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Preface to ”Cutting-Edge Topics in

Dry Eye Disease”

This Special Issue is dedicated to tear film abnormalities, including dry eye disease and

Meibomian gland dysfunction, which are the most common ocular diseases. The Special Issue

introduces new diagnostic and therapeutic approaches for these diseases and presents original articles

that provide information on a new proposed algorithm for the management and prevention of

Meibomian gland dysfunction, strip meniscometry, topical agents, and the use of intense pulsed laser

treatment for dry eye disease. Specifically, novel treatment methods for neuropathic ocular pain

associated with dry eye disease, such as oral gabapentin and TRPM8 agonists, are introduced.
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Abstract: We investigated the association between dry eye disease and systemic comorbidities,
including dry eye subtype, quality of life (QOL) and health utility among patients with dry eye disease.
This cross-sectional, observational study enrolled 449 patients with dry eye disease (386 females; mean
age, 62.6 ± 15.7 [range, 21–90] years). Ophthalmic examination findings included tear film break-up
time (TBUT), Schirmer I value and keratoconjunctival staining score. QOL and health utility were
evaluated using the Dry Eye-Related Quality-of-Life Score (DEQS) and Human Utility Index Mark
3 (HUI-3), respectively. Background information, including systemic comorbidities, was obtained.
Prevalence of systemic comorbidities was 48.8% (219/449). No significant difference occurred between
DEQS and systemic comorbidity. However, patients with dry eye disease and systemic comorbidities
(depression and insomnia) exhibited significantly worse ocular surface parameters, particularly
regarding TBUT, than those without. Dry eye disease with insomnia or depression comorbidity
significantly correlated with friction-related diseases (including conjunctivochalasis or lid wiper
epitheliopathy). A high prevalence of several systemic comorbidities occurred in patients with dry
eye disease. This study shows an association between ocular signs and systemic comorbidities,
particularly depression and insomnia. Ophthalmologists should be aware of patients’ systemic
comorbidities in the diagnosis and management of dry eye disease.

Keywords: cross-sectional study; dry eye disease; systemic comorbidity

1. Introduction

Dry eye disease is a common disease caused by numerous factors including ocular surface
problems, environmental factors such as humidity and wind, and systemic conditions. In addition,
a variety of systemic medications can also induce dry eye disease [1–4]. Although it is widely recognized
as an ocular surface disease, associated systemic conditions are not negligible, as they can negatively
impact ocular health. Such systemic conditions include rheumatoid arthritis, vitamin A deficiency,
bone marrow transplantation and postmenopausal estrogen therapy. Besides these causal relationships,
epidemiological studies have also reported the association of dry eye disease with systemic diseases,
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including ischemic heart disease and hyperlipidemia. Depression, antidepressant use and insomnia
are also reported to be associated with dry eye disease. Schein et al. reported that elderly individuals
with systemic comorbidities are likely to have symptoms of dry eye disease [5]. These findings from
statistical approaches and epidemiological studies should be carefully interpreted, as dry eye disease
is a common disease and the elderly tend to be affected by multiple comorbidities.

Previous studies have demonstrated aging as the most clearly documented risk factor for dry eye
disease [6]. Accordingly, the prevalence of this disease is increasing particularly in modern age societies
like Japan. However, most previous studies reporting on the prevalence of dry eye disease and systemic
comorbidities [4,7,8] have been based on epidemiological questionnaires. Therefore, the relationship
between ocular parameters and systemic comorbidities has not been well investigated. For example,
a previous study by Wang et al. revealed that a number of systemic diseases correlate with dry eye
disease, but since the authors did not include any ocular examination, the relationship of specific
dry eye parameters to these other conditions was not determined [9]. Therefore, we investigated the
association between dry eye disease and systemic comorbidities, as part of the clinic-based Dry Eye
Cross-Sectional Study (DECS-J) in Japan.

2. Materials and Methods

2.1. Ethics

This study was conducted in accordance with the guidelines of the World Medical Association,
Declaration of Helsinki and the Ethical Guidelines for Medical and Health Research Involving Human
Subjects in Japan. Subjects received full explanation of the procedures and provided written informed
consent before enrollment. The study protocol was approved by the Institutional Review Board of the
Clinical Study, Ryogoku Eye Clinic, Tokyo, Japan. The study was registered in a public registration
system (University Hospital Medical Information Network registry no. UMIN 000015890) [10].

2.2. Study Population

We collected data from the DECS-J, which was an observational study conducted in 10 eye clinics
in Japan. All investigators were specialists in ocular surface disorders and dry eye disease and belonged
to the Japanese Dry Eye Society. To ensure the quality of the survey, two investigators’ meetings were
held prior to the start of patient enrollment to discuss the study protocols and examination procedures.

We consecutively enrolled outpatients who were at least 20 years old and were newly or previously
diagnosed with dry eye disease. The criteria for diagnosis was as follows: (1) at least one abnormal
tear examination result [Schirmer I test ≤ 5 mm, tear film break-up time (TBUT) ≤ 5 s]; (2) abnormal
results in ocular surface vital staining tests (fluorescein keratoconjunctival staining score ≥ 3); and
(3) presence of dry eye symptoms [11]. Subjects who met two or all three criteria were considered to
probably or definitely have dry eye disease, respectively, and were included in the study. Up to 50
patients were enrolled at each of the 10 study sites from 1 December 2014 to 28 February 2015.

