination instrument
that can compensate for the shortcomings of the traditional
examinations, and provides a non-invasive, reproducible and
more comprehensive screening method for DED (13).

The purpose of this cross-sectional study was to investigate
the differences in ocular surface characteristics, tear film quality,
and the incidence of DED between SLE patients and healthy
populations according to the diagnostic criteria andmethodology
recommended by the TFOS DEWS II Diagnostic Methodology
Report. Furthermore, the potential predictors of DED among SLE
patients were explored.

METHODS

Subjects
This age and gender-matched cross-sectional study recruited
96 SLE patients without SS (96 eyes) and 72 healthy subjects
(72 eyes) from the First Affiliated Hospital of Anhui Medical
University. Right eye of each participant was selected for
statistical purposes. If only one eye was diagnosed as DED,
that eye was selected for statistical analysis. The study followed
the tenets of the Declaration of Helsinki and was approved by
the institutional Research Ethics Board. Informed consent was
obtained from all subjects prior to any procedure.

Inclusion criteria: the initial diagnosis was consistent with
the criteria for SLE established by the American Rheumatology
Association (ACR) (14). Exclusion criteria: (1) Secondary
Sjögren’s syndromes (sSS) was ruled out according to the
Classification criteria for Sjögren’s syndrome proposed by
the American-European Consensus Group (15); (2) other
autoimmune diseases; (3) anterior segment ocular disease (except
DED); (4) history of ocular surgery; (5) using topical eye drops
within 1 weeks before the examination; (6) contact lens wear
within 72 h.

The DED evaluation was carried out in accordance with the
diagnostic criteria and methodology recommended by the TFOS
DEWS II Diagnostic Methodology Report (12). The symptoms
of DED, tear film parameters, and ocular surface characteristics
of each participant were evaluated.

Evaluation of Dry Eye Symptoms
Subjective symptoms of DED were assessed using the Ocular
Surface Disease Index (OSDI) questionnaire which is the most
widely used questionnaire for DED clinical trials (16). The 12-
item OSDI includes three subscales. The score for each question
ranges from 0 to 4. The total score ranges from 0 to 100, with
higher score indicating the more severe dry eye symptomology.

Ocular Surface Assessment
The Keratograph 5M instrument (OCULUS, Optikgeräte GmbH,
Wetzlar, Germany) was used to noninvasively assess the ocular
surface and tear film parameters, including Tear meniscus height
(TMH), non-invasive tear film breakup time (NIKBUT), tear film
lipid layer grade and meibography. The structure of Keratograph
5M is based on the principle of a placido ring to provide
high-definition video with multi-wavelength light source for
data analysis.

The infrared tear meniscus image was photographed with
a Keratograph 5M instrument, and the TMH directly below
the center of the pupil was measured with the inbuilt digital
calipers. The average of the three measurements near the center
of the meniscus was taken. Through the built-in software on
Keratograph 5M, NIKBUT was automatically recorded as the
time for the first distortion in the grid reflection to be detected.
The average of three consecutive NIKBUT values was calculated
in each case.

The tear film lipid layer was graded according to the Guillon-
Keeler grading system: grade 0, non-continuous layer; grade 1,
open meshwork; grade 2, closed meshwork; grade 3, wave/flow;
grade 4, amorphous; and grade 5, colored fringes (17).

The meibomian gland (MG) dropout area was quantitatively
measured using Image J software (http://imagej.nih.gov/
ij) (Figure 1), and graded according to the five-point
Meiboscale: Degree 0: no partial glands; Degree 1: ≤25%
partial glands; Degree 2: >26 and ≤50% partial glands;
Degree 3: >51 and ≤75% partial glands; Degree 4: >75%
partial glands (18). Eyelid margin abnormalities, including
lid margin notching, telangiectasia, and plugging were
assessed (19).

The diagnostic criteria for DED and subtypes of DED
were adapted from the rapid non-invasive dry eye evaluation
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algorithm, which has been previously validated and proven to
have high diagnostic consistency with diagnostic criteria and
methodology recommended by the TFOS DEWS II Diagnostic
Methodology Report (20, 21). Patients with OSDI ≥ 13 and
NIKBUT< 10 seconds were enrolled in theDED group. DED can
be divided into three etiological subtypes: aqueous tear-deficient
dry eye (criteria: diagnosis of DED and TMH < 0.2mm),
evaporative dry eye (criteria: diagnosis of DED and meibography
grade >1 or tear film lipid layer grade ≤3) and mixed dry eye.

SLE Disease Activity Evaluation
The SLE disease activity index (SLEDAI) was used to evaluate
the SLE activity: inactivity: 0–4 points; mild activity: 5–9 points;
moderate activity: 10–14 points; severe activity:≥15 points (22).

Statistical Analysis
SPSS 26.0 software was used for data analysis. Continuous and
normally distributed variables were presented as means and
standard deviation (SD), and an independent sample t test was

FIGURE 1 | Detection of Meibomian gland (MG) dropout by Keratograph 5M, and MG dropout area was quantitatively measured using Image J software. (A) Infrared

meibography of a participant, showing 42% MG dropout; (B) Infrared meibography of a participant, showing 5% MG dropout.

TABLE 1 | Demographic and ocular characteristic of SLE patients and healthy subjects.

Parameters SLE Patients (n = 96) Healthy subjects (n = 72) P

Demographics

Age, y 35.8 ± 10.9 38.4 ± 9.78 0.089

Female, n(%) 91 (94.7%) 67 (93.1%)

Dry eye symptom

OSDI (out of 100) 10.0 (4.5,18.0) 5.0 (2.5,11.9) <0.001

Tear film characteristics

NIKBUT(s) 9.6 (6.6,15.0) 12.3 (8.4, 15.8) 0.035

Tear film lipid layer grade (out of 5) 2 (2,3) 3 (2,3) 0.030

TMH (mm) 0.19 (0.16,0.23) 0.21 (0.17, 0.28) 0.049

Eyelid characteristics

Meiboscale of Pult score (out of 4) 2 (1,3) 1 (1,2) 0.010

Eyelid margin notching 20 (20.8%) 11 (15.3%) 0.358

Eyelid margin telangiectasia 13 (13.5%) 2 (2.8%) 0.015

Eyelid margin plugging 21 (21.9%) 15 (20.8%) 0.871

TFOS DEWS II DED diagnosis 33 (34.3%) 13 (18.1%) 0.019

Sub-categories of DED

Total DED 33 13

ADDE 10 (30.3%) 1 (7.7%)

EDE 9 (27.3%) 8 (61.5%)

Mixed DED 14 (42.4%) 4 (30.8%)

Data is presented as mean ± SD, median and interquartile range (IQR, 25–75%), or number of participants (% of participants). SLE, Systemic Lupus Erythematosus; OSDI, Ocular

Surface Disease Index; TMH, Tear Meniscus Height; NIKBUT, Non-invasive Tear Film Breakup Time. The bold values means significant results.
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FIGURE 2 | (A) Comparison of Ocular Surface Disease Index (OSDI) scores between the SLE patients and healthy subjects; (B) Comparison of non-invasive tear

breakup time (NIKBUT) between two group; (C) Comparison of TMH, tear meniscus height between two group; Asterisks denote statistically significant difference (P

< 0.05).

FIGURE 3 | Meiboscale of Pult score distribution for SLE patients and healthy

subjects. Bars represent the percentage of participants within each

meibography grade. Asterisks denote statistically significant difference (P <

0.05).

used to assess group differences. No-normally distributed data
was described by median (25% interquartile, 75% interquartile)
and the Mann–Whitney U test was used to assess group
differences. The chi-square test was used to assess group
differences for categorical variables. Analysis of variance was
used to compare the normally distributed data between the three
groups, and the Kruskal–Wallis test was used to compare the no-
normally distributed data between the three groups. The receiver
operative characteristic (ROC) curves were plotted to evaluate
the predictive value of risk factors. When P < 0.05 (bilateral), the
difference was considered statistically significant.

RESULTS

In this age and gender-matched cross-sectional study, a total of
168 participants were included (96 SLE patients and 72 healthy

FIGURE 4 | DED Subtypes distribution for SLE patients and healthy subjects.

Bars represent the percentage of participants within each DED subtype.

subjects). The demographic and ocular surface characteristics of
the participants are presented in Table 1.

Dry Eye Symptoms and Ocular Surface
Characteristics
Compared with the healthy subjects, a significantly greater
proportion of SLE patients met the TFOS DEWS II DED
diagnostic criteria (34.3 vs. 18.1%, P = 0.019). OSDI scores
were higher in SLE patients than in healthy subjects [10.0
(4.5,18.0) versus 5.0 (2.5,11.9), P < 0.001, Figure 2A]. SLE
patients displayed shorter NIKBUT [9.6 (6.6,15.0) vs. 12.3 (8.4,
15.8), P= 0.035, Figure 2B] and lower TMH [0.19 (0.16,0.23) vs.
0.21 (0.17, 0.28), P= 0.049, Figure 2C].

According to the five-point Meiboscale, greater levels of MG
dropout were observed in SLE patients than in healthy subjects
[2(1,3) vs. 1(1,2), P = 0.013, Figure 3]. Compared with the
healthy subjects, SLE patients had poorer tear film lipid layer
grades [2(2,3) vs. 3(2,3), P = 0.030]. There were no significant
differences in eyelid margin notching and plugging between SLE
patients and healthy subjects (all P > 0.05).
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FIGURE 5 | Correlation between DED symptoms and Signs. SLE patients were stratified according to published cut-off values for DED diagnostic tools using in this

study, and compared their OSDI. Asterisks denote statistically significant difference (P < 0.05).

Classification of Subcategories of DED in
SLE Group and Healthy Group
According to the classification of TFOS DEWS II criteria, among
the DED in SLE patients, there were 10 cases of aqueous tear-
deficient dry eye (ADDE), 9 cases of evaporative dry eye (EDE),
and 14 cases of mixed DED. In healthy subjects, there were
1 case of ADDE, 8 cases of DED, and 4 cases of mixed DED
(Table 1). There was no significant difference between two group
(P = 0.071) (Figure 4). In addition, there were no significant
differences in age, sex, OSDI, SELDAI, and SLE course among
the three DED subtypes of SLE patients.

Correlation Between DED Symptoms and
Signs in SLE Patients
SLE patients were stratified according to published cut-off values
for DED diagnostic tools and compared their OSDI. The results

showed that patients diagnosed with DED using NIKBUT < 10 S
or tear film lipid layer grade ≤3 had a statistically higher OSDI
than patients who did not meet the criteria (P < 0.05, Figure 5).

Difference Between Demographic and
Clinical Variables in SLE Patients With and
Without DED
Next, we sought to identify the possibility that confounding
factors leading to the high risk of DED, particularly tobacco use,
immunosuppressive drug use, and other immune-related clinical
factors. According to the diagnostic criteria of DED, patients
with SLE were divided into DED group and non-DED group.
Table 2 describes the demographic and clinical variables of SLE
patients with and without DED. Compared to non-DED patients,
DED patients were older (p < 0.05) and had higher SLEDAI
(P < 0.05). However, there were no significant differences
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TABLE 2 | Difference between demographic and clinical variables in SLE patients with and without DED.

Parameters DED patients in SLE (n = 33) Non- DED patients in SLE (n = 63) P

Alcohol use, n(%) 2 (6.1%) 2 (3.2%) 0.893

Tobacco use, n(%) 1 (3.0%) 2 (3.2%) 0.969

Corticosteriods use, n(%) 24 (72.7%) 43 (68.3%) 0.650

Hydroxychloroquine use, n(%) 20 (60.6%) 33 (52.4%) 0.441

Hypertension 3 (9.1%) 4 (6.3%) 0.624

Diabetes 3 (9.1%) 3 (4.8%) 0.698

CRP, mg/L 0.70 (0.20,1.35) 0.60 (0.20,2.10) 0.978

C3,g/L 0.86 (0.68,1.02) 0.78 (0.64,0.92) 0.151

ESR, mm/h 19.0 (13.5,34.5) 20.0 (11.0,33.0) 0.746

SLEDAI 7.0 (5.0,13.5) 4.0 (2.0,8.5) <0.05

Age 42.1 ± 11.2 33.2 ± 10.5 <0.05

Data is presented as mean ± SD, median and interquartile range (IQR, 25–75%), or number of participants (% of participants). SLE, Systemic Lupus Erythematosus; CRP, C-Reactive

Protein; C3, complement levels; ESR, Erythrocyte Sedimentation Rate; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index. The bold values means significant results.

TABLE 3 | Diagnosis efficiency of SLEAI, Age, NIKBUT and combo parameters for DED by ROC analysis.

Parameters Cut-off Area under curve Sensitivity/% Specificity/% Youden’s index

SLEDAI 4.5 0.752 87.9% 60.3% 0.482

Age 33.5 0.748 81.8% 61.9% 0.437

NIKBUT 9.415 0.896 76.2% 97.0% 0.732

SLEDAI+Age 0.791 87.9% 61.9% 0.498

SLEDAI+NIKBUT 0.910 97.0% 73.0% 0.700

Age+NIKBUT 0.909 97.0% 76.2% 0.732

SLEDAI+Age+NIKBUT 0.915 75.8% 92.1% 0.678

SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; NIKBUT, Non-Invasive Tear Film Breakup Time.

between two groups in smoking, alcohol use, corticosteroids use,
hydroxychloroquine use, hypertension, diabetes, CRP, C3, and
ESR (all P > 0.05).

Evaluation of Predictive Value of Risk
Factors of DED in SLE Patients
ROC curves were drawed to evaluate predicted value of each
risk factor. As shown in Table 3, the Youden’s optimal cut off
threshold of SLEDAI, age, NIKBUT for prediction was 4.5, 33.5,
and 9.415, respectively. For ROC analysis, the area under curve
(AUC), sensitivity and specificity of prediction were 0.752, 87.9,
and 60.3% for SLEDAI; 0.748, 81.8, and 61.9% for age; and
0.896, 76.2, and 97.0% for NIKBUT, respectively. And AUC,
the sensitivity, and specificity of prediction for combination of
SLEDAI and age was 0.791, 87.9, and 61.9%; for SLEDAI and
NIKBUT was 0.910, 97.0, and 73.0%, for age and NIKBUT was
0.909, 97.0, and 76.2%, and for three indictors was 0.915, 75.8,
and 92.1% (Figure 6).

DISCUSSION

The aim of this study was to investigate the differences in ocular
surface characteristics, tear film quality, and the incidence of
DED between SLE patients without SS and healthy populations.

Autoimmune-related DED is not a new topic, and DED in pSS
and sSS patients has been widely studied and reported (7, 11).
However, there have been few studies on DED in SLE patients
without SS. To our knowledge, this is the first study to evaluate
the incidence, subcategories, and the potential predictors of DED
in ordinary SLE patients according to the diagnostic criteria and
methodology recommended by the TFOS DEWS II Diagnostic
Methodology Report.

The results showed that the proportion of SLE patients who
met the TFOS DEWS II DED diagnostic criteria was significantly
higher than that of the control group. The current study showed
that TMHwas lower in SLE patients, which is consistent with the
trend of previous studies of DED in patients with autoimmune
diseases (23, 24). In this study, the TMH values of many
SLE patients were between 0.1 and 0.2mm, reflecting mild to
moderate aqueous deficiency. However, SS patients often present
with more severe aqueous deficiency (25). Our results suggested
that the lacrimal gland damage in SLE patients may be less severe
than that in SS patients. In this study, NIKBUT was significantly
shorter in SLE group. It has been reported that NIKBUT mainly
reflects the stability of tear film and decreases significantly in
patients with SS (23). In addition, Poorer MG dropout and lipid
layer were observed in SLE patients,which may also be involved
in the occurrence of DED. MG dropout may potentially reduce
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FIGURE 6 | The receiver operative characteristic (ROC) curves were plotted to evaluate the predictive value of risk factors. Curves are shown for (A) SLEDAI, (B) age,

(C) NIKBUT, (D) combination of SLEDAI and Age, (E) combination of SLEDAI and NIKBUT, (F) combination of Age and NIKBUT, (G) combination of SLEDAI, Age and

NIKBUT; (H) comparison diagram of each curve.

the delivery ofmeibomian lipids to the tear film, and the damaged
lipid quality can promote tear film evaporation, which might
further aggravate the signs and symptoms of DED.

One of the purposes of this study was to investigate the
classification of DED in SLE patients. According to TFOS DEWS
II criteria, DED can be divided into three subtypes: ADDE, EDE,
and mixed DED. ADDE is related to lacrimal gland dysfunction,
which is more common in SS patients. EDE is mainly associated
with abnormal eyelid function (e.g. MGD) (1). Considering that
SLE is an autoimmune disease, we had expected more SLE
patients to present with ADDE. However, in fact, the majority of
SLE patients presented with mixed DED, which may imply that
eyelid abnormalities are also a major cause of SLE - associated
DED. Compared with healthy subjects, there was no significant
difference in subcategories of DED in SLE patients.

In the past, due to the limitations of recognition and detection
equipment, the diagnosis of autoimmune-related DED often
focused on the destruction of the lacrimal gland and the change
in tear volume, resulting in incomplete evaluation and ignoring
the change in the meibomian gland and lipid layer of tear
film. The meibography techniques of Keratograph 5M provide

us with favorable conditions for quantifying MG dropout,
which is one of the characteristic clinical manifestations of
MGD (12). The results showed that SLE patients had higher
MG dropout and worse tear film lipid layer compared with
healthy subjects, which can cause the tear film to evaporate
faster and may be an important factor in DED (26). Our
study found that even if the SLEDAI was not severe, patients
may still have relatively common eyelid abnormalities. SLE
occurs frequently on the face and often involves the eyelids,
which often show rough, red and scaling appearances. This
is an interesting phenomenon. We hypothesized that eyelid
involvement might lead to changes in the MG and lipid layer
of tear film, contributing to the occurrence of DED. Based
on the above discussion, we considered that SLE patients
were more likely to present with mixed DED. It is of great
significance to research the subtypes of DED in SLE patients.
Identifying subtypes of DED is critical to selecting the most
appropriate management strategy. This study suggested that
eyelid management was an important aspect of DED treatment
in SLE patients. Whether physical therapy (e.g. IPL, forceful
expression of the MG) or warm compresses can be used to
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intervene in the progression of DED in SLE patients is the focus
of our future research.

Meanwhile, there was discordance between symptoms and
signs of DED in SLE patients, which has been reported in pSS
(27). The results showed that SLE patients with objective signs
of DED diagnosed using NIKBUT < 10 or tear film lipid layer
grade ≤3 had a statistically higher OSDI than those who did
not meet the criteria. However, patients with low TMH or high
meiboscale were not more symptomatic. It was worth noting that
some SLE patients who do not present symptoms of DED but
have one or more ocular surface abnormalities may be prone to
DED. This implied that more attention should be given to the
possibility of DED in SLE patients and preventive management
should be carried out if necessary, such as before cataract surgery
for SLE patients. For these patients, surgery may increase the risk
of symptomatic DED after operation (1).

This study demonstrated that compared to SLE patients
without DED, DED patients were older and had higher SLEDAI.
This suggested that ophthalmologists and rheumatologists
should pay attention to DED in SLE patients, especially
those with older age and severe disease activity. However,
there were no significant differences between two groups in
smoking, alcohol use, corticosteroids use, hydroxychloroquine
use, hypertension, diabetes, CRP, C3, and ESR. This result
suggested that immunosuppressive drugs did not increase the
incidence of DED in SLE patients, which was consistent with the
results of Yoon et al. (28).

Through the ROC analysis, it can be found that the AUC of
SLEDAI, age, and BUT are 0.752, 0.748, and 0.896, respectively.
Each of them can be used as a reference indicator for early
prediction of DED in SLE patients. However, AUC of each single
indicator was between 0.7 and 0.9, and the diagnostic accuracy
of them for DED was moderate. When the combination of the
three was selected, the AUC was the largest (>0.9), indicating
that the diagnostic accuracy of DED is the highest. Therefore, the
combined detection can improve the accuracy of prediction.

There were some shortcomings in this study. (1) The
participants were only recruited from the First Affiliated Hospital
of Anhui Medical University, so there may be restrictions due to
regional restrictions. (2) Due to patient compliance, we did not
include the very severe SLE, which might affect the analysis of

the correlation between ocular surface parameters and SLEDAI.
(3) In the future research, we need to add other DED diagnostic
tools (e.g., corneal staining, and lid margin staining) to improve
the accuracy of DED diagnosis.

In conclusion, the results showed that SLE patients
without SS had a higher risk of developing DED than
healthy populations, and tended to present with mixed
DED. The poorer meibomian gland function in SLE patients
may potentially contribute to the development of DED.
The combined indicators of SLEDAI, age and NIKBUT
showed a high accuracy for the diagonosis of DED in
SLE patients.
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Purpose: To analyze the conjunctival sac microbial communities in patients

with Sjögren’s syndrome-associated dry eyes (SSDE) and non-Sjögren’s

syndrome-associated dry eyes (NSSDE), compared with normal controls (NC).

Methods: Conjunctival sac swab samples from 23 eyes of SSDE, 36 eyes of NSSDE,

and 39 eyes of NC were collected. The V3–V4 region of the 16S ribosomal RNA (rRNA)

gene high-throughput sequencing was performed on an Illumina MiSeq platform and

analyzed using Quantitative Insights Into Microbial Ecology (QIIME). Alpha diversity was

employed to analyze microbiome diversity through Chao1 and Shannon indexes. Beta

diversity was demonstrated by the principal coordinates analysis (PCoA) and Partial Least

Squares Discrimination Analysis (PLS-DA). The relative abundance was bioinformatically

analyzed at the phylum and genus levels.

Results: The alpha diversity was lower in patients with dry eye disease

(Shannon index: NC vs. SSDE: P= 0.020, NC vs. NSSDE: P= 0.029). The beta diversity

showed divergent microbiome composition in different groups (NC vs. SSDE: P= 0.001,

NC vs. NSSDE: P = 0.001, NSSDE vs. SSDE: P = 0.005). The top 5 abundant phyla

were Firmicutes, Proteobacteria, Actinobacteriota, Bacteroidota, and Cyanobacteria in

all three groups. The top five abundant genera included Acinetobacter, Staphylococcus,

Bacillus, Corynebacterium, and Clostridium_sensu_stricto_1. The relative microbiome

abundance was different between groups. The Firmicutes/Bacteroidetes (F/B) ratio was

6.42, 7.31, and 9.71 in the NC, NSSDE, and SSDE groups, respectively (NC vs.

SSDE: P = 0.038, NC vs. NSSDE: P = 0.991, SSDE vs. NSSDE: P = 0.048).

Conclusion: The diversity of conjunctival sac microbiome in patients with NSSDE and

SSDE was diminished compared with NC. The main microbiome at the phylum and

genus level were similar between groups, but the relative abundance had variations. The

Firmicutes/Bacteroidetes ratio was higher in the SSDE group.
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INTRODUCTION

Dry eye disease (DED) is a multifactorial inflammatory ocular
disease featured by tear film instability and hyperosmolarity,
inflammation, and neurosensory abnormalities (1, 2). Symptoms
include burning, foreign body sensation, photophobia, and
blurred vision, which would adversely affect daily lives (3).
Autoimmune disease-associated dry eye is one of the most
important types of DED (4). Sjögren’s syndrome (SS) is a
chronic autoimmune disease featured by dry mucosal surfaces
and other systemic muscular pain, and dry eye is one of the
most discomforting symptoms that patients with SS complain
about (5, 6). The lacrimal gland becomes infiltrated with activated
CD4+ T cells and B cells, and ocular surface diseases develop
from reduced lubrication, as well as from cytokines produced by
activated epithelial cells and infiltrating inflammatory cells (7, 8).

Recently, mounting evidence shows that microbial imbalance
changes the immunity toward an increased inflammatory
response, which is closely associated with the occurrence of
multiple chronic inflammatory diseases (9, 10). Hence, it is
hypothesized that similar mechanisms are also active on the
ocular surface and are involved in the pathophysiology of DED
including SS. The production of lipases and toxins by different
proportions of colonizing bacteria may destabilize the lipid
layer of the tear film, interact with the conjunctival mucins
(11, 12) and cause ocular surface cellular damage. Thus, dysbiosis
might be associated with tear film instability, inflammation, and
ocular irritation.

The purpose of the study was to explore the potential changes
in the conjunctival sac microbiome in dry eye patients with
and without SS, compared with healthy subjects. This may
help to better understand its pathophysiology and provide more
evidence to develop new treatment strategies.

METHODS

Sample Collection
Patients were recruited from the regular outpatient clinic,
Department of Ophthalmology, Peking Union Medical College
Hospital, between September 1 and October 30, 2021. Patients
with SS-associated dry eyes (SSDE), non-SS-associated dry eyes
(NSSDE), and normal controls (NC) with healthy ocular surface
conditions were recruited. Dry eye was diagnosed based on the
Chinese Expert Consensus on dry eyes (13) as follows: patients
presenting with dry eye symptoms, such as burning, foreign
body sensation, blurred vision, and photophobia; Ocular surface
disease index (OSDI) ≥13; Fluorescein breakup time (FBUT)
≤5 s or Schirmer’s test (without local anesthesia) ≤5 mm/5min.
If 5 s <FBUT test ≤10 s and 5 mm/5min <Schirmer’s test
(without local anesthesia) ≤10 mm/5min, patients with cornea
staining score ≥5 were also diagnosed with dry eye. The cornea
staining was scored by dividing the corneal surface into five areas
as proposed by the US National Eye Institute (14), the punctate
staining in each area was recorded as a score of 0–3, with 0:
no staining; 1: <15 dots; 2: 16–20 dots; 3: >30 dots, strip/bulk
staining or corneal filaments. The final score is the sum of the
scores from the five areas. All patients with SS had a complete

ocular, oral, and rheumatologic evaluation, including the panel
of serum autoantibodies, and met the SS classification criteria
made by the American College of Rheumatology/European
League Against Rheumatism (ACR-EULAR) (15). Patients with
healthy ocular surface conditions were included as the NC
group after ruling out dry eyes on a slit-lamp examination. The
exclusion criteria included a history of uveitis, glaucoma, retinal
disease, ocular trauma/transplantation in the previous 4 weeks,
application of antibiotic or immunomodulatory eyedrops in the
previous 4 weeks, and eye surgeries within 3 months. A sterile
cotton swab was used to collect specimens by rubbing the swab
from the medial to the lateral side of the inferior fornix of the
conjunctival sac of each right eye without anesthesia. The swabs
were then placed in sterile tubes and stored in a refrigerator
(at −20◦C) before further experiments. The study adhered to
the tenets of the Declaration of Helsinki and was approved by
the Institutional Review Board of Peking Union Medical College
Hospital (ZS-3092). Informed consent forms were obtained from
all patients.

DNA Extraction, PCR Amplification, and
16S rRNA Gene Amplicon Sequencing
Deoxyribonucleic acid (DNA) was extracted using the
MicroElute Genomic DNA Kit (D3096, Omega, MA, USA)
according to the manufacturer’s instructions. The concentration
of DNA was measured using a NanoDrop 2000 ultramicro-
spectrophotometer (Thermo Scientific, Waltham, MA, USA).
The V3–V4 region of the 16S ribosomal RNA (rRNA) gene
was amplified from tue extracted genomic DNA samples with
primers (319 F: 5

′
-ACTCCTACGGGAGGCAGCAG-3

′
and 806

R: 5
′
-GGACTACHVGGGTWTCTAAT-3

′
) manufactured by

Sangon Biotech (Shanghai) Co., Ltd. PCR was carried out on
a Mastercycler Gradient (Eppendorf, Germany) using 25 µl
reaction volumes, containing 12.5 µl 2× Taq PCR MasterMixII
(Vazyme Biotech Co., Ltd, China), 3 µl BSA (2 ng/µl), 1 µl
Forward Primer (5µM), 1 µl Reverse Primer (5µM), 2 µl
template DNA, and 5.5 µl ddH2O. The PCR amplification
products were purified with Agencourt AMPure XP magnetic
beads (Fisher Scientific, Hampton, NH, USA), dissolved in an
elution buffer, and then labeled. The fragment range and the
concentration of the library were detected using the Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA). Qualified libraries
were selected for sequencing on the MiSeq PE300 platform based
on the size of the inserted fragments.

Bioinformatic Analysis
Samples were sequenced on an Illumina MiSeq platform
(Illumina, Inc., San Diego, CA, USA) according to the
manufacturer’s instructions. Qualified paired-end reads were
separated using the sample-specific barcode sequences and
trimmed with the Illumina Analysis Pipeline Version 2.6
(Illumina, Inc., San Diego, CA, USA). Then, the dataset was
analyzed using the Quantitative Insights Into Microbial Ecology
(QIIME) (Version 1.8.0; Boulder, USA). The sequences were
clustered into operational taxonomic units (OTUs) at a similarity
≥97%, to generate rarefaction curves and to calculate the richness
and diversity indices. The Ribosomal Database Project (RDP)
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TABLE 1 | Demographic characteristics and basic clinical parameters.

SSDE NSSDE NC P-value

Sex Male/female 0/23 9/27 12/27 P = 0.001

Age Mean ± SD (years) 48.09 ± 9.01 39.89 ± 13.45 35.61 ± 11.03 P = 0.008 SSDE vs. NSSDE, P = 0.007 NC

vs. NSSDE, P < 0.001, NC vs. SSDE

Schirmer Mean ± SD (mm) 5.72 ± 6.25 6.68 ± 8.63 ≥10 P = 0.018 (NNSDE vs. NSSDE)

FBUT Mean ± SD (s) 2.32 ± 1.34 4.71 ± 2.79 ≥10 P < 0.001, SSDE vs. NSSDE

Cornea staining score Mean ± SD 6.67 ± 3.32 2.32 ± 1.03 0 P < 0.001, SSDE vs. NSSDE

Classifier tool was used to classify all sequences into different
taxonomic groups.

Alpha diversity was employed to analyze the complexity
of species diversity for each sample through Chao1, Shannon
indexes generated by QIIME. Beta diversity was demonstrated
by the principal coordinates analysis (PCoA) and Partial Least
Squares Discrimination Analysis (PLS-DA) to evaluate the
microbiome complexity between samples. The taxonomy and
relative abundance were bioinformatically analyzed at phylum
and genus levels.

Statistical Analysis
The R software (Version 3.2.5; New Zealand) and GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA, USA) were
used for the statistical analyses. Tukey test was used to identify
significant between-group differences for alpha-diversity. The
divergence between the two groups was compared by Analysis
of Similarity (ANOSIM). The relative abundance of bacteria
was compared by one-way ANOVA. The demographic and
clinical data are expressed as mean ± SD. A P-value <0.05 was
considered statistically significant.

RESULTS

Demographic Characteristics of Patients
Samples were collected from 23 eyes of SSDE, 36 eyes of NSSDE,
and 39 eyes of NC. The mean age was 48.09, 39.89, and 35.61
years old in the SSDE, NSSDE, and NC groups, respectively
(Table 1). The average length of Schirmer’s test was 5.72 ± 6.25
(mm/5min) in the SSDE group and 6.68 ± 8.63 (mm/5min) in
the NSSDE group. The average FBUT was 2.32 ± 1.34 (s) in the
SSDE group and 4.71± 2.79 (s) in the NSSDE group. The average
cornea staining score was 6.67± 3.32 in the SSDE group and 2.32
± 1.03 in the NSSDE group (Table 1).

Next Generation Sequencing (NGS) Data
A total of 5,368,240 high-quality sequences were generated from
the 98 samples of conjunctival sac swabs, with an average
of 54,778 sequences per sample. High-quality sequences were
clustered into 5,031 OTUs at 97% sequence identity. A modified
OTU table was obtained consisting of 4,904 OTUs (ranging from
36 to 693 per sample), corresponding to 51 phyla, 142 classes, 315
orders, 523 families, and 1,028 genera.

The OTUs were compared with a Venn diagram
(Supplementary Figure S1) and 811 common OTUs were
identified. There were 60 (2,090/3,512), 22 (544/2,442), and 17%

(306/1,816) OTUs that were unique in the NC group, NSSDE
group, and SSDE group, respectively.

Alpha and Beta Diversity Analysis
The goods coverage values were all ≥0.99, indicating
that the 16S rRNA sequencing results from each library
represented the majority of bacterial species present within
test samples. The species accumulation curves flattened
(Supplementary Figure S2), demonstrating that the sample size
is adequate to represent the overall bacterial diversity in the
target population.

The alpha diversity was analyzed by the Shannon and chao1
indexes. The Shannon index was significantly lower in the SSDE
(P = 0.020) and NSSDE (P = 0.029) groups compared with the
NC group but did not show a statistically significant difference
between the NSSDE group and the SSDE group (P = 0.089)
(Figure 1A). The chao1 index showed the same tendency as the
Shannon index (NC vs. SSDE: P = 0.003, NC vs. NSSDE: P =

0.091, NSSDE vs. SSDE: P= 0.036) (Figure 1B).
There was significant divergence in beta diversity between

each group as demonstrated by PCoA (Figure 2A) and PLS-
DA (Figure 2B). The samples in the control group were
more centralized and resembled each other in the bacterial
composition, while the samples in the NSSDE and SSDE groups
were more acentric and disperse. This differentiation was further
confirmed by ANOSIM analysis, which showed the difference
between the groups was greater than the difference within the
group (NC vs. SSDE: P = 0.001, NC vs. NSSDE: P = 0.001,
NSSDE vs. SSDE: P = 0.005) (Table 2).

Bacterial Relative Predominance
We summarized the relative abundances of the dominant
bacterial community in each group. At the phylum level, 38
phyla were detected from the 23 eyes of the SSDE group, 36
phyla from the 36 eyes of the NSSDE group, and 48 phyla
from the 39 eyes of the NC group. The top 5 abundant phyla
were Firmicutes, Proteobacteria, Actinobacteriota, Bacteroidota,
and Cyanobacteria in all three groups (Figure 3A). The relative
percentage of each predominant phylum was demonstrated in
Table 3. The Firmicutes/Bacteroidetes (F/B) ratio, which was
correlated with inflammation in gut microbiome studies, was
calculated. The F/B ratio was 6.42, 7.31, and 9.71 in the NC,
NSSDE, and SSDE groups, respectively (P = 0.038, SSDE vs. NC,
P = 0.991, NSSDE vs. NC, P = 0.048, SSDE vs. NSSDE).
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FIGURE 1 | Alpha analysis by Shannon (A) and Chao1 (B) indexes demonstrating that patients with dry eyes have diminished ocular surface microbiome diversity

compared with patients with healthy ocular surfaces.

FIGURE 2 | Beta diversity demonstrated by principal coordinates analysis (PCoA) (A) and Partial Least Squares Discrimination Analysis (PLS-DA) (B) analysis.

Samples in the control group were more centralized and resembled each other in the bacterial composition, while samples in the non-Sjögren’s syndrome-associated

dry eyes (NSSDE) and Sjögren’s syndrome-associated dry eyes (SSDE) groups were more acentric and disperse.

Among the most abundant phyla, the relative abundance
was also different between groups (Figure 4A). The relative
abundance of Actinobacteriota was higher in the SSDE group (P
= 0.005, SSDE vs. NSSDE, P < 0.001, SSDE vs. NC), followed
by the NSSDE group (P = 0.020, NC vs. NSSDE) and NC group.
Cyanobacteria were more abundant in the NC group (P <0.001,
NC vs. NSSDE, P < 0.001, NV vs. SSDE), followed by the NSSDE
group and SSDE group (P = 0.680). Bacteroidota was higher

in abundance in the NC group than SSDE (P = 0.011), but
there was no statistical difference between NC and NSSDE (P =

0.110) or NSSDE and SSDE (P= 0.250). Proteobacteria was more
abundant in the NSSDE group than the SSDE group (P = 0.014)
and NC group (P= 0.042), but its relative abundance was similar
between the SSDE and NC group (P = 0.443).

At the genus level, 476 genera were detected in the SSDE
group, 615 genera in the NSSDE group, and 928 genera
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in the NC group. The top five common abundant genera
were Acinetobacter, Staphylococcus, Bacillus, Corynebacterium,
and Clostridium_sensu_stricto_1 (Figure 3B). And the relative
percentage of each predominant genera was demonstrated in
Table 4. Bacillus was significantly higher in the NC group
compared with the dry eye groups (P < 0.001, NC vs. NSSDE,
P < 0.001, NC vs. SSDE), whereas Acinetobacter was significantly
higher in the dry eye groups than the NC group (P < 0.001, NC
vs. NSSDE, P = 0.001, NC vs. SSDE). The relative abundance
of Acinetobacter and Bacillus was similar between the SSDE
and NSSDE groups (P = 0.096 for Acinetobacter, P = 0.727
for Bacillus). Corynebacterium, Clostridium_sensu_stricto_1, and
Geobacillus were more abundant in the DED groups than the NC
(Corynebacterium: P = 0.003, SSDE vs. NC, P < 0.001, NSSDE
vs. NC; Clostridium_sensu_stricto_1: P = 0.039, SSDE vs. NC, P
< 0.001, NSSDE vs. NC; Geobacillus: P < 0.001, SSDE vs. NC,
P < 0.001, NSSDE vs. NC). The top 20 genera with the most
significant differences were demonstrated in Figure 4B.

DISCUSSION

In recent years, the association of dysbiosis with inflammation
and infection has become increasingly recognized (16). On
the ocular surface, the antimicrobial activity of tears prevents
infection while maintaining a commensal bacterial population

TABLE 2 | Analysis of similarity (ANOSIM) for diversity between groups.

Group R statistic P-value

NC-NSSDE 0.5485 0.001

NC-SSDE 0.6064 0.001

NSSDE-SSDE 0.1195 0.005

all 0.4428 0.001

R value >0 means that differences between groups are greater than differences

within groups.

(17). In this study, we sampled the conjunctival sac to explore
the ocular surface microbiome composition and showed that dry
eyes with andwithout SS have lessmicrobiome diversity than eyes
with healthy ocular surface conditions, and have characteristic
microbiome composition.

In previous studies, the richness of the conjunctival sac
microbiome in patients with dry eyes was inconsistent. While
some studies revealed an increased number of bacteria (18, 19),
most studies were in accordance with our study that patients
with dry eyes have diminished ocular surface microbiome
diversity (20–23). In studies regarding SS, bacterial diversity
was diminished both for the oral mucosa (24) and the ocular
surface (23). The exact mechanism is still unclear but might be
an interaction between the mucosa and the commensal bacteria.
The microbiome on the ocular surface degrades intracellular
mucins, which in turn inhibit bacterial growth, contributing
to homeostasis between the ocular microenvironment and
commensal bacteria (17). Disruption of either the two ends
of homeostasis might cause unbalanced growth of bacteria.
In this study, while the major microbiome was stable, the
diversity was severely diminished and an aberrant bacterial
composition in dry eye patients was demonstrated by the
observed clustering and separation demonstrated by the PCoA
and PLS-DA analysis.

At the phylum level, Firmicutes, Proteobacteria,
Actinobacteriota, Bacteroidota, and Cyanobacteria were the
top five phyla in all three groups. These results were consistent
with other studies that collect samples from the conjunctival sac
(22, 25–27), indicating a relative stable predominant phylum
composition of the ocular surface even in different disease
status. However, there was a common issue that needs to
be addressed in these studies, including ours, that there was
no blank control to rule out environmental contamination.
Cyanobacteria is photosynthetic and was not supposed to be
found in the conjunctival sac which has no sun exposure. One
possible explanation was that there might be Cyanobacteria on
the ocular surface and dropped into the conjunctival sac. The
16srRNA method could also identify dead microbiomes as well.

FIGURE 3 | The top five abundant microbiomes at the phylum (A) and genus (B) level showed similar major components of bacteria in each group, but the relative

abundance was different.
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TABLE 3 | Percentage of the top five phyla in each group.

Phylum NC (%) NSSDE (%) SSDE (%) P-value

NC vs. NSSDE NC vs. SSDE NSSDE vs. SSDE

Firmicutes 43.89 37.97 40.52 0.155 0.288 0.706

Proteobacteria 34.78 43.61 33.04 0.014 0.396 0.014

Actinobacteriota 6.60 8.24 15.89 0.020 0.281 0.005

Bacteroidota 6.84 5.19 4.17 0.110 0.027 0.250

Cyanobacteria 4.35 1.51 0.96 <0.001 0.005 0.680

FIGURE 4 | The top 20 significantly different microbiomes at the phylum (A) and genus (B) level.

TABLE 4 | Percentage of the top five genus in each group.

Genus NC (%) NSSDE (%) SSDE (%) P-value

NC vs. NSSDE NC vs. SSDE NSSDE vs. SSDE

Acinetobacter 5.34 20.58 13.05 <0.001 0.001 0.096

Staphylococcus 7.14 11.43 13.55 0.316 0.543 0.859

Bacillus 22.26 3.26 2.09 <0.001 <0.001 0.727

Corynebacterium 3.82 4.15 8.62 0.076 0.003 0.050

Clostridium_sensu_stricto_1 0.61 9.38 4.80 <0.001 0.003 0.019

Thus, Cyanobacteria might also be detected. Supplementary
experiments in further studies are needed to give a more
pronounced answer.

The relative abundance at the phylum level was different
in different groups. Actinobacteriota was more predominant
in patients with dry eyes, while Cyanobacteria was less
predominant, compared with healthy eyes. These differentiations
were further magnified by the etiology of dry eyes. Patients

with SSDE had more abundant Actinobacteriota and less
Cyanobacteria compared with patients withNSSDE.We assumed
that this might be associated with the severity of dry eye, as
Schirmer’s test, FBUT test, and cornea staining all showed a
more severe degree of dry eye damage to the ocular surface.
Proteobacteria was markedly higher in the NSSDE group
compared with the SSDE group, and this was in accordance
with the other study addressing the different microbiome
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compositions in DED with and without the autoimmune
disease (23).

Although the relative abundance of Firmicutes and
Bacteroides were similar in these three groups, we calculated
the F/B ratio, inspired by the fact that a lower F/B ratio in the
gut was associated with the inflammation status in the intestine
such as in inflammatory bowel disease (28) and other systemic
diseases such as systemic lupus erythematosus (29), while a
higher F/B ratio in the gut was associated with obesity (28).
Previous studies also showed that the F/B ratio in the gut was
lower in patients with SSDE than in NC (30). However, in this
study, we showed that the F/B ratio of the conjunctival sac
was higher in the SSDE group compared with NC and NSSDE
groups, in contrast with the gut F/B ratio. The F/B ratio change
in both directions is a sign of dysbiosis (28). It is hypothesized
that disrupted microbiome composition might activate distinct
immunomodulatory and inflammatory pathways, which result
in the instability of tear film and ocular damage. But we have to
acknowledge that the gut has a large amount of microbial load
while the ocular surface microbiome is paucibacterial. Thus, the
effect of microbiome dysbiosis on the ocular surface might be
less predominant. Further studies are needed to provide more
evidence on the F/B ratio change and its relationship with SSDE
and NSSDE.

At the gene level, patients with dry eyes had less genus
variety. The most common five abundant genera were
Acinetobacter, Staphylococcus, Bacillus, Corynebacterium,
and Clostridium_sensu_stricto_1 (Figure 3B), similar to the
results of other studies concerning the ocular surface bacteria
(22, 23, 25–27, 31). Compared with the NC group, patients
with dry eyes had more abundant Acinetobacter but less
Bacillus. Acinetobacter was commonly detected on the ocular
surface of critically ill patients, who were always sedated
and had unhealthy ocular surface function (32). However,
previous studies showed that Bacilli are prominent in patients
with dry eye disease, in contrast with the decreased Bacilli
in DED groups in our study. Certain Bacillus species can
synthesize and secrete lipopeptides, in particular, surfactins
and mycosubtilins (33, 34), which might affect tear film
stability. Further research needs to be done to explain the
Bacillus variation in different studies and its role in dry
eye disease.

Corynebacterium was significantly higher in abundance in
the SSDE group than the NSSDE group, which was in line
with the study that compares bacteria composition in patients
with dry eyes with and without autoimmune diseases (23).
This provided further evidence that Corynebacterium might be
associated with autoimmunity, as mycolic acids and the cell
wall architecture of Corynebacterium can affect macrophage
function (35). However, there was also a study demonstrating
that a decreased amount of Corynebacterium in patients with
meibomian gland dysfunction (MGD) type of dry eye (36),
supported by evidence that Corynebacterium elicited interleukin
17 response from γδ T cells in the ocular mucosa, driving
neutrophil recruitment and antimicrobials release into the tears
(37). These pieces of evidence were not contradictory, as the
former one was a comparison between the etiology of dye eye

disease, while the latter focuses on the inflammation status of
MGD. Clostridium_sensu_stricto_1 and Geobacillus were also
higher in the dry eye groups in our study, but the association
with functional microbiology and clinical significance need to be
further addressed.

In previous studies regarding MGD, the overgrowth of
Staphylococcus and Sphingomonaswere detected (36), however, in
this study, the amount of Staphylococcus was similar in the three
groups; Sphingomonas was more abundant in the NC group. The
different findings might be caused by different diagnostic criteria
for DED, sampling methods (25), as well as different seasonal
regions patients come from (38).

This study has several limitations. First, the F/B ratio at
the phylum level was proposed for the first time in our study
regarding the field of conjunctival sac microbiome. Although
patients in the SSDE group have significantly higher F/B, the
intrinsic association with SSDE and its opposite change in the gut
of patients with SSDE need to be further investigated. Secondly,
this was a single-center study that recruits patients from a certain
area with a small sample size. The enrolled population was
also homogeneous (mainly Han Chinese) to provide generalized
conclusions. Further studies involving more diverse populations
are expected. Thirdly, as SSDE more commonly affects mid-aged
women, it was hard to have SSDE samples from male patients to
match the sex and age balance. The influence of age and sex on
microbiome composition was controversial (22, 36, 39). Further
studies were expected to address this issue.

CONCLUSIONS

In conclusion, we identified that the diversity of ocular surface
microbiome in patients with NSSDE and SSDE was diminished
compared with NC. The main microbiome at the phylum
and genus level was similar between groups, but the relative
abundance of the top five phyla and genera had variations. F/B
ratio was significantly higher in the SSDE group compared with
NC and NSSDE group.
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Sjögren syndrome (SS) is an autoimmune inflammatory disorder characterized by

secretory dysfunction in the eye and mouth; in the eye, this results in tear film instability,

reduced tear production, and corneal barrier disruption. A growing number of studies

show that homeostasis of the ocular surface is impacted by the intestinal microbiome,

and several 16S sequencing studies have demonstrated dysbiosis of the intestinal

microbiota in SS patients. In this study, we utilized metagenomic sequencing to perform

a deeper analysis of the intestinal microbiome using stools collected from sex- and

age-matched healthy (n = 20), dry eye (n = 4) and SS (n = 7) subjects. The observed

Operational Taxonomic Units (OTUs) and Shannon alpha diversity were significantly

decreased in SS compared to healthy controls, and there was a significant inverse

correlation between observed OTUs and ocular severity score. We also identified specific

bacterial strains that are differentially modulated in SS vs. healthy subjects. To investigate

if the differential composition of intestinal microbiome would have an impact on the

immune and eye phenotype, we performed functional studies using germ-free mice

colonized with human intestinal microbiota from SS patients and healthy controls.

Flow cytometry analysis demonstrated reduced frequency of CD4+ FOXP3+ cells in

ocular draining cervical lymph nodes (CLN) in mice colonized with SS patient intestinal

microbiota 4 weeks post-colonization. We also found that offspring of SS-humanized

mice also have fewer CD4+FOXP3+ cells in the CLN as well as spleen, demonstrating

vertical transmission. SS-humanized mice subjected to desiccating stress exhibited

greater corneal barrier disruption as compared to healthy control humanized mice under

the same conditions. Taken together, these data support the hypothesis that the intestinal

microbiota can modulate ocular surface health, possibly by influencing development of

CD4+ FOXP3+ regulatory T cells (Tregs) in the ocular draining lymph nodes.

Keywords: Sjögren, dry eye, cornea, Tregs, microbiome
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INTRODUCTION

Sjögren syndrome (SS) is an autoimmune disorder affecting the
secretory glands and mucosal tissues of the eye and mouth,
including the lacrimal glands and salivary glands, and results
in dry eye and dry mouth. A hallmark of this disease is
lymphocyte infiltration of the lacrimal gland, salivary gland, and
conjunctiva in the eye. Increased cytokine expression including
IFNγ and IL-17 by the infiltrating lymphocytes and activated
epithelial cells results in corneal barrier disruption and loss
of goblet cells in the conjunctiva (1–4). A significant body
of literature has linked the gut microbiome to development
of disease and autoimmunity at distant sites, including the
eye (5–9). We and others have previously shown that SS
patients have reduced diversity of intestinal microbiota using
16S sequencing that in some studies correlates with more severe
disease (10–14). In mouse models, germ-free mice lacking all
bacteria spontaneously develop a SS-like syndrome that can
be ameliorated by restoring the gut bacteria by fecal material
transplant (FMT) (2, 8).

The commensal bacteria that inhabit the gastrointestinal
tract are known to be instrumental in the modulation and
maturation of the immune system and in the development of
mucosal tolerance. It has been demonstrated in many studies
that commensal bacteria can modulate the immune system
via modulation of CD4+ CD25+ forkhead box protein 3
(FOXP3)+ regulatory T cells (Tregs) and IL-17-expressing
immune cells (15–17). Autoimmune diseases including SS,
uveitis, systemic lupus erythematosus, and rheumatoid arthritis
are characterized by elevated levels of pro-inflammatory
T cells including Th17 cells and reduced levels of anti-
inflammatory Tregs (17–21). While bacteria can trigger
autoimmune responses, certain commensal bacteria have
also been shown to be protective and anti-inflammatory (7).
In the eye, the balance of Th17 and Treg cells is a critical
component of autoimmune uveitis with increased Th17
cells resulting in disease; proper balance can be restored by
the commensal bacterial metabolite butyrate, ameliorating
disease (17, 18). At the ocular surface, increased levels of
IL-17-expressing T cells and decreased levels of FOXP3-
expressing Tregs result in corneal barrier disruption and
reduced numbers of goblet cells in the conjunctiva (3, 8),
and butyrate treatment in mouse SS models can also improve
disease.

In this study, we utilized metagenomic sequencing to
perform a deeper analysis of the intestinal microbiome using
stools collected from sex- and age-matched healthy, dry
eye and SS subjects. Our results confirmed 16S sequencing
to date in showing that decreased diversity in SS patients
correlates with more severe disease. We identified specific
bacterial species that were increased or decreased in the SS
patient microbiome and correlated with disease severity. We
demonstrated in mice that SS patient gut bacteria resulted
in differential levels of Tregs, and this effect was passed
onto offspring. In addition, mice colonized with SS bacteria
exhibited greater corneal barrier disruption when exposed to
desiccating stress.

MATERIALS AND METHODS

Patient Evaluation and Sample Collection
The study design and execution conformed to the Declaration of
Helsinki (22), and the protocol and the informed consent form
were approved by the Baylor College of Medicine Institutional
Review Board prior to study initiation. Female control subjects
and patients with SS were enrolled in the study from January
2015 to January 2016 and from January 2019 to January
2021. In order to participate, patients gave written informed
consent certifying that they understood the study purpose
and possible consequences. SS patients were recruited from
the multispecialty SS clinic at the Baylor College of Medicine
(BCM) Alkek Eye Center and had a complete ocular, oral,
and rheumatologic evaluation, including a panel of serum
autoantibodies. All SS patients were diagnosed with primary
Sjögren’s syndrome without any other underlying autoimmune
disorders and fulfilled the diagnostic criteria by the American
College of Rheumatology/European League Against Rheumatism
(23). Dry eye and healthy patients were evaluated in the BCM
Alkek Eye Center using previously published aqueous tear-
deficient dry eye and healthy subject criteria (24–26). All subjects
selected for the study were female and age-matched, and included
healthy (n = 20), dry eye (n = 4) and SS (n = 7) subjects.
For clinical data measurements, the average of the left and right
eye measurements was used. Symptom assessment in dry eye
(SANDE) and Ocular Surface Disease Index (OSDI) symptom
questionnaires, fluorescein tear break-up time (TBUT), Schirmer
I test, cornea fluorescein and conjunctival lissamine green dye
staining, and tear meniscus height measurement using optical
coherence tomography (OCT) were performed as previously
described (27). The ocular surface clinical parameters were all
measured by the same observer (S.C.P.). Healthy control subjects
had no eye irritation, a TBUT ≥ 7 s, Schirmer 1 ≥ 10mm,
corneal fluorescein score ≤2, conjunctival lissamine score ≤

2, and no Meibomian gland disease. Subjects were excluded if
they had prior laser-assisted in situ keratomileusis or corneal
transplantation surgery, cataract surgery in the past year, punctal
occlusion with plugs or cautery, a history of contact lens wear,
use of topical medications other than preservative-free artificial
tears, or chronic use of systemic medications known to reduce
tear production. They were instructed not to instill any eye drops
on the day of the evaluation. Ocular disease severity was scored
following the guidelines published by the International Dry Eye
Workshop (28). All SS KCS patients had a severity score≥ 3, and
healthy controls had a severity score= 0.

Patients were supplied with a stool collection kit with
instructions and were asked to submit their samples within
24 h post-collection. Stool was collected using the Fisherbrand
Commode Specimen Collection system (Fisher Scientific). The
specimen container was sealed in a gallon sized Ziploc bag
with two activated EZ Anaerobe Container System Sachets (BD
Biosciences, New Jersey, USA). The sample was then sealed
together with ice packs in a 4-gallon plastic container with a
gasketed lid (Rubbermaid). Within 2 h of receipt, the container
was transferred into an anaerobic chamber containing 5% CO2,
5%H2, and 90%N2, where the stool was divided into 12 g aliquots
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in 50ml screwcap tubes for storage at −80◦C. Fecal slurry was
prepared for each patient sample by adding 36ml anaerobic PBS
to a 12 g aliquot, vortexing vigorously to emulsify, centrifuging at
200 g for 5min, and aerobically transferring the supernatant into
new tubes for storage at−80◦C.

Preparation of DNA for Metagenomic
Sequencing
For each patient sample, DNA was extracted from 200 µl
fecal slurry using a DNEasy Powersoil Pro kit (Qiagen,
Maryland, USA). Samples were disrupted before extraction by
homogenization in a Mini-Beadbeater-96 (Biospec Products,
Oklahoma, USA) for 1min; samples were then centrifuged
at 8,000 g for 1min and the supernatant was used for
DNA extraction.

Metagenomic Sequencing and Analysis
Metagenomic sequencing and sequence annotation was
performed by Diversigen (Minneapolis, USA) with their
BoosterShot Shotgun Sequencing service (https://www.
diversigen.com/services/boostershot/). Raw sequence files were
submitted to the Sequence Read Archive. Diversigen annotated
the data by aligning DNA sequences to the CoreBiome Venti
database, a curated proprietary database composed of genomes
sourced from the NCBI Reference Sequence Database (RefSeq)
plus additional manually curated strains; alignments were made
at 97% identity against all reference genomes using fully gapped
alignment with the BURST mapping algorithm (29). Filtered
taxonomy tables were generated after exclusion of samples with
<10,000 sequences and exclusion of OTUs accounting for less
than one millionth of all strain-level markers and those with
<0.01% of their unique genome regions covered (and < 0.1% of
the whole genome) at the species level. The number of counts
for each OTU was normalized to the OTU’s genome length. The
normalized and filtered tables were used for all downstream
analyses. Diversigen performed alpha diversity analysis including
number of unique observed OTUs, Shannon diversity, and Chao
richness calculations using a rarefied OTU table set to a 10,000
minimum depth using QIIME 1.9.1. Diversigen supplied data
files including taxonomy, OTU, and functional analysis tables for
further downstream analysis. The metagenomic dataset has been
deposited in the NCBI Sequence Read Archive (BioProject ID
PRJNA800662, www.ncbi.nlm.nih.gov/sra).

Statistical analysis was performed with GraphPad Prism 9.0
software (GraphPad Software Inc., San Diego, CA, USA) using
one-way analysis of variance (ANOVA) with non-parametric
Kruskal-Wallis tests for comparisons between multiple groups
and with non-parametric Mann-Whitney U tests for pair-wise
comparisons. P < 0.05 were considered significant. Statistical
correlation analysis between disease severity score and alpha
diversity measures was also made with GraphPad Prism. We
performed beta diversity analysis and PERMANOVA (30) using
the vegan package in R statistical software (31). Random Forest
(32, 33) analysis was performed using the R randomForest
package (34) to rank taxa based on their importance in
discriminating healthy controls from SS patients. Differences
in the relative abundances of these taxa between groups was

further tested with two-sidedMann-Whitney and Kruskal-Wallis
tests while correlation between the relative abundance of taxa
and disease severity scores was tested with Spearman tests.
Both tests were performed using the SciPy package version
1.7.1 in Python version 3.8.8 (35). Further, linear regression
for severity scores on relative abundances was performed with
the LinearRegression function in Scikit-learn version 0.24.2 in
Python (36).

Mice
Germ-free C57BL/6J mice were obtained from the Baylor
College of Medicine Gnotobiotics Core Laboratory. For fecal
material transplant (FMT), mice were colonized with human
gut bacteria by oral gavage using 100 µl fecal slurry prepared
with human patient stool. After gavage, mice were housed
in a specific pathogen free barrier facility at Baylor College
of Medicine in sterilized individually ventilated caging. Feed
and drinking water were autoclaved. Animal studies were
approved by the Institutional Animal Care and Use Committee
at the Baylor College of Medicine. All studies adhered to
the Association for Research in Vision and Ophthalmology
Statement for Use of Animals in Ophthalmic and Visual
Research. Sample size calculation was performed with StateMate
Software version 2.0 (GraphPad Software Inc.) based on
preliminary data. For flow cytometry experiments in colonized
germ-free mice, two to nine female germ-free mice per patient
sample from 8 different patient samples were gavaged with
fecal slurry, for a total of 37 germ-free mice. Additional
germ-free mice were gavaged with patient samples to establish
breeding colonies; two to four germ-free breeder pairs were
gavaged per patient sample to establish 6 colonies (3 SS
and 3 healthy control colonies) for a total of 30 germ-
free mice. For corneal barrier function studies, 11–14 female
germ-free mice per patient sample for six patient samples
were used for a total of 77 mice. For flow cytometry
experiments in humanized offspring mice, 8–14 female mice per
experimental group (experimental groups are healthy and SS)
were sacrificed over the course of 3 experiments, for a total of
47 mice.

16S Sequencing and Analysis
DNA was isolated with Qiagen DNeasy Blood and Tissue kits
as described previously (5). Bacterial 16S sequences spanning
variable region V4 were amplified by PCR with primers
F515/R806 and sequenced by Illumina MiSeq at the BCM
Alkek Center for Metagenomics and Microbiome Research.
16S sequence data were processed using the MiSeq pipeline
for mothur using software version 1.38.124,25 and the MiSeq
SOP pipeline (version November 2021) (37) (http://www.
mothur.org/wiki/MiSeq_SOP; in the public domain). Chimeric
sequences were identified and removed using the mothur
implementation of UCHIME. After classification with the
mothur-formatted Silva reference files (version 132, https://www.
arb-silva.de/silva-license-information), sequences classified as
Eukarya, Archaea, chloroplast, mitochondria, or unknown
were removed. Sequences present only once in the data set
were also removed. Sequences were clustered from a distance
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matrix into operational taxonomic units (OTUs) with 97%
similarity in mothur. 921 OTUs were identified across all
samples with an average rarefaction depth of 24,200 reads
per sample. The Agile Toolkit for Incisive Microbial Analyses
(ATIMA) visualization toolkit developed by the Center for
Metagenomics and Microbiome Research at Baylor College
of Medicine (http://atima.jplab.net/; in the public domain)
was used for data analysis. The 16S dataset has been
deposited in the NCBI Sequence Read Archive (BioProject ID
PRJNA805114, www.ncbi.nlm.nih.gov/sra).

Flow Cytometry
Cervical lymph nodes and spleens were surgically collected and
single-cell suspensions were prepared as described previously
(5). 1 x 106 cells/well were plated in a 96-well round bottom
plate, incubated with 10 ng PMA (Sigma-Aldrich, St. Louis,
MO, USA) and 1 µg ionomycin (Sigma-Aldrich) for 3 h
at 37◦C 5% CO2, then incubated for 2 h after addition of
1 ul GolgiStop (BD Biosciences). DNAse I was added to
a final concentration of 3500 U/ml for the last 5min of
incubation. Cells were washed with FACS buffer (1% fetal
bovine serum in PBS), resuspended in 100µl FACS buffer
containing 0.5µl reconstituted live/dead near-IR fluorescent
reactive dye (Invitrogen, Carlsbad, CA), and incubated for 10min
at 4◦C. After washing with FACS buffer, cells were incubated
with anti-CD16/32 (BD Pharmingen, San Diego, CA, USA)
at 4◦C for 10min, followed by staining with anti-CD4_FITC
(clone RM4-5, eBioscience, San Diego, CA, USA) and anti-
CD45_Bv510 (clone 30-F11, Biolegend, San Diego, CA, USA).
Cells were fixed and permeabilized according to manufacturer
protocol with the BD Transcription Factor Buffer set (BD
Biosciences). Cells were then stained with anti-FOXP3_APC
(eBioscience). Fluorescence-minus-one controls were performed
to define the gating strategy. Cell populations were gated
on CD45+, CD4+, and then FOXP3+. Flow cytometry was
performed on a BD Canto II Benchtop cytometer with BD
Diva software version 6.7 (BD Biosciences). Final data were
analyzed using FlowJo software version 10 (Tree Star Inc.,
Ashland, OR).

Measurement of Corneal Barrier Function
Corneal barrier function was assessed by quantifying corneal
epithelial permeability to 70-kDa Oregon Green Dextran-488
(OGD; Invitrogen, Carlsbad, CA) according to our previously
published protocol (8). Images of stained corneas were taken with
a high-resolution digital camera (Coolsnap HQ2, Photometrics,
Tucson, AZ) attached to a stereoscopic zoom microscope
(SMZ 1500; Nikon, Melville, NY). NIS Elements software
(version 3.0, Nikon, Melville, NY) was used to grade the
mean fluorescence intensity within a 2-mm diameter circle
placed on the central cornea in the digital image; the scale
is a continuous variable. Each image was quantified by two
blinded observers. The mean intensity of the right and
left eyes was averaged. Statistical significance for pairwise
comparisons was assessed using one-way ANOVA and Mann-
Whitney U tests using GraphPad Prism (GraphPad, Inc,
version 9).

TABLE 1 | Demographic characteristics of study groups.

N,

subjects

Age, mean,

years

Age, range,

years

Female

/males

Healthy 20 57 39–76 20/0

Non-SS DE 4 47 44–53 4/0

SS 7 59 40–70 7/0

P-value healthy vs.

non-SS DE

NS

P-value healthy vs.

SS

NS

Statistical significance was assessed using non-parametric Mann-Whitney U-tests. DE,

dry eye; SS, Sjögren syndrome.

RESULTS

Metagenomic Analysis Identifies
Differential Bacterial Species Content and
Decreased Diversity in SS Patient Stool
Twenty control subjects, four non-SS dry eye patients, and
seven SS patients were evaluated in the BCM Alkek Eye Center
(Table 1). SS patients were all diagnosed with primary Sjögren
syndrome and did not have any other underlying autoimmune
disorders. All patients completed the Ocular Surface Disease
Index (OSDI) and Symptom Assessment In Dry Eye (SANDE)
questionnaires to assess dry eye symptoms. Clinical signs were
evaluated using several methods, including measurement of
tear meniscus height (TMH), tear break-up time (TBUT), and
corneal and conjunctival staining scores. The control subjects
had minimal eye irritation symptoms and no clinical signs of
keratoconjunctivitis sicca (KCS), while SS dry eye patients had
significant symptoms and clinical signs. Statistical comparison
of dry eye scoring metrics between controls, dry eye and SS
KCS are shown in Table 2. Stool samples were collected and
subjected to metagenomic sequencing analysis. Previous studies
comparing SS gut microbiota to healthy human controls have
used 16S sequencing to amplify the bacterial 16S rRNA gene with
primers to conserved regions (10–14). One major advantage of
metagenomic sequencing is that all DNA content in a sample is
sequenced, so the resulting dataset is unbiased and not dependent
on primers to detect and amplify a specific gene target. In this
way, metagenomic sequencing is more sensitive and can identify
bacterial taxa down to the species level.

We tested our metagenomic data for group differences in
within-subject diversity using Shannon diversity index, Chao
richness, and the number of unique OTUs. Our analysis
showed that SS microbial communities have significantly
fewer observed OTUs, as well as significantly lower Shannon
diversity (Figure 1A). Chao richness values were not significantly
changed, although SS communities trended toward lower
richness values. In addition, we observed that the number of
observed OTUs negatively correlated with severity of disease
as measured by the combined severity index (Spearman’s
ρ = −0.37, P = 0.03, Figure 1B). This agrees with our
previously published results comparing a different group of
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TABLE 2 | Summary of clinical data.

OSDI score SANDE

score

Tear meniscus

height in µm

Tear break-up

time in seconds

Corneal staining

score*

Conjunctival

staining score†

Healthy 9.9 ± 8.0 13.8 ± 18.4 415.4 ± 259.5 9.4 ± 2.3 0.1 ± 0.3 0.3 ± 0.7

Non-SS DE 38.5 ± 10.8 50.0 ± 25.2 213.5 ± 75.8 4.1 ± 1.3 1.4 ± 1.4 1.9 ± 1.5

SS 64.3 ± 11.2 77.0 ± 28.7 188.9 ± 119.4 2.7 ± 0.8 7.2 ± 2.9 5.3 ± 1.2

P-value healthy vs. non-SS DE P < 0.001 P < 0.01 P < 0.05 P < 0.001 P < 0.01 P < 0.01

P-value healthy vs. SS P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001

Statistical significance was assessed using non-parametric Mann-Whitney U tests. OSDI, Ocular Surface Disease Index questionnaire; SANDE, Symptom Assessment iN Dry Eye (visual

analog questionnaire); DE, dry eye; SS, Sjögren syndrome. *Corneal fluorescein dye staining;
†
Conjunctival lissamine green dye staining.

SS patients to healthy controls using 16S sequencing to
characterize their gut microbial communities (10). Using Bray-
Curtis beta diversity analysis to investigate the between-subject
differences between the patient groups, we found that there was
significant separation between the SS patients and the healthy
control group (PERMANOVA R2 = 0.08, P < 0.05), but not
between the healthy and dry eye group. Figure 2A shows a
principal coordinate analysis (PCoA) plot with the healthy,
dry eye, and SS microbial communities. We next investigated
the taxonomic differences driving the statistical separation
between healthy controls and SS communities using the
Random Forest machine learning algorithm. The Random Forest
algorithm ranked taxa based on their importance in separating
healthy from SS subjects which we confirmed by testing for
differential abundance of each taxa using Mann-Whitney U
tests. At the phylum level, Bacteroidetes (P < 0.05) and
Actinobacteria (P < 0.01) contributed the most to community
differences. At the species level, we identified several specific
bacterial strains that collectively distinguished SS from healthy
subjects (Figure 2B). For the top 5 ranked species, Bacteroides
caecimuris, Mediterranea masilliensis, Bacteroides coprophilus
and Clostridium_sp_7_3_54FAA were significantly decreased
and Bifidobacterium bifidum was significantly increased in
SS compared to healthy controls (all P < 0.01), illustrated
in Figure 2C. These species also correlated with disease
severity; more severe disease was positively correlated with
decreased Bacteroides caecimuris, Mediterranea masilliensis,
Bacteroides coprophilus and Clostridium_sp_7_3_54FAA and
increased Bifidobacterium bifidum (Figure 2D). A full list is
presented in Supplementary Table 1.

Taken together, our metagenomic data confirm results from
16S sequencing showing that the SS gut microbiome is less
diverse, and reduced diversity correlates with disease severity.
In addition, we have identified specific species that are either
depleted or enriched in SS patients which correlate with
disease severity.

Mice Humanized With SS Fecal Material
Exhibit Fewer FOXP3+ CD4+ Cells in
Cervical Lymph Nodes (CLN) Than Mice
Humanized With Normal Healthy Fecal
Material
We and others have shown that human patients with SS
dry eye and non-SS dry eye have gut dysbiosis (10–14). To

investigate if the different composition of intestinal microbiome
between SS and heathy subjects would have an impact on
the immune and eye phenotype, we performed functional
studies using fecal material transplant (FMT) of human
intestinal microbiota into germ-free C57BL/6J mice. FMT is
used to colonize germ-free mice with a specific set of bacterial
communities, since no other organism are present in the gut.
Because dry eye is more frequent in women (38, 39), and
male mice are resistant to corneal barrier disruption after
desiccation or lacrimal gland excision (2, 40), only female
mice were used. Four-week-old female germ-free C57BL/6J
mice were gavaged with fecal material from either healthy
donors or SS patients (n = 3–5 donors per group). We used
multiple patient donors for each treatment group in order
to account for biological variability between patients. The
fecal material used for gavage and stools from a subset of
recipient mice were submitted for 16S sequencing analysis.
The alpha diversity of microbiota from SS stool recipient mice
was lower than alpha diversity of microbiota from healthy
stool recipient mice, recapitulating the difference observed
in the original human samples (Supplementary Figure 1A).
The taxonomic profiles from each group of mice gavaged
with a particular patient sample look similar to each other,
but were distinct from mice gavaged with other patient
samples, indicating that each patient donor stool resulted in
a distinct microbial community in the mouse gut and that
the dysbiosis seen in the human patients was transferred to
the mice (Supplementary Figure 1B). It has been shown that
intestinal microbiota can modulate Tregs, which are critical
in maintaining intestinal homeostasis (41, 42). Alterations in
the frequency and function of Tregs in peripheral blood have
been implicated in SS (19–21). Therefore, we investigated if
the frequency of Treg cells was modulated by the intestinal
microbiome. We collected immune cells from ocular-draining
cervical lymph nodes (CLNs), spleens, intestinal lamina
propria and mesenteric lymph nodes (MLN) 4 weeks post-
microbiota humanization and performed flow cytometry
analysis using CD45, CD4, and FOXP3 coexpression as
markers for Treg cells. Mice colonized with SS patient fecal
microbiota showed significantly decreased levels of CD45+

CD4+ FOXP3+ cells in CLN tissue compared with mice
colonized with healthy control microbiota (Figure 3). No
significant difference was observed in spleen, MLN, or lamina
propria (not shown).
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FIGURE 1 | SS patient microbiome alpha diversity is significantly decreased and correlates with disease severity. (A) Number of observed operational taxonomic units

(OTUs), Shannon diversity measure, and Chao richness in patient fecal samples. Statistical significance was assessed using non-parametric Mann-Whitney U tests. *P

≤ 0.05. (B) Spearman’s correlation of combined severity index and number of intestinal OTUs; R, coefficient of correlation.

Mice Humanized With SS Fecal Material
Had Increased Corneal Barrier Disruption
Compared With Mice Humanized With
Fecal Material From Healthy Patients After
Desiccation
Our analysis of the metagenomic data revealed that more severe
disease correlates with aspects of the SS gut microbiota in
humans, including less diversity and the presence or absence
of specific bacterial taxa. We have also shown in previously
published studies that dysbiosis worsens the dry eye phenotype
in mice subjected to desiccating stress (DS) (10). We therefore
asked if SS-humanized mice would have more severe disease in
response to DS. Humanized mice (n = 3 different donors per
group) were subjected to DS for 5 days according to published
protocols (10). Uptake of Oregon-Green-Dextran (OGD) dye
was used to evaluate corneal barrier function after DS. Mice
colonized with SS patient gut bacteria exhibited decreased
corneal barrier integrity as compared to mice colonized with
healthy control bacteria (Figure 4). This indicates that a dysbiotic
microbiome decreases the response to environmental stress, such
as desiccation.

Offspring of SS-Humanized Mice Also
Have Fewer CD4+ FOXP3+ Cells in the
CLN as Well as Spleen, Demonstrating
Vertical Transmission
It is known that in the absence of bacteria, immune cell
development and maturation is aberrant in germ-free mice
(42). We wanted to investigate if mice that are colonized from
birth with SS or healthy control human gut bacteria would
also show differences in immune populations. Eight-week-old
offspring of humanized mice were sacrificed and CLNs, spleens,
intestinal lamina propria and MLNs were collected for flow
cytometry analysis as before. Offspring of mice colonized with SS
patient gut bacteria exhibited fewer CD4+ FOXP3+ cells in CLN
tissue and in spleen as compared with healthy control-colonized
mice (Figure 5). This demonstrates that the modulation of Treg

development by the gut microbiota can be vertically transferred
from parent to offspring.

DISCUSSION

This study adds to a growing body of knowledge on the role
of the gut microbiome in autoimmune diseases in general and
in SS specifically. Our work supports the hypothesis that a
dysbiotic microbial community in the gut contributes toward
the pathogenesis of SS, with specific microbes or groups of
microbes associated with eye disease severity. In agreement
with previously published results using 16S sequencing (10,
13), we observed a decrease in the diversity of SS patient
gut microbiota relative to healthy controls that correlates with
ocular disease severity. Decreased microbial gut diversity has
been observed in other autoimmune diseases including systemic
lupus erythematosus (SLE) and rheumatoid arthritis (43–45).We
observed that the decrease in diversity is accompanied by shifts
in the composition of the community, with depletion of specific
microbes that may be protective of the ocular surface, including
several Bacteroides species. Commensal bacteria residing in the
gut and eye have been shown to be protective in murine eye
disease models (2, 10, 46, 47). Depletion of commensal bacteria
in both the DS mouse model and the CD25 knockout mouse
model of dry eye resulted in more severe dacryoadenitis, and
reconstitution of the microbiota ameliorated disease (2, 8). In
another study, depletion of gut commensals resulted in decreased
levels of immune effectors in the tear film and a weakened
ocular surface barrier making it more susceptible to Pseudomonas
aeruginosa–induced keratitis; mono-colonization of germ-free
mice with a specific species, Bacteroides acidifaciens, restored
ocular surface secretory IgA levels (48). Conversely, the SS
gut microbiome is enriched for certain bacterial taxa, such as
B. bifidum in this study, which may be contributing toward
the eye pathology observed in these SS patients. Detrimental
effects of commensal bacteria have been observed in several
inflammatory diseases. It is known that commensal bacteria
can trigger autoimmune responses by producing proteins that
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FIGURE 2 | Metagenomic sequencing of SS patient stool shows decreased diversity and identifies differential bacterial species that correlate with disease severity. (A)

Principal coordinate analysis of the Bray-Curtis distances between healthy, dry eye, and Sjögren syndrome (SS) subjects. (B) Top 25 species ranked based on their

relative importance in a Random Forest model trained to separate healthy controls from SS patients. (C) Box plots describe the relative abundance in healthy controls,

dry eye patients, and SS patients for the top 5 ranked species selected by the Random Forest model. Box plots show the median, the ranges between the first and

the third quantile, and the ranges between the lowest and the highest value. Statistical significance was assessed using non-parametric Mann-Whitney U tests. *P ≤

0.05, **P ≤ 0.01. (D) Scatter plots for the correlation between severity scores and log-transformed relative abundances for the top 5 species selected by the Random

Forest model. Red lines show the predicted severity scores based on simple linear regression models. The goodness of fit is estimated by the coefficient of

determination r2 shown in the title texts. For ease of visualization in scatter and box plots, a pseudocount of 10−7 was added to all relative abundances.

mimic human antigens, including in autoimmune uveitis, SLE
and rheumatoid arthritis (6, 49, 50). High fat diet-induced
dysbiosis in mice worsened the corneal epithelium’s ability
to heal in response to injury; fecal transplant using stool
from mice fed a normal diet led to normalization of wound
closure rates (51). Our work is a step toward identification of
specific taxa that could either protective of the ocular surface
or pathogenic.

Unlike 16S sequencing, metagenomic analysis allows
identification down to the species level, and our Random
Forest analysis identified distinct species that were important in

distinguishing our SS patient cohort from the healthy controls.
Previously published studies using 16S sequencing have revealed
genera that were either depleted or enriched in SS dry eye
patients, but the genera identified as changed have varied from
study to study (10–14). The control groups have also differed,
and not all used age- and sex-matched controls as we have in our
current study. Among the most important species driving the
statistical separation between our SS and healthy subject cohorts
were several Bacteroides members, which were reduced in SS
patients, and Bifidobacterium bifidum, which was increased. A
16S study from our lab using a different set of patients than
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FIGURE 3 | Mice colonized with SS fecal material exhibit fewer CD4+ FOXP3+ cells in cervical lymph nodes (CLN) than mice humanized with normal healthy fecal

material. (A,B) 4 weeks after humanization of germ-free mice with patient stools, CLNs were collected for flow cytometry analysis and analyzed for the percentage of

CD45+ CD4+ cells expressing FOXP3. (A) Shows the combined data for animals humanized with healthy vs. SS patient stools (n = 3–5 donors per group). (B) Shows

the same data separated by patient donor. (C) Representative flow cytometry data showing CD45+ CD4+ FOXP3+ cell populations in 4 separate experiments using

fecal slurries from 5 different SS patients and 4 healthy controls. Exp., Experiment; FOG, fecal oral gavage; SS, Sjögren syndrome.

the ones in the current study also found an elevated abundance
of Bifidobacterium and a decrease in Bacteroides in SS patients
(10). However, a 16S study from another group that used age-
and sex-matched controls found decreased levels of genus
Bifidobacterium in their SS cohort (11). Depending on the
environmental context and the specific strain, Bifidobacterium
strains can induce differential expression of cytokine profiles
in dendritic cells, resulting in polarization of differentiating
T-cells toward more pro-inflammatory effector cells or toward
more anti-inflammatory Tregs (52, 53). Interestingly, the same
16S study found decreased levels of Alistipes; we also observed
decreased levels of several Alistipes species in our SS cohort
(Supplementary Table 1). Decreased Alistipes has also been
observed in psoriatic arthritis and Crohn’s disease (54, 55).
While our metagenomic analysis here and previously published
microbiome analyses suggest associations between certain taxa
and ocular surface health, more functional studies will be needed
to determine if there are causative links. Our functional studies
in mice show that there is a causative link between the SS
microbiota and the ocular surface. Whether any of the species
identified in our metagenomic analysis is responsible for these
functional differences is being addressed in ongoing studies in
our lab.

Indeed we show in a mouse model that there are functional
differences in the SS gut microbiota that impact ocular surface
health. Colonization with gut commensals from SS patients
resulted in differences in immune cell populations in eye-
associated lymphoid tissue, with decreased numbers of Tregs.
Under DS, this translated to loss of function of the corneal
barrier. This suggests that bacteria residing in the gut can
exert a protective effect by their presence in a healthy gut, a
pathogenic effect by their presence in a dysbiotic gut, or both.
The mechanism and identification of the taxa responsible are
being addressed in ongoing studies. The mechanisms behind
a protective effect of a healthy microbiota may be a direct
effect such as a metabolite produced by the microbiota that
is transported to the ocular surface via the vascular system.
Alternatively it may be an indirect effect, with the microbiota
influencing the development of immune cells that act at the
ocular surface. There is evidence for both of these scenarios.
For example, microbial-derived TLR2 ligands induce Treg
proliferation (56). Also, polysaccharide A from the commensal
Bacteroides fragilis facilitates the tolerogenic function of Tregs
in the mucosa in a TLR2-dependent manner (57). There is
a large body of work on commensal bacteria-produced short
chain fatty acids (SCFAs) such as butyrate and their ability to
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FIGURE 4 | Mice colonized with SS fecal material had increased corneal barrier disruption after desiccating stress compared with mice colonized with fecal material

from healthy patients. (A) Representative images of corneal permeability for animals humanized with either healthy or SS patient stool. Corneal barrier integrity was

assessed by measuring the epithelial permeability to Oregon-green-dextran dye (OGD). (B,C) Cumulative OGD intensity measurement data from humanized mice

subjected to 5 days of DS. Each data point represents the intensity value for one animal (averaged over the two eyes). (B) Shows the combined data for animals

humanized with healthy vs. SS patient stools (n = 3 donors per group). (C) Shows the same data separated by patient donor. Statistical significance was assessed

using non-parametric Mann-Whitney U-tests. *P ≤ 0.05.

FIGURE 5 | Offspring of SS-humanized mice also have fewer CD4+ FOXP3+ cells in the CLN as well as spleen, demonstrating vertical transmission. Cumulative flow

cytometry data showing percentage of CD4+ FOXP3+ cells from CLN, spleen, MLN, and lamina propria of 8-week-old offspring of mice gavaged with patient stools.

CLN, cervical draining lymph nodes; MLN, mesenchymal lymph nodes; LP, lamina propria. Statistical significance was assessed using non-parametric Mann-Whitney

U-tests. *P ≤ 0.05, **P ≤ 0.01, ns, not significant.

modulate host gene expression and interact with host signaling
pathways. SCFAs produced in the gut have been shown to have
anti-inflammatory effects that extend beyond the gastrointestinal

tract to distal sites in the body, including the eye (18, 58–
60). Butyrate produced in the gut has been shown to impact
inflammation indirectly at distal sites by increasing the levels
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of peripheral anti-inflammatory Tregs (18, 59, 61, 62). Butyrate
originating in the gut has also been shown to be protective of
the ocular surface under DS conditions. It is possible that the
depletion of taxa in SS patients that normally produce anti-
inflammatory compounds such as butyrate result in worse dry
eye pathology.

The gut commensal bacteria play a critical role in education
of the host immune system and in modulation of immune
responses; bacterial metabolites such as SCFAs may be just
one mechanism for how the microbiota exerts its effects.
We have previously shown that Treg cells are protective at
the ocular surface (1, 8). It has also been shown that DS
induces dysfunctional regulatory T cells (63). FOXP3+ Tregs
are significantly decreased in colonic lamina propria of germ-
free and antibiotic-treated B6 mice; reconstitution of the
microbiota by fecal transplant restores the normal frequency of
Foxp3+Tregs, indicating that signals from microbiota modulate
Treg numbers in the gut (64). The ability of the gut microbiota
to modulate the balance between anti-inflammatory Treg and
inflammatory Th17 cells has been demonstrated in in vitro and
in vivomodels of autoimmune disease (16, 17).

In this study, we identified differences in the taxonomic
composition of gut microbial communities from SS and healthy
patients down to the species level, that correlate with disease
severity. We showed that colonization of germ-free mice with
these SS bacterial communities resulted in decreased levels of
Treg cells in the eye-draining lymph nodes. In addition, when
the colonized mice are subjected to DS, SS-colonized mice
have worse corneal barrier function than mice colonized with
healthy control microbiota, demonstrating that the bacterial
communities from SS patients are less protective of the
ocular surface.
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Supplementary Figure 1 | Germ-free mice colonized with human fecal material

show similar gut microbial alpha diversity as human donor material with distinct

taxonomic patterns. Human donor fecal material and fecal pellets from colonized

mice were analyzed using 16S sequencing. (A) In both human and mouse

samples, SS-derived samples showed lower alpha diversity measures: number of

observed operational taxonomic units (OTUs), Shannon diversity, and Chao

richness. Statistical significance was assessed using non-parametric

Mann-Whitney U tests. ∗P < 0.05, ∗∗P < 0.01. (B) Bar graph showing taxonomic

abundances from human donor fecal material (Hu) and from fecal pellets from 1 to

4 individual recipient mice (M1-M4). Taxa are shown at the Order taxonomic level.

Supplementary Table 1 | Random Forest analysis of Healthy vs. SS subjects.

Table lists all species included in the Random Forest models either for

discriminating healthy controls from SS subjects (“Healthy vs. SS” model) or

regressing severity score on relative abundance of bacterial taxa (“Severity Score”

model). Species are described by their relative feature importance’s and

importance ranks for each of those models. In addition, species are described by

their median relative abundance in each of the Healthy, Dry Eye (DE), and SS

groups. Table also includes results for statistical testing including the two-sided

non-parametric Mann-Whitney U statistic and P-value for comparing healthy

controls and SS patients, and the Kruskal-Wallis H Statistic and P-value for

comparing healthy controls, DE, and SS patients. Finally, table includes the

Spearman’s ρ statistic and P-value for the correlation between disease severity

scores and the relative abundance of each species. For this analysis, we did not

add any pseudocounts to species relative abundances prior to statistical testing.
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Purpose: To evaluate the safety and efficacy of Lycium barbarum polysaccharide (LBP)
eye drops in a murine model of dry eye disease (DED).

Methods: Six- to eight-week-old female C57BL/6 mice were subjected to a
combination of desiccating stress (DS) and topical benzalkonium chloride (BAC) to
induce DED. Five microliters of LBP eye drops (0.625, 2.5, or 12.5 mg/ml) or PBS
was applied topically 3 times per day for 10 days to subsequently test their efficacy.
Tear secretion, tear breakup time (TBUT), corneal irregularity, and corneal fluorescein
staining scores were measured on days 3 and 10 after treatment. The expression of
tumor necrosis factor-alpha (TNF-α) in the cornea was assessed by quantitative (q) RT–
PCR on days 10. The ocular irritation of LBP eye drops of corresponding concentrations
was evaluated on 10- to 12-week-old female Sprague–Dawley rats.

Results: Compared with PBS-treated groups, mice treated with 0.625, 2.5, and
12.5 mg/ml LBP showed a significant improvement in the clinical signs of DED in a
dose-dependent manner, including corneal epithelial integrity, corneal regularity, and
tear production, as well as significant inhibition of inflammatory cell infiltration and TNF-
α expression levels in the cornea. All corresponding concentrations of LBP eye drops
revealed no obvious ocular irritation.

Conclusion: Topical application of LBP could ameliorate dry eye in a murine model of
DED without obvious ocular irritation.

Keywords: Lycium barbarum polysaccharide, dry eye disease, inflammation, ocular surface, cornea

INTRODUCTION

Dry eye disease (DED) is a chronic multifactorial ocular surface disease characterized by the
loss of homeostasis of the tear film (1), affecting 5–50% of the population on a global scale (2).
Ocular manifestations of DED include ocular discomfort, vision fluctuation, and potential damage
to the ocular surface. The fundamental mechanism of DED is the vicious cycle caused by tear
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film hyperosmolarity and ocular surface inflammation, in
which mitogen-activated protein kinase (MAPK) and nuclear
factor kappa B (NF-κB) are the main signaling pathways
(3). Glucocorticoids, non-steroidal anti-inflammatory drugs
(NSAIDs), and immunosuppressive agents are the most popular
topical anti-inflammatory agents for DED (4). However, local
and systemic side effects are relatively common and restrict their
application in some cases (5–7). Thus, safe and effective DED
treatments are under active exploration.

Wolfberry (Lycium barbarum or goji berry) has been used as a
valuable traditional Chinese medicine for more than 2,000 years,
whose main active ingredient is Lycium barbarum polysaccharide
(LBP) (8). Versatile functions of LBP, including immune-
regulatory, anti-oxidative, anti-aging, and anti-inflammatory
effects, have been revealed in several animal models of systemic
diseases (9–11), as well as ocular fundus diseases (12–14).
However, there is no relevant study about its anti-inflammatory
effect on the ocular surface, especially with the drug delivery route
of topical administration. Since inflammation plays a vital role in
the progression of DED, LBP is likely to take effect.

In the current study, we investigated the safety and efficacy
of LBP eye drops in a murine model of DED and explored
their potential mechanisms to provide primary data for LBP
ophthalmic preparations.

MATERIALS AND METHODS

Preparation of Lycium barbarum
Polysaccharide Eye Drops
Lycium barbarum polysaccharide (Catalog No. SP9311; Solarbio,
Beijing, China) was diluted in sterile phosphate-buffered saline
(PBS) to final concentrations of 0.625, 2.5, and 12.5 mg/ml.
The eye drops were all freshly prepared and stored at 4◦C
prior to their use.

Animals
Ten- to twelve-week-old female Sprague–Dawley (SD) rats and
six- to eight-week-old female C57BL/6 (B6) mice were obtained
from SPF (Beijing) Biotechnology Co., Ltd. All animals were
kept under standard laboratory conditions with 12-h/12-h light-
dark cycles, with food and water ad libitum. All animals were
acclimated to the experimental environment for at least 1 week
before the beginning of the study. Efforts were made to minimize
the number of experimental animals and their suffering. All
procedures conformed to the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research, and the present study was
approved by the Animal Care and Use Committee (IACUC) of
National Chengdu New Drug Safety Evaluation Center (approval
number S2019022-P015-04).

Mouse Model of Dry Eye
Desiccating stress (DS) was created by subcutaneous injection
of 0.025 g/kg scopolamine hydrobromide (Chengdu YiRui Bio-
Technology, Co., Ltd, Chengdu, batch number YRQ098-200901)

3 times daily (10 a.m., 1 p.m., and 4 p.m.) and exposure
to a mini fan in a controlled dry environment (airflow rate
of 15 L/min, relative humidity of 30–40%) 8 h per day for
7 days. This approach has been demonstrated to successfully
induce the dry eye condition in mice (15). To enhance the
ocular surface inflammation, 0.3% benzalkonium chloride (BAC)
(Sigma–Aldrich, St. Louis, MO, United States, B6295) was
topically applied on the ocular surface 3 times daily (10 a.m.,
1 p.m., and 4 p.m.) simultaneously, as described by Zhang (16).
A group of age-matched mice that did not receive any treatment
served as non-stressed (NS) controls.

Efficacy of Lycium barbarum
Polysaccharide Eye Drops on B6 Mice
To evaluate the efficacy of LBP on the ocular surface of dry eye,
5 µl topical LBP was applied to B6 mice subjected to DS and
BAC at low doses (LLBP, 0.625 mg/ml), medium doses (MLBP,
2.5 mg/ml), or high doses (HLBP, 12.5 mg/ml) 3 times daily
(10 a.m., 1 p.m., and 4 p.m.) for 10 days. Animals in the vehicle
control group and NS control group were given topical PBS with
the same dosing regimen. The effects were evaluated with the
tear secretion test, tear breakup time (TBUT), corneal fluorescein
staining, and corneal irregularity test on days 3 and days 10
after treatment. Mice were then euthanized, and the globes were
collected for histology study at the end of the study.

Tear production was measured with phenol red cotton threads
(Tianjin Jingming Technological Development Co., Ltd., Tianjin,
China). The thread was placed at the lateral 1/3 of the lower eyelid
margin for 1 min, and the length of the wet part was measured.

To measure the TBUT, 2 µl of 0.1% sodium fluorescein was
applied to the conjunctival sac. Mice were manually allowed to
blink three times, and the time from the last blink to the first
onset of breaking spots on the ocular surface was observed with
the cobalt blue filter of a slit-lamp microscope (66 Vision Tech
Co., Ltd., Hangzhou, China). In addition, corneal staining with
fluorescein was observed and graded following the standard by
the Chinese consensus of DED (17). Briefly, the cornea was
equally divided into four quadrants and scored individually:
Absent, 0; punctate staining≤ 30 spots, 1; punctate staining > 30
spots but not diffuse, 2; diffuse staining, 3. The scores of each
quadrant were summed (maximum, 12 points).

Corneal irregularity scores were evaluated by reflecting a
ring light on the ocular surface to assess corneal smoothness
(18). Corneal irregularity was scored as follows: no distortion,
0; distortion in one quadrant, 1; distortion in two quadrants, 2;
distortion in three quadrants, 3; distortion in all four quadrants,
4; severe distortion and no ring shape recognizable, 5.

Safety Evaluation
To evaluate the safety of LBP eye drops on the ocular surface,
LBP treatment was performed on SD rats by topical application
of 10 µl LBP (0.625, 2.5, or 12.5 mg/ml) or vehicle (PBS) eye drops
3 times daily (10 a.m., 1 p.m., and 4 p.m.) for 7 days. Blank eyes
with no treatment were used as a non-treatment control. Ocular
irritation was observed on days 1, 2, 3, and 7 after treatment.
Irritation of the cornea, iris, and conjunctiva was separately
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TABLE 1 | The primers sequence.

Gene Primer The primers sequence

TNF-α Forward 5′-CTGAACTTCGGGGTGATCGG-3′

Reverse 5′-GGCTTGTCACTCGAATTTTGAGA-3′

β-actin Forward 5′-GTCCCTCACCCTCCCAAAAG-3′

Reverse 5′-GCTGCCTCAACACCTCAACCC-3′

scored on a 0–4 scale and summed to a total grade following
the standard of the Draize scale scoring system (maximum 100
points) (19).

Histology Study
Both the eyes and adnexa of SD rats and the right eyes and
adnexa of B6 mice from each group were surgically excised after
euthanasia at the end of the study. The tissues were fixed in
10% formalin solution, trimmed, embedded in paraffin, cut into
serial sagittal sections (5 µm thick), and stained with hematoxylin
and eosin (H&E) following standard protocols. The slides were
imaged using a DP72 digital camera (Olympus, Tokyo, Japan).
The cell types were identified by the morphology. The density of
inflammatory cells (polymorphonuclear and monocytes) in the
cornea was manually counted in 10 cross-sectional high-power
fields (HPFs) at 40× magnification that evenly distribute from
the nasal to the temporal limbus.

Corneal TNF-α Level
The relative mRNA expression level of TNF-α in the cornea
of the left eyes of B6 mice was examined with quantitative
reverse-transcription polymerase chain reaction (qRT–PCR). The
cornea was carefully excised from the globe, immediately frozen
with liquid nitrogen, and transferred to a -70◦C refrigerator for
storage before the test. Total RNA was extracted using a total
RNA isolation kit (Catalog no. R1200; Solarbio, Beijing, China).
First-strand cDNA was synthesized using a reverse transcription
kit (Catalog no. FP205; TIANGEN, Beijing, China). Real-time
PCR was performed on a real-time PCR system (Q2000A
Biosystems, LongGene, Hangzhou, China). The primers are
provided in Table 1. The parameters were predenaturation at
95◦C for 15 min, followed by 40 cycles of denaturation at 95◦C
for 10 s, annealing for 20 s, and final extension at 72◦C for
30 s. A melting curve analysis was conducted to check the
amplification specificity. Samples and standards were assessed in
duplicate. The 2−11Ct method was employed to calculate the
relative TNF-α expression levels using β-actin as a reference gene
(20, 21).

Statistical Analysis
Continuous data following a normal distribution are represented
as the mean ± standard deviation (SD); otherwise, they
are represented as the median (interquartile range) (IQR).
Statistical significance was evaluated by multiway ANOVA
with Tukey’s post-hoc test or by Kruskal–Wallis test when
appropriate using SPSS Statistics 26.0 (IBM, Armonk, NY,
United States) and GraphPad Prism 5.0 software (GraphPad

Software; San Diego, CA, United States). P < 0.05 was considered
statistically significant.

RESULTS

Topical Application of Lycium barbarum
Polysaccharide Improved Corneal
Epithelial Integrity and Regularity
The corneal fluorescein staining scores significantly increased in
the DS + PBS group compared to the NS group 7 days after
modeling [Figure 1B; NS vs. DS + PBS, 1.5 (2.25) vs. 12 (0.75),
P < 0.0001]. As shown in Figures 1A,B, compared with PBS
treatment, topical application of HLBP significantly decreased
corneal fluorescein staining on both days 3 [Figure 1B; DS + PBS
vs. DS + HLBP, 8 (3.25) vs. 6 (2); P < 0.05] and days 10
[Figure 1B; DS + PBS vs. DS + HLBP, 9.5 (4) vs. 5 (2.25);
P < 0.05]. The corneal irregularity scores were significantly
increased in the DS + PBS group compared with the NS group
[Figure 1D; NS vs. DS + PBS, 0 (0) vs. 2 (2), P < 0.0001]. As
shown in Figures 1C,D, topical application of HLBP significantly
improved corneal surface regularity compared with the DS + PBS
group on days 10 [Figure 1D; DS + PBS vs. DS + HLBP, 2 (2.25)
vs. 1 (1); P < 0.05].

Topical Application of Lycium barbarum
Polysaccharide Improved the Tear
Secretion Rate and Tear Film Stability
Compared to the NS group, the DS + PBS group showed a
significantly decreased tear secretion rate (Figure 2A; NS vs.
DS + PBS, 10.400 ± 2.836 mm/min vs. 1.825 ± 1.107 mm/min,
P < 0.0001). Topical application of HLBP significantly increased
the tear secretion rate on days 3 (Figure 2A; DS + PBS vs.
DS + HLBP, 4.200± 1.229 mm vs. 6.700± 0.6749 mm; P < 0.05),
and topical application of LLBP, MLBP, and HLBP all significantly
increased the tear secretion rate on days 10 (Figure 2A; DS + PBS
vs. DS + LLBP, 4.900 ± 1.912 mm vs. 7.700 ± 2.214 mm;
P < 0.05; DS + PBS vs. DS + MLBP, 4.900 ± 1.912 mm vs.
8.100 ± 2.601 mm; P < 0.05; DS + PBS vs. DS + HLBP,
4.900 ± 1.912 mm vs. 8.600 ± 1.897 mm; P < 0.01). These
results suggested that topical application of LBP could improve
tear production during DS.

TBUTs significantly decreased in the DS + PBS group
compared with the NS group [Figure 2B; NS vs. DS + PBS, 4.5
(2.25) s vs. 0 (0) s, P < 0.0001]. After 10 days of topical treatment
with HLBP, the TBUTs significantly improved compared with
PBS treatment [Figure 2B; DS + PBS vs. DS + HLBP, 1 (0.25) s
vs. 2 (1) s; P < 0.05].

Topical Application of Lycium barbarum
Polysaccharide Inhibited Ocular Surface
Inflammation
Compared with the NS group, the DS + PBS group showed
obvious inflammatory cell infiltration on the ocular surface
(Figure 3A; NS vs. DS + PBS, 12.700 ± 3.199/HPF vs.
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FIGURE 1 | The effects of topical application of LBP on corneal epithelial integrity and regularity in a mouse DED model. (A) Representative images of corneal
fluorescein staining in different groups on days 3 and 10 after treatment. (B) The results of corneal fluorescein staining scores of different groups on days 3 and 10
after treatment. (C) Representative images of corneal irregularity in different groups on days 3 and 10 after treatment. (D) The comprehensive results of corneal
irregularity scores of different groups on days 3 and 10 after treatment. Data were shown as median (IQR). ∗P < 0.05, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

FIGURE 2 | (A) The effects of topical application of LBP on the tear secretion rate on days 3 and 10 after treatment. (B) The effects of topical application of LBP on
TBUTs on days 3 and 10 after treatment. Data of tear secretion rate were shown as the mean ± SD. Data of TBUTs were shown as median (IQR). ∗P < 0.05,
∗∗P < 0.01, ∗∗∗∗P < 0.0001.

FIGURE 3 | (A) Representative images of H&E staining in the cornea and limbus of different groups on days 10 after treatment. The arrows showed corneal
conjunctivization (magnification: 40×). (B) The inflammatory cell count in the cornea and limbus of different groups on days 10 after treatment. ∗∗∗∗P < 0.0001.

124.400 ± 9.743/HPF, P < 0.0001), accompanied by
corneal edema and neovascularization. In addition, corneal
conjunctivization could be observed in some cases in the DS
groups. Topical application of LBP effectively suppressed the
DS-induced infiltration of inflammatory cells on the ocular

surface in a dose-dependent manner (Figure 3B; DS + PBS
vs. DS + LLBP, 124.400 ± 9.743/HPF vs. 56.300 ± 9.581/HPF;
P < 0.0001; DS + PBS vs. DS + MLBP, 124.400 ± 9.743/HPF
vs. 49.600 ± 6.637/HPF; P < 0.0001; DS + PBS vs. DS + HLBP,
124.400 ± 9.743/HPF vs. 33.900 ± 6.839/HPF; P < 0.0001).
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FIGURE 4 | The effects of topical application of LBP on the relative expression
level of TNF-α mRNA in the cornea. Data were shown as the mean ± SD.
∗P < 0.05, ∗∗P < 0.01.

Edema and neovascularization in the cornea, limbus, and iris
were also alleviated after treatment.

Topical Application of Lycium barbarum
Polysaccharide Reduced TNF-α
Production in the Cornea of B6 Mice
The relative expression level of TNF-α mRNA in the cornea
significantly increased in the DS + PBS group compared to
the NS group (Figure 4; NS vs. DS + PBS, 1.100 ± 0.213 vs.

19.470 ± 15.920; P < 0.01). Topical application of HLBP for
10 days significantly decreased the relative TNF-α expression
level in the cornea (Figure 4; DS + PBS vs. DS + HLBP,
19.470± 15.920 vs. 3.989± 0.236; P < 0.05).

Topical Application of Lycium barbarum
Polysaccharide Did Not Induce Irritations
or Pathological Changes on the Ocular
Surface in Sprague–Dawley Rats
Tables 2, 3 demonstrate the results of the safety test evaluated
by the Draize scale scoring system and corneal fluorescein
staining, respectively. For all time points and tissues, the scores of
each group remained nearly constant. There were no significant
differences in the Draize or fluorescence scores among all groups
at any time point. Figure 5 shows the results of H&E staining
of the ocular surface from the HLBP group on days 7. There
was no congestion or edema in the conjunctiva. The structure
of the iris and each layer of the cornea remained normal. No
obvious inflammatory cell infiltration or other histopathological
changes were observed.

DISCUSSION

Dry eye disease is one of the most common chronic inflammatory
ocular surface diseases with an increasingly high prevalence.
Safe and effective anti-inflammatory therapies are always needed.
LBP, a water-soluble polysaccharide, possesses an effect of anti-
inflammation. However, very few studies concentrate on its
effects on ocular surface diseases. Moreover, the methods of LBP
administration in almost all the studies are oral administration or
gavage, rather than topical application via eye drops. Therefore,
this study evaluated the ocular surface irritation and the effects of
LBP eye drops on DED.

Our findings demonstrated that topical application of LBP
could effectively improve corneal epithelial integrity, corneal
regularity, and tear production in a murine DED model induced

TABLE 2 | The comprehensive results of ocular surface irritation scored following the Draize scale scoring system.

Draize scores [median (IQR)] NT PBS LLBP MLBP HLBP P-value

Day 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1.000

Day 1 0 (0) 1 (2) 1 (2) 3 (2) 0 (0) 0.213

Day 2 0 (0) 0 (0) 1 (2) 1 (2) 0 (0) 0.497

Day 3 0 (0) 0 (0) 0 (0) 2 (2) 0 (0) 0.061

Day 7 0 (0) 0 (0) 0 (0) 1 (2) 0 (0) 0.406

TABLE 3 | The results of corneal fluorescein staining scores in the safety test.

Corneal fluorescein scores [median (IQR)] NT PBS LLBP MLBP HLBP P-value

Day 0 0 (0) 0 (2) 0 (0) 0 (0) 0 (0) 0.406

Day 1 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1.000

Day 2 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1.000

Day 3 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1.000

Day 7 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1.000
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FIGURE 5 | Representative images of H&E staining of ocular tissues on days 7. (A) the cornea; (B) the limbus; (C) the iris; (D) the bulbar conjunctiva; (E) the fornix
conjunctiva (magnification: 40×).

by DS and BAC. It could also decrease inflammatory cell
infiltration, alleviate edema of the ocular tissues, and reduce the
expression of TNF-α in the cornea. It showed little irritation
or toxicity to the ocular surface. These results are consistent
with our hypothesis.

Subcutaneous injection of scopolamine hydrobromide
combined with DES is commonly used to establish DED models
in mice (15). However, the dry eye symptoms are self-limited
and begin to subside once DS is eliminated in our previous
work, which is consistent with Yoon’s study (22). Topical
administration of BAC drops is another valid approach to
induce dry eye (16). Therefore, we combined DS and BAC to
acquire a stable and reliable murine DED model, whose severe
manifestations of dry eye persisted through the end of our study
and could be ameliorated by topical treatment with LBP.

Ocular surface inflammation induced by tear film instability
and tear hyperosmolarity plays a vital role in the pathogenesis
and progression of chronic DED (1). Inflammatory cytokines,
such as interferon-1 (IL-1) produced mainly by Th1 cells and
TNF-α produced mainly by Th17 cells, are elevated in the
cornea and conjunctiva of dry eye (3). TNF-α is significantly
increased in the tears of dry eye patients as one of the
most common pro-inflammatory cytokines. TNF-α triggers
several signal transduction pathways, such as NF-κB, p38
MAPK, extracellular signal-regulated kinase (ERK), and c-Jun
N-terminal kinase (JNK), by interacting with TNF receptor 1
(TNFR1) and TNF receptor 2 (TNFR2) on the ocular surface (23,
24). TNF-α is considered to be correlated with disease severity,
including OSDI score and tear secretion. It can stimulate matrix
metalloproteinase (MMP) activation, promote mononuclear cell
infiltration into glands, and enhance the apoptosis of glandular
epithelial cells (25, 26). In addition, numerous attempts have been
made to develop TNF-α blockers as potential therapeutic agents
for the treatment of inflammatory diseases (27). Thus, TNF-α
could serve as an inflammatory biomarker of DED. Meanwhile,
the mechanism of the anti-inflammatory effects of LBP in many
systemic diseases was found to be related to TNF-α and its
upstream and downstream pathways (9, 10, 28, 29). In our study,
the expression of TNF-α in the cornea significantly increased in
the murine DED model, and decreased after the treatment of
HLBP. Accordingly, we speculated that LBP eye drops inhibited
the inflammation on the ocular surface by decreasing TNF-α,
which needs to be further evaluated in the future studies.

This is the first study to investigate the safety and efficacy
of LBP eye drops in treating DED. Our study uncovered that
topical application of LBP alleviated dry eye symptoms and
inhibited ocular surface inflammation in a murine DED model,
providing the primary data for LBP ophthalmic preparations.
Additionally, LBP has an advantage over other anti-inflammatory
drugs due to its easy availability in natural plants and low
price, without toxicity or short-term side effects. However,
there are several limitations in our study. The underlying
mechanism is still unclear. Further studies are needed to
explore the specific anti-inflammatory pathways of LBP in
DED treatment. The long-term efficacy and safety remain
to be determined.
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Purpose: The purpose of the study is to investigate the dynamic changes in ocular

surface indicators in first-time contact lens (CL) wearers and identify the most influential

factors in CL discomfort (CLD).

Methods: A total of 26 healthy non-CL wearers (26 eyes) were recruited and fitted

monthly with disposable hydrogel CLs. Each participant underwent a full ocular surface

evaluation, which include Efron grading, tear film breakup time, Schirmer’s I test, corneal

dendritic cell (DCs) imaging by in vivo confocal microscopy (IVCM), and conjunctival

microvasculature evaluation by functional slit-lamp biomicroscopy. CLD was assessed

using the Ocular Surface Disease Index questionnaire at baseline, 1 week, 1, 3, and 6

months after wearing it and another 6 months after discontinuing it.

Results: Clinical signs and CLD were significantly increased in the first week (p < 0.05).

The microvascular response and DC activation peaked at the 1-month interval (p< 0.05).

During CL wear, CLD is positively correlated with corneal staining (B= 0.238, p= 0.002),

papillary conjunctivitis (B = 0.245, p < 0.001), and microvascular blood flow velocity (B

= 0.353, p < 0.001). After discontinuation, only DC activation remained elevated at 6

months, whereas the other signs recovered.

Conclusions: The first week of CL wear was the main period for the appearance of

ocular surface clinical signs, and the first month was the main period for the activation of

subclinical inflammation. Corneal staining and conjunctival microvascular response are

the main factors affecting CLD. Even if the clinical signs recover after discontinuing wear,

subclinical inflammation may persist.

Keywords: contact lens (CL), dendritic cells, immune response, contact lens discomfort, ocular surface

INTRODUCTION

In 2016, Efron (1) emphasized that “contact lens wear is intrinsically inflammatory” and reported
that inflammation exists on the ocular surface of normal, asymptomatic contact lens (CL) wearers,
which is caused by the inherent factor of the lens. Inflammation related to a CL is characterized
by five clinical signs (redness, heat, swelling, discomfort, and discontinuing lens wear) and two
subclinical mediators (upregulation of chemical agents and mobilization of cellular elements) (2).
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Some studies have reported dynamic changes in ocular surface
inflammation in CL wearers. Alzahrani et al. (3) and Liu et al. (4)
found that the density of corneal dendritic cells (DCs) increased
significantly from 1 week to 1month after CL wear and decreased
gradually after 1 month. Sorbara et al. (5) reported that after 2
weeks of lens wear, the flow velocity of the conjunctival blood
vessels increased in both silicone hydrogel and hydrogel lens
wearers. Maldonado-Codina et al. (6) observed that corneal
limbal hyperemia increased significantly after 2 weeks of lens
wear, but decreased after the fourth week. These studies have
described dynamic inflammatory changes with time at only
one level, but the overall longitudinal observation of ocular
surface clinical signs and subclinical mediators simultaneously
has not yet been reported. In addition, changes in ocular surface
inflammatory indicators after CL wear and after stopping wear
in first-time CL wearers have not yet been reported. Finally,
the dynamic changes of discomfort, and also the relationship
between discomfort and ocular surface inflammation, also
need further study for investigation, which was suggested by
Efron (2).

The International Workshop on Contact Lens Discomfort
convened by the Tear Film and Ocular Surface (TFOS)
Society proposed that inflammation may play a role in the
etiology of discomfort experienced during uncomplicated CL
wear (7). CL discomfort (CLD) is the most common event
reported by CL wearers to ophthalmologists and optometrists.
Reportedly, 50–75% of CL wearers experience CLD (8,
9). In addition, 12–51% of CL wearers discontinue or
drop-off wearing CLs due to CLD (10, 11). Moreover,
according to Richdale, CLD is the major issue for CL
dropout (12). Steffen and Barr (13) suggested that tinted lenses
increase ocular discomfort compared to that associated with
conventional clear lenses. Hydrogels remain the major materials
for tinted lenses. The study focused on CLD in hydrogel CL
wearers and was clinically significant. Currently, the etiology
and clinical signs of CLD are not fully understood, which
makes it difficult for ophthalmologists and optometrists to
manage it.

As described previously, several studies have observed ocular
surface responses to uncomplicated CLwear, such as conjunctival
or limbal redness, DC activation, and microvascular blood flow
response. Whereas, these studies provided valuable insight into
the reaction of the eye to CL wear and the link to CLD, there
has not been a comprehensive model that combines all of these
elements to serve as a basis for investigating the relationship
between these various measures of inflammation and discomfort
during uncomplicated CL wear.

This study aimed to evaluate ocular surface inflammatory
indicators (corneal DC, conjunctival blood vessel flow, and
clinical signs) and CLD in first-time CL wearers to reveal the
dynamic changes in the ocular surface and the most influential
factors of ocular surface clinical and subclinical inflammation
in CLD. With this, we hope that this study will provide a
possible reference for CLD clinical management in first-time
CL wearers.

TABLE 1 | Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

Age 18–30 years Systemic or ocular allergies which might

affect CL wear

Healthy participants Systemic or ocular disease which might

affect CL wear

No history of CL wear Systemic or ocular medication use which

might affect CL wear

Sphere power: plano

to−10.00 D

History of ocular surface surgery (refractive

surgery, etc.)

Cylinder power: plano

to−1.50 D

Active ocular infection

Corrected VA better than

20/25#
Dry eye* (OSDI ≥ 13 + tear film breakup

time (TBUT) < 5 s)

Willingness to wear soft CL Significant ocular surface signs (Efron

grade > 2.0) and need clinical intervention

Able to participate in the study Smoker or/and alcoholism

Signature in the informed

consent form

Pregnancy or lactation

VA, visual acuity; TBUT, tear film breakup time; OSDI, ocular surface disease index.
#Corrected by CL, VA better than 20 out of 25 and without any self-reported complaint

of vision-related discomfort.

*Dry eye definition and diagnosis according to “new perspectives on dry eye definition

and diagnosis: a consensus report by the Asia Dry Eye Society” (15). Dry eye diagnosis

must follow two conditions: OSDI ≥ 13 and TBUT < 5 s.

METHODS

Study Design and Participants
This was a longitudinal interventional cohort study, approved
by the Human Sciences Ethical Committee of the Eye
Hospital at Wenzhou Medical University (approval number:
KYK2018-23) and followed the tenets of the Declaration
of Helsinki (trial registration: ChiCTR, ChiCTR1800018001),
registered on August 26, 2018, https://www.chictr.org.cn/edit.
aspx?pid=29659&htm=4). This study was conducted from
September 2018 to December 2019 at Wenzhou Medical
University Eye Hospital. Written informed consent was obtained
from all participants after the complete explanation of the
study’s content.

We used G∗Power (version 3.1, Düsseldorf University,
Germany) (14) to calculate the sample size, and the maximum
sample size was used as a reference. Based on the differences
in conjunctival vascular blood flow velocity changes within
five visits, 20 participants were needed to determine the
differences with a detection power of 0.8 and an effective
size of 0.25.

The selected participants who had never worn CLs and
satisfied the inclusion criteria (Table 1) were included. All
enrolled participants underwent lens fitting by a CL specialist
with 5 years of working experience. The participants were
instructed not to wear the lens until they achieved a good lens fit.
Monthly disposable CLs (SofLens 59 R©, BAUSCH & LOMB Inc.,
NY, USA; Supplementary Table S1) for daily wear and ReNu R©

Multiplus Solution (BAUSCH & LOMB R© Inc., NY, USA) were
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FIGURE 1 | Flow diagram of the study. OSDI, ocular surface disease index;

CL, contact lens.

provided. The CL wear modality was an 8-h daily wear, 5 days
per week, and replaced every 1 month (the lens was removed
each evening, cleaned, and then stored in ReNu R© Multiplus
Solution). Online WeChat groups and paper recording forms
were used to supervise and self-report the participants’ daily
routines to ensure that each participant followed the CL wear
modality. All participants wore CLs in both eyes for 6 months
and then discontinued wearing them. This study consisted of five
basic visits (baseline, 1 week, 1, 3, and 6 months) and one extra
visit (6 months after discontinuing wear) if the participants were
suitable and available (those who were still wearing CLs after 6
months would be unsuitable for the extra visit). A total of twenty-
six participants were enrolled, 21 completed 3 and 6 months of
follow-up, and 13 participants were available for extra follow-up
after discontinuing CL wear (Figure 1).

Ocular Surface Clinical Signs
Ocular surface signs were graded according to the Efron grading
scale by three masked ophthalmologists with 5 years of working
experience (Y. X., Z. X., and X. S.) from six images of the
anterior segment, which were taken via a functional slit-lamp
biomicroscope (FSLB) by a blinded researcher (J. X.). These
images included the temporal bulbar conjunctiva, cornea, lower
eyelid margin, superior palpebral conjunctiva, corneal staining,
and bulbar conjunctiva staining. Eight indices in the Efron
grading scale were used, which include conjunctival redness,
limbal redness, corneal neovascularization, meibomian gland
dysfunction (MGD), blepharitis, corneal staining, conjunctival

staining, and papillary conjunctivitis (each index grade ranged
from 0 to 4 with 0.1-unit step) (16). The mean value of each sign
grade for each participant by these three ophthalmologists was
used for the statistical analyses.

Tear film breakup time and Schirmer’s I tests (fluorescein
strips and Schirmer’s strips: Tianjin Jingming New Technological
Development Co. Ltd, Tianjin, China) were conducted without
anesthesia and were measured in a standardized manner by a
blinded ophthalmologist (Y. X.).

Ocular Surface Microvascular Response
Conjunctival microvascular evaluation was performed using the
FSLB, which consisted of a slit-lamp biomicroscope (SLM-4ER;
Kanghua, Inc., Chongqing, China) equipped with a Canon 60D
digital camera (Canon Inc., Melville, NY, USA) (maximum
magnification 175 ×, field of view 1.131mm × 0.849mm, image
size 640× 480 pixels, resolution 3.91µm, and frame rate 60Hz).
The protocol and parameter calculations used in this study have
been previously described by Chen et al. (17). Initially, the FSLB
imaged six fields of the temporal bulbar conjunctiva located
∼1mm radially from the limbus (18). The FSLB system recorded
the blood flow of the conjunctival microvasculature via high-
speed video capture and compensated for the rotation of the eyes
through a video image processing program (MATLAB, ImageJ,
and Benoit). The microvasculature parameters that include axial
blood flow velocity (Va, mm/s) and vessel density (Dbox) were
then calculated. The images and videos were captured by a
blinded researcher (J. X.) and analyzed by another researcher
(X. S.). The mean values of the six fields were then used for the
statistical analyses.

Ocular Surface Immune Cells
Corneal DCs were imaged using in vivo confocal microscopy
(IVCM) (Heidelberg Retina Tomography II with a Rostock
Cornea Module: Heidelberg Engineering Corp., Dossenheim,
Germany), which comprised 384 × 384 pixels with a 400µm ×

400µm coverage area (19). Both central and peripheral corneas
were imaged, with central and peripheral cornea definitions, as
described in Figure 2. The central cornea was defined as an
area of 1.5mm around the spiral nerve structure. The peripheral
cornea was defined as the area from the temporal side of the
central cornea, 1.5mm away from the limbus. To verify corneal
integrity, a slit-lamp examination was performed pre- and post-
IVCM. IVCM was focused at a corneal depth of 50–80mm
throughout the examination. A masked ophthalmologist with
a 3-year working experience (Q. L.) took ∼150 digital images
from posterior to anterior through the cornea in the central and
peripheral areas separately, totaling∼300 images. Then, the same
doctor selected three high-quality and non-overlapping images
with the maximum number of target cell selected by the same
doctor. The specific practice steps and parameter calculations
were described in a previous study by Hu et al. (20). DC density
(cells/mm2) was calculated using the manual model in ImageJ
software (Heidelberg Engineering GmbH Version 1.51w, NIH,
MD, USA). The 10 best representative cell images were selected
from three preceding high-quality images of the central and
peripheral cornea separately. Cell morphological parameters that
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FIGURE 2 | Definition of central and peripheral cornea. The central cornea (A) was defined as the 1.5-mm area around the nerve spiral structure. The peripheral

cornea (B) was defined as the area from the temporal side of the central cornea (A) to 1.5mm away from the limbus. The three IVCM images showed the nerve spiral

structure in three different participants of this study. S, Superior; I, Inferior; N, Nasal; T, Temporal. Scale bar: 100µm.

include DC area (µm2) and number of dendrites per DC were
also calculated using the ImageJ software. DC density and cell
morphology analyses were conducted by two blinded researchers
(Y. W. and Y. L.). The mean value of the results of these two
researchers was recorded as the final result.

CLD
The Ocular Surface Disease Index (OSDI) questionnaire [a
validated Chinese version of the OSDI (21)] was used to analyze
CLD, as the OSDI is one of the most widely used, stable, and
reliable surveys in research concerning CL-related comfort (22).
The score ranged from 0 to 100 with 1-unit steps.

Examination Procedures
The procedures were performed on the right eye only, from
the least to the most invasive (1. OSDI questionnaire, 2. FSLB
conjunctival vascular evaluation, and 3. FSLB anterior segment
images capture—for Efron grading, 4. TBUT, 5. Schirmer’s I
test, 6. IVCM corneal DC images capture) and within 4 h after
awakening or 3 h after CL wear. All visits were performed
between 10:00 a.m. and 1:30 p.m. To eliminate the impact of
lens removal on the ocular surface microenvironment, except for
Schirmer’s I test and IVCM, other examinations were conducted
with CL wear. The temperature of the examination room was
maintained at 20–21◦C and 50–60% humidity. At each follow-up
visit, the examination sequence and contents were the same.

Statistical Analysis
Data were analyzed using SPSS version 23 (IBM Corp., NY,
USA) and GraphPad Prism version 7 (GraphPad Software Inc.,
NC, USA). Data normality was assessed by the combination
of the Shapiro–Wilk test and histogram. Values are described
as the mean ± standard deviation or median (interquartile
range), which depends on normality. For the five basic visits,
one-way repeated measures analysis of variance (ANOVA) was
used to test the variation of parameters with time, whereas the
Sidak method was used for pairwise comparison between each
time point. The variables were standardized to remove unit

dimensions before the following analysis. The effective factors for
CLD (OSDI score) over time were analyzed using a generalized
estimating equation (GEE). Then, partial correlation was used
to test the relationships between effective factors and other
variables, with participant demographics and time points as the
controlled variables. For one extra visit, paired Student’s t-test (in
case of normal distribution) or Wilcoxon signed-rank test (for
paired comparison of non-normally distributed data) was used
to determine the difference between the baseline and extra visits
and 6months vs. extra visits. The hypothesis tests were two-sided,
and p < 0.05 indicated statistical significance.

RESULTS

Participants’ Demographics
There were 26 participants (26 eyes) at the baseline, with nine
(34.6%) men and 17 (65.4%) women. Supplementary Table S2

presents the demographic characteristics of the participants.
A total of 21 participants (21 eyes, 81%) completed the five-
time basic follow-up and 13 (13 eyes, 50%) completed an
additional follow-up.

The Changes in Clinical Signs,
Microvascular Response, Immune Cells,
and CLD From Baseline to 6 Months
Post-CL Wear
Seven Efron grading indices (conjunctival and limbal redness,
corneal neovascularization, corneal and conjunctival staining,
papillary conjunctivitis, and MGD) and Schirmer’s I test
significantly changed with time (p < 0.05) (Figures 3A1,A2).
Limbal redness, corneal neovascularization, corneal and
conjunctival staining, papillary conjunctivitis, and MGD scores
increased significantly 1 week after CL wear compared to that
at the baseline (p < 0.05); corneal and conjunctival staining
showed a decreasing trend from the third month but without
statistical significance (Figure 3A1). Schirmer’s I test showed a
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FIGURE 3 | The changes of clinical signs, microvascular response, immune cells, and contact lens discomfort (CLD) from the baseline to 6 months post-CL wear. (A)

Changes of clinical signs with time. (A1) Changes of eight Efron grading indices with time. (A2) Changes of tear film related indexes with time. (B) Changes of

conjunctival vascular indexes with time. (C) Changes of corneal dendritic cell (DC)-related indices with time. (D) Changes of CLD with time. Points and error bars

indicated mean ± standard deviation (SD). DC, dendritic cells; OSDI, ocular surface disease index; F (DFn, DFd) and P, one-way repeated measures ANOVA; DFn,

degrees of freedom numerator; DFd, degrees of freedom denominator. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001, P, Sidak method was used for pairwise

comparison between each time point.

tendency to decrease first (1 week) and increase later (6 months)
(Figure 3A2).

Meanwhile, the Va value significantly increased after 1 month
of CL wear (baseline vs. 1 month: p= 0.037) and then decreased,
but without statistical significance (Figure 3B).

Corneal DCs are activated over time, particularly in the
peripheral cornea. The peripheral corneal DC density, DC area,
and number of dendrites significantly increased 1 week after CL
wear and peaked at 1 month, then decreased after 3 months
of CL wear (Figure 3C). The central corneal DC indicators
continually increased from the baseline after CL wear (p < 0.05)
(Figure 3C).

The OSDI scores differed over time (F = 17.8, p < 0.001)
(Figure 3D). TheOSDI scores increased significantly after 1 week
of CL wear (baseline vs. 1 week, p < 0.001; baseline vs. 1 month,
p < 0.001; baseline vs. 3 months, p = 0.003; and baseline vs. 6
months, p< 0.001). No significant differences were found among
the other time points.

The detailed values of the clinical signs, microvascular
responses, immune cells, and CLD at each time point are shown
in Supplementary Table S3. The sample images are listed in
Supplementary Figure S1.

The Effect of Demographics, Clinical
Signs, Microvascular Response, and
Immune Cells on CLD During CL Wear
Generalized estimating equation revealed that increased OSDI
scores were significantly associated with increased corneal
staining (B = 0.238, p = 0.002), more papillary conjunctivitis
(B = 0.245, p < 0.001), higher Va (B = 0.353, p <

0.001), and higher CL power (B = 0.324, p < 0.026)
(Supplementary Table S4). Other variables did not significantly
affect CLD.

Furthermore, partial correlation revealed that greater corneal
staining was significantly associated with higher peripheral DC
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FIGURE 4 | Factors related to corneal staining. The corneal staining scores positively related to peripheral dendritic cell (DC) density (A), peripheral DC area (B), and

number of dendrites per DC of the peripheral cornea (C). DC, dendritic cells; r, correlation coefficient. p-Values indicated the significance of the partial correlation. The

CL power, age, sex, and time were the controlled variables. A scatter plot was created using the residuals of the variables obtained via regression analysis.

density (r = 0.265, p = 0.012; Figure 4A), larger peripheral DC
area (r = 0.271, p = 0.010; Figure 4B), and more dendrites
per DC in the peripheral cornea (r = 0.288, p = 0.006,
Figure 4C).

The Recovery of Clinical Signs,
Microvascular Response, Immune Cells,
and CLD After 6 Months of Discontinuing
CL Wear
The data of 13 participants who participated in the additional
follow-up were used for analysis.

Among the clinical sign indicators, limbal redness (t =

−4.200, p = 0.001), corneal staining (z = 2.045, p = 0.041),
conjunctival staining (t = −3.256, p = 0.009), papillary
conjunctivitis (t = −3.052, p = 0.010), blepharitis (t = −5.482,
p < 0.001), and TBUT (z = 2.669, p = 0.008) significantly

recovered after discontinuing CL wear compared to the 6-month
CL wear (Figures 5A1,A2).

No decrease in the microvascular response and immune cell
activation was found after stopping CL wear, and it remained at
the level of 6-month CL wear (Figures 5B,C).

The OSDI scores decreased after ceasing wear (t = −2.673, p
= 0.020) but were still higher than the baseline value (t = 3.154,
p= 0.008) (Figure 5D).

DISCUSSION

Here, we report our longitudinal observations of the ocular
surface of 21 first-time CL wearers. To our knowledge, this is
the first study to observe the overall changes in inflammation
related to ocular surface signs and CLD from first-time CL
wear to the cessation of CL wear. Several ocular surface clinical
signs, microvascular response, immune cell activation, and CLD
significantly increased after CL wear, especially in the first week
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FIGURE 5 | The recovery of clinical signs, microvascular response, immune cells, and contact lens discomfort (CLD) after 6 months after ceasing CL wear. (A) The

recovery of clinical signs after 6 months after ceasing CL wear. (A1) Eight Efron grading indicators. (A2) Tear film related indexes. (B) The recovery of conjunctival

vascular indicators after 6 months. (C) The recovery of corneal dendritic cell (DC)-related indicators after 6 months. (D) The recovery of CLD after 6 months. Whiskers

indicated max and min. DC, dendritic cells; OSDI, ocular surface disease index; t and P, Paired Student’s t-test; z and P, Wilcoxon signed-rank test.

and firstmonth.We also reported that increased vessel blood flow
and corneal staining were the main factors that affect the increase
in CLD. Moreover, after discontinuing CL wear, the clinical signs
returned to the baseline level, but the activation of immune cells
persisted even 6 months after CL wear.

Changes of Clinical Signs With Time
An increase in ocular surface clinical signs after CL wear has
been observed in many previous studies (23–28). Within this
study, we observed that during successful CL wear [CL wear
without unbearable discomfort and complications requiring
clinical treatment and/or intervention, such as severe corneal
staining, and papillary conjunctivitis (29, 30)], a progressive
increase in ocular surface staining was found in the first week
and reached its peak in the first month, but then decreased
by the third month. Morgan et al. (23) also observed a similar
trend in daily disposable silicone hydrogel (SiH) lens wearers.
Best et al. (24) observed a significant increase in staining after
6 months of monthly disposable SiH lens wear in participants
wearing new CLs. Ocular surface staining has been attributed
to the mechanical effect induced by the lenses (25), to epithelial

microtrauma induced by mucin balls, leaving small surface
depressions where fluorescein accumulates (26), and to the
toxicity of the CL solution (27, 28). Because compromise to the
corneal epitheliummay place CLwearers at a higher risk for CLD,
factors associated with staining should be carefully considered
when monitoring CLs, especially in the first month.

In this study, compared with ocular surface staining, the
limbal redness and papillary conjunctivitis grades increased
progressively after lens wear and decreased significantly to the
baseline level after ceasing wear; however, the changes in these
two ocular signs were only from normal to slight redness,
and the grades were <1.5, which was not clinically significant.
This was consistent with Chao’s report that daily disposable
CL wear induced lower levels of signs of inflammation (31).
In this study, the observation after CL wear was only up to 6
months, whereas the following studies reported long-term (>6
months) changes in the ocular surface. In 18-month follow-up
study, Santodomingo-Rubido et al. (32) found that limbal redness
increased over the first 6 months, papillary conjunctivitis grades
increased over the first 3 months, and both stabilized at that
level thereafter. Morgan et al. (23) observed a small increase
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in papillary conjunctivitis grades in 30 SiH CL wearers in the
first month of the 1-year follow-up, with no changes in limbal
redness. Papillary conjunctivitis is an inflammatory condition
that can be mechanically or immunologically mediated (33). In
CL wearers, the etiology appears to be principally mechanical
and may be related to changes in surface wetness (34). Therefore,
the condition generally resolves very quickly, simply by ceasing
CL wear or changing to daily disposable CLs for a period of ∼2
weeks (34). This was also observed in the results of this study after
stopping the CL wear.

Previous studies have suggested that chronic hypoxic damage
caused by CL wear may have long-term effects on ocular surface
health (35). Limbal hyperemia may also serve as an early
indicator of inflammatory response (36). The limbal response to
CLwear results not only in new vessel growth but also because the
limbus is the only source of new corneal epithelial cells. Corneal
damage (as seen by staining) may activate corneal stem cells in
the limbus to stabilize corneal health.

Changes of Microvascular Response With
Time
This was the first long-term longitudinal study to observe the
microvascular response of the bulbar conjunctiva after CL wear,
which complemented the short-term (6 h) and cross-sectional
results (18, 37, 38). The blood flow velocity showed a peak at
1 month after CL wear, which was similar to the change trend
of DC of the peripheral cornea. This suggests that a possible
synergistic effect of the microvascular response and immune
cell activation may exist on the ocular surface. Moreover, the
conjunctival microvascular blood flow velocity was around 0.50
mm/s in non-CL participants and 0.57–0.60 mm/s in long-
term or habitual CL wearers (37), which were similar to the
value in this study (baseline: 0.52 mm/s, after 6 months: 0.57
mm/s). The microvascular response after CL wear is slight and
progressive. Previous studies (18, 37, 38) suggested that a ceiling
value may exist (< 0.70 mm/s) of blood flow velocity for long-
termCLwearers without complications [such as corneal staining,
papillary conjunctivitis, CLD (29)]. However, whether the blood
flow velocity could be used as a reference for clinical prediction
and monitoring of CL-related discomfort requires further study.

Changes of Immune Cells Over Time
The changes in inflammation-related ocular surface signs after
CL wear mentioned above were minimal in this study, but
changes at the cell levels were statistically significant after CL
wear. As proposed by Chao (31) in the review, the changes
in DCs within 1 month and after discontinuation have never
been reported, and our study provides reference data for this.
Compared with the progressive increase in DC parameters of the
central cornea, the DC density and morphological parameters in
the peripheral cornea resulted in an obvious peak at 1 month
after CL wear. The difference in the changes in DCs between the
central and peripheral parts may be related to the distribution
characteristics, and Modeen reported that the DC density at
the peripheral cornea is 3-folds higher than that at the central
cornea (39). Moreover, similar to the results of this study, the
vast majority of research on corneal DC densities in CL wearers

suggest an increased number of DCs in the central cornea (3,
40, 41) regardless of lens material (hydrogel or SiH lens) or
solution (multipurpose or hydrogen peroxide). This increase is
presumed to occur because of the migration of DCs into the
imaging field. However, an apparent increase in the density of
DCs could also occur as a result of a change in the morphology
of DCs, which develop dendrites upon maturation once they
come into contact with a presentable antigen (42). Similarly,
the migration of resident DCs to the central cornea in response
to CL wear adaptation has been described in humans (40),
which indicates a subclinical inflammatory response. Immature
DCs are equipped to capture antigens, whereas mature DCs are
able to sensitize native T cells through major histocompatibility
complex molecules and secretion of interleukin-12, and also
costimulatory molecules, and thus represent an integral part
of the immune system (43). In this study, a reduction in DC
density and morphology indicators was observed in the third
month of CL wear in the peripheral cornea (Figure 3C). Various
hypotheses can be proposed to explain the gradual reduction
in DC parameters of the peripheral cornea. Since activated
DCs migrate to secondary lymphoid tissue to perform antigen
presentation (42), the apparent decrease in numbers after 1
month could be explained by the migration of activated cells
away from the peripheral cornea on their journey. Future work
should investigate whether short-term subclinical findings can
predict long-term CL adverse event rates and whether these
observations can identify individuals who are at heightened risk
of developing CL-related complications [such as corneal staining,
papillary conjunctivitis, and CLD (29)].

Most previous longitudinal studies on corneal DCs focused
only on the central region of the cornea, and few assessed
the peripheral cornea (44), which may be due to the difficulty
of accurate localization during IVCM. In the past, real-time
feedback imaging from a side-mounted charge-coupled device
camera to an IVCM has often been used as the primary reference
for localization (3). In this study, the special spiral structure of
the corneal nerve [which has been described by Zhivov et al.
(43)] was used as the tissue marker of localization. We used the
feedback imaging described in a previous study (3) to roughly
locate the central section and then slightly moved to the target
nerve structure, which was the starting point for image capture.
Corneal DCs migrate along the corneal nerves and cornea (45);
therefore, they are primarily distributed around the nerves. If
we simply used the center of the cornea as the central area for
the DC observation, deviations would inevitably occur because
the DCs are not evenly distributed in the central cornea. The
confluence of nerves in the central inferior cornea was used as
the central marker, which was more in line with the distribution
characteristics of corneal DCs. This localization method is worth
popularizing in the future studies.

The Effective Factors on CLD
Contact lens comfort is a major determinant of successful lens
use. In this study, increased discomfort was associated with
increased corneal staining and higher conjunctival blood flow
velocity. This finding also indirectly supported the hypothesis
suggested by the International Workshop on Contact Lens
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Discomfort convened by the TFOS Society that inflammation
might be one of the etiologies of CLD (7).

Microvascular flow velocity may be a part of subclinical
inflammation related to CL wear. Zhang et al. reported that an
increase in the blood flow velocity represents inflammation of
the ocular surface (46). Chen et al. (17) reported that adapted
CL wearers exhibit changes in vascular responses, which may be
beneficial. For conjunctival vascular responses in the long-term,
experienced CL wearers increased even when they did not wear
the CL (38, 47). As the immune system in the bulbar conjunctiva
was upregulated, such vascular responses in CL wearers keep
the eye prepared against any extrinsic noxious challenge. Efron
(1) also suggested that wearing CLs may lead to chronic and
low-grade subclinical inflammation, which may have a positive
and protective effect on successful CL wearers. In accordance
with this, we assume that increased vascular velocity brings more
inflammatory factors, which further activate immune cells, thus
mobilizing the inflammatory response on the ocular surface;
however, this hypothesis requires further study of inflammatory
factors to confirm.

As discussed earlier, ocular surface staining (corneal and
conjunctival) is mainly contributed by mechanical damage
from the CL. Additionally, the significant positive correlation
between staining and DC activation (Figure 5) observed in
this study suggests that corneal staining by CL wear is likely
the main driving factor that activates the corneal immune
response. These results also indicate that DC activation is
adaptive in CL wearers to compensate for the effect of CL-
induced ocular surface damage. CL symptomatology has recently
been associated with neuropathic corneal pain (48) using a
model involving the interlink between the immune system and
ocular discomfort. Recent work also suggests a role for DC
activation in the cornea as part of this immune “crosstalk”
(49).

Lens and Participant Selection
In this study, hydrogel CLs were provided to the participants.
Steffen and Barr (13) suggested that tinted lenses increase ocular
discomfort compared with conventional clear lenses. Hydrogels
remain the major materials for tinted lenses. Therefore, this
study focused on the former finding that CLD in hydrogel CL
wearers is clinically significant. Additionally, adults aged 18–30
years are the main group of newcomers to CL wear with the
purpose of improving appearance (50). Comfort of CL wear and
the occurrence of complications are the main concerns of this
group of people (10). Therefore, the research objective of this
study was mainly concentrated in this population, and it is hoped
that the results of this study could provide a reference for the
clinical management of this population.

Limitation and Prospect
Efron (2) established a CL-associated ocular surface
inflammation model with ocular surface comfort as the central
defining element, followed by clinical signs and subclinical
mediators. This study adopted a design similar to this model
and created a sophisticated and comprehensive experimental
paradigm, whereby all of these components were measured

contemporaneously and longitudinally in a cohort of first-
time CL wearers. The first study, based on this model, has
some limitations. First, this study lacked a control group. The
participants in this study were instructed to wear CLs in both
eyes to improve the feasibility of long-term follow-up and
the rationality of research ethics. Further, to eliminate the
influence of the correlation between the binocular data of the
same participant in the research results, only the data of the
right eye of the participants were obtained for the analysis.
Moreover, the initial design of this study was a self-controlled
longitudinal study, and comparisons were made between
individuals. The main purpose of this study was to investigate
dynamic changes in ocular surface indicators in first-time CL
wearers, and the self-control study design was sufficient to
reveal such changes. We would set a control group for further
study. Second, only one kind of CL was used in this study.
The aim of this study was to determine how the ocular surface
changes during long-term lens wear and whether there is a
potential relationship with discomfort, using a commonly used
hydrogel soft CL. Whether such changes would be affected
by different types of lenses is our next question. Finally, the
sample size was small but was a result of a long follow-up period,
complicated examination procedures that must be performed
in one visit, and strict inclusion criteria. A more simplified
follow-up design will be implemented in future studies. In the
future, sophisticated experimental paradigms (such as FSLB
and IVCM) could be translated into the clinical domain so
that practitioners can attain more sensitive techniques for
measuring the ocular response to CL wear. Such observations
would form the basis for devising strategies for dampening
the intrinsic inflammatory response of CL use to enhance
CL comfort.

CONCLUSIONS

The first week of CL wear was the main period for the
appearance of clinical signs on the ocular surface, and
the first month was the period of activation of subclinical
inflammation. Corneal staining, papillary conjunctivitis, and
conjunctival microvascular response were the main factors
that affect CLD. Even if the clinical signs recovered after
ceasing wear, subclinical inflammation could persist. It was
also suggested that changes in the immune environment
of the ocular surface caused by long-term CL wear could
have long-term effects, which possibly results in the
inability to recover to prewear levels by discontinuing
lens use.
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Supplementary Figure S1 | The images of clinical signs and immune cells MGD,

meibomian gland dysfunction; DC, dendritic cells. White arrows indicated DCs.

Images of each clinical signs (each row) were captured from the same subject. All

the DCs images were captured from the same subject at different time points.

Supplementary Table S1 | The BAUSCH & LOMB® SofLens 59®

physical/optical properties and lens parameters available. ∗: Oxygen Permeability

value was determined by the polarographic method.

Supplementary Table S2 | Demographics of the subjects (n = 26). SD, standard

deviation; IQR, interquartile range; TBUT, tear film breakup time; OSDI, the Ocular

Surface Disease Index; MGD, Meibomian gland dysfunction.

Supplementary Table S3 | The changes of clinical signs, microvascular

response, immune cells, and contact lens discomfort from baseline to 6 months

post contact lens wear. Values were described as the mean ± SD (standard

deviation). CL, contact lens; OSDI, the Ocular Surface Disease Index;

TBUT, tear film breakup time; DC, dendritic cells; MGD, Meibomian

gland dysfunction.

Supplementary Table S4 | The effect of demographics, clinical signs,

microvascular response, and immune cells on contact lens discomfort during

contact lens wear (generalized estimating equation results). MGD, Meibomian

gland dysfunction; TBUT, tear film breakup time; DC, dendritic cells; CI,

confidence interval; OR, odds ratio. B and P: Generalized estimating equation

(GEE), the Ocular Surface Disease Index (OSDI) scores as dependent variable,

other indicators as independent variables, different time point as within-subject

variables, working correlation matrix structure as Autoregressive.
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Purpose: To investigate IL-17 related mechanisms for developing dry eye disease in the

Pinkie mouse strain with a loss of function RXRα mutation.

Methods: Measures of dry eye disease were assessed in the cornea and conjunctiva.

Expression profiling was performed by single-cell RNA sequencing (scRNA-seq) to

compare gene expression in conjunctival immune cells. Conjunctival immune cells were

immunophenotyped by flow cytometry and confocal microscopy. The activity of RXRα

ligand 9-cis retinoic acid (RA) was evaluated in cultured monocytes and γδ T cells.

Results: Compared to wild type (WT) C57BL/6, Pinkie has increased signs of dry eye

disease, including decreased tear volume, corneal barrier disruption, corneal/conjunctival

cornification and goblet cell loss, and corneal vascularization, opacification, and

ulceration with aging. ScRNA-seq of conjunctival immune cells identified γδ T cells as the

predominant IL-17 expressing population in both strains and there is a 4-fold increased

percentage of γδ T cells in Pinkie. Compared to WT, IL-17a, and IL-17f significantly

increased in Pinkie with conventional T cells and γδ T cells as the major producers. Flow

cytometry revealed an increased number of IL-17+ γδ T cells in Pinkie. Tear concentration

of the IL-17 inducer IL-23 is significantly higher in Pinkie. 9-cis RA treatment suppresses

stimulated IL-17 production by γδ T and stimulatory activity of monocyte supernatant on

γδ T cell IL-17 production. Compared to WT bone marrow chimeras, Pinkie chimeras

have increased IL-17+ γδ T cells in the conjunctiva after desiccating stress and anti-

IL-17 treatment suppresses dry eye induced corneal MMP-9 production/activity and

conjunctival goblet cell loss.

Conclusion: These findings indicate that RXRα suppresses generation of dry eye

disease-inducing IL-17 producing lymphocytes s in the conjunctiva and identifies RXRα

as a potential therapeutic target in dry eye.

Keywords: gamma delta (gammadelta) T cells, conjunctiva, dry eye, IL-17, retinoic acid, RXR alpha
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INTRODUCTION

Dry eye is a prevalent disease affecting tens of millions of
individuals worldwide (1). Clinical trial results and animal
models provide evidence that inflammation contributes to the
pathogenesis of ocular surface disease in dry eye (2). The
ocular surface is an exposed mucosal tissue that is subjected
to desiccating and osmotic stress, as well as microbial danger
signals. The conjunctiva has a complement of immune cells
that produce factors capable of suppressing sight-threatening
inflammation during homeostasis but can respond to pathogen
and environmental danger signals. Indeed, ocular surface
desiccation has been found to be a potent inflammatory stress
that stimulates activation of and production of inflammatory
mediators (cytokines, chemokines, and proteases) by the ocular
surface epithelial and inflammatory cells (1). This can cause
clinical signs of dry eye, such as corneal barrier disruption and
conjunctival goblet cell loss (3, 4).

The Lacrimal Functional Unit regulates the production
and distribution of tears containing factors that maintain
ocular surface epithelial health and suppress ocular surface
inflammation (5). One such lacrimal gland secreted factor is
vitamin A in the form of retinol that is metabolized to retinoic
acid (RA) by the ocular surface epithelium, particularly the
conjunctival goblet cells which can deliver it to immune cells
located in the underlying stroma (6, 7). Dry eye with corneal
and conjunctival epithelial disease develops in systemic vitamin
A deficiency; however, the pathogenic mechanisms have not been
elucidated. Vitamin A signals through two families of nuclear
receptors, the retinoid acid receptor (RAR) and the retinoid X
receptor (RXR) that consist as homo- or heterodimers (partners
include, RAR, PPAR, vitamin D receptor, and others) (8). RXRα

is expressed by a variety of immune cells, including myeloid and
lymphoid lineages (9–11) and myeloid cells in the conjunctiva
(8). Mice with loss of function mutation in the RXRα nuclear
receptor have been reported to develop dry eye (12).

The purpose of this study is to investigate the mechanism
for dry eye development in the RXRα loss of function mutant
mouse. We found an increased population of IL-17 producing
cells consisting of γδ T and conventional T cells in the
conjunctival of mice with reduced RXRα signaling that promotes
the development of dry eye disease. The RXRα ligand 9-cis RA
suppresses the production of IL-17 by γδ T cells and IL-17
inducing cytokines by monocytes.

MATERIALS AND METHODS

Animals
The animal protocol for this study was designed according to
the ARVO Statement for the use of Animals in Ophthalmic
and Vision Research and was approved by the Institutional
Animal Care and Use Committee at Baylor College of Medicine
(Protocol AN-2032). Female C57BL/6J (B6) mice and Pepc/BoyJ
aged 6–8 weeks were purchased from Jackson Laboratories (Bar
Harbor, ME). The RXRα Pinkie mutant strain was purchased
from the Mutant Mouse Resource and Research Centers (MRRC,
University of California, Davis, Sacramento, CA) for establishing

breeder colonies that were expanded in Baylor College of
Medicine vivarium and refreshed and genotyped every 8
generations. At the time of the experiments, both B6 and Pinkie
strains were housed in the normal vivarium environment.

Assessment of Corneal Barrier Function
and Tear Volume
Corneal epithelial permeability to 70 kDa Oregon-Green-
conjugated dextran (OGD; Invitrogen, Eugene, OR) was assessed
as previously described (13). Briefly, 1 µL of OGD (50 mg/mL)
was instilled onto the ocular surface 1min before euthanasia; the
eye was then rinsed with 2mL phosphate-buffered saline (PBS)
from the temporal and nasal side and photographed with a high-
resolution digital camera (Coolsnap HQ2; Photometrics, Tucson,
AZ) attached to a stereoscopic zoom microscope (SMZ 1500;
Nikon, Melville, NY), under fluorescence excitation at 470 nm.
The severity of corneal OGD staining was graded in digital
images using NIS Elements (version 3.0; Nikon) within a 2-
mm diameter circle placed on the central cornea by 2 masked
observers. The mean fluorescence intensity measured by the
software inside this central zone was transferred to a database,
and the results were averaged within each group. Tear volume
was measured with a phenol red impregnated cotton thread as
previously described (14).

Measurement of Goblet Cell Density
Following euthanasia, eyes and ocular adnexa were excised from
B6 and Pinkie mice (n = 5/group) and the tissues were fixed
in 10% formalin followed by paraffin embedding, 5µm sections
were cut with a microtome (Microm HM 340E; Thermofisher
Wilmington, DE) and stained with periodic acid Schiff (PAS)
reagent. Sections from both eyes in each group were examined
and photographed with a microscope (Eclipse E400; Nikon)
equipped with a digital camera (DXM1200; Nikon) Using the
NIS Elements software; goblet cells were manually counted. To
determine the length of the conjunctival goblet cell zone, a line
was drawn on the surface of the conjunctiva image from the
first to the last PAS+ goblet cell. Results are presented as PAS+

goblet cells/mm.

RNA Isolation and Quantitative PCR
Following euthanasia, the cornea/conjunctiva was excised
and total RNA was extracted using an RNeasy R© Plus
Mimi Kit (Cat No. 74134, QIAGEN GmbH, Hilden,
Germany) according to manufacturer’s instruction. The
RNA concentration was measured, and cDNA was synthesized
using the Ready-To-Go-You-Prime-First-Strand kit (GE
Healthcare). Quantitative real-time PCR was performed with
specific probes Murine MGB probes, Cxcl16 (Mm00801778),
Sprr2a (Mm00845122_s1), Sprr2f (Mm00448855_s1),
Sprr2g (Mm01326062_m1), Vegfa (Mm00437304), Vegfb
(Mm00442102), Vegfc (Mm00437310), Tnf (Mm00443260),
Fgf7 (Mm00433291), Mmp9 (Mm00442991), and hypoxanthine
phosphoribosyltransferase (Hprt1, Mm00446968). The Hprt-1
gene was used as an endogenous reference for each reaction. The
results of real-time PCR were analyzed by the comparative CT
method. The CT values of Pinkie were compared to that of B6.
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Tear Washings and Multiplex Immunoassay
Tear-fluid washings were collected from both mouse strains
using capillary tubes as previously described (15), and cytokine
concentrations in tear samples were assayed using a commercial
ProcartaPlex Luminex Assay according to the manufacturer’s
protocol (Thermofisher). The reactions were detected with
streptavidin-phycoerythrin using a Luminex LX200 (Austin, TX,
USA) (16). One sample consisted of tear washings from both
eyes of 4 mice pooled (8 µL) into a tube containing 8 µL
of PBS + 0.1% BSA and stored at −80◦C until the assay
was performed. Results are presented as the mean ± standard
deviation (picograms per milliliter).

Flow Cytometry and Cell Sorting
Conjunctivae were excised, chopped with scissors into tiny
pieces, and incubated with 0.1% type IV Collagenase for 1 h to
yield single-cell suspensions. Samples were incubated with anti-
CD16/32 (2.4G2, Catalog no. 553141, BD PharmingenTM, San
Diego, CA), for 5min at room temperature and subsequently
stained with anti-CD45 (clone 30-F11, Catalog no. 103138,
BioLegend) and with an infra-red fluorescent viability dye
(Life Technologies, Grand Island, NY). The gating strategy
was as follows: lymphocytes were identified by forward -scatter
area (FSC-A) and side scatter area (SSC-A) gates, followed
by two singlets gates (FSC-A vs. FSC-W and SSC-A vs. SSC-
W) followed by live/dead identification using the infra-red
fluorescent viability dye. The CD45+ cells were sorted using the
Aria-II cell sorter at the Baylor College of Medicine cytometry
and cell sorting core.

Antibodies for phenotyping IL-17+ cells in the conjunctiva
included: anti-CD45 (clone 30-F11, Catalog no. 103138,
BioLegend), Alexa Fluor R© 488 anti-mouse CD45.1 (Clone A20,
catalog #110718, BioLegend Way San Diego, CA), Brilliant
Violet 510TM anti-mouse CD45.2 (Clone 104, catalog # 109838,
BioLegend Way San Diego, CA), PerCP/Cyanine5.5 anti-mouse
CD3ε (Clone 500A2, catalog # 152312, BioLegend Way San
Diego, CA), PE Anti-Mouse γδ T-Cell Receptor (Clone GL3,
catalog #553178, BD PharmingenTM, San Diego, CA), Alexa
Fluor R© 647 anti-mouse IL-17A (Clone TC11-18H10, catalog#
560184, BD PharmingenTM, San Diego, CA). A violet live/dead
fixable dye (Life Technologies) was used to exclude dead cells.
A Canto II flow cytometer (BD Biosciences) and FlowJo 7.6.5
software (TreeStar, Ashland, OR, USA) were used for analysis.

Library Preparation
Single-cell gene expression libraries were prepared using
the Chromium Single Cell Gene Expression 3v3.1 kit (10×
Genomics) at the Single Cell Genomics Core at Baylor College
of Medicine. In brief, single cells, reverse transcription (RT)
reagents, Gel Beads containing barcoded oligonucleotides, and
oil were loaded on a Chromium controller (10× Genomics) to
generate single-cell Gel Beads-In-Emulsions (GEMs) where full-
length cDNA was synthesized and barcoded for each single cell.
Subsequently the GEMs are broken and cDNA from every single
cell is pooled. Following cleanup using Dynabeads MyOne Silane
Beads (Thermofisher, Waltham, MA), cDNA is amplified by
PCR. The amplified product is fragmented to optimal size before

end-repair, A-tailing, and adaptor ligation. The final library was
generated by amplification.

Sequencing of 10X GEM 3′v3.1 Single Sell
Libraries
The BCM Genomic and RNA Profiling (GARP) Core initially
conducted sample quality checks using the NanoDrop
spectrophotometer and Agilent Bioanalyzer 2100. To quantitate
the adapter-ligated library and confirm successful P5 and P7
adapter incorporations, the Applied Biosystems ViiA7 Real-
Time PCR System and a KAPA Illumina/Universal Library
Quantification Kit (p/n KK4824) was used. The GARP core
sequenced the libraries on the NovaSeq 6000 Sequencing System
using the S2 v1.0 Flowcell as follows. Cluster Generation by
Exclusion Amplification (ExAMP): Using the concentration
from the ViiA7 TM qPCR machine above, 150 pM of the
equimolar pooled library was loaded onto one lane of the
NovaSeq S2 v1.0 flowcell (Illumina p/n 20012860) following
the XP Workflow protocol (Illumina kit p/n 20021664) and
amplified by exclusion amplification onto a nanowell-designed,
patterned flowcell using the Illumina NovaSeq 6000 sequencing
instrument. PhiX Control v3 adapter-ligated library (Illumina
p/n FC-110-3001) was spiked-in at 1% by weight to ensure
balanced diversity and to monitor clustering and sequencing
performance. The libraries were sequenced according to the
10X Genomics protocol, 28 cycles for Reads 1, 10 cycles each
for the i7 and i5 reads, and 90 cycles for Read 2. An average
of 251 million read pairs per sample was sequenced. FastQ file
generation was executed using bcl2fastq and QC reports were
generated using CellRanger v5.0.1 by the BCMMultiomics Core.

Bioinformatic Analysis of ScRNA-Seq Data
Raw sequence reads in the FASTQ format were aligned to the
mouse reference genome using Cell Ranger Count v6.0.1 pipeline
(https://cloud.10xgenomics.com) with the default settings for
alignment, barcode assignment, and UMI counting of the raw
sequencing data with genome reference Mouse (mm10) 2020-
A. The resulting gene expression matrix was subjected to
preprocessing following the guideline provided by Seurat v4.1.0.
Briefly, single cells with fewer than 200 genes were filtered
to remove empty droplets. We also removed the genes that
were expressed in <3 cells in our data. Next, we employ a
global-scaling normalization method using the Seurat function
“LogNormalize” that normalizes the feature expression.

Clustering, Visualization and Cell
Annotation
First, we used the “FindVariableFeatures” function to identify a
set of 2,000 genes that are highly variable in the two data sets,
and the “FindIntegrationAnchors” and “IntegrateData” functions
combined the two data sets for downstream analysis such as
dimensionality reduction and clustering. We then performed
Principal Components Analysis (PCA) to construct a linear
dimensionality reduction of the dataset and identified the 19 PCs
that contain most of the complexity of the dataset. The cells
were clustered in a graph-based approach within PCA space,
and then non-linear dimensionality reductions were applied
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using UMAP for further visualization purposes. We then used
a set of canonical cell type markers to assign annotation to
each cluster using the Cluster Identity Predictor (CIPR) web-
based tool (https://aekiz.shinyapps.io/CIPR/). Finally, differential
expression was performed using the “FindAllMarkers” function
in Seurat to find cluster-specific marker genes.

Monocyte Purification and in vitro

Stimulation
Bone marrow isolated cells were cultured (2 × 10 ∧ 7
cells/100mm tissue culture dish) in 10ml of complete medium
[RPMI 1640 supplemented with 10% heat inactivated fetal
calf serum, 50µg/ml gentamycin and 1.25µg/ml amphotericin
B (all from Gibco Thermofisher)] containing 20 ng/ml GM-
CSF (Peprotech, Inc. USA). Monocytes were purified after 3
days of culture using the monocyte isolation kit, according to
the manufacturer’s instruction (BM, Miltenyi Biotec, Bergisch
Gladbach, Germany). 5 × 10 ∧ 5 monocytes plated in a 48 well-
plate were preincubated with 100 nM 9-cisRA for 1 h followed by
stimulation with 0.5µg/ml LPS for 4 h for RNA or overnight for
cytokines. The total RNA was extracted using an RNeasy R© Plus
Mimi Kit (Cat No. 74134, QIAGEN GmbH, Hilden, Germany)
according to manufacturer’s instructions. The RNA and collected
supernatants were stored at−800C until further use.

γδT Cell Isolation and in vitro Experiments
Pooled γ/δ T cells from the spleens of 8–10 week old B6 and
Pinkie mice were isolated using the TCR γ/δ T cells Isolation
Kit according to the manufacturer’s instruction (Miltenyi Biotec,
Bergisch Gladbach, Germany). To determine the effect of 9CisRA
and monocytes conditional media on IL17 cytokine production,
we stimulated the purified γδ T cells with anti-CD3/CD28
Dynabeads (Catalog #11452D, Life Technologies AS, Norway)
alone or in combination with IL-23 (10 ng/ml, eBioscience), 9-
cisRA (100 nM), or monocyte conditioned media for 96 h for
cytokine measurement.

IL-17 ELISA
Mouse IL17 (both heterodimers, A and F) was measured in
purified γδT cultured cell supernatant after 96 h incubation
using a mouse IL-17 DuoSet Enzyme-linked immunosorbent
assay (ELISA) (Catalog no. DY5390-05, R&D Systems,
Minneapolis, USA).

NanoString NCounter Gene Expression
Analysis
This was performed by the Genomic and RNA Profiling Core at
Baylor College of Medicine using the NanoString Technologies
nCounter Gene Expression Mouse Myeloid Innate Immunity V2
Panel codeset (NS_MM_Myeloid_V2.0) containing 770 unique
pairs of 35–50 bp reporter probes and biotin-labeled capture
probes, including internal reference controls (NanoString,
Seattle, WA) as previously described (17). Data was analyzed
by ROSALIND R© (https://rosalind.bio/), with a HyperScale
architecture developed by ROSALIND, Inc. (San Diego, CA).

Bulk RNA Seq and Data Analysis
Conjunctival epithelium was excised from B6 and Pinkie strains
and total RNAwas extracted using aQIAGENRNeasy PlusMicro
RNA isolation kit (Qiagen) according to the manufacturer’s
instructions. The concentration and purity of RNA was assessed
using a NanoDrop 1,000 (ThermoFisher Scientific, Waltham,
MA). RNA-Seq was performed by the Beijing Genomics Institute
(BGI) using the BGISEQ500RS to generate 100-bp paired-end
reads. The sequencing reads were cleaned by removing reads
containing adapter or poly-N sequences, and reads of low quality
using SOAPnuke (version 1.5.2, parameters: -l 15 -q 0.2 -n 0.05).
and the expression levels of the resulting genes and transcripts
were determined using RSEM (version 2.2.5, default parameters).
A total of 19,511 genes were obtained as raw data. Detection
of DEGs (differentially expressed genes) was performed with
DEseq2 (Parameters: Fold Change> 2.00 and adjusted P < 0.05).
Genes were passed through the Benjamini-Hochberg procedure
to obtain the critical value for false discovery and a total of 1,375
genes passed with a P >0.0006. The selected genes in the IL-17
signaling pathway were clustered in a heat map using GraphPad
Prism 9.0 software (San Diego, CA, USA).

ATAC Seq
Cultured bone marrow-derived monocytes were harvested and
frozen in culture media containing FBS and 5% DMSO.
Cryopreserved cells were sent to Active Motif (Carlsbad, CA)
to perform the ATAC-seq assay. The cells were then thawed
in a 37◦C water bath, pelleted, washed with cold PBS, and
tagmented as previously described (18), with some modifications
(19). Briefly, cell pellets were resuspended in lysis buffer, pelleted,
and tagmented using the enzyme and buffer provided in the
Nextera Library Prep Kit (Illumina, San Diego, CA). Tagmented
DNA was then purified using the MinElute PCR purification kit
(Qiagen, Germantown, MD), amplified with 10 cycles of PCR,
and purified using Agencourt AMPure SPRI beads (Beckman
Coulter, Brea, CA). The resulting material was quantified using
the KAPA Library Quantification Kit for Illumina platforms
(KAPA Biosystems, St Louis, MO), and sequenced with PE42
sequencing on the NextSeq 500 sequencer (Illumina).

Analysis of ATAC-seq data was similar to the analysis of
ChIP-Seq data. Reads were aligned using the BWA algorithm
(mem mode; default settings). Duplicate reads were removed,
only reads mapping as matched pairs and only uniquely mapped
reads (mapping quality ≧ 1) were included for further analysis.
Alignments were extended in silico at their 3′-ends to a length
of 200 bp and assigned to 32-nt bins along the genome. The
resulting histograms (genomic “signal maps”) were stored in
bigWig files. Peaks (accessible regions) were identified using
the MACS (version 2.1.0) at a cutoff of p-value 1e-7, without
control file, and with the–nomodel option. Peaks that were on the
ENCODE blacklist of known false ChIP-Seq peaks were removed.
Signal maps and peak locations were used as input data to Active
Motifs proprietary analysis program, which creates excel tables
containing detailed information on sample comparison, peak
metrics, peak locations and gene annotations. For differential
analysis, reads were counted in all merged peak regions (using
Subread), and the replicates for each condition were compared
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FIGURE 1 | The Pinkie strain with reduced Rxrα signaling develops dry eye disease. (A) Dry eye phenotype in Pinkie strain. Representative Oregon Green dextran

(OGD) staining of corneas from 8- to 32-week-old C57BL/6 (B6) and Pinkie strains (left) and graph showing mean gray level fluorescence (n = 9–22/group). Mean ±

(Continued)

Frontiers in Medicine | www.frontiersin.org 5 March 2022 | Volume 9 | Article 849990329

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Alam et al. RXR Dry Eye

FIGURE 1 | SD, **P < 0.01; ****P < 0.0001; (B) Representative images of PAS staining of conjunctival goblet cells in paraffin sections prepared from B6 and Pinkie

strains (left) with bar graph of mean goblet cell density (right), n = 5/group. (C) Representative SPPR2 immunostaining of whole-mount conjunctivas (age 8–10 weeks)

stained with SPRR2 polyclonal antibody that recognizes multiple isoforms and nuclei stained with Hoechst 33343 dye. Images are captured by confocal microscopy;

relative fold expression of Sprr2g, Sprr2f, and Sprr2a genes in Pinkie conjunctiva (below), n = 5/group. (D) Flow cytometry scatter plot showing increased percentage

of CD45+ cells in the Pinkie conjunctiva (left) and bar graph comparing CD45+ cells in conjunctiva obtained from B6 and Pinkie (n = 7). (E) Decreased tear volume in

Pinkie (age 8–10 week) measured by phenol red cotton thread as compared to B6.

using DESeq2. The position and frequency of motif sequences in
each peak region were identified with the search tool HOMER or
known sequences in databases (20).

Qiagen Gene Pathway Analysis
Briefly, differentially expressed genes from single-cell RNA seq
data were first uploaded into Qiagen’s Ingenuity Pathway
Analysis (IPA) system for core analysis. Analysis was
performed with experimental false discovery rate of >0.05.
Comparison analysis tool were used to identify the most relevant
canonical pathways enriched in Pinkie and presented as a
heatmap. IL17 signaling pathway was adopted from IPA with
some modification.

Creation of Bone Marrow Chimeras
CD45.2+ bone marrow chimeras using bone marrow cells
obtained from 12 to 16 week B6 and Pinkie strains were created
in 6–8 week old CD45.1+ Pepc/BoyJ strain as previously reported
(17, 21). Ten days after bone marrow reconstitution, mice were
subjected to 5 days of desiccating stress (DS5) and T cell
populations in the conjunctiva were analyzed by flow cytometry.

Desiccating Stress and IL-17 Neutralization
As previously described (17), DS was induced by inhibiting
tear secretion with scopolamine hydrobromide (Greenpark,
Houston) in drinking water (0.5 mg/mL) and housing in a cage
with a perforated plastic screen on one side to allow airflow from
a fan placed 6 inches in front of it for 16 h/day for 5 consecutive
days. Room humidity was maintained at 20–30%. Control mice
were maintained in a non-stressed (NS) environment at 50–75%
relative humidity without exposure to an air draft.

Mice were injected intraperitoneally every 2 days with 100
µg/mouse of anti-IL-17A (Clone 17F3; BioXcell) or mouse IgG1
isotype control (Clone MOPC-21; BioXcell) starting on day −2
for the duration of DS. After 5 days of DS, mice were euthanized
and immune cells were harvested from the conjunctiva for
flow cytometry (n = 11), eyes were embedded in paraffin for
sectioning (n = 5) or in optimum cutting temperature (OCT)
compound (Thermofisher) for cryosectioning (n= 3), or corneas
were prepared for whole-mount immunostaining (n= 3).

Immunofluorescence Staining and
Confocal Microscopy
The conjunctival and corneal tissue samples were dissected
from female C57BL/6J mice (age 16 weeks) and fixed in
100% methanol for 20min at −20◦C followed by washing
with Hanks’ buffered saline solution (HBSS) for 3 × 5min
with gentle shaking at room temperature (RT). Tissues were
permeabilized with 0.4% Triton X-100 in HBSS for 30min at
RT and gentle shaking. Twenty percentage goat serum (Sigma,

USA) diluted in HBSS was used for 1 h blocking at RT.
Subsequently, the conjunctival tissue samples were incubated
with primary antibodies (Supplementary Table 1) diluted in 5%
goat serum in HBSS at the mentioned concentrations overnight
at 4◦C with gentle shaking at dark. The samples were then
washed with 0.4% Triton X-100 for 3 × 6min at RT with
gentle shaking, followed by incubation with secondary antibodies
(Supplementary Table 1) diluted in 5% goat serum/HBSS for 1
hour at RT with gentle shaking and light protection. The samples
were then washed for 3 × 10min with 0.4% Triton X-100 in
HBSS and Hoechst (1:500 in HBSS) was added for nuclei staining
(30min at RT and dark with gentle shaking). The samples
were washed 3 × 5min with HBSS, mounted on slides, and
flattened with coverslips. Immunofluorescence staining in whole-
mount conjunctival tissue samples was visualized using laser
scanning Nikon confocal microscope (Nikon A1 RMP, Nikon,
Melville, NY, USA) and 0.5µmZ-step. The captured images were
processed using NIS Elements Advanced Research (AR) software
version 4.20 (Nikon).

In situ Zymography
In situ zymography was performed to localize the gelatinase
activity in corneal cryosections using a previously reported
method (22). Sections were thawed and incubated overnight with
reaction buffer, 0.05M Tris HCl, 0.15M NaCl, 5mM CaCl2,
and 0.2mM NaN3, pH 7.6, containing 40 mg/ml FITC-labeled
DQ gelatin, which was available in a gelatinase/collagenase assay
kit (EnzChek, Thermofisher). As a negative control, 50mM
1,10-phenanthroline, a metalloproteinase inhibitor, was added
to the reaction buffer before applying the FITC- labeled DQ
gelatin to frozen sections. Proteolysis of the FITC-labeled DQ
gelatin substrate yields cleaved gelatin- FITC peptides that are
fluorescent at sites of net gelatinolytic activity. After incubation,
the sections were washed three times with PBS for 5min,
counterstained with Hoechst 33,342 dye and a coverslip was
applied. Areas of gelatinolytic activity of MMPs were viewed
and imaged.

Statistical Analysis
Based on normality, parametric student T or non-parametric
Mann–Whitney U-tests were performed for statistical
comparisons with an alpha of 0.05 using GraphPad Prism
9.0 software.

RESULTS

Keratoconjunctivitis Develops in the Pinkie

Strain With Reduced Rxrα Signaling
Du et al. reported the Pinkie mouse strain, with a loss of
function RXRα mutation (I273N) (12) that alters ligand binding
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FIGURE 2 | Single-cell RNA sequencing. Single-cell RNA sequencing (scRNA-seq) revealed differences in conjunctival immune cell populations between B6 and

Pinkie. (A) UMAP of 19 distinct immune cell clusters in the conjunctiva generated from single-cell transcriptomic profiles of CD45+ cells using Seurat package V4.1.0.

(Continued)
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FIGURE 2 | (B) UMAP comparing conjunctival immune cell clusters obtained by scRNA seq of CD45+ cells obtained from 8 mice female C57BL/6J and 8 Pinkie age

16 weeks. The percentage of the cells in each cluster is shown in parentheses and the cell count and percentage for clusters are provided in Table 1. (C) Heatmap of

the top 50 differentially expressed genes in C57BL/6 and Pinkie conjunctival immune cells. Color of the heatmap based on the natural log of the normalized RNA

expression; (D) Violin plots showing expression of IL-17a with expression in each cluster in the plots to the right. (E) Violin plots of γδT cell IL-17 signature genes Ltb,

Cxcr6, Rorc, and IL1rf that have significantly higher expression in Pinkie vs. C57BL/6 (B6). ****p < 0.0001.

TABLE 1 | Cluster identity.

C57BL_6 Pinkie CIPR cluster identification

Cluster Name Count (%) Count (%) Reference

cell_type

reference_id Percent_pos_

correlation

0 MΦMHCIIlow 3,239 (29.0) 181 (1.6) Macrophage MF.II-480hi.PC 60

1 Neutrophils-LCN2low 2,252 (20.2) 750 (6.7) Granulocyte GN.Thio.PC 100

2 γδ-T 434 (3.9) 1,820 (16.3) γδ-T cell Tgd.vg2+24alo.Th 93.33

3 Monocytes 1,180 (10.6) 782 (7.0) Macrophage MF.11c-11b+.Lu 90.47

4 MΦ 889 (8.0) 402 (3.6) DC DC.103-11b+24+.Lu 100

5 ILC2 349 (3.1) 492 (4.4) ILC-2 ILC2.SI 100

6 NK cells 481 (4.3) 291 (2.6) NK cell NK.CD127-.SI 100

7 CD4+ T cells 249 (2.2) 484 (4.3) T cell T.4Mem49d+11a+.Sp.d30.LCMV 100

8 Neutrophils-LCN2high 454 (4.1) 247 (2.2) Granulocyte GN.Thio.PC 100

9 cDC2-Retnlahigh 460 (4.1) 209 (1.9) DC DC.11b+.AT.v2 100

10 CD8+ T cells 209 (1.9) 301 (2.7) NK cell NK.CD127-.SI 100

11 B cells 121 (1.1) 275 (2.5) B cell B.T2.Sp 100

12 cDC1 212 (1.9) 168 (1.5) DC DC.8-.Th 100

13 Proliferating cell 148 (1.3) 185 (1.7) Pre-T cell T.DPbl.Th 92.30

14 Mast cells 202 (1.8) 113 (1.0) Mast cell MC.Tr 98.24

15 Treg cells 113 (1.0) 186 (1.7) Treg ABD.TR.14w.B6 100

16 Naive CD4+ 83 (0.7) 123 (1.1) T cell CD4.1h.LN 100

17 Migratory DC (mDC) 62 (0.6) 63 (0.6) DC DC.IIhilang-103-11b+.SLN 100

18 Plasma-cytoid DC (pDC) 28 (0.3) 21 (0.2) DC DC.pDC.8-.Sp 100

11,165 7,093

and heterodimerization resulting in a 90% decrease in ligand-
inducible transactivation, develops signs of dry eye with aging,
but the study did not evaluate the ocular surface disease and
immunopathology (12). Corneal epithelial barrier disruption,
loss of conjunctival goblet cells and increased expression of
cornified envelope precursors by the surface epithelium are well-
characterized pathological features of dry eye disease (23, 24).

Corneal staining after topically applied 70 kDa Oregon Green
Dextran (OGD) increases with corneal barrier disruption in
dry eye. There is no statistical difference in corneal OGD
permeability between younger (8W old) Pinkie and wild type
(WT) C57BL/6 (B6) but OGD staining is significantly increased
in 32-week-old Pinkie (Figure 1A). Reduction in conjunctival
goblet cell number is another marker of dry eye. Pinkie has a
significantly reduced number of PAS-positive conjunctival goblet
cells at 8 weeks of age, compared to the WT strain (Figure 1B).
Increased immunoreactivity to the cornified envelope precursor
SPRR2 in the conjunctival epithelium (Figure 1C, left) in
Pinkie is accompanied by increased expression of several
Sprr isoform genes in the conjunctiva [Sprr2g (>20 fold),
Sprr2f (>10 fold) and Sprr2a (>4 fold) compared to B6
(Figure 1C, right and below). Pinkie at 8–10 weeks of age has

a significantly increased number of CD45+ immune cells in the
conjunctiva by flow cytometry (Figure 1D) and decreased tear
volume (Figure 1E). These findings indicate Pinkie has dry eye-
associated pathological changes in the corneal and conjunctival
epithelia and the corneal epithelial disease worsens with age.

Pinkie Has Increased IL-17 Producing
Lymphocytes in the Conjunctiva
Inflammation has been found to cause ocular surface epithelial
disease in dry eye. We performed droplet-based single-cell
RNA sequencing (scRNA-seq) as an unbiased approach to
compare immune cell types in the conjunctiva of WT and
Pinkie strains. We constructed scRNA-seq libraries from
CD45+ immune cells sorted from conjunctivas of normal
WT and Pinkie (n=8 biological replicates/strain) and obtained
transcriptomic profiles of these cells using the 10× Genomics
platform. The scRNA-seq data analysis was performed using
Seurat V4.1.0. After quality assessment, filtering standard pre-
processing, and doublet exclusion, a total of 11,165 cells from
B6 and 7,096 cells from Pinkie with 2,000 variable features
were analyzed. Graph-based clustering using Seurat divided
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FIGURE 3 | Increased γδ T cells in the Pinkie conjunctiva. (A) Flow cytometry of γδ T cell receptor positive cells (γδ TCR) left, IL-17A+CD3+ γδ TCR- center and

IL-17A+CD3+γδTCR+ right [C57BL/6 (B6) strain top and Pinkie strain bottom] Bar graphs show the mean +/– SD of the percentage of cells in these groups (n =

6/group). (B) Confocal microscopy of whole-mount conjunctivas obtained from B6 and Pinkie (age 8–10 weeks) costained with antibodies specific for γδ TCR and

conjunctival specific cytokeratin 13 (CK-13) (top), IL-17A (middle), and γδ T cell transcription factor RORγt (bottom) (n = 3 per group). The number of γδ T cells

positive for IL-17A and RORγt are shown in the bar graphs to the right. Antibody details are provided in Supplementary Table 2. E, epithelium; S, stroma. (C)

Confocal microscopy of whole-mount conjunctivas obtained from B6 and Pinkie (age 8–10 weeks) stained with CXCL16 antibody (left, n = 3). Minimal staining was

observed in the B6 conjunctival. Comparison of CXCL16 expression level (fold change) in the conjunctiva measured by real-time PCR (right, n = 6). (D) Tear

concentrations of IL-17 signature cytokines IL-12A/IL-23A (top) and TNF-a (middle), and angiogenic factor VEGF-A (bottom) measured by Luminex multiplex assay (n

= 5–12/group, age 8–10 weeks).
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FIGURE 4 | Suppressive effects of 9-cis retinoic acid. (A) IL-17A/F concentration in supernatants of cultured γδ T cells isolated with magnetic beads from C57BL/6 or

Pinkie spleens. Cells are stimulated with anti-CD3/CD28 beads or beads plus recombinant IL-23 without or with addition of 100µM 9-cis retinoic acid (RA). IL-17A/F

(Continued)
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FIGURE 4 | is measured by ELISA. !p < 0.05 between treatment groups, *p < 0.05 between B6 and Pinkie strains. (B) Volcano plots showing the expression level of

genes in monocytes cultured in media alone, media plus LPS or media plus LPS and 100 nM 9-cis RA. A mouse myeloid Innate Immunity NanoString array was used

to evaluate gene expression. Dotted vertical lines indicate < or >1.5 log2 fold change and horizontal lines indicate genes with an adjusted p > 0.05. Red dots are

genes that are significantly increased by LPS (top) or by LPS + 9-cis RA (bottom). γδ T inducers (TNF-a, IL-1a, IL-1b, and IL-23a) are stimulated by LPS and reduced

by 9-cis RA. (C) ATAC seq: principal component analysis of peak sequences identified by ATAC seq in 3 experimental groups of cultured murine monocytes: control,

cells stimulated with LPS and cells stimulated with LPS and 100 nM 9-cis RA (n = 2/group). (D) Sequence logos of transcription factor binding motifs that are found to

be increased (up) or decreased (down) in the second group compared to the first group (top 4–5 motifs are shown for each group, except control vs. LPS where no

decrease in motifs are found). Motifs are identified by the HOMER peak caller from databases of known motif sequences (20).

the cells into 19 clusters (Figure 2A) that were identified
based on the expression of signature marker genes listed in
Table 1 and shown in Supplementary Figure 1. The top 20
differentially expressed genes in each cluster are listed in
Supplementary Table 2 (the entire list of differentially expressed
genes in Supplementary Table 3). Themajor differences between
the two strains are a decreased percentage of macrophages
in cluster 0 and an increased percentage of γδ T cells in
cluster 2 (Figure 2B, Table 1). A heatmap of the top 50
differentially expressed genes between the strains is shown in
Figure 2C and the complete list of differentially expressed genes
is provided in the Supplementary Table 3. Il17a is the top
differentially expressed gene. Violin plots in Figure 2D show
significantly higher IL17a in Pinkie conjunctiva as compared
to B6 predominantly produced by γδ T and conventional T
cells which comprise 16.3 and 3.9 percent of the total cell
population, respectively (Figure 2A). Pinkie also has increased
IL-17f, predominantly produced by γδ T and conventional
T cells (Supplemenatry Figure 2).

Significant between strain differences are also seen for
expression of IL17 signature genes Ltb (25), Cxcr6 (26), Rorc
(25, 27, 28), and Il1r1 (29) among all cells (Figure 2E), and
these are also significantly increased in Pinkie as compared to
B6(Supplementary Figure 2).

Flow cytometry confirmed that Pinkie has significantly high
IL-17 producing γδT cell receptor (TCR) negative (non- γδ

T) and γδT cell receptor (TCR) positive CD3+T (γδ T) cells
in the conjunctiva both in number and mean fluorescent
intensity (MFI) (Figure 3A). Immunostaining of whole-mount
conjunctivas shows an increased number of total, IL-17a+ and
RORγt+ γδ TCR+ cells in the conjunctiva (Figure 3B). Minimal
immunostaining for chemokine CXCL16, the ligand for CXCR6
that is expressed by γδT cells (26) is noted in the B6 corneal
epithelium, but strong staining is seen in the Pinkie conjunctival
epithelium and is accompanied by increased mRNA expression
in the conjunctival epithelium (Figure 3C).

Increased concentrations of the IL-17 inducers IL-23 (30) and
TNF-α (31, 32) as well as VEGF, a proangiogenic cytokine that
promotes corneal neovascularization (33, 34) are found in Pinkie
tears (Figure 3D).

9-cisRA Suppresses IL-17 Production by
γδT Cells and Production of IL-23 by
Monocytes
Based on our finding of increased γδT in the Pinkie conjunctiva,
we evaluated if 9-cisRA suppresses IL-17 production by

activated γδT cells in culture. γδT cells isolated from the
spleen were stimulated with anti-CD3/CD28 beads with or
without IL-23 and/or 9-cis RA. IL-17A/F was measured
in the supernatant by ELISA. IL-17 release was higher in
Pinkie γδT cells stimulated with beads or beads + IL-23
(Figure 4A). 9-cis RA significantly reduced the supernatant
IL-17 concentration in cells from both strains, although the
suppressive effect was greater in the B6 cells (74 vs. 46%
in bead+IL-23 stimulated cells). The majority of myeloid
cells in the conjunctiva express RXRα and when stimulated
with LPS they produce factors known to stimulate IL-17
production by γδ T cells (8). We compared the stimulatory
activity of conditioned media from LPS-treated monocytes
to recombinant IL-23 on IL-17 production by γδ T cells
and found they are equivalent (Figure 4A). Furthermore,
treatment of LPS-stimulated cultured monocytes with 9-cisRA
significantly reduced stimulatory activity of their conditioned
media (Figure 4). Consistent with these findings, we found that
both genes encoding the IL-23 heterodimer (Il23a and Il12b), as
well as other γδT inducing cytokines Il1α, Il1β, and Tnf-α are
significantly upregulated in LPS-stimulated cultured monocytes
measured in a Nanostring array (Figure 4B, top), and these
are suppressed by addition of 9-cis RA to the culture media
(Figure 4B bottom).

Retinoic acid is known to cause epigenetic changes that
can affect transcription factor binding and gene transcription
(35). We performed ATAC seq on cultured monocytes to
determine if 9-cis RA treatment changes the number of open
transcription factor (TF) binding motifs in LPs-stimulated
cultured monocytes. The PCA plot in Figure 4C shows
marked differences in peak region sequences in areas of
open chromatin between control, LPS-treated and LPS+9-cis
RA treated cells. LPS treatment significantly increased the
number of TF motifs regulating transcription of inflammatory
cytokines, including NFkB and Jun-AP-1 (Figure 4D, top
left), but did not reduce the number of any known motifs
(Figure 4D, bottom left). Compared to LPS treatment alone, 9-
cis RA+LPS increased the number of 5 known motifs, including
RAR:RXR Figure 4D (top right), and decreased the number
of 4 motifs, including AP-1 Figure 4D (bottom right). AP-1
is a key transcription factor for Il23a and other inflammatory
mediators (36).

Taken together, these findings indicate that RXRα suppresses
the production of IL-17 by activated γδT cells and the production
of monocyte cytokines known to stimulate IL-17 production by
γδT cells.
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FIGURE 5 | Pathway analysis. (A) Heatmap of canonical pathways showing significant differences between strains and cell clusters was generated by Qiagen

Ingenuity Pathway Analysis. This analysis identified the pathways from the Ingenuity Pathway Analysis library of canonical pathways that were most relevant to the

(Continued)
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FIGURE 5 | data set. Molecules from the data set that had an adjusted p < 0.05 and were associated with a canonical pathway in the Ingenuity Knowledge Base

were considered for the analysis. The significance of the association between the data set and the canonical pathway was measured in two ways: (1) A ratio of the

number of molecules from the data set that map to the pathway divided by the total number of molecules that map to the canonical pathway is displayed; and (2) A

right-tailed Fisher’s Exact Test was used to calculate a p-value determining the probability that the association between the genes in the dataset and the canonical

pathway is explained by chance alone. IL-17 signaling and PPARα/RXRα activation pathways are among the pathways identified with significant differences. (B) IL-17

signaling pathway network showing the relationship between molecules generated with Qiagen Ingenuity Pathway Analysis with modification. All connections are

supported by at least one reference from the literature, from a textbook, or from canonical information stored in the Ingenuity Knowledge Base. Lines and arrows

between nodes represent direct (solid) or indirect (dashed) interactions between gene products and are displayed by cellular localization (extracellular space, plasma

membrane, cytoplasm, or nucleus). Rectangles are cytokines and cytokine receptors, triangles are phosphatases, concentric circles are groups or complexes,

diamonds are enzymes and ovals are transcriptional regulators or modulators. P, phosphorylation; U, ubiquitination. (C) Heatmap of differentially expressed genes in

conjunctival bulk RNA seq between C57BL/6 (B6) and Pinkie strains that includes IL-17 pathway associated genes in red and other innate inflammatory mediators. All

the genes passed through the Benjamini-Hochberg procedure to exclude false discovery; the selected genes had an adjusted p > 0.05. Each row represents a

specific gene, the right column represents the Pinkie strain and left column represents B6.

Differential Pathway Analysis Reveals
Increased IL-17 Signaling in Pinkie
RXRα nuclear receptor regulates the expression of an array
of inflammatory mediators. We used QIAGEN Ingenuity
Pathway Analysis (IPA) tool to identify significant differences
(p < 0.05) between B6 and Pinkie in inflammatory signaling
pathways generated from the scRNAseq data. These pathways
grouped by strain and cell type are displayed in the heatmap
shown in Figure 5A. The greatest differences are seen in
neutrophils, myeloid (macrophage and monocyte) and cDC2
cells and include IL-6, LPS-stimulated MAPK, NFkB, IL-17,
and PPARα/RXRα signaling pathways that contain mediators
relevant to dry eye pathogenesis (8, 37–42). PPARα/RXRα

signaling was significantly reduced in MHCII low macrophages
and monocytes.Two other pathways, CDC42 and CDk5, have
been implicated in NLRP3 inflammasome activation (43, 44).
The annotated IL-17 signaling pathway generated with IPA
(Figure 5B) contains downstream signaling pathways (MAPK
and NFkB) that stimulate expression of cytokines that induce IL-
17 production by γδT cells, as well as IL-17 inducible mediators
(e.g., matrix metalloproteases, SPRR2) that are involved in the
development of the cornea and conjunctival epithelial disease of
dry eye.

The conjunctiva is a mucosal tissue composed of epithelial,
stromal and immune cells that express IL-17 receptors and
are potential IL-17 targets (45). To determine if IL-17 related
genes/pathways are increased in the whole conjunctiva in Pinkie,
we compared expression profiles generated from bulk RNA
seq performed on whole conjunctival lysates harvested from
B6 and Pinkie (Figure 5C). Similar to the scSeq performed
on immune cells, we found IL-17a and IL-17f together with
IL-17 receptor (IL-17rc) to be among of the top differentially
expressed genes (adj p < 0.02) with increased expression in
Pinkie (Figure 4C). There is also increased expression of other
IL-17 signaling pathway associated genes, including cornified
envelope precursor genes Sprr2g and Sprr2h (46, 47), p38 Mapks
[Mapk12 (p38 gamma), andMapk13 (P38 delta)], and chemokine
CCL6. Various other inflammatory mediators and signaling
molecules (e.g., Tlr3, Tlr5) are also increased. Taken together, this
data indicates that RXRα suppresses the production of IL-17 by
γδ T cells and that IL-17 can exert protean influence on epithelial
and immune cells on the ocular surface.

IL-17 Neutralization Suppresses the
Development of Ocular Surface Disease in
Pinkie Bone Marrow Chimeras Exposed to
Desiccating Stress
We previously reported IL-17 causes corneal barrier disruption
in mice subjected to experimental desiccating stress (DS) by
stimulating expression ofmetalloproteinases (MMP-3 andMMP-
9) that lyse tight junction proteins in the apical corneal
epithelium (39). In that study, mice treated with anti-IL-17
had significantly less barrier disruption and reduced MMP-
9 expression, MMP-9 immunostaining and gelatinase activity.
In a previously unpublished experiment, we also found IL-17
neutralization prevented DS-induced conjunctival goblet loss
(Figure 6A).

We hypothesized that bone marrow chimeras created with
Pinkie donor cells would produce greater ocular surface disease
than those created with B6 donor cells because reduced RXRα

signaling in Pinkie will lead to an increased infiltration of
the conjunctiva by donor γδT cells. Bone chimeras created
by a previously reported method (17) and summarized in
Supplementary Figure 3 were exposed to DS for 5 days (17).
Chimeric mice were treated with either anti-IL-17 or isotype
control antibodies every 2 days starting 2 days prior to initiating
DS. After 5 days of DS, the percentages of conventional T cells,
γδT cells, and IL-17+ cells in the conjunctiva were evaluated
by flow cytometry and measures of dry eye disease, including
corneal MMP-9 immunoreactivity and gelatinase activity (in situ
zymography), and conjunctival goblet cell number. Pinkie donor
chimeras were found to have a greater percentage of γδT cells and
a greater percentage and MFI of IL-17+γδT cells (Figures 6B,C).
In both chimeras, γδT cells are the major IL-17 producers.
Among IL-17+ cells, the ratio of γδT cells/conventional T cells
is 89% in B6 chimeras and 97% in Pinkie chimeras (p < 0.0001
for both). MMP-9 immunoreactivity is significantly lower in
anti-IL-17 treated than control-treated Pinkie chimeras, and in
situ gelatinase activity was lower in the anti-IL17 treated Pinkie
and B6 chimeras (Figure 6D). Anti-IL-17 treatment also reduced
MMP-9 and SPPR2 immunostaining in the Pinkie corneal
epithelium and gelatinase activity in the corneal epithelium
of both strains (Figure 6D). Conjunctival goblet cell density
was significantly higher in the anti-IL-17 treated chimeras
(Figure 6E).
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FIGURE 6 | Comparison of γδT and dry eye signs in bone marrow chimeras. (A) Conjunctival goblet cell number in C57BL/6 mice exposed to desiccating stress (DS)

for 5 days (DS5) with or without systemic treatment with anti-IL-17 neutralizing antibody or isotype control as described in the methods. (B) Representative flow

(Continued)
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FIGURE 6 | cytometry plots of the donor (CD45.2+) and the recipient (CD45.1+) bone-marrow derived cells (left) and γδ TCR high and low CD3+ T cells in the

conjunctivas of Pepc/BoyJ recipient (host) chimeric mice (age 8–10 weeks) reconstituted with B6 or Pinkie bone marrow after 5 days of desiccating stress. The

method of chimera creation is provided in Supplementary Figure 3. (C) Top left: bar graph shows the percentage of CD45.2+CD3+γδTCR+ in the recipient

conjunctiva (n = 11/group). Bottom left: histogram of percentage of IL-17+ cells from CD45.2+CD3+γδTCR+ gate in representative sample. Right: mean +/– SD

percentage (top) and mean fluorescent intensity (bottom) of IL-17A+CD3+γδ TCR+ cells in the conjunctiva of chimeras (n = 11/group). (D) Confocal microscopy of

whole-mount conjunctivas or cryosections obtained from B6 and Pinkie bone marrow chimeras created as shown in Supplementary Figure 3 with or without

systemic treatment with anti-IL-17 neutralizing antibody or isotype control as described in the methods and exposed to DS for 5 days stained with an antibody

specific for MMP-9 (top), evaluated for in situ gelatinase (zymography) activity in cryosections (middle), or stained with polyclonal antibody to cornified envelope

precursor SPRR2 (bottom) (n = 3 per group). Bar graphs to the right show mean ± SD fluorescent intensity of the fluorochrome/fluorescent gelatin measured by

Nikon Elements software (n = 3/group). (E) Conjunctival goblet cell number in Pinkie donor bone marrow chimeric mice exposed to desiccating stress (DS) for 5 days

(DS5) with or without systemic treatment with anti-IL-17 neutralizing antibody or isotype control as described in the methods. Representative photomicrographs of

periodic acid-stained sections for each treatment group (left) and graph of mean ± SD of goblet cells/mm (n = 5). Some goblet cells in the control group appear

entrapped in the epithelium as previously reported (24).

Taken together these data show that reduced RXRα signaling
enhances migration of γδT cells to the conjunctiva in dry eye and
that IL-17 produced by these cells causes corneal and conjunctival
epithelial disease.

Pinkie Develops Corneal
Neovascularization, Opacification, and
Ulceration With Aging
We observed the Pinkie strain develops corneal opacification,
neovascularization and ulceration with aging (Figure 7A).
Corneal opacity and vascularization were noted in 14% of 144
Pinkie eyes compared to only 2% of 100 B6 eyes. We compared
gene expression profiles in NanoString myeloid innate immunity
arrays performed on whole cornea lysates prepared from 45 to
60 week old B6 or Pinkie with normal-appearing corneas (NC)
or from Pinkie with ulcerated corneas (UC). A volcano plot
shows 4 genes with significantly elevated expression in Pinke NC
compared to B6 NC (Figure 7B, top left). Significantly increased
expression of numerous genes are noted when comparing normal
and ulcerated Pinkie corneas (Figure 7B, right). Included among
the significantly differentially expressed genes in the Pinkie
ulcerated cornea are the IL-17 signaling pathway genes displayed
in the heatmap (Figure 7C). These include γδT inducers (i.e., Ltb,
Tnf, Nfkb2, Relb) and Il17ra.

Expression levels of several factors that promote corneal
vascularization (Vegfa, Fgf7) and ulceration (Mmp9) measured
by PCR are significantly increased in the Pinkie UC (Figure 7D).
Interestingly, expression of Vegfb which has trophic activity on
corneal nerves was reduced in the Pinkie UC (48). Consistent
with these findings is increased immunoreactivity of blood
and lymphatic endothelial markers CD31/LYVE-1 and MMP-
9 in the corneal epithelium of older Pinkie compared to
similarly aged B6 (Figure 7E). These findings suggest that dry
eye combined with chronic elevation of pro-angiogenic and
proteolytic factors in Pinkie promotes corneal vascularization,
opacification and ulceration.

DISCUSSION

This study investigated the mechanism for developing dry eye
disease in the Pinkie strain with a loss of function RXRα

gene mutation. Using scRNA-seq as an unbiased approach
to investigate the conjunctival immune cell population, we

discovered a four-fold greater percentage of conjunctival γδ T
cells with higher expression of IL-17 and other γδ T cell signature
genes. The sequencing findings are confirmed by flow cytometry
and confocal microscopy that shows these cells are located in the
stroma beneath the conjunctival epithelium. The Pinkie strain
developed accelerated signs of dry eye disease in the cornea and
conjunctiva. To determine the pathogenicity of Pinkie γδ T cells
we created bone marrow chimeras using Pinkie donor cells and
found a significant reduction in corneal and conjunctival disease
in the group receiving IL-17 neutralizing antibody.

Our group and others have found that IL-17 is involved
in the pathogenesis of the corneal epithelial disease of dry
eye (37, 39). IL-17 stimulates MMP expression by the corneal
epithelium, as well as neutrophil recruitment and activation
(39, 49). MMP-9 disrupts the corneal epithelial barrier via lysis
of tight junction proteins in the apical epithelium that results in
accelerated desquamation (50). Conjunctival goblet cell loss in
dry eye can develop from cytokine-mediated apoptosis or altered
differentiation with entrapment of goblet cells by abnormally
differentiated epithelium with increased expression of cornified
envelope precursors such as SPRR2 which is induced by IL-17
(46, 47).

Our previously reported studies found antibody
neutralization of IL-17 significantly reduces corneal barrier
disruption measured by OGD permeability in the desiccating
stress model of dry eye (39). While performing those studies,
we also found anti-IL-17 prevented desiccation-induced
conjunctival goblet cell loss. Studies reported by others have
also found that IL-17 produced by Th17 cells causes cornea
and conjunctival disease (37, 51). IL-17 is primarily produced
by CD4+ T cells and γδ T cells. IL-17 was detected in CD4+

T cells by flow cytometry in previous studies using the DS
dry eye model, but most did not evaluate IL-17 production
by conjunctival γδ T cells. Increased expression of IL-17 was
noted in the conjunctival epithelium of patients with Sjögren
syndrome keratoconjunctivitis sicca, but the cellular source
was not determined (52). γδ T cells were the second most
prevalent population of intraepithelial lymphocytes in the mouse
conjunctiva (53), and Coursey et al. reported that IL-17 is
produced by γδ T cells in the conjunctiva of the NOD mouse
strain that develops KCS and is used as a model of SS (54). This
study suggests that conjunctival γδ T cells are another source of
IL-17 and that IL-17 expression in these cells is regulated by the
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FIGURE 7 | (A) Appearance nonulcerated (NC) C57BL/6 (B6) and NC and ulcerated (UC) Pinkie corneas in 40–50-week-old mice. (B) Volcano plots of differentially

expressed genes in corneas of NC B6 and Pinkie (left) and NC and UC Pinkie (right) detected by a mouse myeloid Innate Immunity Nanostring array. Dotted vertical

(Continued)

Frontiers in Medicine | www.frontiersin.org 16 March 2022 | Volume 9 | Article 849990340

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Alam et al. RXR Dry Eye

FIGURE 7 | lines indicate < or >1.5 log2 fold change and horizontal lines indicate genes with an adjusted p > 0.05. Red dots are genes that are significantly increased

in Pinkie NC vs. B6 NC (left) or in Pinkie UC vs. Pinkie NC (left). Labeled genes in the left plot are found in the IL-17 signaling pathway. (C) Heat maps generated from

the NanoString array of IL-17 pathway genes. (D) Fold change of expression level of factors involved in the pathogenesis of corneal vascularization (Vegfa, Tnf, Fgf7)

or corneal ulceration (Mmp9) measured by RT-PCR. Values are mean ± SD (n = 4/sample). (E) Immunostaining of blood (CD31) and lymphatic (LyVE-1) endothelial

cell markers in 25- and 60-week-old B6 and Pinkie corneas. Arrows indicate corneal epithelium. (n = 4/sample). *p < 0.01; **p < 0.001; ****p < 0.0001.

FIGURE 8 | Summary of RXRα mediated suppression of IL-17 production by γδ T cells and IL-17 mediated dry eye disease. RXRα suppresses the production of IL-17

inducers (IL-23, IL-1β, and TNF-α) by myeloid cells and directly suppresses IL-17 production by activated γδ T cells. IL-17 promotes corneal barrier disruption,

increased expression of the cornified envelope precursor SPRR2 that decreases epithelial lubricity and seals goblet cell openings and reduction in mucin-filled

conjunctival goblet cells.

RXRα nuclear receptor. γδ T cells are found in many mucosal
surfaces and can be activated in a non-antigen-specific manner
by a variety of PAMPs and conceivably to desiccating stress that
activates the same signaling pathways as microbial products (55).

The RXR nuclear receptor family regulates the transcription
of numerous genes involved in immune function, cell
differentiation and homeostasis. RXRα may function as a
homodimer or a heterodimer with partner receptors (PPARγ

and the vitamin D receptor) that have been found on the
ocular surface (56, 57). The ocular surface is a retinoid-rich
environment (8). Besides the retinol form of vitamin A in tears
that is converted to the natural ligand 9-cis RA by aldehyde
dehydrogenases in myeloid and epithelial cells on the ocular
surface (6), nutritional ligands such as vitamin D, the omega-3
fatty acid DHA in fish oil and oleic acid in olive oil can bind
certain RXR dimeric partners (3).
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We previously reported that the majority of CD11b+myeloid
cells are RXRα positive and respond to retinoic acid (8). The
discovery of increased IL-17 producing γδ T cells in the Pinkie
strain indicates RXRα is also an important regulator of IL-17
production by γδ T cells. The synthetic retinoid AM80 was found
to suppress IL-17 production by γδ T cells stimulated with anti-
CD28 antibody and a cytokine cocktail of IL-23 and IL-1β (30).
We found 9-cisRA suppressed IL-17 production by > 70% in
cultured γδ T cells stimulated by CD28 beads or beads plus
IL-23. In addition to direct suppression of γδ T cells, was also
found 9-cisRA suppresses the expression of γδ T cell inducers
(IL-23, IL-1, TNF-α) by cultured monocytes and we previously
reported reduced levels of IL-1β and IL-23β in supernatants of
9-cis RA treated monocytes (8). Monocyte conditioned media
has stimulatory activity equivalent to recombinant IL-23, but
this was significantly reduced in monocytes cultured with 9-cis
RA. We also found that 9-cis RA decreases the number of open
AP-1 transcription factor binding motifs detected by ATAC seq.
Both AP-1 and NFkB pathways are involved in stimulated IL-
17 expression by γδ T cells (25, 58). Figure 8 summarizes the
primary and secondary suppressive activity of 9-cis RA on the
production of IL-17 by γδ T cells.

There are several weaknesses of this study. We performed
single-cell profiling on conjunctival immune cells because it is
difficult to obtain a sufficient number of donor cells from the
cornea. It is possible the corneal pathology results from IL-17
produced by conjunctival γδ T cells, but IL-17 producing γδ T
cells have been found to infiltrate the cornea following epithelial
trauma (34, 59). We performed ATAC seq on monocytes which
demonstrated the epigenetic effects of 9-cis RA has on these cells.
Our discovery that RXRα suppresses IL-17 production by γδ T
cells is rationale for evaluating epigenetic activity of 9-cis RA on
these cells in the future.

The findings of this study suggest that RXRα retinoid
signaling suppresses activation of dry eye disease-inducing
IL-17 producing conjunctival lymphocytes under homeostatic
conditions. Additional studies will be needed to determine if
this signaling pathway is relevant in human dry eye. This
signaling may be reduced in aqueous tear deficient dry eye due to
reduced secretion of retinol into tears by dysfunctional lacrimal
glands. Additionally, we have reported decreased aldehyde
dehydrogenase expression in the conjunctiva in dry eye that
could result in decreased RA synthesis (8). Strategies that
maintain the ocular surface retinoid axis in dry eye may prevent
IL-17 induced epithelial pathology.
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Supplementary Figure 1 | UMAP feature plots of highly expressed genes in each

cluster (cluster identity in parentheses) identified in scRNA-seq, except cluster 1

where expression of Lcn2 is low.

Supplementary Figure 2 | Violin plots for IL17f with expression in each cluster in

the plot to the right (top) along with other IL-17 signature genes Ltb, Cxcr6, Rorc,

and IL1rf in cell clusters identified in scRNA-seq in Pinkie and C57BL/6 strains.

Supplementary Figure 3 | Generation of bone marrow chimeric mice. Bone

marrow ablation in Pepc/BoyJ recipient (host) mice was accomplished with 137Cs

irradiation with 1,300 cGy, followed by intraorbital injection of 2 × 10 ∧ 6 bone

marrow cells from wild type B6 or Pinkie donors. Two weeks after receiving donor

cells, chimeric mice were exposed to desiccating stress for 5 days to create dry

eye and the presence of donor bone marrow-derived cells was identified by flow
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cytometry performed on conjunctival samples. The representative scatter plot

shows the endogenous (CD45.1) or transplanted (CD45.2) immune cells in the

conjunctiva. The phenotype of CD45.2+ cells shown in the gate was

further characterized.

Supplementary Table 1 | Antibodies in this study.

Supplementary Table 2 | Top differentially expressed genes in cell clusters.

Supplementary Table 3 | Differentially expressed genes per cell cluster.

REFERENCES

1. Pflugfelder SC, De Paiva CS. The pathophysiology of dry eye disease: what
we know and future directions for research. Ophthalmology. (2017) 124:S4–
13. doi: 10.1016/j.ophtha.2017.07.010

2. Perez VL, Stern ME, Pflugfelder SC. Inflammatory basis for dry eye disease
flares. Exp Eye Res. (2020) 201:108294. doi: 10.1016/j.exer.2020.108294

3. Alam J, De Paiva CS, Pflugfelder SC. Immune - goblet cell interaction in the
conjunctiva. Ocul Surf. (2020) 18:326–34. doi: 10.1016/j.jtos.2019.12.006

4. Pflugfelder SC, Stern ME. The cornea in keratoconjunctivitis sicca. Exp Eye

Res. (2020) 201:108295. doi: 10.1016/j.exer.2020.108295
5. Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The

pathology of dry eye: the interaction between the ocular surface and lacrimal
glands. Cornea. (1998) 17:584–9. doi: 10.1097/00003226-199811000-00002

6. Xiao Y, De Paiva CS, Yu Z, Guimaraes De Souza R, Li DQ, Pflugfelder
SC. Goblet cell produced retinoic acid suppresses CD86 expression and IL-
12 production in bone marrow derived cells. Int Immunol. (2018) 25:457–
70. doi: 10.1093/intimm/dxy045

7. Pflugfelder SC, De Paiva CS. Goblet cells promote tolerance
induction in the conjunctiva. Mucosal Immunol. (2020) 13:717–
8. doi: 10.1038/s41385-020-0319-1

8. Alam J, Yu Z, De Paiva CS, Pflugfelder SC. Retinoid regulation of
ocular surface innate inflammation. Int J Mol Sci. (2021) 22:1092–
103. doi: 10.3390/ijms22031092

9. Fritsche J, Stonehouse TJ, Katz DR, Andreesen R, Kreutz M. Expression of
retinoid receptors during human monocyte differentiation in vitro. Biochem
Biophys Res Commun. (2000) 270:17–22. doi: 10.1006/bbrc.2000.2371

10. Roszer T, Menendez-Gutierrez MP, Cedenilla M, Ricote M. Retinoid X
receptors in macrophage biology. Trends Endocrinol Metab. (2013) 24:460–
8. doi: 10.1016/j.tem.2013.04.004

11. Raverdeau M, Mills KH. Modulation of T cell and innate
immune responses by retinoic acid. J Immunol. (2014) 192:2953–
8. doi: 10.4049/jimmunol.1303245

12. Du X, Tabeta K, Mann N, Crozat K, Mudd S, Beutler B. An essential role
for Rxr alpha in the development of Th2 responses. Eur J Immunol. (2005)
35:3414–23. doi: 10.1002/eji.200535366

13. Alam J, De Souza RG, Yu Z, Stern ME, De Paiva CS, Pflugfelder SC.
Calcineurin inhibitor voclosporin preserves corneal barrier and conjunctival
goblet cells in experimental dry eye. J Ocul Pharmacol Ther. (2020) 36:679–
85. doi: 10.1089/jop.2020.0005

14. Stewart P, Chen Z, Farley W, Olmos L, Pflugfelder SC. Effect of experimental
dry eye on tear sodium concentration in the mouse. Eye Contact Lens. (2005)
31:175–8. doi: 10.1097/01.ICL.0000161705.19602.C9

15. Zheng X, De Paiva CS, Rao K, Li, D.-Q., Farley WJ, et al. Evaluation
of the transforming growth factor-beta activity in normal and dry
eye human tears by CCL-185 cell bioassay. Cornea. (2010) 29:1048–
54. doi: 10.1097/ICO.0b013e3181cf98ff

16. Zaheer M, Wang C, Bian F, Yu Z, Hernandez H, De Souza RG, et al.
Protective role of commensal bacteria in sjogren syndrome. J Autoimmun.

(2018) 93:45–56. doi: 10.1016/j.jaut.2018.06.004
17. Alam J, De Paiva CS, Pflugfelder SC. Desiccation induced conjunctival

monocyte recruitment and activation - implications for keratoconjunctivitis.
Front Immunol. (2021) 12:701415. doi: 10.3389/fimmu.2021.701415

18. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposition
of native chromatin for fast and sensitive epigenomic profiling of open
chromatin, DNA-binding proteins and nucleosome position. Nat Methods.

(2013) 10:1213–8. doi: 10.1038/nmeth.2688
19. Corces MR, Trevino AE, Hamilton EG, Greenside PG, Sinnott-Armstrong

NA, Vesuna S, et al. An improved ATAC-seq protocol reduces background
and enables interrogation of frozen tissues. Nat Methods. (2017) 14:959–
62. doi: 10.1038/nmeth.4396

20. Yan F, Powell DR, Curtis DJ, Wong NC. From reads to insight:
a hitchhiker’s guide to ATAC-seq data analysis. Genome Biol. (2020)
21:22. doi: 10.1186/s13059-020-1929-3

21. Gibson BW, Boles NC, Souroullas GP, Herron AJ, Fraley JK, Schwiebert RS,
et al. Comparison of cesium-137 and X-ray irradiators by using bone marrow
transplant reconstitution in C57BL/6J mice. Comp Med. (2015) 65:165–72.

22. De Paiva CS, Corrales RM, Villarreal AL, Farley WJ, Li DQ, Stern ME, et al.
Corticosteroid and doxycycline suppress MMP-9 and inflammatory cytokine
expression, MAPK activation in the corneal epithelium in experimental dry
eye. Exp Eye Res. (2006) 83:526–35. doi: 10.1016/j.exer.2006.02.004

23. De Paiva CS, Corrales RM, Villarreal AL, Farley W, Li DQ, Stern ME, et al.
Apical corneal barrier disruption in experimental murine dry eye is abrogated
by methylprednisolone and doxycycline. Invest Ophthalmol Vis Sci. (2006)
47:2847–56. doi: 10.1167/iovs.05-1281

24. Corrales RM, De Paiva CS, Li DQ, Farley WJ, Henriksson JT,
Bergmanson JP, et al. Entrapment of conjunctival goblet cells by
desiccation-induced cornification. Invest Ophthalmol Vis Sci. (2011)
52:3492–9. doi: 10.1167/iovs.10-5782

25. Powolny-Budnicka I, RiemannM, Tänzer S, Schmid RM, Hehlgans T,Weih F.
RelA and RelB transcription factors in distinct thymocyte populations control
lymphotoxin-dependent interleukin-17 production in γδ T cells. Immunity.

(2011) 34:364–74. doi: 10.1016/j.immuni.2011.02.019
26. ButcherMJ,Wu CI,Waseem T, Galkina EV. CXCR6 regulates the recruitment

of pro-inflammatory IL-17A-producing T cells into atherosclerotic aortas. Int
Immunol. (2016) 28:255–61. doi: 10.1093/intimm/dxv068

27. Malhotra N, Narayan K, Cho OH, Sylvia KE, Yin C, Melichar H,
et al. A network of high-mobility group box transcription factors
programs innate interleukin-17 production. Immunity. (2013) 38:681–
93. doi: 10.1016/j.immuni.2013.01.010

28. Zuberbuehler MK, Parker ME, Wheaton JD, Espinosa JR, Salzler HR,
Park E, et al. The transcription factor c-Maf is essential for the
commitment of IL-17-producing γδ T cells. Nat Immunol. (2019) 20:73–
85. doi: 10.1038/s41590-018-0274-0

29. Duan J, Chung H, Troy E, Kasper DL. Microbial colonization drives
expansion of IL-1 receptor 1-expressing and IL-17-producing gamma/delta
T cells. Cell Host Microbe. (2010) 7:140–50. doi: 10.1016/j.chom.2010.
01.005

30. Möhn N, Bruni E, Schröder A, Frömmel S, Gueler F, Vieten G, et al.
Synthetic retinoid AM80 inhibits IL-17 production of gamma delta T
cells and ameliorates biliary atresia in mice. Liver Int. (2020) 40:3031–
41. doi: 10.1111/liv.14639

31. Lahn M, Kalataradi H, Mittelstadt P, Pflum E, Vollmer M, Cady C, et al. Early
preferential stimulation of gamma delta T cells by TNF-alpha. J Immunol.

(1998) 160:5221–30.
32. Wu P, Wu D, Ni C, Ye J, Chen W, Hu G, et al. γδT17 cells

promote the accumulation and expansion of myeloid-derived
suppressor cells in human colorectal cancer. Immunity. (2014)
40:785–800. doi: 10.1016/j.immuni.2014.03.013

33. Suryawanshi A, Veiga-Parga T, Reddy PB, Rajasagi NK, Rouse BT. IL-
17A differentially regulates corneal vascular endothelial growth factor
(VEGF)-A and soluble VEGF receptor 1 expression and promotes corneal
angiogenesis after herpes simplex virus infection. J Immunol. (2012)
188:3434–46. doi: 10.4049/jimmunol.1102602

34. Li Z, Burns AR, Han L, Rumbaut RE, Smith CW. IL-17 and VEGF are
necessary for efficient corneal nerve regeneration. Am J Pathol. (2011)
178:1106–16. doi: 10.1016/j.ajpath.2010.12.001

35. Bar-El Dadon S, Reifen R. Vitamin A and the epigenome. Crit Rev Food Sci

Nutr. (2017) 57:2404–11. doi: 10.1080/10408398.2015.1060940
36. Liu W, Ouyang X, Yang J, Liu J, Li Q, Gu Y, et al. AP-1 activated by

toll-like receptors regulates expression of IL-23 p19. J Biol Chem. (2009)
284:24006–16. doi: 10.1074/jbc.M109.025528

Frontiers in Medicine | www.frontiersin.org 19 March 2022 | Volume 9 | Article 849990343

https://doi.org/10.1016/j.ophtha.2017.07.010
https://doi.org/10.1016/j.exer.2020.108294
https://doi.org/10.1016/j.jtos.2019.12.006
https://doi.org/10.1016/j.exer.2020.108295
https://doi.org/10.1097/00003226-199811000-00002
https://doi.org/10.1093/intimm/dxy045
https://doi.org/10.1038/s41385-020-0319-1
https://doi.org/10.3390/ijms22031092
https://doi.org/10.1006/bbrc.2000.2371
https://doi.org/10.1016/j.tem.2013.04.004
https://doi.org/10.4049/jimmunol.1303245
https://doi.org/10.1002/eji.200535366
https://doi.org/10.1089/jop.2020.0005
https://doi.org/10.1097/01.ICL.0000161705.19602.C9
https://doi.org/10.1097/ICO.0b013e3181cf98ff
https://doi.org/10.1016/j.jaut.2018.06.004
https://doi.org/10.3389/fimmu.2021.701415
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nmeth.4396
https://doi.org/10.1186/s13059-020-1929-3
https://doi.org/10.1016/j.exer.2006.02.004
https://doi.org/10.1167/iovs.05-1281
https://doi.org/10.1167/iovs.10-5782
https://doi.org/10.1016/j.immuni.2011.02.019
https://doi.org/10.1093/intimm/dxv068
https://doi.org/10.1016/j.immuni.2013.01.010
https://doi.org/10.1038/s41590-018-0274-0
https://doi.org/10.1016/j.chom.2010.01.005
https://doi.org/10.1111/liv.14639
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.4049/jimmunol.1102602
https://doi.org/10.1016/j.ajpath.2010.12.001
https://doi.org/10.1080/10408398.2015.1060940
https://doi.org/10.1074/jbc.M109.025528
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Alam et al. RXR Dry Eye

37. Chauhan SK, El Annan J, Ecoiffier T, Goyal S, Zhang Q, Saban DR, et al.
Autoimmunity in dry eye is due to resistance of Th17 to Treg suppression.
J Immunol. (2009) 182:1247–52. doi: 10.4049/jimmunol.182.3.1247

38. Chotikavanich S, De Paiva CS, Li De Q, Chen JJ, Bian F, Farley WJ, et al.
Production and activity of matrix metalloproteinase-9 on the ocular surface
increase in dysfunctional tear syndrome. Invest Ophthalmol Vis Sci. (2009)
50:3203–9. doi: 10.1167/iovs.08-2476

39. De Paiva CS, Chotikavanich S, Pangelinan SB, Pitcher 3rd JD, Fang B, Zheng
X, et al. IL-17 disrupts corneal barrier following desiccating stress. Mucosal

Immunol. (2009) 2:243–53. doi: 10.1038/mi.2009.5
40. Lam H, Bleiden L, De Paiva CS, Farley W, Stern ME, Pflugfelder SC. Tear

cytokine profiles in dysfunctional tear syndrome. Am J Ophthalmol. (2009)
147:198–205.e191. doi: 10.1016/j.ajo.2008.08.032

41. Enriquez-De-Salamanca A, Castellanos E, Stern ME, Fernandez I, Carreno E,
Garcia-Vazquez C, et al. Tear cytokine and chemokine analysis and clinical
correlations in evaporative-type dry eye disease.Mol Vis. (2010) 16:862–73.

42. Guzman M, Keitelman I, Sabbione F, Trevani AS, Giordano MN,
Galletti JG. Desiccating-stress-induced disruption of ocular surface immune
tolerance drives dry eye disease. Clin Exp Immunol. (2015) 44:722–
4. doi: 10.1111/cei.12759

43. Müller AJ, Hoffmann C, Hardt WD. Caspase-1 activation via Rho
GTPases: a common theme in mucosal infections? PLoS Pathog. (2010)
6:e1000795. doi: 10.1371/journal.ppat.1000795

44. Cheng X, Xu S, Zhang C, Qin K, Yan J, Shao X. The BRCC3 regulated
by Cdk5 promotes the activation of neuronal NLRP3 inflammasome in
Parkinson’s disease models. Biochem Biophys Res Commun. (2020) 522:647–
54. doi: 10.1016/j.bbrc.2019.11.141

45. Mcgeachy MJ, Cua DJ, Gaffen SL. The IL-17 family of cytokines in health and
disease. Immunity. (2019) 50:892–906. doi: 10.1016/j.immuni.2019.03.021

46. Lambert S, Swindell WR, Tsoi LC, Stoll SW, Elder JT. Dual role of act1
in keratinocyte differentiation and host defense: TRAF3IP2 silencing alters
keratinocyte differentiation and inhibits IL-17 responses. J Invest Dermatol.

(2017) 137:1501–11. doi: 10.1016/j.jid.2016.12.032
47. Tian S, Chen S, Feng Y, Li Y. The interactions of small proline-

rich proteins with late cornified envelope proteins are involved in the
pathogenesis of psoriasis. Clin Cosmet Investig Dermatol. (2021) 14:1355–
65. doi: 10.2147/CCID.S336072

48. Guaiquil VH, Pan Z, Karagianni N, Fukuoka S, Alegre G, Rosenblatt MI.
VEGF-B selectively regenerates injured peripheral neurons and restores
sensory and trophic functions. Proc Natl Acad Sci USA. (2014) 111:17272–
7. doi: 10.1073/pnas.1407227111

49. Marzano AV, Ortega-Loayza AG, Heath M, Morse D, Genovese G, Cugno
M. Mechanisms of inflammation in neutrophil-mediated skin diseases. Front
Immunol. (2019) 10:1059. doi: 10.3389/fimmu.2019.01059

50. Pflugfelder SC, Farley W, Luo L, Chen LZ, De Paiva CS, Olmos LC, et al.
Matrix metalloproteinase-9 knockout confers resistance to corneal epithelial
barrier disruption in experimental dry eye. Am J Pathol. (2005) 166:61–
71. doi: 10.1016/S0002-9440(10)62232-8

51. Chen Y, Chauhan SK, Shao C, Omoto M, Inomata T, Dana R.
IFN-γ-expressing Th17 cells are required for development of

severe ocular surface autoimmunity. J Immunol. (2017) 199:1163–9.
doi: 10.4049/jimmunol.1602144

52. Pflugfelder SC, De Paiva CS, Moore QL, Volpe EA, Li DQ, Gumus K, et
al. Aqueous tear deficiency increases conjunctival interferon-gamma (IFN-
gamma) expression and goblet cell loss. Invest Ophthalmol Vis Sci. (2015)
56:7545–50. doi: 10.1167/iovs.15-17627

53. Zhang X, Volpe EA, Gandhi NB, Schaumburg CS, Siemasko KF, Pangelinan
SB, et al. NK cells promote Th-17 mediated corneal barrier disruption in dry
eye. PLoS ONE. (2012) 7:e36822. doi: 10.1371/journal.pone.0036822

54. Coursey TG, Bian F, Zaheer M, Pflugfelder SC, Volpe EA, De Paiva
CS. Age-related spontaneous lacrimal keratoconjunctivitis is accompanied
by dysfunctional T regulatory cells. Mucosal Immunol. (2016) 10:299–
306. doi: 10.1038/mi.2016.83

55. Hedges JF, Lubick KJ, Jutila MA. Gamma delta T cells respond directly
to pathogen-associated molecular patterns. J Immunol. (2005) 174:6045–
53. doi: 10.4049/jimmunol.174.10.6045

56. Nien CJ, Massei S, Lin G, Liu H, Paugh JR, Liu CY, et al. The development of
meibomian glands in mice.Mol Vis. (2010) 16:1132–40.

57. Panigrahi T, D’souza S, Shetty R, Padmanabhan Nair A, Ghosh A, Jacob
RemingtonNelson E, et al. Genistein-Calcitriol mitigates hyperosmotic stress-
induced TonEBP, CFTR dysfunction, VDR degradation and inflammation
in dry eye disease. Clin Transl Sci. (2021) 14:288–98. doi: 10.1111/cts.
12858

58. Criado G, Risco A, Alsina-Beauchamp D, Pérez-Lorenzo MJ, Escós A,
Cuenda A. Alternative p38 MAPKs are essential for collagen-induced
arthritis. Arthritis Rheumatol. (2014) 66:1208–17. doi: 10.1002/art.
38327

59. Li Z, Burns AR, Rumbaut RE, Smith CW. gamma delta T cells are
necessary for platelet and neutrophil accumulation in limbal vessels and
efficient epithelial repair after corneal abrasion. Am J Pathol. (2007) 171:838–
45. doi: 10.2353/ajpath.2007.070008

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Alam, Yazdanpanah, Ratnapriya, Borcherding, de Paiva, Li,

Guimaraes de Souza, Yu and Pflugfelder. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 20 March 2022 | Volume 9 | Article 849990344

https://doi.org/10.4049/jimmunol.182.3.1247
https://doi.org/10.1167/iovs.08-2476
https://doi.org/10.1038/mi.2009.5
https://doi.org/10.1016/j.ajo.2008.08.032
https://doi.org/10.1111/cei.12759
https://doi.org/10.1371/journal.ppat.1000795
https://doi.org/10.1016/j.bbrc.2019.11.141
https://doi.org/10.1016/j.immuni.2019.03.021
https://doi.org/10.1016/j.jid.2016.12.032
https://doi.org/10.2147/CCID.S336072
https://doi.org/10.1073/pnas.1407227111
https://doi.org/10.3389/fimmu.2019.01059
https://doi.org/10.1016/S0002-9440(10)62232-8
https://doi.org/10.4049/jimmunol.1602144
https://doi.org/10.1167/iovs.15-17627
https://doi.org/10.1371/journal.pone.0036822
https://doi.org/10.1038/mi.2016.83
https://doi.org/10.4049/jimmunol.174.10.6045
https://doi.org/10.1111/cts.12858
https://doi.org/10.1002/art.38327
https://doi.org/10.2353/ajpath.2007.070008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


fmed-09-830986 March 25, 2022 Time: 16:38 # 1

ORIGINAL RESEARCH
published: 31 March 2022

doi: 10.3389/fmed.2022.830986

Edited by:
Xiuming Jin,

Zhejiang University, China

Reviewed by:
Bilian Ke,

Shanghai General Hospital, China
Guigang Li,

Huazhong University of Science
and Technology, China

*Correspondence:
Yun Feng

Fengyun@bjmu.edu.cn

Specialty section:
This article was submitted to

Ophthalmology,
a section of the journal

Frontiers in Medicine

Received: 07 December 2021
Accepted: 09 March 2022
Published: 31 March 2022

Citation:
Yu H, Zeng W, Xu M, Wu W and

Feng Y (2022) Experience of Dry Eye
Patients With Anxiety and Depression:

A Qualitative Study.
Front. Med. 9:830986.

doi: 10.3389/fmed.2022.830986

Experience of Dry Eye Patients With
Anxiety and Depression: A
Qualitative Study
Haozhe Yu, Weizhen Zeng, Minhui Xu, Wenyu Wu and Yun Feng*

Department of Ophthalmology, Peking University Third Hospital, Beijing, China

Purpose: Anxiety and depression are important risk factors for dry eye disease (DED).
The aims of this research are to identify the cause of anxiety and depression in DED
patients and explore their strategies in coping with DED.

Methods: This is a qualitative study based on semi-structured interviews, and the
interviews records were analyzed through inductive thematic analysis. Participants were
recruited from a large university affiliated hospital in the north of China, including 47
participants affected by depression and anxiety.

Results: Analysis revealed the causes of anxiety and depression in DED patients could
be divided into three major themes and nine subthemes: (1) From hospital: including
difficulties in diagnosing and seeking medical advice, neglect or lack of attention from
clinicians, low treatment satisfaction and complex comorbidities; (2) From daily life:
including life satisfaction and well-being, changes in lifestyle pattern and changes in
workstyle pattern; (3) From society: including burden of disease and reduction of social
interaction. Most DED Patients with anxiety and depression were more likely to face
the condition as well as receive treatments negatively, while the others tended to seek
treatments unduly and blindly.

Conclusion: This investigation offers new insights into the understanding difficulties
in DED patients with anxiety and depression, and provides valuable guidance for
supporting them to reduce depression and anxiety as well as improve prognosis.

Keywords: dry eye disease, anxiety, depression, coping, qualitative research

INTRODUCTION

Dry eye disease (DED) is a complex chronic, progressive ocular surface disorder, which is
considered to be one of the most common eye diseases in modern society (1). Current studies
indicate that the overall prevalence of DED worldwide ranges from 5 to 50%, and the prevalence
is significantly higher in the Asian population compared to the Western population (2–6). The
typical characteristic of DED is the homeostasis loss of tear film that is the important refractive
and protective medium of the ocular surface. Therefore, such instability can further result in visual
impairment, eye pain, ocular surface inflammation and even corneal perforation of DED patients,
which seriously affect the quality of life and professional work of patients as well as bring a great
burden to both medical security and socioeconomic systems (7–9).
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Several research have identified the risk factors of DED
including advanced age, female sex and smoking and anxiety (10,
11). Among them, anxiety has attracted widespread attention, as
its special meaning in influencing the treatment and management
of the chronic and progressive DED (1, 12). Many large
retrospective studies, cohort studies and meta-analysis have
proven the DED patients generally presented high level of
depression and anxiety compared with healthy control (13–
16). Although several interdisciplinary cooperation methods like
referral to psychiatrists have been proposed, there is still a lack of
efficient ways for ophthalmologic clinicians to cope and intervene
with the anxiety and depression of DED patients (17).

Qualitative research has been proposed as an efficient
way for understanding the psychological condition of patients
including illness experiences and feelings, to optimize the
treatment plan in the framework of “Narrative Evidence-
Based Medicine” especially for chronic illness (18, 19). Several
research have revealed the causes, coped strategies of low
mood, and determined how to better intervene from the
psychological perspective besides traditional treatment in various
diseases including antenatal distress, inflammatory bowel disease,
fibromyalgia, primary Sjögren’s Syndrome and primary open-
angle glaucoma (20–24). However, there is still a lack of
qualitative research focused on DED patients. In this study,
we explored the experience of psychological distress in DED
patients through interviews based on the qualitative approach,
aiming to provide references for analyzing their anxiety and
depression and to improve the management and treatment of
DED patients in future.

MATERIALS AND METHODS

Study Design and Patients
This is a descriptive qualitative study based on semi-structured
interviews, and the standards of reporting meet with “The
Standards for Reporting Qualitative Research” (SQRQ) guideline
(25). DED Patients were recruited from January 2021 to
June 2021 from Peking University Third Hospital and the
participants inclusion criteria was followed as: (1) Meets
diagnosis of DED according to TFOS DEWS II report (26), (2)
Showing significant anxiety and depression, as well as Hamilton
anxiety rating scale >14 or/and Hamilton depression rating
scale >17, (3) Age >18, and demonstrate a positive attitude
toward sharing their experience of illness. The participants
who had other ocular conditions like glaucoma, and were
unable to communicate properly including suffering from
mental illness as well as speech impairment were excluded
from this study to reduce the anchor and non-response
bias. The sample size was identified by the principle of
code saturation, and the recruitment was stopped if there
were no additional new information or themes obtained after
interviewing with three patients continuously (27, 28). The study
was approved by Peking University Third Hospital Medical
Science Research Ethics Committee, and all procedures were
conducted under the guidance of Declaration of Helsinki.
All participants signed informed consent before interviewing

and approved their audio and transcript materials generated
form the interview.

The face-to-face individual interviews with participants
were performed by two researchers with both medical and
epidemiological background (HY and WZ) in a quiet and
private consultation room or online Tencent Meeting because of
COVID-19. The main open-ended questions of semi-structured
were “Has having dry eye changed your life?” “When do you
experience anxiety or depression?” “Can you describe the cause
of your anxiety or depression?” “Do you think you will be able
to self-regulate the anxiety or depression in the future?” On this
basis, the interviewer used more prompt statements to encourage
patients for further sharing related opinions with minimal
reservation (29). Each individual interviews lasted approximately
40 min, and were audio-recorded and then transcribed verbatim
by the researchers.

Data Analysis
The coding of transcript materials was conducted by NVivo
software, and the determination of overarching themes and
subthemes was based on inductive analysis rather than existing
theoretical framework to expand the understanding of anxiety
or depression in DED patients as much as possible (30, 31).
The transcripts were de-identified and numbered according to
the chronological order of the interview prior to coding, and
the generally coding process were followed by: (1) reading
transcripts repeatedly and screening meaning units, (2) defining
themes, (3) indexing and classifying primary data based on
the identified themes, and (4) reviewing the exist themes
and update according to the new added materials. All the
researchers had regular meetings to discuss and identify the key
themes of current materials until no additional theme emerged,
and the final decisions on controversial topics were made by
senior doctors (YF).

RESULTS

A total of 47 patients were included in this study for semi-
structured interviews, with the age of 44.9 ± 6.37 years. The
majority were female (38/47), and the duration of disease was
between 1 and 7 years (median: 5 years). The OSDI score,
Hamilton anxiety rating scale and Hamilton depression rating
scale are 35 ± 6, 18 ± 4, and 21 ± 3, respectively. The interviews
of 47 participants were mainly concluded as following. Table 1
summarizes the themes and subthemes we determined according
to the coding process about the cause of anxiety and depression
in DED patients.

Analysis of Themes: From Hospital
Difficulties in Diagnosing and Seeking Medical Advice
For primary care, the diagnosis of DED was generally difficult
due to the lack of relevant large equipment in assessing quality
of the ocular surface. Relying solely on subjective examinations
like Schirmer I test with high instability and limitations, which
resulted in many mild cases not been diagnosed in time for early
intervention and led to an exacerbation condition. When referred
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TABLE 1 | Overview of thematic framework.

Themes Subthemes

From hospital Difficulties in diagnosing and seeking medical advice

Neglect or lack of attention from clinicians

Low treatment satisfaction

Complex comorbidities

From daily life Life satisfaction and well-being

Changes in lifestyle pattern

Changes in workstyle pattern

From social Burden of disease

Reduction of social interaction

to a higher-level hospital, many doctors might also give different
staging due to the complexity of DED classification, leaving
patients with anxiety in following medical advice. However, not
every patient could afford to see the doctor at a higher-level
hospital due to the geographical distance or limited appointment
of clinicians. In addition, the less severity with DED than blinding
eye disease, at least for the visual acuity and visual fields, also
made patients feel unworthy or pointless in expensive specialist
outpatient of the higher-level hospital.

“I started to feel dry and uncomfortable about 2 years ago and then
I chose to go to the community health service where the doctor told
me that your eyes were normal and there was nothing serious wrong
with them, just a bit of visual fatigue and you needed to take a
rest. Although I still found it a bit uncomfortable, I relaxed a bit
when I heard that I was healthy. However, along with the symptoms
getting worse later, the doctors in the community were still unable
to provide effective diagnostic advice and they suggested me to go to
a higher hospital. It was only then that I learned what dry eye was.
I felt that I had lost the best time for treatment, which could lead to
a poor prognosis for my DED” (Participant 1).

“I went to many hospitals and some doctors told me that my DED
were due to poor function of the lid glands, but others told me
it was due to bad lifestyle habits. They have given me different
prescriptions and treatments, which one do you think I should trust
and can you tell me the difference between them?” (Participant 22).

“I was 68 years old. I lived a long way from the hospital, and I
could not walk alone to conduct regular follow-up visits without
my children because of my pain joints and low physical-tolerance.
However, they were busy with work, and I did not want to bother
them if I just feel a little uncomfortable” (Participant 24).

Neglect or Lack of Attention From Clinicians
During interviews, many patients complained that their doctors
did not pay enough attention to DED, and even treated them
indifferently, which amplified their anxiety and depression as a
result of their illness. This lack of attention stemmed from the
fact that many doctors believed that the disease was unimportant
because of low probability in causing blindness and other
serious complications.

“The senior doctors may be busy with some complex eye diseases in
clinic and DED seems to be a common and simple disease, so when
I ask for more information or advices, they may feel impatient and
even angry. I was afraid of such situation” (Participant 6).

“When I complained to my doctor about how hard I was feeling
because of suffering DED, he always repeated the same thing saying
that there was nothing wrong compared with other ocular diseases
and even tried to refer me. I did not think he can empathize with
my pain and maybe he does not want to spend time in treating me”
(Participant 11).

Low Treatment Satisfaction
Most patients have experienced anxiety and expression during
the treatment of dry eye, and the common reason was the
delayed improvement in symptoms after frequent medication.
On this basis, many patients even sought health care everywhere
and overmedicated as a result, which might exacerbate their
symptoms and create a vicious cycle. In addition, several patients
reported that their attending physician had told them that their
signs have improved while the symptoms have not actually
in terms of their feelings, which caused them to suspend the
necessity and effectiveness of treatment.

“Since I was diagnosed as DED, I had used the eyedrops, including
artificial eyedrops and fluorometholone three times a day for
several years, but still my ocular surface staining did not get
significant improvement. I was so disappointed that I intended to
quit up treatment but I was worried about if ceasing eyedrops, my
symptoms would get more serious” (Participant 3).

“I had been to several hospitals for DED and each one seemed to
prescribe a different medicine. The common thread was that I did
not feel any benefit from the medication, although some doctors
pointed that the symptoms of my ocular surface had improved. The
disease did not seem that serious, but why was it so difficult to
treat?” (Participant 8).

Complex Comorbidities
In many cases, DED was also a secondary manifestation of
many diseases like autoimmune diseases. Such patients generally
presented the complex general condition and needed multiple
treatments, therefore their anxiety and depression stemmed from
many factors not just from DED.

“I was diagnosed as primary Sjögren’s syndrome for 8 years and the
initial symptom was DED. To date I had taken hydroxychloroquine
(HCQ) for almost 8 years and various eyedrops for 9 years. Recently,
I noticed that my vision had become blurred, and the right eye had
distorted vision. I was so concerned that I went to ophthalmology
clinic to do some examinations, and the doctor told me that I was
diagnosed as macular edema and had better receive anti-VEGF
therapy with drug-infusion in the vitreous cavity. The comorbidity
might be attributed to the long-term use of HCQ, which scared
me a lot and I was so worried about if I would lose my vision”
(Participant 13).

Analysis of Themes: From Daily Life
Life Satisfaction and Well-Being
As a chronic condition affecting the sensory system, DED
significantly reduced the life expectations in patients. Besides the
uncomfortable feeling like dryness, hard to open eyes, frequent
blinks, burning and grinding, the damage to the tear film might
also affect their functional vision and many patients complained
of themselves acting like those who were visually impaired.
Especially for patients with moderate or severe DED, such
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discomfort could stay with them throughout the day, which made
them get bored, anxious or depressed in everything they did. Such
persistent negativity caused patients to feel incompetent as well
as to lose hope and aspirations for their futural lives, and the life
became utterly pointless to them.

“During the daytime, my eyes felt like burning and needed to use
eyedrops to keep the ocular surface wet. If I did not get eyedrops
timely, I would feel my eyes like ant crawling in surface, which made
me so angry and I kept rubbing my eyes. It was hard for me to devote
full attention to do anything in this situation, which makes me feel
so frustrated and depressed” (Participant 5).

“Every morning when I got up, my eyes felt really bad and I knew it
means the bad day was starting again. I found it very difficult to get
through such a bad day and I did not know how my life would be
going on” (Participant 14).

Changes in Lifestyle Pattern
Many patients had to change their lifestyle to accommodate
the discomfort of DED, including altering travel patterns,
recreational activities and diet structure. Although sometimes
these changes were positive for health to a certain extent, patients
still felt resistant because they believed the changes were forced
by the disease instead of self-initiated option. Such senses of
discomfort with their new lifestyle and loss of control over their
lives triggered intense anxiety and depression.

“I was not clear if the advanced age or DED made me feel so fatigue
and my sleeping quality had been influenced a lot, including late
night restlessness, early awakening and shorten sleeping duration.
During the daytime, when I walked over 1 h, I had to stop for a
rest, therefore I decreased many regular relaxation and activities.
Besides, I was now eating a very light diet. It made me feel like I had
lost a lot of joy in life, however, I could not change this predicament”
(Participant 7).

“I could not endure activities that last for over 3 h, like reading
or driving, especially at night when I felt the halos and lights are
disorientating. Therefore, I must go home before the sun sets or
calling for a driver. Most importantly, my doctors suggested me
not to wear any contact lens, which was a huge challenge for a
dress-up-loving girls” (Participant 30).

Changes in Workstyle Pattern
For DED patients, the clinicians usually advised them to
decrease the study and work time for avoiding prolonged screen
time to prevent aggravation of DED symptoms. However, this
recommendation was not feasible for many patients due to
the nature of the profession like programmer, office clerk and
student. The career advancement and physical health had become
a dilemma for them, while for patients with severe dry eyes, they
had no choice but to change the workstyle even jobs for relieving
the symptoms of their eyes which sacrificed their development
opportunities to some extent. In addition, many patients had
to work with moisture chamber glasses, which attracted curious
glances and inquisitive questions from colleagues.

“I knew clearly that I should control the time of using eyes, however,
I needed to study hard to prepare for college entrance examination.
The enrollment pressure made me hard to stop my pace. When

my eyes felt dry and uncomfortable, I became exhausted and very
anxious” (Participant 4).

“I was a chef proficient in various cuisines and work in a busy
restaurant. Since I suffered from DED, the smoke and working
environment further deteriorated my ocular status. Although I
used eyedrops frequently, my eye irritation including photophobia,
sting and tearing could not be relieved totally. I had to decrease
my working time and even consider that whether should I change
another job?” (Participant 15).

“I had to wear moisture chamber glasses to keep my eyes
comfortable when I worked on the computer, and even that I still
could not keep up with the long hours. When I took eye drops
frequently, my colleagues would ask me ‘Are you ok?,’ which made
me a little uncomfortable and embarrassed. I had also put off a lot
of overtime and had not completed my performance appraisal, I
thought my boss might not promote me again” (Participant 21).

Analysis of Themes: From Social
Burden of Disease
Dry eye disease placed a huge socio-economic burden on society,
families, and individuals, and the annual overall burden of DED
on the hospitals in the United States was estimated at USD 3.84
billion as well as per patient at USD 771 and USD 1267 for
patients with moderate and severe DED, respectively (32). Many
of the drugs used for dry eyes like artificial tears, although covered
by health insurance, were only available at limited monthly quota
per patient in the context of controlling the medical expenditure,
which might not fully meet the needs of patients with moderate
and severe DED. In addition, several novel DED drugs such as
cyclosporine A were not included in the China health insurance,
while these drugs were usually more expensive. Such factor had
brought a heavy economic burden to the both patients and
their family who suffered from serious DED or needed long-
term therapy, which further aggravated their negative emotions
especially for patients who had not benefited from medication
in the short term. Furthermore, the patients also worried about
the potential damage to their economic and social rights like
being fired due to the pattern shift in their daily life and work
affected by DED.

“I had to reduce the frequency of my DED appointments because
my health insurance is inadequate (and conflicts with the cost of
other illnesses), and my doctor said it was fine, however, I was
still concerned that this may leave some changes in my condition
unnoticed in time” (Participant 40).

“I thought the current medication for DED was too expensive,
especially for someone like me who needs to use it frequently. My
doctor had recommended some new medication to me before saying
it was more suitable for my symptoms, however, it was too expensive
and not covered by health insurance. And I did not feel significantly
improvement of symptoms after using it for a period of time, so I
asked my doctor to change the treatment plan” (Participant 2).

“Why are dry eye medications covered by health insurance often out
of stock in some hospitals? Not being able to buy medication when
my condition was severe was really distressing” (Participant 28).

“I suffered from DED due to the consistently working overtime. As a
programmer, DED had seriously affected my productivity and I was
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afraid that my boss will fire me for this reason, after all, it was very
difficult for me to find a new job in this situation” (Participant 31).

Reduction of Social Interaction
Due to the widespread prevalence of electronic devices and the
COVID-19 epidemic, social activities had shifted more to online,
while it was very inconvenient for DED patients who cannot
tolerate for long periods of screen viewing. In addition, DED
also affected the accessibility of patients in current news through
Apps, TV, and newspapers, which made them feel disconnected
from society. Many patients felt lonely and depressed as a
result and they further attributed these to DED, leading to
negative feedback loop.

“Before I had DED, my friends were in touch with me through
WeChat. However, now I cannot return messages timely because I
am not able to stare at the screen for long periods. Gradually, they
stopped contacting with me and I felt it hard to fit in with them
anymore” (Participant 41).

“I did not have the energy to care about the surrounding news and
issues right now, I just wanted a quick escape from DED and got
back to normal life” (Participant 19).

“It had been a long time since I last connected with my classmates
and friends due to uncomfortable feelings in using phone and pad.
They invited me to go out before, but I could not endure the
stimulation of the wind or the sun to my eyes, so I turned them
down. Now I felt like I only had my family by my side, however,
once they got busy, I felt as if I had been abandoned by the world”
(Participant 23).

Cope With Dry Eye Disease
Dry eye disease as well as anxiety and depression formed negative
feedback that together affected the patient, which resulted in
different options of patients in dealing with diseases. Chosen to
constantly seeking for medical advice, leading to overtreatment
while the opposite tended to cease the drug therapy and reject
to transfer their lifestyle or workstyle. A small part of DED
patients realized that they combined with anxiety or depression
and its severity and started to ask for assistance like psychological
medication. However, due to the chronic process and long-term
treatment, the mental illness was also difficult for patients and
doctors to cure totally in a short time, which indeed need great
patience and perseverance.

“In the hospitals, I met some patients whose symptoms were similar
as mine, and through chatting with them, I found that their
directions of therapies were different from mine. Some got better
while some became worse, so I turned around multiple departments
and attempted a variety of drugs according to the suggestion of
different doctors. When my symptoms and feelings did not get
significant improvement, I would trap in another types of anxiety”
(Participant 32).

“Although I had used eyedrops for a period and acquired effective
outcome to a certain extent, I would like to quit treatment as
my symptoms were just mild and my work nature could not
support long-term revisit. The advice of reducing the time of eye-
using is almost impossible for me (a bank clerk) so it was not an
appropriate choice and after enduring for a while, I may be likely

to get relief. Consequently, the treatment seems a little meaningless”
(Participant 39).

“After diagnosing with DED and using eyedrops for 5 months, I
found myself really anxious about my effectiveness of therapy. If
doctors told me that my signs were similar as the last time, I would
feel like that the treatment was not beneficial for my diseases and
was so disappointed and kept inquiring how could I get better.
Realizing my mental abnormality, I also sought for psychologists for
help and received psychomodulation therapy. The situation did not
totally get control. Though I prepared for this long-term struggle
with the encouragement of families and friends, it still was such a
huge obstacle for me to conquer” (Participant 27).

DISCUSSION

The relationship between DED and anxiety and depression has
been clearly established in several cross-sectional studies as well
as retrospective studies, and the previous study mainly assesses
the negative emotion of patients and its impact on quality of
life based on scales while there are few research focused on
the qualitative method in exploring the broad range of their
psychological states like anxiety and depression to our knowledge
(33–35). This study analyzed the main causes of anxiety and
depression and their coping strategies in 47 dry eye patients
based on semi-structured interviews and qualitative analysis and
the causes were further concentrated on three dimensions: from
hospital, from daily life and from social, which aimed to provide
better interventions or management of their treatment.

Hospital-related depression and anxiety were prominent
themes articulated by DED patients in our research, which
mainly could be attributed to the inconsistency of signs and
symptoms in DED. Several studies have also reported similar
results, Bartlett et al. (36) found the signs with symptoms in
DED were heterogeneous, which might influence the correct
assessment of the condition of patients. Kyei et al. (37)
further reported only the blink rate and contrast sensitivity
demonstrated significant correlation with OSDI among a wide
range of the ocular surface examinations. Such property of DED
might cause a major misunderstanding between patients and
doctors if fail to communicate adequately, which would further
induce conflicts, and aggravate the anxiety and depression of
patients. Therefore, the relevant specialists and nurses should
be encouraged to participate in trainings of expressing their
empathy to DED patients to promote the positive interaction
between them and patients, especially paying greater attention to
their subjective symptoms.

Currently, China has established three-tier medical system,
and continues to deepen the medical reform to implement the
tiered health-care delivery system nationwide (38). Although
first-level hospitals can cover the vast majority of urban and
rural areas in China, their main functions are to provide
basic medical services such as prevention, routine diagnoses,
treatment and health care, they are usually lack of accurate
examination equipment as well as experienced clinicians, which
makes it difficult to make a clear diagnosis of DED and further
results in delaying treatment and worse prognosis (39, 40).
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Therefore, it is important to raise awareness of DED among
general practitioners and to develop novel portable ocular
surface diagnostic instruments, while the former can be
achieved by continuing education easily (41, 42). In addition,
increasing economic investment of DED, including reducing
the financial burden of patients through insurance and
improving facilities of hospitals is also a promising way to
improve its prognosis.

Dry eye disease significantly affects the vision of patients,
inevitably limiting their ability to receive information and
reducing their sense of participation in social and daily life
especially with the prevalence of electronic social media. In
addition to professional counseling for mental health, patient-to-
patient communication should be further encouraged to alleviate
their social anxiety like establishing patient support groups. It
has been proven that the patient-to-patient communication was
more effective than doctor-to-patient communication, which
could improve patient compliance and confidence in terms of
disorders of the sense organs, especially for patients with higher
levels of education (43). In addition, DED could be categorized
as the contested illnesses owing to its inconsistent symptoms
and signs, and therefore the clinicians or social volunteers with
adequate medical knowledge should deeply involve in such
program to prevent deepening conflicts between doctor and
the patient and amplifying the negative feelings of patients,
which caused by communicating with the incorrect treatment
information (44–46).

This study highlights the necessity of psychological
intervention for DED patients who experience severe anxiety
and depression. Many patients had already demonstrated as low
compliance, doubt, resistance and self-abandonment to therapy
under these negative emotions, which might further promote the
progression of DED, and create a vicious cycle. In this context,
systematic treatment of DED should be promoted, Yeo and
Tong (47) also reported the DED patients demonstrated greater
interest and acceptance of holistic treatments such as distracting
their attention or sports compared with the single medication
in a qualitative research about how to cope with DED. Except
for conventional psychotherapy, several interventions have
been proposed earlier for improving the subjective happiness,
decreasing anxiety and depression score of DED patients
including steam warming eye mask and cognitive behavior
therapy (48, 49). More psychological interventions from a clinical
perspective for DED patients need to be raised and evaluated in
future based on the cause of anxiety and depression identified in

this study such as establishing patient-support-group and other
personalized communication program and treatment plan.

There are limitations in our study. This is a single-center study
which might affect the generalizability of our findings despite the
themes had saturation. However, the hospital where the study
was conducted accepted numerous referrals requests each year
from other areas, indicating the results was relatively robust at a
national level. The screening of patients enrolled in this study was
determined by Hamilton scales, which might overlook anxious or
depressed DED patients who did not meet the clinical criteria.
In addition, it was difficult to precisely distinguish whether
the anxiety and depression stem from the personality of DED
patients or from the illness limited to the cross-sectional nature
of this study. Furthermore, there also were inner limitations of
qualitative research including sample selection bias that only the
patients who volunteered to share were included in the study.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Peking University Third Hospital Medical Ethics
Committee. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

HY and YF conceived and designed the entire study. HY and WZ
conducted the main interviews with patients and wrote the initial
draft of the manuscript. All authors were involved in the analysis
of the code and made a substantial contribution to the article and
approved the final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Grant Numbers: 81700799 and 82070926).

REFERENCES
1. Craig JP, Nelson JD, Azar DT, Belmonte C, Bron AJ, Chauhan SK, et al.

TFOS DEWS II report executive summary. Ocular Surf. (2017) 15:802–12.
doi: 10.1016/j.jtos.2017.08.003

2. Uchino M, Nishiwaki Y, Michikawa T, Shirakawa K, Kuwahara E, Yamada M,
et al. Prevalence and risk factors of dry eye disease in Japan: koumi study.
Ophthalmology. (2011) 118:2361–7. doi: 10.1016/j.ophtha.2011.05.029

3. Farrand KF, Fridman M, Stillman IO, Schaumberg DA. Prevalence of
diagnosed dry eye disease in the United States among adults aged 18 years
and older. Am J Ophthalmol. (2017) 182:90–8. doi: 10.1016/j.ajo.2017.06.033

4. Song P, Xia W, Wang M, Chang X, Wang J, Jin S, et al. Variations of dry
eye disease prevalence by age, sex and geographic characteristics in China: a
systematic review and meta-analysis. J Glob Health. (2018) 8:020503–020503.
doi: 10.7189/jogh.08.020503

5. Dana R, Bradley JL, Guerin A, Pivneva I, Stillman IO, Evans AM,
et al. Estimated prevalence and incidence of dry eye disease based
on coding analysis of a large, all-age United States health care
system. Am J Ophthalmol. (2019) 202:47–54. doi: 10.1016/j.ajo.2019.
01.026

6. Shanti Y, Shehada R, Bakkar MM, Qaddumi J. Prevalence and associated risk
factors of dry eye disease in 16 northern West bank towns in Palestine: a

Frontiers in Medicine | www.frontiersin.org 6 March 2022 | Volume 9 | Article 830986350

https://doi.org/10.1016/j.jtos.2017.08.003
https://doi.org/10.1016/j.ophtha.2011.05.029
https://doi.org/10.1016/j.ajo.2017.06.033
https://doi.org/10.7189/jogh.08.020503
https://doi.org/10.1016/j.ajo.2019.01.026
https://doi.org/10.1016/j.ajo.2019.01.026
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-830986 March 25, 2022 Time: 16:38 # 7

Yu et al. Anxiety and Depression in DED

cross-sectional study. BMC Ophthalmol. (2020) 20:26. doi: 10.1186/s12886-
019-1290-z

7. Deswal J, Arya SK, Raj A, Bhatti A. A case of bilateral corneal perforation
in a patient with severe dry eye. J Clin Diagnostic Res. (2017) 11:ND1–2.
doi: 10.7860/jcdr/2017/24149.9645

8. Galor A, Moein H-R, Lee C, Rodriguez A, Felix ER, Sarantopoulos KD, et al.
Neuropathic pain and dry eye. Ocular Surf. (2018) 16:31–44. doi: 10.1016/j.
jtos.2017.10.001

9. Luo Y, Yang W, Qi M, Wang Y, Li S, Wang M, et al. Annual direct economic
burden and influencing factors of dry eye disease in Central China. Ophthalmic
Epidemiol. (2021):1–8. [Online ahead of print]. doi: 10.1080/09286586.2021.
1959618

10. Kuo Y-K, Lin I-C, Chien L-N, Lin T-Y, How Y-T, Chen K-H, et al. Dry eye
disease: a review of epidemiology in Taiwan, and its clinical treatment and
merits. J Clin Med. (2019) 8:1227. doi: 10.3390/jcm8081227

11. Sherry A, Aridi M, Ghach W. Prevalence and risk factors of symptomatic
dry eye disease in Lebanon. Contact Lens Anterior Eye. (2020) 43:355–8. doi:
10.1016/j.clae.2019.08.001

12. Rouen PA, White ML. Dry eye disease: prevalence, assessment, and
management. Home Healthc Now. (2018) 36:74–83. doi: 10.1097/nhh.
0000000000000652

13. Van Der Vaart R, Weaver MA, Lefebvre C, Davis RM. The association between
dry eye disease and depression and anxiety in a large population-based study.
Am J Ophthalmol. (2015) 159:470–4. doi: 10.1016/j.ajo.2014.11.028

14. Szakats I, Sebestyen M, Nemeth J, Birkas E, Purebl G. The role of health anxiety
and depressive symptoms in dry eye disease. Curr Eye Res. (2016) 41:1044–9.
doi: 10.3109/02713683.2015.1088955

15. Wan KH, Chen LJ, Young AL. Depression and anxiety in dry eye disease: a
systematic review and meta-analysis. Eye. (2016) 30:1558–67. doi: 10.1038/eye.
2016.186

16. Baker J, Jain S, Nathan J, Hallak J. Prevalence of dry eye symptoms in patients
undergoing treatment at a university-based psychiatric mood and anxiety
clinic. Invest Ophthalmol Visual Sci. (2017) 58:2682.

17. Weatherby TJM, Raman VRV, Agius M. Depression and dry eye disease: a need
for an interdisciplinary approach? Psychiatria Danubina. (2019) 31(Suppl.
3):619–21.

18. Fioretti C, Mazzocco K, Riva S, Oliveri S, Masiero M, Pravettoni G. Research
studies on patients&#039; illness experience using the Narrative Medicine
approach: a systematic review. BMJ Open. (2016) 6:e011220. doi: 10.1136/
bmjopen-2016-011220

19. Lefèvre H, Moro MR, Lachal J. Research in adolescent healthcare: the value of
qualitative methods. Arch Pédiatrie. (2019) 26:426–30. doi: 10.1016/j.arcped.
2019.09.012

20. Escudero-Carretero MJ, García-Toyos N, Prieto-Rodríguez MA, Pérez-Corral
O, March-Cerdá JC, López-Doblas M. Fibromyalgia: patient perception on
their disease and health system. Qualitative research study. Reumatol Clín
(Engl Edn), (2010) 6:16–22. doi: 10.1016/S2173-5743(10)70005-8

21. Staneva AA, Bogossian F, Wittkowski A. The experience of psychological
distress, depression, and anxiety during pregnancy: a meta-synthesis of
qualitative research. Midwifery. (2015) 31:563–73. doi: 10.1016/j.midw.2015.
03.015

22. Stack RJ, Southworth S, Fisher BA, Barone F, Buckley CD, Rauz S, et al. A
qualitative exploration of physical, mental and ocular fatigue in patients with
primary Sjögren’s Syndrome. PLoS One. (2017) 12:e0187272. doi: 10.1371/
journal.pone.0187272

23. Fourie S, Jackson D, Aveyard H. Living with Inflammatory Bowel Disease:
a review of qualitative research studies. Int J Nurs Stud. (2018) 87:149–56.
doi: 10.1016/j.ijnurstu.2018.07.017

24. Le JT, Mohanty K, Bicket AK, Tarver ME, Eydelman MB, Li T. Identifying
outcomes that are important to patients with ocular hypertension or primary
open-angle glaucoma: a qualitative interview study. Ophthalmol Glaucoma.
(2019) 2:374–82. doi: 10.1016/j.ogla.2019.07.005

25. O’Brien BC, Harris IB, Beckman TJ, Reed DA, Cook DA. Standards for
reporting qualitative research: a synthesis of recommendations. Acad Med.
(2014) 89:1245–51. doi: 10.1097/ACM.0000000000000388

26. Wolffsohn JS, Arita R, Chalmers R, Djalilian A, Dogru M, Dumbleton K, et al.
TFOS DEWS II diagnostic methodology report. Ocular Surf. (2017) 15:539–74.
doi: 10.1016/j.jtos.2017.05.001

27. Hennink MM, Kaiser BN, Marconi VC. Code saturation versus meaning
saturation: how many interviews are enough? Qualitat Health Res. (2017)
27:591–608. doi: 10.1177/1049732316665344

28. Vasileiou K, Barnett J, Thorpe S, Young T. Characterising and justifying
sample size sufficiency in interview-based studies: systematic analysis of
qualitative health research over a 15-year period. BMC Med Res Methodol.
(2018) 18:148. doi: 10.1186/s12874-018-0594-7

29. Kallio H, Pietilä A-M, Johnson M, Kangasniemi M. Systematic methodological
review: developing a framework for a qualitative semi-structured
interview guide. J Adv Nurs. (2016) 72:2954–65. doi: 10.1111/jan.
13031

30. Colorafi KJ, Evans B. Qualitative descriptive methods in health
science research. HERD. (2016) 9:16–25. doi: 10.1177/19375867156
14171

31. Liu X, Chu H, Zhao J, Qiao R, Liu Y, Li N, et al. Exploring the
barriers of patients with diabetic foot complications in China: a qualitative
interview study. Ann Transl Med. (2021) 9:792. doi: 10.21037/atm-20-
7569

32. Cook N, Mullins A, Gautam R, Medi S, Prince C, Tyagi N, et al. Evaluating
patient experiences in dry eye disease through social media listening
research. Ophthalmol Ther. (2019) 8:407–20. doi: 10.1007/s40123-019-
0188-4

33. Bitar MS, Olson DJ, Li M, Davis RM. The correlation between dry eyes,
anxiety and depression: the sicca, anxiety and depression study. Cornea. (2019)
38:684–9. doi: 10.1097/ICO.0000000000001932

34. Wu M, Liu X, Han J, Shao T, Wang Y. Association between sleep quality,
mood status, and ocular surface characteristics in patients with dry eye disease.
Cornea. (2019) 38:311–7. doi: 10.1097/ICO.0000000000001854

35. Kuang T-M, Tsai S-Y, Liu CJ-L, Lee S-M, Chou P. Association between dry
eye and depressive symptoms in an elderly Chinese population in Taiwan:
the Shihpai Eye Study. Eye. (2021) 35:2826–33. doi: 10.1038/s41433-020-01
329-5

36. Bartlett JD, Keith MS, Sudharshan L, Snedecor SJ. Associations between signs
and symptoms of dry eye disease: a systematic review. Clin Ophthalmol. (2015)
9:1719–30. doi: 10.2147/OPTH.S89700

37. Kyei S, Dzasimatu SK, Asiedu K, Ayerakwah PA. Association between dry eye
symptoms and signs. J Curr Ophthalmol. (2018) 30:321–5. doi: 10.1016/j.joco.
2018.05.002

38. The Lancet. A tiered health-care delivery system for China. Lancet. (2019)
393:1178. doi: 10.1016/s0140-6736(19)30730-5

39. Chen J, Xu S, Gao J. The mixed effect of China’s new health care reform
on health insurance coverage and the efficiency of health service utilisation:
a longitudinal approach. Int J Environ Res Public Health. (2020) 17:1782.
doi: 10.3390/ijerph17051782

40. Zhou S, Xu J, Ma X, Yuan B, Liu X, Fang H, et al. How can one strengthen a
tiered healthcare system through health system reform? Lessons learnt from
Beijing, China. Int J Environ Res Public Health. (2020) 17:8040. doi: 10.3390/
ijerph17218040

41. Asiedu K, Kyei S, Ayobi B, Agyemang FO, Ablordeppey RK. Survey of eye
practitioners’ preference of diagnostic tests and treatment modalities for dry
eye in Ghana. Contact Lens Anterior Eye. (2016) 39:411–5. doi: 10.1016/j.clae.
2016.08.001

42. Downie LE, Rumney N, Gad A, Keller PR, Purslow C, Vingrys AJ. Comparing
self-reported optometric dry eye clinical practices in Australia and the
United Kingdom: is there scope for practice improvement? Ophthalmic Physiol
Optics. (2016) 36:140–51. doi: 10.1111/opo.12280

43. Tian L, An R, Zhang J, Sun Y, Zhao R, Liu M. Effect of the patient-to-patient
communication model on dysphagia caused by total laryngectomy. J Laryngol
Otol. (2017) 131:253–8. doi: 10.1017/S0022215116009968

44. Murphy M, Kontos N, Freudenreich O. Electronic support groups: an open
line of communication in contested illness. Psychosomatics. (2016) 57:547–55.
doi: 10.1016/j.psym.2016.04.006

45. Bennett PN, St. Clair Russell J, Atwal J, Brown L, Schiller B. Patient-to-patient
peer mentor support in dialysis: improving the patient experience. Semin Dial.
(2018) 31:455–61. doi: 10.1111/sdi.12703

46. Kamp KJ, Luo Z, Holmstrom A, Given B, Wyatt G. Self-Management through
social support among emerging adults with inflammatory bowel disease. Nurs
Res. (2019) 68:285–95. doi: 10.1097/NNR.0000000000000354

Frontiers in Medicine | www.frontiersin.org 7 March 2022 | Volume 9 | Article 830986351

https://doi.org/10.1186/s12886-019-1290-z
https://doi.org/10.1186/s12886-019-1290-z
https://doi.org/10.7860/jcdr/2017/24149.9645
https://doi.org/10.1016/j.jtos.2017.10.001
https://doi.org/10.1016/j.jtos.2017.10.001
https://doi.org/10.1080/09286586.2021.1959618
https://doi.org/10.1080/09286586.2021.1959618
https://doi.org/10.3390/jcm8081227
https://doi.org/10.1016/j.clae.2019.08.001
https://doi.org/10.1016/j.clae.2019.08.001
https://doi.org/10.1097/nhh.0000000000000652
https://doi.org/10.1097/nhh.0000000000000652
https://doi.org/10.1016/j.ajo.2014.11.028
https://doi.org/10.3109/02713683.2015.1088955
https://doi.org/10.1038/eye.2016.186
https://doi.org/10.1038/eye.2016.186
https://doi.org/10.1136/bmjopen-2016-011220
https://doi.org/10.1136/bmjopen-2016-011220
https://doi.org/10.1016/j.arcped.2019.09.012
https://doi.org/10.1016/j.arcped.2019.09.012
https://doi.org/10.1016/S2173-5743(10)70005-8
https://doi.org/10.1016/j.midw.2015.03.015
https://doi.org/10.1016/j.midw.2015.03.015
https://doi.org/10.1371/journal.pone.0187272
https://doi.org/10.1371/journal.pone.0187272
https://doi.org/10.1016/j.ijnurstu.2018.07.017
https://doi.org/10.1016/j.ogla.2019.07.005
https://doi.org/10.1097/ACM.0000000000000388
https://doi.org/10.1016/j.jtos.2017.05.001
https://doi.org/10.1177/1049732316665344
https://doi.org/10.1186/s12874-018-0594-7
https://doi.org/10.1111/jan.13031
https://doi.org/10.1111/jan.13031
https://doi.org/10.1177/1937586715614171
https://doi.org/10.1177/1937586715614171
https://doi.org/10.21037/atm-20-7569
https://doi.org/10.21037/atm-20-7569
https://doi.org/10.1007/s40123-019-0188-4
https://doi.org/10.1007/s40123-019-0188-4
https://doi.org/10.1097/ICO.0000000000001932
https://doi.org/10.1097/ICO.0000000000001854
https://doi.org/10.1038/s41433-020-01329-5
https://doi.org/10.1038/s41433-020-01329-5
https://doi.org/10.2147/OPTH.S89700
https://doi.org/10.1016/j.joco.2018.05.002
https://doi.org/10.1016/j.joco.2018.05.002
https://doi.org/10.1016/s0140-6736(19)30730-5
https://doi.org/10.3390/ijerph17051782
https://doi.org/10.3390/ijerph17218040
https://doi.org/10.3390/ijerph17218040
https://doi.org/10.1016/j.clae.2016.08.001
https://doi.org/10.1016/j.clae.2016.08.001
https://doi.org/10.1111/opo.12280
https://doi.org/10.1017/S0022215116009968
https://doi.org/10.1016/j.psym.2016.04.006
https://doi.org/10.1111/sdi.12703
https://doi.org/10.1097/NNR.0000000000000354
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-830986 March 25, 2022 Time: 16:38 # 8

Yu et al. Anxiety and Depression in DED

47. Yeo S, Tong L. Coping with dry eyes: a qualitative approach. BMC Ophthalmol.
(2018) 18:8. doi: 10.1186/s12886-018-0671-z

48. Sano K, Kawashima M, Takechi S, Mimura M, Tsubota K. Exercise program
improved subjective dry eye symptoms for office workers. Clin Ophthalmol.
(2018) 12:307–11. doi: 10.2147/OPTH.S149986

49. Uchino M, Kawashima M, Yamanishi R, Inoue S, Kawashima S, Tagami K, et al.
The effects of a steam warming eye mask on the ocular surface and mental
health. Ocular Surf. (2021) 21:129–33. doi: 10.1016/j.jtos.2021.05.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yu, Zeng, Xu, Wu and Feng. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 8 March 2022 | Volume 9 | Article 830986352

https://doi.org/10.1186/s12886-018-0671-z
https://doi.org/10.2147/OPTH.S149986
https://doi.org/10.1016/j.jtos.2021.05.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


ORIGINAL RESEARCH
published: 04 April 2022

doi: 10.3389/fmed.2022.848794

Frontiers in Medicine | www.frontiersin.org 1 April 2022 | Volume 9 | Article 848794

Edited by:

Xiuming Jin,

Zhejiang University, China

Reviewed by:

Baihua Chen,

Central South University, China

Yujie Mou,

Zhejiang University, China

*Correspondence:

Jia-Horung Hung

hungjh@mail.ncku.edu.tw

Yi-Hsun Huang

jackhyh@gmail.com

Specialty section:

This article was submitted to

Ophthalmology,

a section of the journal

Frontiers in Medicine

Received: 05 January 2022

Accepted: 15 March 2022

Published: 04 April 2022

Citation:

Lin C-C, Hung J-H and Huang Y-H

(2022) Immediate Ocular Changes

After Light-Emitting Diode Displays

Exposure—A Preliminary Study.

Front. Med. 9:848794.

doi: 10.3389/fmed.2022.848794

Immediate Ocular Changes After
Light-Emitting Diode Displays
Exposure—A Preliminary Study

Chia-Chen Lin 1, Jia-Horung Hung 1,2* and Yi-Hsun Huang 1*
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Purpose: Computer vision syndrome (CVS) is one of the most frequently encountered

problems among video display terminals (VDT) users, but little is known regarding the

short-term effect after exposure to light-emitting diodes (LED). The purpose of this

study was to determine if short-term exposure to LED leads to changes in corrected

distance visual acuity (CDVA), lipid layer thickness (LLT), blink rates, partial blink ratio,

and computer vision syndrome questionnaire (CVS-Q) score.

Design: Prospective, cross-sectional study.

Methods: In this study, participants were recruited at the National Cheng-Kung

University Hospital, a tertiary referral center in southern Taiwan, for examination.

Participants were asked to complete the CVS-Q and undergo a series of ocular

examinations, including CDVA, LLT, blink rates and partial blink ratio before and after

watching an LED display for 15min. Main Outcome Measures were changes in CDVA,

LLT, blink rates, partial blink ratio, and CVS-Q measurements.

Results: In total, 120 eyes from 60 participants (mean age: 35.7 ± 9.4 years)

were included; 31 participants were men (51.7%), and 29 were women (48.3%). The

CDVA, LLT, blink rates, and partial blink ratio did not change after watching the LED

display. The CVS-Q score significantly improved after short-term LED exposure (P <

0.001). A subgroup analysis of subjects with a baseline LLT of <60 nm or ≥60 nm

determined that LLT significantly decreased in individuals with a baseline LLT of ≥60 nm

(P = 0.016).

Conclusion: Short-term use of LED displays reduced LLT in individuals with a baseline

LLT of ≥60 nm, despite the visual symptoms of CVS improved subjectively. Therefore,

digital device users should be aware of the potential negative effects of LED exposure

on the eyes.

Keywords: computer vision syndrome (CVS), dry eye disease (DED), light-emitting diodes (LED), lipid layer

thickness (LLT), video display terminals (VDT)
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INTRODUCTION

Video display terminals (VDTs) are ubiquitous, and engagement
in digital screens has grown substantially across all age groups
worldwide (1). During the coronavirus disease 2019 (COVID-
19) pandemic, lockdowns and increasing demand for digital
learning and working have led to more frequent and sustained
VDT use (2, 3). Prolonged exposure to VDTs is associated
with the development of various health problems, including
psychosocial issues, venous thromboembolism, fatigue, and
visual complaints (4–6).

Computer vision syndrome (CVS) is one of the most
frequently encountered problems among VDT users (7). CVS
comprises several visual andmusculoskeletal symptoms resulting
from VDT use, such as eye strain, dryness and burning sensation
of the eye, blurred vision, and neck and shoulder pain (8–10). In
previous studies, high frequency of dry eye and VDT-associated
ocular symptoms including soreness, itchiness, dryness, foreign
body sensations and pain was found after long-term VDT use
(11, 12). A major alteration is the development of dry eye disease
(DED), occurring in 60% of those with CVS (13). Dry eye
symptoms, corneal erosions, short tear-film breakup time (BUT),
low tear meniscus height, and meibomian gland dysfunction
(MGD) are all DED presentations encountered by VDT users
(14–17). The continuous use of VDTs is an established risk factor
for CVS and DED (18). However, it is unclear whether transient
exposure to VDTs leads to ocular surface changes, especially
regarding lipid layer thickness (LLT).

This study investigated if the short-term use of light-emitting
diode (LED) displays (one type of VDT) changed the ocular
parameters associated with CVS or DED, including corrected
distance visual acuity (CDVA) (19–21), the CVS-Questionnaire
(CVS-Q) score, the blink rate, the partial blink ratio, and LLT
in healthy, working age population. The CVS-Q helps quantify
associated ocular discomforts and is a reliable tool to assess VDT-
related symptoms (22). The blink rates, partial blink ratio and the
LLT all contribute to tearfilm stability as well as ocular surface
homeostasis (23). To our knowledge, this is the first study to focus
on the immediate effects of LEDs on the eye.

METHODS

Study Design
This prospective, open-label clinical study was conducted in
the Ophthalmology Department of the National Cheng Kung
University Hospital (NCKUH), Tainan, Taiwan. The study was
approved by the Institutional Review Board of NCKUH (IRB
No.: A-ER-108-489) and followed the tenets of the Declaration
of Helsinki. Written informed consent was obtained from all
the participants.

Sample Size
Sample size estimation was performed using G∗Power software
version 3.1.9.2 [Faul, Erdfelder, (24)]. Statistical tests built on a
presumed dataset of paired 26 cases pre- and post- LED exposure
will have 80+% power to successfully detect the difference with
effect size > 0.5 for each group. Thus, we aimed to recruit 30

patients for each group to prevent dropout or no-show, and there
comes the final estimation of 60 patients for this study.

Eligibility
The inclusion criteria were generally healthy working age
individuals not under systemic or ocular medication, aged
between 20 and 65 years who were willing to participate in the
study. The exclusion criteria were ages below 20 or over 65 years,
a history of using any systemic or ocular medication for the past
3 months, and a history of ocular diseases or previous ocular
surgery. Amblyopia with a CDVA score of <0.1 on the Landolt
C chart in either eye or a CDVA difference of >0.2 between the
eyes were also excluded to better represent general population. A
baseline IOP higher than 25 mmHg was also excluded to avoid
potential participants with undiagnosed ocular hypertension or
glaucoma. Any eye with ocular pathology, including macular
edema, scarring, epiretinal membrane, hyperreflectivity, or areas
of abnormal hypo- or hyper-autofluorescence identified on
fundus examination by optical coherence tomography (OCT) or
fundus autofluorescence (FAF) imaging were excluded.

Participant Recruitment
Participants were recruited through printed and online
advertisement at various sites, including university campuses,
local communities, and large companies in Tainan City, Taiwan.
The advertisement described the nature of the study and our
eligibility criteria. Before the examination day, volunteers were
contacted via phone or email to confirm their age and medical
history as initial screening.

Study Procedure
All participants completed the following study procedures in
the same day. Participants were instructed to fill out a basic
information form, including their name, sex, age, and contact
information. They were also informed to avoid wearing contact
lenses for 2 days before the test. We considered 2 days
sufficient to eliminate the influence of contact lenses on the
ocular surface based on a previous research, showing that
tear dynamics are not significantly altered after removal of
contact lenses (25). For the baseline test, the participants were
asked to complete the CVS-Q to assess their CVS (22). The
questionnaire evaluates frequency and intensity of symptoms
related to CVS using a single rating scale that fits the Rasch
rating scale (26). The sensitvity and specificity are over 70%
with good test-retest repeatability. For application of the CVS-
Q to the current study, the questionnaire was translated to
Chinese for the study population (Supplementary Material).
Next, a series of ocular examinations were performed in the
following order, with ∼5 s of time lapse in between—CDVA,
IOP, LLT and blink patterns, an OCT scan of the macula, and
fundus FAF imaging. The CDVA was obtained with correction
of the refraction errors measured by an autorefractor (Topcon
Corporation, Tokyo, Japan). IOPwasmeasured with non-contact
air puff tonometers (Topcon Corporation, Tokyo, Japan). The
LLT, blink rates and partial blink ratio were measured using
the LipiView II Ocular Surface Interferometer following the
standard protocol (TearScience, Morrisville, NC, USA). Central
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retinal thickness (CRT) was measured with macular OCT scan.
After the examination, the participants watched a short movie
on an LED screen (InnoLux, Taiwan) for 15min in a bright
room. The illuminance was 600 lux, measured with a handheld
energy meter (Ophir Optronics, Israel). The screen is a 55
inch monitor. The resolution is 960 × 540 pixels and the
luminance is 600 nits (Supplementary Material). The viewing
distance was ∼1.5m. After the movie ended, the participants
were instructed to complete the CVS-Q, which took ∼1min,
and undergo the CDVAmeasurement followed by LLT and blink
patterns tests again. Since this study investigates the immediate
change after LED exposure, during the post-test, we instructed
the subjects to focus on the symptoms after 15min of screen
watching when completing the post-test CVS-Q. The baseline
CDVA, IOP, OCT, and FAF images of each participant were
reviewed by ophthalmologists to screen for clinically significant
ocular pathology.

Statistical Analyses
Statistical analyses were performed using R software version
4.1.0 (R Core Team, Vienna, Austria) and SAS Enterprise Guide
(version 9.4; SAS Institute Inc., Cary, NC, USA). Shapiro–Wilk
method was used for test of normality. Continuous variables were
presented as the means and standard deviations for parametric
data, and median and ranges for non-parametric data. CDVA
was obtained in Snellen values and converted to the logarithm
of the minimum angle of resolution (logMAR) for analysis.
The generalized estimating equation (GEE) linear models, which
takes into account correlations between fellow eyes (27), were
used to compare the CDVA, CVS-Q score, LLT, blink rate, and
the partial blink ratio before and after watching the LED display.
The fitness of GEE is assessed according to quasi-likelihood
information criterion (28). Statistical significance was set at P <

0.05 with two-tailed test.

Subgroup Analysis
The LLT, blink rates, partial blink ratios and CVS-Q score
were further analyzed between participants with high (≥60) and
low (<60) baseline LLTs. The cutoff value was 60 nm because
previous studies reported that a thin LLT (<60 nm) significantly
correlated with DED (23, 29). Korb et al. investigated how
blinking improved LLT and found that subjects with baseline LLT
values < or = 60 nm experienced a mean increase of 19 nm of
LLT after forceful blinking (30). Another study also revealed LLT
values< or= 60 nmwas correlated with lower tear break-up time
and Schirmer’s test score (31).

RESULTS

Clinical Characteristics
This study examined 120 eligible eyes from 60 study subjects;
31 patients were male, and 29 were female. Table 1 presents the
baseline characteristics. The mean age was 35.7 ± 9.4 years, the
mean CDVA was 0.05 ± 0.10 (logMAR), and the mean IOP was
17.6 ± 3.1mm Hg. The average baseline CVS-Q score was 4.9 ±
5.1, and the average baseline LLT was 63.2± 21.2 nm.

TABLE 1 | Clinical characteristics of the study population.

Characteristics Total

n = 60

Age (years)

Mean ± SD 35.7 ± 9.4

Median 35

Range 20–61

20–29 15 (25.0)

30–39 30 (50.0)

40–49 8 (13.3)

50–59 5 (8.3)

60–69 2 (3.3)

Male (n, %) 31 (51.7%)

Mean ± SD (years) 34.5 ± 7.3

Median 35

Range 20–54

Female (n, %) 29 (48.3%)

Mean ± SD (years) 37.1 ± 11.3

Median 35

Range 22–61

Baseline visual acuity

Landolt C chart

Median 1.00

Range 0.30–1.00

LogMAR

Mean ± SD 0.05 ± 0.10

Range 0.00–0.52

(Landolt C equivalent) 0.88

Baseline IOP (mm Hg)

Mean ± SD 17.6 ± 3.1

Median 18.0

Range 10–25

Baseline CRT (µm)

Mean ± SD 237.3 ± 18.9

Median 238

Range 168–286

SD, standard deviation; LogMAR, logarithm of the Minimum Angle of Resolution; IOP,

intraocular pressure; CRT, central retinal thickness.

Ocular Parameters Before and After LED

Exposure
Table 2 presents the ocular parameters before and after watching
the LED display. The CVS-Q score was significantly lower
(P < 0.001) after VDT use. CDVA did not differ. The LLT
decreased from 63.2 ± 21.2 nm to 61.9 ± 19.8 nm and the
blink rates reduced from 5.0 ± 3.8/min to 4.6 ± 3.5/min but
did not reach statistical significance. The partial blink ratio
increased from 68.7% before to 72.0% after LED exposure but was
statistically insignificant.

Subgroup Analysis
The baseline characteristics of the two subgroups were compared
(Table 3). Age, sex ratio, CDVA, and IOP did not differ between
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TABLE 2 | The ocular parameters before and after watching a movie for 15min.

Characteristics Before

n = 120

After

n = 120

Difference

(95% CI)

P-value

Visual acuity

Landolt C chart NA

Median 1.0 1.0

Range 0.30–1.0 0.40–1.0

LogMAR 0.303

Mean ± SD 0.05 ± 0.10 0.05 ± 0.08 −0.009

(−0.026, 0.008)

Range 0.00–0.52 0.00–0.40

(Landolt C equivalent) 0.88 0.90

LLT (nm) 0.530

Mean ± SD 63.2 ± 21.2 61.9 ± 19.8 −1.250

(−5.155, 2.655)

Median 60.0 61.0

Range 28–100 29–100

Blink rate (/min) 0.280

Mean ± SD 5.0 ± 3.8 4.6 ± 3.5 −0.425

(−1.196, 0.346)

Median 4.0 4.0

Range 0–21 0–25

Partial blink ratio (%) 0.189

Mean ± SD 68.7 ± 37.3 72.0 ± 36.5 3.706

(−2.544, 9.956)

Median 83.3 100.0

Range 0–100 0–100

CVS-Q score <0.001

Mean ± SD 4.9 ± 5.1 2.2 ± 2.6 −2.767

(−3.824, −1.711)

Median 3 1

Range 0–25 0–14

CI, confidence of interval; LogMAR, logarithm of the Minimum Angle of Resolution; SD, standard deviation; IOP, intraocular pressure; LLT, lipid layer thickness; CVS, computer

vision syndrome.

the low and high LLT groups. The CVS-Q score of the high
baseline LLT group was lower than the low baseline LLT group
(high: 3.9 ± 3.2 vs. low: 6.0 ± 6.2), but the difference was
statistically insignificant. However, the LLT of the participants
in the high baseline LLT group significantly decreased after
watching the LED display (P = 0.016; Table 4).

DISCUSSION

This study investigated the effects of short-term exposure to
LED displays on ocular parameters. Notably, we found that LLT
significantly decreased in subjects with a higher baseline LLT
(≥60 nm). Previous studies revealed that VDT use was associated
with shorter tear-film BUT (13, 32), and there was strong
correlation between LLT and BUT (31). The BUT was not
performed in this study because it requires instilling topical
fluorescein into the eyes, which we considered invasive enough
to interfere with LLT measurement and CVS-Q assessment
before and after the LED exposure. Animal models have also

demonstrated abnormal lacrimal gland function with chronic
exposure to VDTs (33, 34). Accordingly, our finding regarding
the significant LLT decrease after short-term LED exposure helps
to complete the pathogenesis of VDT-associated dry eye (18).

The results showed that CDVA did not change significantly
after short-term VDT exposure. Our interest in visual acuity
stems from previous literature suggesting that dry eye
and computer vision syndrome are associated with vision
deterioration. They cause irregularity of the ocular surface and
reduce the quality of optical image (19). Worse visual acuity
was associated with worse Ocular Surface Disease Index score
(20), and blurred vision is a major symptom encountered by
individuals with CVS or dry eye (21). Our results implicated that
short-term VDT exposure may not result in significant visual
disturbance. This may be explained by the lack of significant
change in other ocular surface parameters including LLT, blink
rates, or partial blink ratio.

Several studies have demonstrated a reduction in the blink
rate during VDT use to ∼33% (21, 35–37). Incomplete blinking
is equally implicated regarding CVS development (38, 39).
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TABLE 3 | Participants characteristics based on their baseline lipid layer

thickness.

Characteristics Baseline

LLT < 60

n = 29

Baseline LLT

≥ 60

n = 31

P-value

Age (years) 0.477

Mean ± SD 36.8 ± 10.8 34.7 ± 8.1

Median 35 35

Range 20–61 20–55

Male (n, %) 17 (58.6%) 14 (45.2%) 0.297

Baseline visual acuity

Landolt C chart

Median 1.00 1.00

Range 0.40–1.00 0.30–1.00

LogMAR 0.289

Mean ± SD 0.06 ± 0.09 0.05 ± 0.10

Range 0.00–0.40 0.00–0.52

(Landolt C equivalent) 0.87 0.89

Baseline IOP (mm Hg) 0.748

Mean ± SD 17.8 ± 3.0 17.5 ± 3.2

Median 18.0 17.5

Range 11–25 10–25

Blink rate (/min) 0.398

Mean ± SD 5.5 ± 3.7 4.7 ± 3.3

Median 5.0 3.5

Range 0.5–14 1–14.5

Partial blink ratio (%) 0.165

Mean ± SD 68.8 ± 32.0 68.5 ± 32.3

Median 75.0 78.6

Range 0–100 0–100

CVS-Q score 0.205

Mean ± SD 6.0 ± 6.2 3.9 ± 3.6

Median 4 3

Range 0–25 0–13

LLT (nm) <0.001

Mean ± SD 46.6 ± 7.9 78.7 ± 13.3

Median 47.5 78.5

Range 32.5–58.5 60–100

LLT, lipid layer thickness; SD, standard deviation; IOP, intraocular pressure; CVS, computer

vision syndrome.

Regarding blinking, decreased frequency and poormovement are
associated with increased tear evaporation, poor tear film stability
maintenance, and decreased lipid excretion from the meibomian
glands, all of which contribute to DED. However, in our study,
the blink rates and the partial blink ratio did not change after
15min of LED exposure. Several factors may lead to this result.
First, we focused on short-term changes after VDT use and did
not measure the blink rates or the partial blink ratio during VDT
use. After watching VDT, the blinking patterns and frequency
were measured under relaxed conditions as that in baseline
measurements, which may explain the similar blinking pattern
before and after test. Second, the VDT use duration in our study
was relatively short compared to previous studies. Cumulative

time positively correlates with CVS and DED development (40,
41). Therefore, short-term exposure may not alter the blinking
frequency and pattern. Third, our participants did not have
a known history of DED. Previous studies found significantly
reduced blinking after initiating VDT use, which remained low
after 30min in patients with moderately dry eyes (36). Moreover,
reduced blinking is exacerbated in individuals with preexisting
DED (39). Taken together, the better baseline condition of our
participants may have contributed to the unchanged blinking
pattern in this study.

Our results showed that LLT decreased significantly after
LED exposure in individuals with higher baseline LLT. We
suppose the following potential underlying mechanisms. First, as
discussed above, previous literature showed decreased blinking
during VDT use. Lid movements affect the composition and
stability of tear film (42). In addition, blink patterns are associated
with the development of MGD, which potentially may lead to
decrease in LLT (43). Although blink rates and partial blink ratio
did not change significantly in our study after LED exposure,
as discussed in the previous paragraph, we did not measure
these parameters during VDT use. Second, animal study has
shown that LED-derived blue light overexposure can induce
ocular surface inflammation and dry eye (44). Although LLT
was not analyzed in the study, the results revealed decreased
tear breakup time with exposure to LED light. Since BUT and
LLT could be correlated, it was possible that LLT be affected
as well.

On the other hand, LLT did not change in individuals with
a lower baseline LLT (<60 nm). We surmise that since the
baseline LLT was low, further significant damage was difficult to
ascertain after brief exposure to VDTs. Korb et al. investigated
how blinking improved LLT and found that the magnitude of
the increase positively correlated with the baseline LLT values
(45). Likewise, individuals with a lower baseline LLT could
have a smaller magnitude of change, which was insignificant.
Finally, the CVS-Q was the questionnaire of choice in this
study because it is a reliable and validated questionnaire with
high sensitivity, specificity, and good test-retest repeatability
developed specifically for VDT users (22, 46, 47). Intriguingly, the
post-test CVS-Q score was better in our study. The discrepancy
between the change in visual symptoms and the change in LLT
implies that objective damage to the ocular surface can occur
before people are subjectively aware of any discomfort.

Although we found that LLT changed after short-term LED
exposure, this study has some limitations. First, the sample
size was small and the age distribution was uneven, further
large-scale studies are required to confirm our preliminary
results. Second, in order to streamline the study procedures to
evaluate the immediate change in ocular parameters after LED
exposure, the assessment of meibomian gland expression and
quality was not included in our study. However, LLT values
are affected in individuals with MGD. Studies focusing on
patients with MGD should be conducted in the future. Third,
we only observed the immediate changes of ocular surface
parameters after LED exposure. Further investigations with
prolonged observation time are needed to determine the duration
of the effects. Fourth, the study design was open-label, with
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TABLE 4 | Changes after watching an LED display based on the participants’ baseline lipid layer thickness.

Characteristics Before After Difference

(95% CI)

P-value

Baseline LLT < 60 (n = 29)

LLT (nm) 0.084

Mean ± SD 46.6 ± 7.9 51.3 ± 14.7 4.724

(−0.355, 9.803)

Median 47.5 49.0

Range 32.5–58.5 32.5–96

Blink rate (/min) 0.067

Mean ± SD 5.5 ± 3.7 4.3 ± 2.2 −1.172

(−2.175, 0.170)

Median 5.0 4.0

Range 0–14 0–11

Partial blink ratio (%) 0.367

Mean ± SD 68.8 ± 32.0 73.1 ± 34.9 2.524

(−6.491, 11.540)

Median 75.0 88.0

Range 0–100 0–100

CVS-Q score <0.001

Mean ± SD 6.0 ± 6.2 2.0 ± 2.9 −4.000

(−5.712, −2.288)

Median 4 1

Range 0–25 0–14

Baseline LLT ≥ 60 (n = 31)

LLT (nm) 0.016

Mean ± SD 78.7 ± 13.3 71.8 ± 16.6 −6.839

(−11.990, −1.687)

Median 78.5 67.5

Range 60.0–100.0 46.0–100.0

Blink rate (/min) 0.575

Mean ± SD 4.6 ± 3.2 4.9 ± 3.9 0.443

(−0.429, 1.314)

Median 3.5 4.0

Range 1–14.5 0–18.5

Partial blink ratio (%) 0.650

Mean ± SD 70.5 ± 37.0 78.7 ± 31.4 8.929

(−1.204, 19.062)

Median 88.9 100.0

Range 0–100 0–100

CVS-Q score 0.010

Mean ± SD 3.9 ± 3.6 2.3 ± 2.3 −1.613

(−2.739, −0.487)

Median 3 1

Range 0–13 0–9

CI, Confidence interval; LLT, lipid layer thickness; SD, standard deviation; CVS, computer vision syndrome.

both the investigators and participants aware of the LED screen
exposure. Thus, the outcomes may be subject to bias. However,
the prospective design strengthens this study. Additionally, the
study was performed under uniform conditions at the same
day in NCKUH, which means that the environment was well-
controlled. We also conducted a thorough baseline ophthalmic
exam for every participant to exclude ocular diseases that could
interfere with the results.

In conclusion, our results demonstrate that short-term
exposure to LED displays significantly reduced LLT in individuals
with a higher baseline LLT (≥60 nm). CVS symptoms did not
progress after short-term VDTs use. However, there might be
long-term effects regarding decreased LLT, further contributing
to DED. In the era of COVID-19, while there is the intensive use
of digital devices, the public should be aware that engagement
with LED displays could have a negative, non-symptomatic effect
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on the eyes, even with only short-term exposure. Future studies
are required to evaluate whether the effects are cumulative.
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2 Fujian Provincial Key Laboratory of Ophthalmology and Visual Science, Xiamen, China, 3 Fujian Key Laboratory of Ocular
Surface and Corneal Diseases, Affiliated Xiamen Eye Center of Xiamen University, Xiamen, China

Background: The characteristics of the meibomian gland and tear film in patients
with type 2 diabetes (T2D) with different glycemic control levels and diabetic durations
remain largely unexplored. This study aimed to identify the association of dry eye and
meibomian gland dysfunction (MGD) in T2D.

Materials and Methods: Ninety-nine patients with type 2 diabetes mellitus (DM group),
33 dry eye patients without diabetes mellitus (DE group), and 40 normal subjects (NC
group) were recruited for this study. Participants were evaluated with an Ocular Surface
Disease Index (OSDI) questionnaire, tear film breakup time (BUT), the Schirmer I test
(SIT), corneal fluorescein staining (FL), lipid layer thickness (LLT), and MGD parameters.
Glycosylated hemoglobin (HbA1c) and duration of diabetes were recorded.

Results: The SIT value in the DM group was higher than that of the DE group (p < 0.05).
The BUT and LLT were lower, and MGD parameters were higher in the DM group than
those of the DE and NC groups (p < 0.05). In the DM group, 47 patients were diagnosed
with dry eye (DM + DE group), whereas 40 patients without dry eye were categorized as
the DM − DE group. The SIT, BUT, and LLT values in the DM − DE group were higher
(p < 0.01), and MGD parameters were lower (p < 0.01) in the DM − DE group than
those of the DM + DE group. The MGD parameters were higher in the DM − DE group
than those in the NC group (p < 0.05). The HbA1c levels were correlated with OSDI,
BUT, LLT, FL, and MGD parameters (p < 0.001) in the DM group. However, in patients
with low HbA1c, normal SIT value, and low OSDI, the MGD parameters were higher
than those in the NC group (p < 0.05). The duration of diabetes positively correlated
with MGD parameters (p < 0.001).

Conclusion: Asymptomatic MGD may be an early sign of dry eye and ocular
discomfort in T2D. The MGD parameters were associated with the HbA1c level and
diabetic duration.

Keywords: diabetes, glycosylated hemoglobin, meibomian gland dysfunction, dry eye, ocular discomfort
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INTRODUCTION

Ocular function disruption is one of the most common
complications in diabetes (1). Diabetic cataract, diabetic
retinopathy, neovascular glaucoma, etc., are the common
complications leading to blindness (2). Furthermore, dry eye is
very common in patients with diabetes, presenting with a foreign
body sensation, dryness, burning sensation, etc., that affects their
daily lives and their ability to work (3). The incidence of dry eye
has been reported to range between 27.7 and 54.3% in patients
with type 2 diabetes (T2D) (4–7). Lacrimal functional unit
dysfunction, abnormal tear dynamics, diabetic neuropathy, and
tear film dysfunction are considered to be the major etiologies
of diabetes mellitus-associated dry eye (5). Meibomian gland
dysfunction (MGD) results in abnormal tear film layer and
ocular discomfort (8), which is considered to be the main cause
of evaporative dry eye (8). Dry eye in T2D has been extensively
reported. However, the association of dry eye and MGD in T2D is
still unclear. Some study found that the glycosylated hemoglobin
(HbA1c) levels correlated with the presence of dry eye in patients
with diabetes (4, 9).

Hence, we hypothesized that MGD was one of the missing
links between diabetes and dry eye, and MGD might be critical in
the pathogenesis of dry eye in T2D. This study aims to investigate
the morphological and functional characteristics of meibomian
gland and their roles in T2D with or without dry eye.

MATERIALS AND METHODS

Subjects and Criteria
This study was approved by the Ethics Committee of Xiamen
Eye Center, an affiliate of Xiamen University. All methods
below were performed in accordance with the relevant guidelines
and regulations. Written informed consent was obtained from
participants in this study in accordance with the Declaration
of Helsinki and its subsequent revision. Informed consent for
online open-access publication of images or information from
participants was also obtained.

Ninety-nine patients who were diagnosed with type 2 diabetes
[according to the 1999 WHO diagnostic criteria (10) for diabetes]
were recruited as the diabetes mellitus group (DM group). Thirty-
three patients without diabetes who were diagnosed with dry
eye (11–13) [Ocular Surface Disease Index (OSDI)] ≥ 13 and
tear film breakup time (BUT) < 5 s were recruited as the dry
eye group (DE group). Meanwhile, 40 normal individuals were
recruited as normal control (NC group). The subjects of the NC
group have no history of ocular disease or systemic pathology that
could affect the test results, have no history of topical medication
within the last 6 months, and have no signs or symptoms of ocular
surface disease. All the examinations were performed during
the period from 1 October, 2016 to 31 December, 2016 in the
Affiliated Xiamen Eye Center of Xiamen University, Xiamen,
China. Patients with blepharitis, allergic conjunctivitis, infectious
keratoconjunctivitis, pterygium, eye trauma, eye operation, eye
continuous medication history, or corneal contact lens wearing
history were excluded from this study. Meanwhile, patients with

systemic diseases, such as Sjogren’s syndrome, Stevens–Johnson
syndrome, hyperthyroidism, and pemphigoid, were excluded.

Ocular Surface Disease Index
Questionnaire
The degree of ocular discomfort was evaluated by an OSDI
questionnaire in all subjects. OSDI (14) evaluates 12 symptoms,
and every score was calculated according to the duration of
the symptoms with 100 points in total. The scale is graded as
follows: normal: 10–12 points, mild: 13–22 points, moderate: 23–
33 points, and severe: 33–100 points. Subjects with dry eye have at
least mild ocular surface symptomology, which means OSDI ≥ 13
points (15).

Clinical Examinations
A series of dry eye parameters were performed in the following
order: lipid layer thickness (LLT), tear breakup time (BUT),
corneal fluorescein staining scoring (FL), and Schirmer I test
(SIT). MGD parameters were evaluated. All the tests were carried
out by the same masked investigator. Only the values of one eye
(right or left eye, randomly selected by simple randomization
using a table of random digit) were included in this study. The
HbA1c level was also tested in all subjects.

Assessment of Tear Film Parameters
The tear LLT test was performed using an interferometer
(LipiviewTM, TearScience Inc., Morrisville, NC, United States).
The patient was asked to blink naturally when tested, and tear
film images were captured for 30–60 s (16).

For the BUT test, the sodium fluorescein filter paper was
applied to the center of the lower eyelid causing fluorescein
sodium to flow into the conjunctival sac. After blinking for three
times, the test was conducted by inspecting with a slit lamp
under low brightness of a cobalt blue light (BQ900IM9900, Haag-
Streit, Switzerland). The average tear BUT of three repeated
measurement was considered the BUT of one eye (seconds).
Corneal FL was scored under cobalt blue light by the fluorescent
paper after a corneal surface of patient was stained for 90 s as
mentioned in the BUT test. Cornea was graded as follows: 0: no
staining, 1: slight scatted staining, 2: moderate staining between 1
and 3, and 3: severe staining (17).

For SIT, the tear filter paper strip was placed in the
conjunctival sac about 1/3 beneath the eyelid center, and the
length of filter strip wetting (mm) was read after 5 min.

Evaluation of Meibomian Gland
Parameters
Lid margin abnormalities (lid margin score) were assessed with
a slit lamp as follows (18): irregular lid margins, score 1;
vascular engorgement, score 2; glandular orifice obstruction,
score 3; and anterior or posterior displacement of the
mucocutaneous junction, score 4. No presence of above 4 signs
was indicated as score 0.

The meibomian gland yielding liquid secretion score (MGYLS
score) was graded under the diffusing light of a slit lamp.
A constant pressure about 20 kPa was applied to the lower eyelid

Frontiers in Medicine | www.frontiersin.org 2 April 2022 | Volume 9 | Article 762493362

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-762493 March 30, 2022 Time: 14:31 # 3

Wu et al. Asymptomatic MGD in Diabetics

using a meibomian gland evaluator (MGE, TearScience Inc.,
Morrisville, NC, United States) for 10 s, and then the orifice
opening of five consequent glands where pressure was applied
were evaluated. The number of obstructed openings of the total
15 glands in three different locations (nasal, central, and temporal
sides) was inspected and recorded. The MGYLS score of each eye
was the average number of obstructed glands of the upper and
lower eyelids (15 points in total). The level of MGYLS was graded
as follows: grade 0, 0–3 points; grade 1, 4–7 points; grade 2, 8–11
points; and grade 3, 12–15 points.

The qualitative appearance of lipid secretion of each
meibomian gland (meibum score) was graded as follows: 0 point
(clear or slight yellow liquid secretion); 1 point (creamy yellow or
cloudy liquid secretion); 2 points (granular in liquid with white
and/or yellow color); and 3 points (toothpaste shape) (19). The
total 15 glands in three different locations (nasal, central, and
temporal sides) were inspected and recorded. The total score of
each eye was 0–90, including the upper and lower eyelids. The
level of the meibum score was graded as follows: grade 0, 0–3
point; grade 1, 4–10 points; grade 2, 11–30 points; grade 3, 31–60
points; and grade 4, 61–90 points.

The loss of meibomian glands (meiboscore) was examined
using a non-contact infrared meibography (20, 21) (Keratograph
5M, OCULUS, Wetzlar, Germany). Meiboscore was graded as
follows: 0 point (no absence); 1 point (absence of less than 1/3
of total glands); 2 points (absence of more than 1/3 but less
than 2/3 of total glands); and 3 points (absence of more than
2/3 of total glands). Upper and lower eyelids are 0–6 points
in sum. Examinations were performed by the same masked
ophthalmologist.

The subject was diagnosed as MGD according to the criteria
briefly as follows (18, 22): the presence of lid margin abnormality
(lid margin score ≥ 1), and/or an altered quality of expressed
secretions (meibum grade ≥ 1), and/or a decreased or absent
expression (MGYLS grade ≥ 1). The subject with MGD could
be further diagnosed as “asymptomatic MGD” if he/she had no
symptoms (OSDI < 13) (23, 24).

Statistical Analysis
All data were analyzed using software SPSS 26.0 (SPSS Inc.,
Chicago, IL, United States). Measurement data were presented
as mean and standard deviation. Difference of sex ratio was
evaluated by the chi-square test. Differences in other parameters
among groups were analyzed by using the one-way ANOVA
test. The Dunn–Bonferroni test was used to make a pairwise
comparison between two groups. For non-parametric data
(corneal FL score and meibomian gland parameters), a Kruskal–
Wallis ANOVA test along with the post hoc test was used
for multiple comparisons. The correlation between the HbA1c
level and various factors was estimated by the Spearman rank
correlation analysis. For the secondary analysis, patients with
diabetes (DM group) were further subgrouped according to the
dry eye condition, the HbA1c level, and the duration of diabetes.
A multivariate analysis was performed to identify the variables
that most correlated with any of the meibomian gland parameters
in the DM group. The differences were regarded statistically
significant when the value of p was <0.05.

RESULTS

Demographic characteristics of subjects are presented in Table 1.

Dry Eye and Ocular Discomfort in
Patients With Type 2 Diabetes
The tear film parameters and the meibomian gland parameters
of subjects are shown in Table 2. The OSDI score of the NC
group was significantly lower than those of both the DE group
and the DM group (p < 0.001). Meanwhile, the OSDI score of
the DM group was also significantly lower than that of the DE
group (p = 0.016). Furthermore, the average SIT, BUT, and tear
LLT values in both DE and DM groups were all significantly lower
(p < 0.001) than those in the NC group, whereas the values of
meibomian gland parameters (except lid margin score) were all
higher (p < 0.001) than those in the NC group (Table 2).

The average SIT value in the DM group (9.59 ± 3.17 mm) was
significantly higher than that in the DE group (5.14 ± 2.12 mm).

Meibomian Gland Dysfunction in
Patients With Type 2 Diabetes
The four MGD parameters in the DM group were all significantly
higher (p < 0.001) than those of the other two groups (Table 2).
Although the average SIT value of the DM group is higher than

TABLE 1 | Demography of the subjects.

NC group
(n = 40)

DE group
(n = 33)

DM group
(n = 99)

p value

Age (years) 58.55 ± 7.18 59.09 ± 7.25 59.72 ± 6.05 0.434

Sex ratio (M/F) 21/19 15/18 47/52 > 0.05

Blood glucose
(mmol/L)

5.77 ± 0.39 5.72 ± 0.44 7.99 ± 1.64 < 0.001

HbA1c (%) 5.91 ± 0.19 5.96 ± 0.28 7.37 ± 1.28 < 0.001

Duration (years) / / 5.24 ± 3.06 /

NC, normal control; DE, dry eye; DM, diabetes mellitus; n, number of participants;
M/F, male/female. All data are presented as mean ± standard deviation.

TABLE 2 | The tear film and meibomian gland parameters in different groups.

NC group
(n = 40)

DE group
(n = 33)

DM group
(n = 99)

p value

OSDI 10.31 ± 1.45 24.94 ± 5.22a 19.98 ± 8.91a <0.001

Schirmer I (mm) 13.58 ± 2.92 5.14 ± 2.12a 9.59 ± 3.17ab <0.001

BUT (s) 10.87 ± 1.79 4.80 ± 0.83a 6.25 ± 1.99a <0.001

FL score 0.28 ± 0.45 0.91 ± 0.52a 0.67 ± 0.64 <0.05

LLT (nm) 79.18 ± 8.00 63.86 ± 8.04a 59.55 ± 9.34ab <0.001

Lid margin score 1.38 ± 0.63 1.57 ± 0.49 2.03 ± 0.76ab <0.001

MGYLS score 3.33 ± 1.07 4.31 ± 0.80a 6.28 ± 1.88ab <0.001

Meibum score 14.53 ± 4.14 19.85 ± 5.27a 25.01 ± 6.14ab <0.001

Meiboscore 2.25 ± 0.81 3.16 ± 1.05a 3.53 ± 1.01ab <0.001

NC, normal control; DE, dry eye; DM, diabetes mellitus; n, number of participants;
OSDI, ocular surface disease index; BUT, tear breakup time; FL, corneal fluorescein
staining; LLT, lipid layer thickness; MGYLS, meibomian gland yielding liquid
secretion. All data are presented as mean ± standard deviation. ap < 0.05
compared to the NC group. bp < 0.05 compared to the DE group.
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that of the DE group, the severity of MGD is more apparent
in the DM group. Interestingly, all the subjects in DE and DM
groups could be eventually diagnosed as MGD according to the
diagnostic criteria.

The detailed distribution of meibomian gland parameters
in different groups is shown in Figure 1. Twenty-six patients
(26.3%) in the DM group had a high lid margin score (score ≥ 3),
whereas two patients (6.1%) in the DE group and only one patient
(2.5%) in the NC group had high score. A high level of the
MGYLS grade (grade ≥ 2) was observed in 35 patients (35.4%)
in the DM group, whereas only two patients (6.1%) in the DE
group and one patient (2.5%) in the NC group were observed.
High meibum grade (grade ≥ 3) was seen in 38 patients (38.4%)
in the DM group, whereas only four patients (12.1%) in the DE
group and only one patient (2.5%) in the NC group were seen.
A high meiboscore (score ≥ 3) was seen in 82 patients (82.8%) in
the DM group and 24 patients (72.7%) in the DE group, whereas
only 17 patients (42.5%) in the NC group were seen.

Presence of Meibomian Gland
Dysfunction in Patients With Diabetes
Without Dry Eye
According to the recently published article (11), the existence
of ocular symptoms and BUT for less than 5 s was proposed as
the diagnostic criteria for dry eye. Based on the values of OSDI
(≥13) and BUT (<5 s), 47 patients with diabetes (47.5%) in the
DM group that were diagnosed with dry eye were marked as the
DM + DE group, whereas 40 patients (40.4%) without dry eye
served as the DM − DE group (OSDI < 13 and BUT > 5 s).
Interestingly, the SIT and LLT in the DM − DE group were
significantly higher (p < 0.01) than those of the DM + DE
group. The values of four meibomian gland parameters, the
OSDI score, and the FL score were significantly lower (p < 0.01)
in the DM − DE group than those of the DM + DE group,
although no significant difference of BUT was found. More

importantly, the values of four meibomian gland parameters
were significantly higher in the DM − DE group than those
of the NC group, although the OSDI were below 13 in both
groups. In fact, the values of DM − DE group met the
diagnostic criteria of asymptomatic MGD. This suggested that
asymptomatic MGD might emerge before the ocular discomfort
develops in T2D (Table 3).

It was also noted that subjects in the DM + DE and DE
groups were represented with similar ODSI, BUT, and FL scores.
However, the values of SIT and all of the four MGD parameters
were significantly higher (p < 0.05), whereas the LLT was lower
(p < 0.05) in the DM + DE group than those of the DE
group, indicating the dry eye condition in T2D might mainly
originate from the impairment of the meibomian gland function
(Table 3). In DM − DE group, the OSDI and FL scores were lower
(p< 0.05), whereas the SIT and BUT values and the MGYLS score
were higher (p< 0.05) than those in the DE group. No significant
difference in LLT, the lid margin score, the meibum score, and
meiboscore were found between the DM − DE and DE groups
(p > 0.05, Table 3).

In order to gain insight into the importance of the glycemic
control level in dry eye in patients with diabetes, the patients were
further separated into several subgroups according to HbA1c
levels. The DM − DE group was further separated into two
subgroups: the DM − DE-1 subgroup (HbA1c < 7%) and the
DM − DE-2 subgroup (HbA1c ≥ 7%); the DM + DE group
was separated into three subgroups: the DM + DE-1 subgroup
(HbA1c < 7%), the DM + DE-2 subgroup (7% ≤ HbA1c < 9%),
and the DM + DE-3 subgroup (HbA1c ≥ 9%). Table 4 shows the
tear film and meibomian gland parameters of the subgroups and
the NC group at different HbA1c levels.

As the HbA1c levels increased in the three DM + DE
subgroups, the OSDI and FL scores also increased, whereas the
SIT, BUT, and tear LLT values decreased (Table 4). Meanwhile,
the scores of meibomian gland parameters gradually increased. In
comparison with the NC group (13.58 ± 2.92 mm), the SIT value

FIGURE 1 | The stacked percentage column chart showing the detailed distribution of meibomian gland parameters. NC, normal control; DE, dry eye; DM, diabetes
mellitus; MGYLS, meibomian gland yielding liquid secretion.
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TABLE 3 | Tear film and meibomian gland parameters in patients with T2DM with or without dry eye.

NC group
(n = 40)

DE group
(n = 33)

DM − DE group
(n = 40)

DM + DE group
(n = 47)

p-value

Age (yr) 58.55 ± 7.18 59.09 ± 7.25 59.45 ± 4.91 61.5 ± 6.56 >0.05

Sex ratio (M/F) 21/19 15/18 17/23 19/23 >0.05

HbA1c (%) 5.91 ± 0.19 5.96 ± 0.28 6.65 ± 0.65ac 8.16 ± 1.37abc <0.001

OSDI 10.31 ± 1.45 24.94 ± 5.22 10.96 ± 1.44c 27.90 ± 6.06ab <0.001

Schirmer I (mm) 13.58 ± 2.92 5.14 ± 2.12 11.25 ± 2.61ac 7.67 ± 2.84abc <0.001

BUT (s) 10.87 ± 1.79 4.80 ± 0.83 6.99 ± 1.83ac 4.83 ± 1.43a <0.001

FL score 0.28 ± 0.45 0.91 ± 0.52 0.48 ± 0.55c 0.98 ± 0.66ab <0.001

LLT (nm) 79.18 ± 8.00 63.86 ± 8.04 63.76 ± 9.78a 54.96 ± 7.69abc <0.001

Lid margin score 1.38 ± 0.63 1.57 ± 0.49 1.71 ± 0.72a 2.39 ± 0.69abc <0.001

MGYLS score 3.33 ± 1.07 4.31 ± 0.80 5.53 ± 1.58ac 7.21 ± 1.92abc <0.001

Meibum score 14.53 ± 4.14 19.85 ± 5.27 22.31 ± 5.49a 28.33 ± 5.63abc <0.001

Meiboscore 2.25 ± 0.81 3.16 ± 1.05 3.11 ± 0.91a 4.0 ± 0.96abc <0.001

NC, normal control; DM − DE, diabetes mellitus without dry eye; DM + DE, diabetes mellitus with dry eye; n, number of participants; M/F, male/female; OSDI, ocular
surface disease index; BUT, tear breakup time; FL, corneal fluorescein staining; LLT, lipid layer thickness; MGYLS, meibomian gland yielding liquid secretion. All data are
presented as mean ± standard deviation. ap < 0.05 compared to the NC group. bp < 0.05 compared to the DM − DE group. cp < 0.05 compared to the DE group.

TABLE 4 | Tear film and meibomian gland parameters at different HbA1c levels.

DM − DE group DM + DE group

NC group
(n = 40)

DM − DE-1
HbA1c < 7%

(n = 26)

DM − DE-2
HbA1c ≥ 7%

(n = 14)

DM + DE-1
HbA1c < 7%

(n = 17)

DM + DE-2
7 ≤ HbA1c < 9%

(n = 15)

DM + DE-3
HbA1c ≥ 9%

(n = 15)

Age(yr) 58.55 ± 7.18 58.92 ± 4.71 60.43 ± 5.32 57.7 ± 6.57 61.34 ± 6.38 64.60 ± 5.10

HbA1c (%) 5.91 ± 0.19 6.22 ± 0.25 7.45 ± 0.32 6.51 ± 0.34 7.89 ± 0.42 9.76 ± 0.38

OSDI 10.31 ± 1.45 10.60 ± 1.42 11.71 ± 1.22 22.68 ± 3.33 27.52 ± 4.99 32.47 ± 5.22

Schirmer I (mm) 13.58 ± 2.92 11.90 ± 2.49 10.04 ± 2.27 9.33 ± 2.46 8.2 ± 2.77 5.80 ± 2.11

BUT (s) 10.87 ± 1.79 7.65 ± 1.63 5.77 ± 1.56 5.89 ± 1.06 4.93 ± 1.34 3.87 ± 1.13

FL score 0.28 ± 0.45 0.38 ± 0.49 0.64 ± 0.62 0.71 ± 0.62 0.90 ± 0.61 1.27 ± 0.64

LLT (nm) 79.18 ± 8.00 66.40 ± 7.25 58.89 ± 7.41 61.46 ± 6.95 55.6 ± 5.67 49.13 ± 5.75

Lid margin score 1.38 ± 0.63 1.65 ± 0.68 1.82 ± 0.77 1.75 ± 0.67 2.01 ± 0.64 2.60 ± 0.67

MGYLS score 3.33 ± 1.07 5.53 ± 1.57 5.68 ± 1.69 5.87 ± 1.73 7.30 ± 1.61 8.20 ± 1.77

Meibum score 14.53 ± 4.14 21.92 ± 5.03 23.04 ± 6.29 24.29 ± 6.10 28.21 ± 4.16 31.70 ± 4.34

Meiboscore 2.25 ± 0.81 3.02 ± 0.90 3.29 ± 0.94 3.50 ± 0.93 3.97 ± 0.96 4.43 ± 0.77

NC, normal control; DM − DE, diabetes mellitus without dry eye; DM + DE, diabetes mellitus with dry eye; n, number of participans; OSDI, ocular surface disease
index; BUT, tear breakup time; FL, corneal fluorescein staining; LLT, lipid layer thickness; MGYLS, meibomian gland yielding liquid secretion. All data are presented as
mean ± standard deviation.

of the DM + DE group with good glycemic control (DM + DE-
1 group) was decreased (9.33 ± 2.46 mm, p < 0.01), but was
still close to the normal cut-off value (10 mm). In contrast, the
SIT value of the DM + DE group with poor glycemic control
(DM + DE-3 group) significantly decreased (5.80 ± 2.11 mm,
p < 0.001). In addition, the tear BUT, FL, LLT scores, and all
meibomian gland parameters of the DM + DE group with good
glycemic control (DM + DE-1 group) were significantly abnormal
when compared to the normal controls (p < 0.001).

The parameters of tear film and meibomian gland in the two
DM − DE subgroups were also different at different HbA1c levels,
but the SIT value were still within the normal range. In the
subgroup with good glycemic control (DM − DE-1), the BUT
and LLT scores were significantly lower, and meibomian gland
parameters were significantly higher when compared with the NC
group (p < 0.001). In the subgroup with poor glycemic control
(DM − DE-2), the BUT, LLT, and FL scores were significantly

altered when compared to those of the NC group (p < 0.001).
All meibomian gland parameters of these two subgroups were
dramatically higher when compared to those of the NC group
(p < 0.001). These results suggested that patients with diabetes
might had a state of asymptomatic MGD even though the blood
glucose levels were well controlled (HbA1c < 7%). Asymptomatic
MGD might already exist in T2D with good glycemic control
but without dry eye. Representative images from patients in each
subgroup are shown in Figure 2.

Correlations Between HbA1c Levels and
Parameters of Tear Film and Meibomian
Gland in Type 2 Diabetics
In the DM group, the Spearman correlation analysis showed that
the HbA1c level was positively correlated with the OSDI score
(R = 0.644, p < 0.001) and FL score (R = 0.393, p < 0.001) but
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FIGURE 2 | Representative images of corneal fluorescein staining, lid margin, and meibography of upper lid and lower lid in the six subgroups with different HbA1c

levels. NC, normal control; DM – DE, diabetes mellitus without dry eye; DM + DE, diabetes mellitus with dry eye. The first row of panels shows a normal eye with
score 0; The second row shows the right eye of a 52-year-old female from the DM – DE group with good glycemic control, HbA1c: 6.1%, OSDI:25; BUT: 6.7 s,
Schirmer I test (SIT): 13 mm; meibum grade was 1. The third row shows the left eye of a 63-year-old male in the DM – DE group with poor glycemic control: HbA1c:
7.8%; OSDI: 32; BUT: 5.5 s; SIT: 9.5 mm; meibum grade was 2. The fourth row shows the left eye of a 40-year-old female in the DM + DE group with good glycemic
control: HbA1c: 6.1%; OSDI: 18; BUT: 4.8 s; SIT: 9.8 mm; meibum grade was 1. The fifth row shows the left eye of a 63-year-old male in the DM + DE group with
moderate glycemic control: HbA1c: 7.2%; OSDI: 25; BUT: 4.4 s; SIT: 7.2 mm; meibum grade was 1. The sixth row shows the right eye of a 64-year-old female from
the DM + DE group with poor glycemic control: HbA1c: 9.5%; OSDI: 34; BUT: 3.1 s; SIT: 5.2 mm; meibum grade was 3. White arrows: lid margin engorgement; red
arrows: abnormal secretion of meibum.

was inversely correlated with SIT (R = − 0.586, p < 0.001), tear
BUT (R = − 0.575, p < 0.001), and LLT (R = − 0.560, p < 0.001)
values. The analysis showed that the HbA1c level was positively
correlated with all the four meibomian gland parameters (lid
margin score, R = 0.427; MGYLS score, R = 0.407; meibum score,
R = 0.452; and meiboscore, R = 0.454; all p < 0.001). Among the
relevant variables (i.e., age, blood glucose, HbA1c, and duration
of diabetes), the multiple linear regression analysis revealed that
only HbA1c level was significantly associated with meibum score
(β = 0.397, p = 0.036) in the DM group, whereas age was

significantly associated with meiboscore (β = 0.362, p = 0.001)
and MGYLS score (β = 0.310, p = 0.003). Blood glucose level
was not associated with any of the meibomian gland parameters
(p > 0.05).

Meibomian Gland Dysfunction in Type 2
Diabetics With Long or Short Duration
Patients in the DM group were further separated into three
subgroups based on the duration of the diabetes. The parameters
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of tear film and meibomian gland in these subgroups are shown
in Table 5. The OSDI score, FL score, the lid margin score,
MGYLS score, the meibum score, and meiboscore in the long
and moderate duration groups were significantly higher, whereas
the SIT value was significantly lower (p < 0.001) than that of the
short duration group (p < 0.01). No significant difference was
found in these parameters between the moderate duration group
and long duration group. Interestingly, as the duration of diabetes
increased from moderate to long duration, the value of BUT and
LLT also decreased (p< 0.001), but the four MGD parameters did
not deteriorate accordingly (p > 0.05). Multiple linear regression
analysis also showed that the diabetic duration was significantly
associated with meiboscore (β = 0.334, p = 0.002), the lid margin
score (β = 0.498, p = 0.000), and the MGYLS score (β = 0.355,
p = 0.001) in the DM group.

DISCUSSION

This study demonstrated that patients with T2D have apparent
ocular discomfort and dry eye with slightly reduced aqueous
tear volume. Meibomian gland and tear function were impaired
in patients with T2D and deteriorated with moderate or long
diabetic duration and a high HbA1c level. The values of four
meibomian gland parameters and the FL score were significantly
lower in patients with T2D without dry eye than those with T2D
with dry eye. More importantly, the values of four meibomian
gland parameters were found to be significantly higher in patients
with T2D without dry eye than the healthy population, although
the OSDI scores were all below 13. Our study indicated that
asymptomatic MGD may emerge before the ocular discomfort
and dry eye develops in patients with T2D.

Previous studies suggested that tear deficiency might be the
main cause of dry eye in T2D (25–27), whereas some researchers
found no significant difference in tear volume between patient
with T2D and the normal population (28, 29). Our results
indicated that, even though the SIT value of the DM group was
somewhat lower than that of the NC group, the tear production
was still close to the cut-off value (10 mm). In patients with
T2D, the subgroup with good glycemic control (HbA1c < 7%)
had normal SIT value, whereas the subgroup with poor glycemic

control (HbA1c ≥ 9%) showed reduced SIT value. The HbA1c
levels were inversely correlated with tear secretion volumes. In
most of the previous studies, tear volume data were analyzed
without subdivision on diabetic condition, thus probably leading
to different conclusions.

Previous studies revealed a high incidence of MGD in patients
with T2D (30–32). However, the role of MGD in the pathogenesis
of dry eye in patients with T2D remains unclear. Our results
showed the values of four meibomian gland parameters were
significantly higher in the DM − DE group than the NC group,
although the OSDI scores were below 13 in both groups. This
suggests that asymptomatic MGD might emerge before the ocular
discomfort develops. Some differences in clinical features were
also noted in the meibomian gland and tear film parameters
between the DM − DE and DE groups and between the DM + DE
and DE groups. The values of MGD parameters were significantly
higher (p < 0.05), whereas the LLT score was lower (p < 0.05) in
the DM + DE group than that of the DE group. On the other
hand, the MGYLS score in the DM − DE group was higher
even in subjects who presented no obvious ocular discomfort
when compared with the DE group. The dry eye condition in
T2D might mainly originate from the impairment of meibomian
gland function (Table 3). Multivariate analysis also showed that
the HbA1c level was significantly associated with the meibum
score, whereas the duration of diabetes was associated with
meiboscore, lid margin score, and MGYLS score. Taken together,
asymptomatic MGD may be an early sign of dry eye in T2D.

The mechanism of MGD in patients with diabetes is still
unclear. Clinical studies revealed that peripheral neuropathy
and corneal hypoesthesia are associated with declines in nerve
impulses emanating from the brain and lead to reduced blink
rates (27, 33, 34). Therefore, it is speculated that corneal
hypoesthesia leads to the decline in blinking rate, and then, the
driving forces that result in the eventual delivery of meibum are
weaker (6). Reduced meibum destabilizes the tear film and finally
aggravates tear evaporation in patients with T2DM. However,
further investigation is needed for the detailed mechanisms of
MGD in patients with T2DM.

The HbA1c has been recognized as the “golden standard”
for monitoring glycemic control (35). Our study described the

TABLE 5 | Tear film and meibomian gland parameters in long or short durations of diabetes.

Short duration
(≤5 years, n = 52)

Moderate duration
(>5, ≤10 years, n = 32)

Long duration
(>10 years, n = 15)

p value

Course (years) 3.48 ± 1.36 7.55 ± 1.32a 12.75 ± 1.83ab <0.001

OSDI 22.62 ± 4.71 27.94 ± 4.51a 34.88 ± 4.67a <0.001

Schirmer I (mm) 10.45 ± 2.53 6.85 ± 1.41a 4.81 ± 1.52a <0.001

BUT(s) 6.68 ± 1.70 5.23 ± 1.58a 3.45 ± 1.00ab <0.001

FLscore 0.48 ± 0.59 1.08 ± 0.57a 1.38 ± 0.50a <0.001

LLT (nm) 61.16 ± 6.24 53.70 ± 5.66a 46.81 ± 5.58ab <0.001

Lid margin score 1.87 ± 0.53 2.55 ± 0.60a 2.94 ± 0.77a <0.001

MGYLS score 5.77 ± 1.46 7.58 ± 1.55a 8.81 ± 1.68a <0.001

Meibum score 23.61 ± 4.98 29.43 ± 4.52a 32.81 ± 4.32a <0.001

Meiboscore 3.21 ± 0.85 4.25 ± 0.78a 4.81 ± 0.66a <0.001

n, number of participants; OSDI, ocular surface disease index; BUT, tear breakup time; FL, corneal fluorescein staining; LLT, lipid layer thickness; MGYLS, meibomian
gland yielding liquid secretion. All data are presented as mean ± standard deviation. ap < 0.05 compared to the short duration group. bp < 0.05 compared to the
moderate duration group.
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association between HbA1c level and meibum score. A previous
study also found that the HbA1c levels correlated with dry eye
in patients with diabetes (4, 9). Dogru et al. (25) found that the
ocular symptoms of diabetes are related with poor metabolic
control and peripheral neuropathy. Prolonged hyperglycemia
could inhibit conjunctival goblet cell proliferation and corneal
nerve conduction and cause decline of tear volume and stability.
Seifart and Strempel (36) also found that the HbA1c level was
associated with the incidence of dry eye. However, blood glucose
level was not a significant influence factor of the meibomian
gland parameters in our study. The duration of diabetes was more
likely to affect meiboscore, lid margin score, and MGYLS score,
whereas the HbA1c level was more likely to affect the meibum
score. In our data, as the duration of diabetes increased from
moderate to long duration (Table 5), the values of BUT and LLT
also decreased (p < 0.001), but the four MGD parameters did
not deteriorate accordingly (p > 0.05). This implied that there
would be other aggravating factors of tear film stability besides
MGD for patients with DM in the long duration group. Further
studies are needed to investigate the molecular role of HbA1c in
the development of MGD.

Our data showed the impaired meibomian gland function in
patients with T2D without ocular discomfort. In fact, a lack of
association between symptoms and signs has also been reported
in other ocular surface disorders in several studies (37). Our
data suggests the need to perform meibomian gland evaluation
to detect the presence of asymptomatic or symptomatic MGD
in patients with T2D even with a good HbA1c level and a
short diabetic duration. The measurement of HbA1c appears
to be more meaningful than the blood glucose level in the
evaluation and management of dry eye and MGD in T2D. On
the other hand, the aggravation of MGD in T2D may imply to
some extent the poor glycemic control. In the future study, it
would be important to identify whether preclinical features are
likely to be predictive of progressive diseases and whether early
treatment might delay progression or reverse these pathologic
events. Treatment for early-stage disease is relatively simple.
Our data provided good reasons to offer treatment at an early,
preclinical stage of the disease, such as type 2 diabetes and
dry eye.

Limitations of our study include a relatively small sample size
that may reduce the power to further interpretation. Meanwhile,
the lack of information, such as the usage of anti-diabetic agents,
the blood lipid level, body weight and diet, visual terminal use,
sleep time, and emotional status, may hinder generalizability
of this cross-sectional study. The lack of application of some
techniques for meibomian gland evaluation, such as optical
coherence tomography and in vivo confocal microscopy (23, 38),
may also leave us out of some important findings. In addition,
this study includes Chinese population only, which may also
limit the ability to apply our results to other races. Furthermore,
patients with blepharitis, history of ophthalmic surgery, and
continuous ophthalmic topical medications were excluded from
this study, as they always suffer from severe MGD and dry eye.
In fact, the role of MGD in the pathogenesis of dry eye may be
underestimated by the exclusion of these patients with or without
type 2 diabetes. Another major limitation is that our findings

cannot prove causation and successively relation as these data
are observational.

CONCLUSION

In summary, patients with T2D suffer from ocular surface
discomfort and dry eye with slight aqueous tear volume
reduction, whereas the morphology and function of meibomian
glands have significantly changed. More importantly,
asymptomatic MGD has emerged in patients with T2D even
with good glycemic control. The tear function and meibomian
gland parameters deteriorated in patients as the diabetic duration
became longer and the glycemic control became worser.
Asymptomatic MGD may be an early sign of dry eye and ocular
discomfort in patients with T2D.
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Purpose: To investigate the effect of the preoperative meibomian gland (MG) status on

dry eye symptoms after corneal refractive surgery.

Methods: This is a prospective, observational study. Subjects were enrolled and

classified into 3 groups according to their MG loss grades. Ocular surface parameters

were measured preoperatively and at 1, 3, and 6 months, postoperatively, including the

ocular surface disease index questionnaire (OSDI), non-invasive tear film break up time

(NIBUT), tear meniscus height and Schirmer I test. All the parameters were analyzed

among the three groups, and different time points.

Results: Seventy-eight patients were included in this study. The grade of MG loss varied

from 0 to 2, thus the subjects were divided into group 1–3 corresponding to the MG

loss. There were no significant differences in all parameters at baseline. The OSDI score

increased in all groups at 1 month postoperatively and then decreased after other

follow-ups. The OSDI was higher in group 3 than group 1 at all time points postoperatively

(P = 0.005, 0.002, 0.034). Besides, it was higher in group 2 at 3 months and 6 months,

compared with group 1 (P = 0.006, 0.029). The average NIBUT was shorter in group

3, compared with group 1 and group 2 since 1 month after surgery. At 1 and 3 month

postoperatively, the grade of MG loss was positively correlated with the total OSDI and

the vision-related scores. And it showed a positive correlation only with the environmental

score at 6 months postoperatively.

Conclusions: The dry eye discomfortable symptoms significantly differed post

operatively according to their preoperative MG loss grade, though no difference was

found at baseline. Dry eye was associated more with vision-related discomfort at first

and environmental factors later.

Keywords: dry eye, meibomian gland, corneal refractive surgery, OSDI questionnaire, NIBUT

INTRODUCTION

Refractive surgery, as a procedure with high safety and stability, has been used globally in clinic
for patients with certain amounts of ametropia (1). Although refractive surgery is common and
produces excellent vision without the need for wearing glasses, some symptoms still remain and
have huge implications for patient satisfaction and vision-related quality of life (2). Dry eye, as the
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most common complaint after refractive surgery, has been shown
to interfere primarily with tear film dysfunction and influence
patients’ visual quality and satisfaction (3, 4). The study of dry eye
and proper treatment after refractive surgery could alsominimize
the risk of regression (5).

Recent studies have shown that the incidence of dry eye
after surgery is related to the basic status of the ocular surface
before surgery. Albietz et al. demonstrated that the risk of
chronic dry eye after laser in situ keratomileusis (LASIK) was
associated with dry eye symptoms before surgery and the ocular
surface management is important (5, 6). Furthermore, Chen
et al. reported that the different thicknesses of the lipid layer
before surgery are related to the signs of dry eye after surgery
(7). Another study found the meibomian gland parameters were
significantly worse in post-refractive surgery patients compared
with normal controls (8). Meibomian gland dysfunction (MGD)
has been wildly accepted as the major cause of dry eye (9, 10).
However, when checking the subjects with meibomian gland
dysfunction (MGD), there were only eight cases (11.7%) with
MGD in the post-refractive group and seven MGD cases (13.3%)
in the normal group (8). For many young patients who request
corneal refractive surgery, MG status is largely overlooked when
the sign is not severe enough to diagnose MGD (11). In recent
years, studies have indicated that loss of the MG can result
in instability of the tear film and tear film lipid layer (8,
11, 12) and Zhao et al. reported that even in asymptomatic
children, MG deficiency is already present (13). In clinic, we
found there are different degrees of MG loss among patients,
but no notably different complaint of dry eye before refractive
surgery. As dry eye is the main complaint after corneal refractive
surgery, whether different MG status will aggravate dry eye in
a different way after surgery is a clinical issue that urgently
needs further research. To our knowledge, the effect of different
preoperative MG loss on postoperative dry eye signs, and the
potential relationship with the patient feelings has not been
studied yet.

Therefore, we assessed the effect of preoperative MG status
on dry eye symptoms and signs after corneal refractive surgery,
which might provide clinical clues to guide clinical evaluations
and preventions.

METHODS

The study adhered to the tenets of the Declaration of Helsinki
and was approved by the Ethics Committee of Wenzhou Medical
University. Informed consent was obtained from all patients
prior to inclusion in the study. The exclusion criteria for the
participants included eye inflammation, severe eye irritation,
eyelid or ocular surface disease, contact lens wear for more than
half a year, history of eye surgery, or systemic or eye disease
that could interfere with tear film production or function. The
data used in this study were obtained from the right eye of
each subject. All patients in the study were enrolled from the
refractive surgery center of the Eye Hospital ofWenzhouMedical
University from April 2019 to December 2020.

The following examinations were performed before and at 1,
3, and 6 months after the operation: slit lamp biomicroscopy,

ocular surface disease index questionnaire (OSDI), non-invasive
tear film break-up time (NIBUT), tear meniscus height
measurement (TMH), meibomian gland dropout score (MGDS),
and the basic tear secretion Schirmer I test.

The OSDI questionnaire is used to measure a subject’s
subjective dry eye symptoms. It includes 12 questions that are
rated 0 to 100 points, of which 0–12 is asymptomatic, 13–32 is
mild and moderate, and 33–100 is severe symptoms. And the
questions of OSDI could be divided into three parts as the ocular
symptom score, the vision-related score and the environmental
score. Each part represents a different sub-type of subjective dry
eye symptoms. Both the total score and the sub-category score
were recorded.

The NIBUT, TMH, and MGDS were measured using a
Keratograph 5M (Oculus, Wetzlar, Germany). The TMH under
the pupil was measured with a ruler that comes with the machine
software. In addition, the first NIBUT (NIBUT-F) and average
NIBUT (NIBUT-Ave) were measured.

The clear image of meibomian glands was captured by
keratography 5M infrared, and we used Image J software to
identify and calculate the absence of glands according to the
image. The MGDS were evaluated by the ratio of the area of
the meibomian gland loss to the total area using a 0–4 grading
scale: grade 0 (no or minimal MG loss), grade 1 (<25%MG loss),
grade 2 (25–50% MG loss), grade 3 (50–75% MG loss) and grade
4 (>75% MG loss). Subjects were classified into different groups
according to their MG grade. Because the meibomian glands of
the lower eyelid are irregular, we only obtained images of the
upper eyelid meibomian glands of each right eye.

The Schirmer I test was performed by hooking a 35mm
x 5mm Schirmer band on the edge of the lower eyelid and
measuring the development of a length (mm) of wet paper in
5min without anesthesia.

Statistical analysis was performed using SPSS23.0. Statistical
differences among the groups were determined with the
one-way ANOVA, and the LSD for determining differences
between two groups was employed. Comparison of all time
points among the same group was carried out with one-
way repeated measures ANOVA and bonfferoni test. Pearson’s
correlation analysis was used to explore correlations between
normal distribution variables and Spearman’s rank correlation
analysis was used to explore correlations between non-normal
distribution variables.

RESULTS

Seventy-eight patients (78 eyes) were involved in the study. The
MG loss of participants involved only differed from grade 0–2.
Therefore, the patients were divided into three groups: Group 1:
MG loss was grade 0; Group 2:MG loss was grade 1; Group 3:MG
loss was grade 2. Specifically, 24 patients received femtosecond
laser-assisted orthotopic keratomileusis (FS-LASIK, 8:8:8 in each
group), 19 patients received small incision lenticule extraction
(SMILE, 8:5:6 in each group), and 35 patients received Trans-
Epithelial photorefractive keratectomy (Trans-PRK, 12:15:8 in
each group). In our study, the operation type had no statistical
effect on different groups. There was no statistical difference in
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TABLE 1 | Clinical parameters of patients before refractive surgery.

Parameter Group 1 (n = 28) Group 2 (n = 28) Group 3 (n = 22) P-value

Age, years 23.39 ± 3.04 23.61 ± 4.86 25.00 ± 5.93 0.489

NIBUT-First, s 15.55 ± 3.67 14.72 ± 5.64 14.94 ± 4.46 0.796

NIBUT-Ave, s 18.15 ± 2.99 17.41 ± 4.75 16.23 ± 4.90 0.296

TMH, mm 0.36 ± 0.08 0.35 ± 0.08 0.38 ± 0.08 0.408

Schirmer’s test I, mm 20.54 ± 8.55 19.14 ± 10.88 18.05 ± 9.87 0.668

OSDI score 6.62 ± 5.73 10.12 ± 10.54 9.09 ± 7.26 0.266

Gender 1.43 ± 0.50 1.29 ± 0.46 1.45 ± 0.51 0.408

Data are presented as mean ± SD. NIBUT-First, first non-invasive tear breakup time; NIBUT-Ave, average non-invasive tear breakup time; TMH, tear meniscus height; OSDI, Ocular

Surface Disease Index (OSDI) questionnaire.

FIGURE 1 | The OSDI scores of patients. The comparison of different time points measured preoperatively, at 1, 3, and 6 months after corneal refractive surgery (A).

The comparison among the three groups (B). *P < 0.05, **P < 0.01, and ***P < 0.001 (OSDI, eye surface disease index questionnaire).

the age, the gender and other basic parameters of subjects in each
group (Table 1).

OSDI Questionnaire
There were no significant difference in OSDI score at baseline
among the three groups. At 1, 3, and 6 months after surgery, the
OSDI scores of group 1 were 12.72 ± 1.34, 6.52 ± 0.85, 5.43 ±

0.70, respectively. The OSDI scores of group 2 were 15.18± 1.69,
11.31 ± 1.47, 8.11 ± 0.97 at each postoperative time points. And
the OSDI scores of group 3 were 18.47± 1.45, 12.11± 1.60, 8.24
± 1.16 at each postoperative time points.

For comparisons between different time points, all three
groups showed a significant increase at 1 month after corneal
refractive surgery (P < 0.001, P= 0.012, P= 0.001, respectively),
and the scores gradually decreased to preoperative levels at 3 and
6 months, postoperatively (Figure 1A). Significant differences
were also found between 1 month after surgery and 3 month, 6
month postoperatively (Figure 1A). At 1 month postoperatively,
all sub-category OSDI scores increased significantly in all three
groups and gradually return to baseline levels at 3 months.

For comparison among the three groups, OSDI score in group
3 was higher than group 1 at all time points postoperatively (P =

0.005, 0.002, 0.034) (Figure 1B). However, it was higher only at 3
months and 6 months in group 2, compared with group 1 (P =

0.006, 0.029) (Figure 1B).
At 1 month postoperatively, the vision-related scores were

significantly worse in group 3 compared with group 1 and group
2 (P = 0.007 and P = 0.037, respectively). And the vision-related
scores of group 3 were significantly worse than group 1 at 3
months after surgery (P = 0.005). The environmental scores of
group 3 were significantly higher than those of group 1 at 3
months and 6 months postoperatively.

Ocular Surface Function Indexes
At 1, 3, and 6 months after surgery, the NIBUT-Ave of group 1
were 16.57 ± 0.69, 17.66 ± 0.72, 17.60 ± 0.58, respectively. The
NIBUT-Ave of group 2 were 14.80 ± 0.84, 16.23 ± 0.86, 16.53 ±
0.89 at each postoperative time points. And the NIBUT-Ave of
group 3 were 11.86 ± 0.79,13.57 ± 1.002, 12.82 ± 0.99 at each
postoperative time points.

In group 1, the NIBUT-Ave showed no significant changes
from the preoperative to different postoperative periods. In group
2, the NIBUT-Ave significantly decreased at 1 month (P = 0.001)
and increased at 3 months and 6 months postoperatively. In
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group 3, the NIBUT-Ave significantly decreased at 1, 3, and
6 months postoperatively (P < 0.001, P = 0.002, P < 0.001,
respectively), compared to the preoperative value (Figure 2A).

For comparison among the three groups, there were
significant differences in NIBUT-Ave between group 1 and group
3 at 1, 3, and 6 months postoperatively (P < 0.001, P = 0.001,
P < 0.001, respectively). The NIBUT-Ave was also shorter in
group 3 than group 2, which showed a significant difference at
each time points postoperatively (P = 0.017, P = 0.048, P =

0.008) (Figure 2B). For comparison of different time points, the
NIBUT-F significantly worsened at 1 month postoperatively in all
three groups, compared with the baseline values. For comparison
among the three groups, there was only a significant difference
between group 1 and group 3 at 6 month postoperatively.
The measurements of TMH and Schirmer I test did not show
significant postoperative differences (all P > 0.05).

Correlation Analysis
Preoperatively, no correlation was found between MG loss
and the OSDI scores or the ocular surface parameters. The
grade of MG loss was positively correlated with the total
OSDI and the vision-related scores at 1 months and 3 months
postoperatively. The MG loss showed a positive correlation with
the environmental score at 6 months postoperatively (Table 2).

DISCUSSION

Dry eye is one of the most common discomforts after corneal
refractive surgery (14). It is characterized by a loss of homeostasis
of the tear film. Loss of the MG may result in instability of the
tear film (12, 15). We have already known that the ocular surface
status is worsened after refractive surgery compared to normal
controls (8). But for subjects with the insignificant symptoms
and signs before surgery, whether MG loss would aggravate the
dry eye status after corneal refractive surgery is still unknown.

The level of MG loss associated with the worsening of the
symptoms is not well-understood. Our results showed that the
total OSDI and the ocular symptom scores increased significantly
while the NIBUT-F and NIBUT- Ave decreased significantly at
1 month postoperatively. And the NIBUT-Ave was significantly
shorter at all follow-ups postoperatively, which showed worsened
instability of the tear film. It means that tear film instability was
present with the patients’ increasing discomfort after surgery.
Previous studies have also proved that tear film break up time will
be significantly reduced after refractive surgery (16, 17), which is
consistent with our study. Furthermore, we found that the tear
film instability of people with MG loss between 25 and 50% was
worse than people without MG loss and people whose MG loss
was within 25%. And for patients with higher preoperative MG
loss grade, a significantly worse feeling of the total OSDI and the
vision-related scores was present. So the preoperative MG loss
influences the subjective feeling of dry eye discomfort, and tear

TABLE 2 | Correlation between the degree of meibomian gland loss and OSDI

score at each time point before and after surgery.

OSDI Ocular

symptom

score

Vision-

related

score

Environmental

score

Baseline R-value 0.118 0.037 0.127 0.074

P-value 0.326 0.761 0.294 0.542

1 month R-value 0.258 0.015 0.319 0.090

P-value 0.030* 0.904 0.007** 0.461

3 month R-value 0.292 0.157 0.293 0.233

P-value 0.014* 0.119 0.013* 0.050

6 month R-value 0.250 0.152 0.098 0.263

P-value 0.036 0.204 0.417 0.027*

OSDI, Ocular Surface Disease Index (OSDI) questionnaire; *p < 0.05; **p < 0.01.

FIGURE 2 | The average non-invasive tear breakup time (NIBUT-Ave) of patients. The comparison of different time points measured preoperatively, at 1, 3, and 6

months after corneal refractive surgery (A). The comparison among the three groups (B). *P < 0.05, **P < 0.01, and ***P < 0.001 (NIBUT-Ave, The average

non-invasive tear film break up time).
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film instability after surgery apparently, even though there is no
significant difference at baseline.

As we didn’t find any significant differences of the TMH
and Schirmer’s score among different groups, the post-refractive
surgery dry eye differences may be correlated more with the tear
film lipid layer rather than a decrease in aqueous tear production.
Instability of the tear film caused by surgery was thought
to be related to corneal nerve damage (18), or MG function
deterioration (19). Refractive surgery may damage part of the
corneal nerves which reducing corneal sensitivity and reflex
blinking, lead to instability of tear film (12). It’s also reported that
ocular surface dryness symptoms may be related to corneal nerve
damage (20). In our previous basic study, corneal sensitivity
measured using the ocular surface esthesiometer showed the
sensitivity decreased after surgery, thus less sensitive to dry eye
discomfort (21). And in Han’s study, deterioration of ocular
surface function and meibomian gland function was found in
patients after cataract surgery (19). They all suggested that the
reduction of MG function caused by refractive surgery may
contribute to chronic tear film dysfunction. And there were no
structural changes during the 6 month follow-up in our study,
which is consistent with previous study (8, 19, 22). So, we suppose
that the effect of meibomian gland loss on the tear film can be
superimposed with the effect of corneal refractive surgery, which
aggravates the signs and symptoms of dry eye after surgery.

The MG loss grade showed no correlation with the OSDI
scores and other ocular surface parameters before surgery in our
study, which was also similar to several other cross-sectional
dry eye studies (11, 23). However, some previous studies found
significant correlations between MG loss and some tear film
parameters, such as the lipid layer thickness (LLT), NIBUT,
as well as subjective symptomatology (OSDI) in dry eye and
MGD patients (24). Interestingly, the grade of MG loss in
our study showed a significant positive correlation with the
OSDI and vision-related scores after corneal refractive surgery
at 1 month and 3 months, and it was significantly correlated
with the environmental score at 6 months postoperatively. The
results suggested the possibility that after some intervention,
such as corneal refractive surgery, MG loss would influence
the subjects’ symptoms more apparently. The discomfort is
related more to reading, driving at night, and working with
a computer at an early period postoperatively, and it can be
aggravated by environmental conditions, such as wind, low
humidity or air conditioning use at the 6 month follow-up. All
these revealed that after routine and successful corneal refractive
surgery, the extent to which the patients experienced ocular
discomfort differed according to their preoperative MG loss
grade. Thus, more detailed information could be provided to
patients after carefully evaluating the preoperative MG status
and ocular surface status. For those with more MG loss,
clinicians could explain that the vision-related discomfort may
be more severe and several therapies could be tried, such as
the application of hot compresses and good lid hygiene. At 3
months postoperatively and later, more attention could be paid
to environmental factors.

In addition, studies have demonstrated that it is necessary to
compare age-matched groups since there is great influence of

aging on MG morphology and function, also a risk factor for dry
eye after refractive surgery (25, 26). And age is studied to be the
only factor associated with the LLT in normal subjects (27). In the
present study, no differences were found in age among different
MG loss groups. In this experiment, although we used three types
of refractive surgery, the difference in surgical procedures had
no statistical effect on different groups. For the post-operative
treatment regimen, we use 0.1% fluorometholone eye drops, 4
times a day for the first 1 week, 3 times a day for the 2nd week,
2 times a day for the 3rd week, then once a day for the 4th week;
routine use of artificial tears, 4 times a day, for at least 3 month,
and use artificial tears as needed after for SMILE and LASIK.
For T-PRK, the fluorometholone need to use longer and usually
would be 4 times a day for the 1st month. Artificial tears is also
routinely used.

Our present study also had limitations. We did not evaluate
the ocular surface staining and meibography of inferior eyelid.
Therefore, to understand more definite information about the
relationship betweenMG loss and dry eye after refractive surgery,
it is necessary to perform larger size with more examinations in
future research.

To our knowledge, this is the first study to evaluate the
preoperative MG status on dry eye discomforts of corneal
refractive surgery patients. The study suggested that even
the subjective symptom is similar in patients with various
degree of MG loss before surgery, the feeling would turn to
significantly different among the three groups after surgery. The
better preoperative meibomian gland status, the better dry eye
symptoms would be achieved after corneal refractive surgery. The
vision-related discomfort would be the main complain at first
and more attention could be paid to environmental factors. More
research is needed to optimize theMG status during preoperative
evaluation to deal with dry eye related problems and challenges,
which would additionally improve the patient’s quality of life
and satisfaction.
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High-Intensity Use of Smartphone
Can Significantly Increase the
Diagnostic Rate and Severity of Dry
Eye
Chunyang Wang†, Kelan Yuan†, Yujie Mou, Yaying Wu, Xin Wang, Renjian Hu, Jinjin Min,
Xiaodan Huang and Xiuming Jin*

Eye Center, The Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China

Purpose: To investigate the effects of high-intensity use of smartphones on ocular
surface homeostasis and to explore whether high-intensity use of handheld digital
devices can cause false increase of dry eye diagnostic rate.

Methods: In this prospective self-control study, 60 subjects (120 eyes) were
recruited and asked to read on smartphones provided by the same manufacturer
for two consecutive hours. This study was conducted during 8:00 – 10:00 AM to
eliminate the influence of digital equipment used the previous day. Ophthalmological
examinations [non-invasive tear breakup time (NIBUT), fluorescein breakup time (FBUT),
Schirmer I test, corneal fluorescein staining (CFS), bulbar conjunctival redness and
meibomian gland (MG) assessment] and a questionnaire survey were conducted before
and after the reading test. Based on the collected data, the changes in ocular
surface damage and subjective symptoms of the subjects were evaluated, and the
differences in the diagnostic rate of dry eye before and after high-intensity use of
smartphones were compared.

Results: The diagnostic rate of dry eye was sharply increased (61.7% vs. 74.2%).
The severity of dry eye also changed significantly, and the moderate and severe
degree increased after reading (10% vs. 15%; 5% vs. 10.8%). The aggravated severity
subjects had lower MG expressibility and more evident bulbar conjunctival redness
compared to the non-aggravated severity subjects. After 2 h of continuous reading,
NIBUT-First, NIBUT-Average and FBUT-Average were significantly decreased, while
the proportion of BUT ≤ 5 s increased significantly. Non-invasive keratograph tear
meniscus height(NIKTMH) decreased significantly compared to the baseline level, while
the proportion of NIKTMH<0.20 mm increased significantly. No significant difference
was observed in the Schirmer I test and CFS score between the two groups. Compared
to the baseline, evident aggravation was observed in bulbar conjunctival redness. The
Ocular Surface Disease Index (OSDI) was significantly higher than the baseline after
the reading test.

Frontiers in Medicine | www.frontiersin.org 1 April 2022 | Volume 9 | Article 829271377

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.829271
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmed.2022.829271
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.829271&domain=pdf&date_stamp=2022-04-26
https://www.frontiersin.org/articles/10.3389/fmed.2022.829271/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-829271 April 19, 2022 Time: 14:44 # 2

Wang et al. Smartphone Increases Dry Eye Diagnosis

Conclusion: Diagnostic indicators related to dry eye are rapidly deteriorating after
high-intensity smartphone use, especially those with lower MG expressibility and ocular
redness. High-intensity smartphone use can increase the false positive rate of dry eye
diagnosis by disturbing ocular surface homeostasis.

Keywords: dry eye, smartphone, ocular surface, dry eye diagnosis, dry eye severity

INTRODUCTION

Recently, the incidence rate of dry eye has been further
increasing. On one hand, this is related to the evident increase
in clinical diagnosis and treatment level, and on the other
hand, to the change in modern lifestyle. Considerable evidence
has revealed that dry eye is a lifestyle disease (1, 2). Dry eye
can be induced by many unhealthy lifestyle chioces, including
overuse of digital devices, lack of sleep and physical activity, and
prolonged sedentary behaviors (3). Thus, the diagnosis of dry eye
is affected by many behavioral factors, of which the overuse of
handheld digital devices is a significant factor. Digital eye strain
(DES) is defined as the visual disturbance and ocular discomfort
associated with the use of digital devices (4). The prevalence
of DES-induced symptoms is estimated to be between 25 and
93% (4–8). Dry eye is considered a major contributor to DES,
and its prevalence is significantly higher among frequent visual
display terminal (VDT) users. Several studies conducted in Japan
have shown that VDT use is a potential risk factor for dry eye
(3, 9, 10). A cross-sectional Caucasian study conducted in Italy
also proved that an increase in the number of VDT workers is
accompanied by an increase in the frequency of occurrence of
dry eye (11).

The rapid increase in the prevalence of dry eye is putting a
heavy health and economic burden on modern people. Mild-
to-moderate dry eye has become a common health problem
affecting people’s quality of life and work efficiency, while
severe dry eye can lead to visual impairment, and even
blindness, which is a complex ocular surface and corneal disease
that is difficult to treat at present. Therefore, we wonder
whether there is a problem of overdiagnosis in such a high
diagnostic rate of dry eye, and whether a lifestyle change in
a short time can cause a change in the diagnostic rate of dry
eye?

Our results indicated that high-intensity smartphone use
significantly interfered with the homeostasis of the ocular
surface, especially the stability of the tear film. Moreover,
high-intensity smartphone use sharply increased the diagnostic
rate and severity of dry eye of the same group of subjects
in a short period, which can cause some confusion in dry
eye diagnosis. Perhaps the high-intensity use of Smartphone
or tablet screen can be used as a provocation test for
some patients who are at the critical threshold for the
diagnosis of dry eye. Therefore, in the actual clinical work,
we need to completely analyze the actual situation of patients,
clarify the importance of carefully inquiring the history, and
avoid the false increase in the diagnostic rate of dry eye
for non-dry eye persons due to the temporary overuse of
electronic equipment.

MATERIALS AND METHODS

Subjects and Experimental Design
We conducted a prospective study at the Eye Center of The
Second Affiliated Hospital of Zhejiang University School of
Medicine. This study was conducted in conformance with the
ethical principles of the Declaration of Helsinki and was approved
by the Ethics Committee of The Second Affiliated Hospital of
Zhejiang University School of Medicine. A total of 60 subjects
(120 eyes) were involved in this study. The inclusion criteria
were volunteers over 18 years old who used smartphones
frequently and had basic reading comprehension skills. The
exclusion criteria were volunteers who took any eyedrops or other
treatments within 1 week, had ocular diseases except dry eye, used
contact lenses within 1 month, or had undergone eye surgery
within 6 months. Breastfeeding or pregnant women and people
with severe systemic diseases, psychosis or dementia were also
excluded. Informed consent was obtained from all subjects prior
to the participating.

The subjects were asked to read for two consecutive
hours on smartphones provided by the same manufacturer
(Hisense Communications Co., Ltd., Qingdao, China) under
sufficient ambient brightness conditions from 8:00 to 10:00
AM. The settings of all smartphones were kept the same: the
screen brightness of the screens was 50% of the maximum
brightness, the same app was used for reading, and the
font and size of the text were the same. The distance
between the eyes and the smartphone screen was fixed
at 40 cm. Both before and after the reading test, the
subjects underwent ophthalmological examinations and were
administered questionnaires. We evaluated their dry eye-related
symptoms and signs and compared the differences in the dry eye
diagnostic rates before and after the reading test.

The Diagnostic Criteria for Dry Eye
The diagnostic criteria for dry eye refer to experts’ consensus
about clinical diagnosis and treatment of dry eye, published by
Corneal Disease Group of Ophthalmological Society, Chinese
Medical Association in 2020. They are listed as follows. (1) One
of the subjective symptoms of dryness—foreign body sensation,
burning sensation, fatigue, discomfort, vision fluctuation (Ocular
Surface Disease Index (OSDI) ≥ 13), and non-invasive tear
breakup time (NIBUT) ≤ 5 s or Schirmer I test (without surface
anesthesia) ≤ 5 mm/5 min—can diagnose dry eye (2) One of the
subjective symptoms of dryness, foreign body sensation, burning
sensation, fatigue, discomfort, vision fluctuation (OSDI ≥ 13)
and 5 s < NIBUT ≤ 10 s or 5 mm/5 min < Schirmer I test results
(without surface anesthesia) ≤ 10 mm/5 min and positive corneal

Frontiers in Medicine | www.frontiersin.org 2 April 2022 | Volume 9 | Article 829271378

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-829271 April 19, 2022 Time: 14:44 # 3

Wang et al. Smartphone Increases Dry Eye Diagnosis

fluorescein staining (CFS ≥ 1) can be used to diagnose dry
eye. The severity criteria for dry eye refer to experts’ consensus
about clinical diagnosis and treatment of dry eye published by
the Corneal Disease Group of Ophthalmological Society, Chinese
Medical Association in 2020. They are listed as follows. (1) Mild:
under a slit lamp microscope, there were no evident signs of
ocular surface injury (corneal fluorescein staining ≤ 5), and
BUT ≥ 2 s. (2) Moderate: under the slit lamp microscope, the
range of corneal injury was no more than two quadrants or
corneal fluorescein staining points > 5 and < 30, and BUT ≥ 2 s.
(3) Severe:under the slit lamp microscope, the range of corneal
injury was more than two quadrants (including two quadrants)
or corneal fluorescent staining points ≥ 30, and BUT < 2 s. The
fluorescein staining spots of the cornea fused into coarse spots
or flakes or were accompanied by filaments. If the result of the
Schirmer test is 0, it indicates a severe dry eye.

Subjective Ocular Symptoms and
Asthenopia Assessment
The subjective ocular symptoms and asthenopia were assessed
using the Ocular Surface Disease Index (OSDI). which quantifies
dry eye symptoms based on three subscales: ocular symptoms
(OSDI Symptom), visual tasks (OSDI Visual Function) and
environmental triggers (OSDI Triggers) (12). The dry eye
screening criteria for the OSDI questionnaire according to the
TFOS DEWS II Diagnostic Methodology report are listed as
follows: Mild = 13–22, Moderate = 23–32, and Severe ≥ 33 (13).

Ophthalmological Examination
Non-invasive Tear Breakup Time, Non-invasive
Keratograph Tear Meniscus Height, and Bulbar
Conjunctival Redness
The Keratograph 5M (Oculus, Wetzlar, Germany) was used
to measure the non-invasive tear breakup time (NIBUT) and
bulbar conjunctival redness. NIBUT-First was recorded as the
time (in seconds) between the last complete blink and the first
appearance of discontinuity in the Placido disk. NIBUT-Average
was defined as the average time of BUT points during the entire
examination period. The non-invasive keratograph tear meniscus
height (NIKTMH) was measured as the distance between the
edge of the tear meniscus and eyelid margin on the vertical line
through the pupil midpoint. Ocular redness including nasal and
temporal bulbar conjunctival redness, was also measured using
the Keratograph 5M. The measurement was repeated for three
times, with intervals of 5 min, and the average value was taken.

Fluorescein Breakup Time and Corneal Fluorescein
Staining
The fluorescein breakup time (FBUT) measurement and vital
corneal staining were performed using fluorescein sodium strips
purchased Liaoning Meizilin Pharmaceutical Co., Ltd., Shenyang,
China. FBUT was recorded as the time interval between the
last complete blink and the appearance of the first dry spot on
the tear film surface under cobalt blue light. The measurement
was repeated for three times and the average value (FBUT
Average) was taken.

Two minutes after the FBUT measurement, corneal
fluorescein staining (CFS) was evaluated using the National
Eye Institute grading system. Briefly, each cornea was divided
into five corneal zones, and each corneal zone was scored
from 0 to 3. The scored as follows:0 = no evident signs
of ocular surface injury, 1 = corneal fluorescein staining
points ≥1 and <30, 2 = corneal fluorescein staining points
>30 without fused points, 3 = corneal fluorescein staining
points fused into coarse spots or flakes or accompanied by
filaments. The final CFS score was the sum of the five zones
ranging from 0 to 15.

Schirmer I Test
The schirmer I test without topical anesthesia was performed
using filter paper strips (Liaoning Meizilin Pharmaceutical Co.,
Ltd., Shenyang, China) after completing all other examinations.
To avoid any influence of CFS on the schirmer I test results, the
test interval was kept at least 15 min.

Meibomian Gland Assessment
Fifteen meibomian glands (MGs) in the lower eyelid (including
five MGs each on the nasal, medial, and temporal sides) were
used to assess the expressibility of MGs and quality of the secreta.
MG expressibility was graded on a scale of 0 to 3 (0 = all
glands expressible, 1 = 3–4 glands expressible, 2 = 1–2 glands
expressible, and 3 = no glands expressible). The three groups of
MGs scores were combined to obtain the total MG expressibility
score ranging from 0 to 9. In addition, MG quality was graded on
a scale of 0 to 3 (0 = lipid clear and transparent, 1 = lipid dirty, 2
= lipid dirty with scraps, and 3 = lipid thick like toothpaste). All
MGs scores were combined to obtain the total MG quality score
ranging from 0 to 45.

Statistical Analysis
The comparisons of data before and after the test were conducted
using the Wilcoxon matched-pairs signed rank test and Kruskal–
Wallis H test. The baseline data were compared using in
the independent samples T test and Wilcoxon Mann–Whitney
rank test. The difference between right and left eyes were
conducted using the Wilcoxon matched-pairs signed rank test
and Kruskal–Wallis H test. Statistical analyses were conducted
using a GraphPad Prism 7.0 (GraphPad Software Inc., San Diego,
CA, United States). The differences were considered statistically
significant when the p-value was less than 0.05.

RESULTS

Baseline Characteristics of Subjects
A total of 60 subjects (120 eyes), including 21 males and
39 females, were involved in this study. Their mean age was
24.82 years, ranging from 22 to 30 years old. No statistically
significant difference was detected between right and left eyes for
related signs of dry eye disease. The baseline characteristics of
subjects’ ophthalmological examinations and questionnaires are
shown in Table 1.

Frontiers in Medicine | www.frontiersin.org 3 April 2022 | Volume 9 | Article 829271379

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-829271 April 19, 2022 Time: 14:44 # 4

Wang et al. Smartphone Increases Dry Eye Diagnosis

High-Intensity Use of Smartphones Can
Significantly Increase the Diagnostic
Rate of Dry Eye and the Severity of Dry
Eyes
First, we compared the difference in the diagnostic rate of dry eye
before and after the reading test and found that high-intensity
smartphone use caused a sharp increase in the diagnostic rate
within a short period of time (Table 2, 61.67% vs. 74.17%,
p = 0.01). In addition, the severity of dry eye changed significantly
after the reading test (Figure 1), and the moderate and severe
degrees increased (Table 2, 10% vs. 15%; 5% vs. 10.8%).

Increase in the Severity of Dry Eyes
Caused by the High-Intensity Use of
Mobile Phones Was Related to
Meibomian Gland Expressibility and
Ocular Redness
Certain subjects experienced an aggravation severity after the
reading test. These subjects had lower MG expressibility before
the test compared to the subjects without significant changes
(Figure 2A, p < 0.01). The redness of the bulbar conjunctiva

TABLE 1 | Baseline characteristics of subjects.

Characteristics

Age 24.82 ± 1.84

Sex (male/female) 60 (21/39)

Smartphone usage time(year) 8.22 ± 2.31

NIBUT-first (s) 6.29 ± 2.19

NIBUT-average (s) 7.72 ± 1.91

FBUT-average (s) 5.44 ± 3.33

CFS 0.29 ± 0.67

Schirmer I test (mm) 13.45 ± 10.65

Nasal redness 0.82 ± 0.32

Temporal redness 0.82 ± 0.29

MG expressibility 1.14 ± 1.49

OSDI total 16.62 ± 11.01

CVS-Q total 13.98 ± 10.40

DEQS total 19.40 ± 11.29

Data are expressed as the mean ± standard deviation.
NIBUT, non-invasive break-up time; FBUT, fluorescein break-up time; OSDI, ocular
surface disease index; CVS-Q, computer vision syndrome questionnaire; DEQS,
dry eye-related quality-of-life score.

on the nasal and temporal sides was more evident (Figure 2B,
p < 0.01; Figure 2C, p < 0.05).

Risk Factors for Patients With Increased
Severity of Dry Eye
Taking the aggravation of dry eye diagnosis as the dependent
variable, the independent variables were analyzed by single factor
analysis, the relevant variables were screened, and then a logistic
regression analysis was performed. The results showed that MG
discharge and the use time of mobile phones were the protective
factors causing the aggravation of dry eye diagnosis, while nasal
red eye was the risk factor (Table 3, p < 0.05).

High-Intensity Use of Smartphone
Resulted in a Significant Decrease in
Tear Film Stability
We assessed the effects of high-intensity use of smartphones on
the stability of the tear film. The results showed that, compared
to the pre-reading group, NIBUT-First significantly decreased
after 2 h of continuous reading (Figure 3A, p ≤ 0.0001), while
the proportion of NIBUT-First ≤ 5 s increased significantly
(Figure 3D, 32.5% vs. 59.17%). Similarly, NIBUT-Average
(Figure 3B, p ≤ 0.0001) and FBUT-Average (Figure 3C,
p ≤ 0.0001) also decreased significantly from the baseline level,
while the proportion of BUT ≤ 5 s increased significantly
(Figures 3E,F, 6.67% vs. 31.67%, 53.33% vs. 83.33%, respectively).

Effects of High-Intensity Use of
Smartphone on Tear Volume
We investigated the effects of high-intensity smartphone
use on tear secretion. Our results showed that compared
to the baseline level, NIKTMH was significantly
decreased after reading (Figure 4A, p ≤ 0.0001), while
the proportion of NIKTMH < 0.20 mm increased
significantly (Figure 4C, 58.33% vs. 89.17%). No
significant difference was observed in the Schirmer I test
between the two groups (Figure 4B, P > 0.05), and the
proportion of Schirmer I test ≤ 5 mm did not change
significantly before and after the reading test (Figure 4D,
28.33% vs. 28.33%).

Excessive Use of Smartphone
Aggravated Ocular Redness
In this study, ocular redness was evaluated by measuring
nasal and temporal bulbar conjunctival redness. Compared to
the baseline, evident aggravation was observed in the nasal

TABLE 2 | Changes of the diagnostic rate.

The diagnostic rate

Normal eye Mild dry eye Moderate dry eye Severe dry eye Total number of dry eye Z P

Pre-reading(%) 46(38.3%) 56(46.7%) 12(10.0%) 6(5.0%) 74(61.7%) −2.568 0.01

Post-reading(%) 31(25.8%) 58(48.4%) 18(15.0%) 13(10.8%) 89(74.2%)

Data are expressed as the number and percentage of eyes in different severity.
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FIGURE 1 | Effects of continuous reading for 2 h with smartphones in the diagnostic rate of dry eye and the severity of dry eyes. A significant increase in the total
diagnostic rate of dry eye. The diagnosis rate from mild dry eye to moderate and severe eye was significantly increased compared to that before the reading test.

FIGURE 2 | Relationship between changes in severity and baseline MG expressibility and ocular redness. The MG expressibility (A) of aggravated severity subjects
before the reading test was significantly lower than those of non-aggravated severity subjects. Evident aggravation was observed in nasal (B) and temporal (C)
bulbar conjunctival redness for subjects with aggravated severity. (A–C) Dates are presented as median and interquartile range, *p ≤ 0.05, **p ≤ 0.01.

bulbar conjunctival redness after the reading test (Figure 5A,
p ≤ 0.0001). The proportion of nasal bulbar redness index
(BRI) > 1 grade was increased from 15.83% at baseline to 38.33%
after the reading test (Figure 5C). At the same time, the temporal
bulbar conjunctival redness (Figure 5B, p ≤ 0.0001) and the
proportion of temporal BRI > 1 grade (Figure 5D, 21.67% vs.
41.67%) showed a similar trend of change trend.

TABLE 3 | Multivariate logistic analysis of the increase in the severity of dry eyes.

Characteristics B Walds P OR 95%CI

Smartphone usage time −0.285 5.435 0.020 0.752 0.592–0.956

Nasal redness 1.765 5.253 0.022 5.841 1.291–26.419

MG expressibility −0.85 6.666 0.010 0.428 0.224–0.815

Corneal Fluorescein Staining, Meibomian
Gland Expressibility, and Meibomian
Gland Quality Did Not Change
Significantly Over the Task
No significant change was observed in the CFS score (Figure 6A,
p > 0.05) and the proportion of CFS ≥ 1 between the two groups
(Figure 6B, 18.33% vs. 22.5%). Similarly, the MG expressibility
(Figure 6C, p > 0.05) and MG quality (Figure 6D, p > 0.05) did
not change significantly after the reading test.

High-Intensity Use of Smartphone
Exacerbated Subjective Symptoms
Significantly
Figure 7 showed the impact of high-intensity smartphone use
on subjective symptoms. The OSDI Symptom score, OSDI Visual
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FIGURE 3 | Effects of continuous smartphne reading for 2 h on tear film stability. NIBUT-First (A), NIBUT-Average (B) and FBUT-Average (C) decreased significantly
compared to the baseline level, while the proportion of BUT ≤ 5 s increased significantly (D–F). (A–C) Dates are presented as median and interquartile range,
****p ≤ 0.0001.

FIGURE 4 | Effects of continuous smartphones reading for 2 h on tear volume. Compared to the baseline level, NIKTMH (A) decreased significantly, while the
proportion of NIKTMH < 0.20 mm increased significantly (C). The Schirmer I test (B) and the proportion of the Schirmer I test ≤ 5 mm (D) did not change
significantly between the two groups. (A–B) Dates are presented as median and interquartile range, ****p ≤ 0.0001.

Function score and OSDI Triggers score were significantly higher
than the baseline after the reading test (Figures 7A–C, p ≤ 0.01,
p ≤ 0.001, and p ≤ 0.001, respectively). The overall OSDI

score was also significantly higher than the baseline (Figure 7D,
p ≤ 0.0001). Furthermore, the proportion of OSDI ≤ 12
decreased from 38.33% at baseline to 28.33% after continuous
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FIGURE 5 | Effects of continuous smartphone reading for 2 h on ocular redness. Evident aggravation was observed in nasal (A,C) and temporal (B,D) bulbar
conjunctival redness after the reading test. (A–B) Dates are presented as median and interquartile range, ****p ≤ 0.0001.

reading for 2 h (Figure 7E). In contrary, the proportion of
OSD ≥ 33 increased distinctively from 10% at baseline to 26.67%
after the reading test (Figure 7E).

DISCUSSION

After using the mobile phone screen for continuous reading for
2 h, besides the misdiagnosis of non-dry eyes, the dry eye severity
of certain subjects changed from mild dry eyes to moderate
dry eyes, or moderate dry eyes to severe dry eyes. The dry
eye test index of these people showed a more unstable trend.
Our data showed that these patients had lower baseline MG
expressibility and more evident nasal and temporal eye redness.
Kyei et al. showed that the correlation between symptoms
and signs of dry eye is low and inconsistent (14). Therefore,
our severity classification criteria were dominated by corneal
damage and BUT. As stated above, conjunctiva redness is closely
related to ocular surface inflammation. Studies have shown
that overexposure to short-wave blue light induces oxidative
damage and apoptosis of the cornea, which can manifest as
increased ocular surface inflammation, leading to dry eyes (15).
One possible reason for this is that the subjects with severe
bulbar conjunctival redness are more sensitive to the blue light
emitted from smartphones and already have inflammation and
damage on the eye surface before the reading test. Continuous
blue light stimulation from smart phones can aggravate dry eye

signs and increase the severity of diagnosis. In addition, the
function of meibomian gland also influences the classification
of dry eye severity. Studies have shown significantly worse
fluorescein scores, tear film rupture time and Schirmer test scores
in water-deficient DED patients compared with meibomian gland
dysfunction (MGD), and that increased tear production in MGD
can compensate for tear film rupture time (16, 17). We believe
that patients with severe dry eye are more likely to have dry
eye with water deficiency; thus the MG function is better. As
meibomian abnormalities are chronic and diffuse, the symptoms
and signs might not change much in the short term. In addition,
the later the age of starting mobile phone use, the shorter is the
number of years of using mobile phones, symptoms and signs
of dry eye are milder and it can also be proved that the use of
smart phones does have an adverse impact on dry eye diagnosis.
A meta-analysis showed that the prevalence of DED increased
with continued VDT use, especially with daily over 8 h, which
is consistent with our findings (18).

We know that age is a risk factor associated with dry eye.
Our study focused on the younger age group (23–30 years old)
and found that for younger age groups, the prevalence of dry
eye disease is also gradually increasing due to long-term TVD
use and the effects of prolonged screen time during the COVID-
19 pandemic. Barabino S et al. found that compared with older
patients, younger people had more severe subjective symptoms,
thinner lipid thickness but relatively normal meibomian gland
function (19). This may also explain why the evaporative type
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FIGURE 6 | Effects of continuous smartphone reading for 2 h on CFS, MG expressibility and MG quality. No significant difference was observed in CFS (A,B), MG
expressibility (C) and MG quality (D) between the two groups. (A–C) Dates are presented as median and interquartile range.

FIGURE 7 | Effects of continuous smartphone reading for 2 h on OSDI, CVS-Q and DEQS. OSDI Symptom score (A), visual function score (B), triggers score (C)
and total score (D) were increased significantly compared to the baseline level. The proportion of OSDI ≤ 12 decreased significantly, while that of OSDI ≥ 33
increased distinctively during the task (E). (A–D) Dates are presented as median and interquartile range, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

with the greatest impact in this study, while there was no
significant change in meibomian gland function. J. Murube et al.
proposed different classification methods for dry eye (20). The
classification of etiology points out that with the increase of age,

the exocrine glands of the human body, including the lacrimal
gland, will undergo progressive apoptosis, and it is easy to form
dry eye due to insufficient tear secretion, resulting in an increase
in the incidence and severity of dry eye (20). Because the body
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adjustment ability of the elderly is worse than that of the young,
and the results of tear film break-up time and schirmer test caused
by dehydration DED are more serious, the changes in physical
signs of the results of this study are also applicable to the elderly.
In addition, studies have shown that Asians were at a higher risk
of DED than Caucasians, so this study is of great significance
for the exploration of the incidence of dry eye in China (21).
However, due to an insufficient number of sample, we did not
find an association between gender and the dry eye diagnosis rate
of short-term intensive use of mobile phone screens.

At present, dry eye diagnosis is mainly based on subjective
symptoms, tear function abnormalities and positive vital staining.
However, we found that dry eye related indicators, such as
BUT and NIKTMH can change significantly in the short term
after external intervention. For example, the proportion of
subjects with NIBUT ≤ 5 s increased rapidly from 32.5% at
baseline to 59.17% after continuous reading on a smartphone
for 2 h. The reason for the dramatic change in BUT during the
reading test is attributable to the decreased blink rate, incomplete
blinks, increased ocular surface exposure, and increased tear
evaporation caused by excessive smartphone use (22). Moreover,
the change trend of the indicators reflecting the tear volume
was not consistent, which was reflected in the fact that the
proportion of subjects with NIKTMH ≤ 0.20 mm increased
rapidly after reading, while, the Schirmer I test results did not
change significantly during the test. The reason for this difference
is attributable to the different detection methods of the two
indicators. In this study, the Schirmer I test was performed
without topical anesthesia, so it would have induced a heavy
stimulation on the ocular surface, which can even mask the
influence of excessive smartphone use on the tear volume (23).
Compared to the Schirmer I test, NIKTMH is a non-invasive
examination, which can detect the change in tear volume in a
more microscopic manner and is less affected by the operation
(24). No significant difference was found before and after reading
with fluorescence staining. We believe that the ocular surface
injury is less likely to change in the short term. Because the
diagnostic criteria of dry eye are directly related to OSDI, NIBUT,
Schirmer I test and positive corneal fluorescein staining,the
abnormal tear function of patients in a short period can lead to
aggravation of symptoms, which is finally reflected in the increase
in the diagnosis rate.

The new definition of dry eye created by TFOS DEWS II
emphasizes the important role of ocular surface inflammation
in dry eye development. Conjunctival redness is the most
common clinical sign suggesting ocular surface inflammation
(25, 26). According to our study results, high-intensity
smartphone use resulted in a significant increase in bulbar
conjunctival redness. The high-intensity blue light (450–
470 nm) emitted from smartphones is considered to be a risk
factor for ocular surface inflammation. Marek et al. reported
that blue light was phototoxic to human conjunctival and
corneal epithelial cells. It induces cell death, stimulates ROS
formation, and changes the expression of inflammatory genes.
They found that it was much worse under hyperosmotic
condition, which suggested that patients with dry eye are
more sensitive to blue light (27). In addition, the magnetic

field (MF) released from smartphone is another important
factor in eye surface damage. Keklikci et al. suggested
that low frequency MF exposure leads the morphological
changes in the conjunctiva and decreased the quantity
of goblet cells (28). Other studies have shown that MF
can also cause ocular surface damage by promoting the
apoptosis of epithelial cells, increasing oxidative stress,
and promoting the expression of inflammatory genes
(29–31). All of these factors may be responsible for the
increase in the subjects’ ocular surface redness index.
According to our study results, dry eye-related indicators,
such as BUT, NIKTMH, and ocular redness index, are
prone to fluctuations when disturbed by unhealthy lifestyle
habits, which lead to a false increase in the diagnostic
rate of dry eye.

In addition, it is well known that the accommodation of
the eye, including dry eye symptoms and signs, has a circadian
rhythm. García N et al. also confirmed that the clearance of
fluorescein sodium from tears was lower at night than during
the day (32). There are also studies showing that the subjective
symptoms of eye discomfort and eye redness in patients with
dry eye are milder during the day than at night (33). All of
these studies showed an impact on the diagnosis of dry eye at
different time periods, but the course of the study included at
least two longer intervals, such as two hours each at morning
and evening or at noon and evening. However, some studies
have also shown that although tear meniscus height in patients
with dry eye has a downward trend within one day (detected
every 3 h), there is no statistically significant difference (34).
Rodriguez et al. found a time node at 12:00 noon about ocular
discomfort and corneal staining, but there was also no statistical
difference (35). We think that there is no significant difference
in the symptoms and signs of dry eye in a short period of time
(within 2 h), and the subjective symptoms and objective signs
in the morning are mild, so we arrange the examination time of
each subject at 8:00 in the morning. Therefore, the influence of
different times of one day on the rhythm of the tear apparatus,
meibomian glands, tear film stability and corneal inflammation
was excluded, and the possible influence of the use of electronic
devices on participants before the start of the experiment was also
avoided as much as possible.

CONCLUSION

In conclusion, high-intensity use of smartphone results in a
significant decrease in tear film stability, an evident aggravation
in ocular redness and ocular discomfort symptom, leading to
a sharp increase in the diagnostic rate and severity of dry eye
in a short period of time. As a lifestyle disease, the diagnostic
indicators of dry eye can be easily disturbed by unhealthy lifestyle
habits. In the current diagnosis and treatment process, due
to the large number of people in the outpatient department,
patients generally need to wait in line for more than dozens
of minutes before they can see a doctor. This time interval
increases the probability of patients using video terminals such as
smart phones before the examination. Moreover, dry eye patients
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with severe ocular inflammation but better meibomian gland
function are more likely to be misdiagnosed and aggravated.
Alternatively, high-intensity smartphone or tablet screen use
may serve as a provocative test for some patients at critical
thresholds for diagnosing dry eye. Therefore, we need to analyze
the actual situation of patients fully in the actual clinical work
and avoid the false increase in the diagnostic rate of dry eye due
to the temporary overuse of electronic equipment. A limitation
of this study is that it does not analyze how the influence of
continuous reading screen disappears, which requires further
exploration in the future.
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