A total of 449 patients with an average age of 62.6 ± 15.7 years were included in this study.
Of these, 386 (86.0%) were females. Table 1 shows the age distribution of the patients in this study.

Table 1. Age and sex distribution of the patients in this study.

Age (Years)
Sex

Total (n (%))
Male (n (%)) Female (n (%))

<40 7 (11.11) 37 (9.59) 44 (9.8)
40–64 21 (33.33) 139 (36.01) 160 (35.63)
≥65 35 (55.56) 210 (54.4) 245 (54.57)

Total 63 (100) 386 (100) 449 (100)
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2.3. Systemic Comorbidities and Oral Medicine

Patients were asked to provide information regarding systemic comorbidities and oral medicine.
Hypertension, insomnia and depression were defined as having hypertension or taking an
antihypertensive medication; as having insomnia or taking a sedative; and as having depression or
taking an antidepressant, respectively.

2.4. Quality of Life (QOL) and Health Utility Assessment

QOL and health utility among patients with dry eye disease were evaluated using the DEQS [12]
and the Human Utility Index Mark 3 (HUI-3) questionnaires [13], respectively. The DEQS consists of
15 questions and is scored using an overall summary scale. The score derived from this questionnaire
is considered to be a quantitative measure of dry eye symptoms, in which 0 indicates the best and 100
indicates the worst. Test/retest reliability and discriminant validity of the DEQS were confirmed in a
previous study, showing that the score was significantly higher in patients with dry eye disease than in
healthy controls (33.7 vs. 6.0) [9].

The HUI-3 is a standard method for assessing the utility value. It is a multi-attribute utility
classification system for preferences associated with generic health states. It consists of 15 questions
assessing eight health attributes: vision, hearing, speech, ambulation, dexterity, emotion, cognition
and pain. Individual sets of answers were converted to utility values, using the method described
by Furlong et al. [14]. A utility value representing the overall health state was derived by applying
a weighted scoring algorithm, in which utility is defined on a continuous scale from 0 to 1, where 0
corresponds to the worst possible QOL outcome (equal to death) and 1 corresponds to the best possible
one (equal to perfect health). Patients were asked to fill out the questionnaires at home and return
them by post.

2.5. Ophthalmic Evaluation

Ophthalmic examinations included assessment of conjunctival and corneal vital staining with
fluorescein sodium, measurement of the TBUT and the Schirmer I test.

Test strips containing fluorescein sodium (Fluores Ocular Examination Test Paper, Ayumi
Pharmaceutical Co., Tokyo, Japan) were used for vital staining and TBUT measurement. After the
tip of a wet test strip had been applied to the inferior temporal tear meniscus, patients were asked to
blink several times to ensure adequate mixing of the fluorescein dye with the tears. The time interval
between the last complete blink and the appearance of the first corneal dark spot was timed using a
stopwatch. The average of three measurements was recorded as the TBUT. Corneal and conjunctival
epithelial damage was then evaluated via corneal fluorescein staining, according to the National Eye
Institute grading system [15]. Briefly, corneal staining was graded with a score of 0–3, assigned to each
of five corneal zones (superior, nasal, central, inferior and temporal), with a maximum total score of 15.
The fluorescein staining score of the keratoconjunctival was determined according to the modified
grading system of van Bijsterveld [16], according to which each eye is divided into three sections
(temporal conjunctiva, cornea and nasal conjunctiva) and scored from 0 to 3. The final score ranged
from 0 (minimum) to 9 (maximum). The Schirmer I test was performed without topical anesthesia after
all other examinations had been completed. A Schirmer test strip (Ayumi Pharmaceutical Co.) was
placed on the outer one third of the temporal lower conjunctival fornix for 5 min. The strip was then
removed, and the length of the wet filter paper was recorded in millimeters. To avoid any effect of
keratoconjunctival staining on the Schirmer I test, the tests were performed 15 min apart, at minimum.

For each patient, the eye that met the most criteria for dry eye diagnosis was included in the study.
If both eyes met the same number of criteria, the eye with the higher fluorescein staining score and the
shorter TBUT was included. If these values were the same for both eyes, the right eye was used.

3
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2.6. Classification of Dry Eye Subgroups

2.6.1. Aqueous-Deficient (AD)/sTBUT

We classified the subjects into aqueous-deficient (AD) and short TBUT dry eye subgroups. The AD
dry eye group was comprised of subjects who fulfilled the following criteria: (1) the presence of dry
eye symptoms and (2) decreased tear production (Schirmer value ≤ 5 mm). The short TBUT dry eye
subgroup included subjects who met the following conditions: (1) the presence of dry eye symptoms,
(2) abnormal tear stability (TBUT ≤ 5 s), (3) no abnormality in tear production (Schirmer value > 5 mm),
and (4) no abnormality in the ocular surface vital staining test (keratoconjunctival score < 3) [17].

2.6.2. Meibomian Gland Function (MGD+/−)

We evaluated meibomian gland function (MGD in the central one-third of the upper eyelid
using slit-lamp biomicroscopy. The patient was instructed to look down while the investigator gently
and partially everted the upper lid to examine the lid margin. Typical pictures of the following
signs/findings were distributed to each investigator to aid in the examination: (1) one or more abnormal
findings around the meibomian gland orifices, such as vascular engorgement, anterior or posterior
displacement of the mucocutaneous junction or irregularity of the lid margin (2) orifice obstruction,
such as plugging, pouting and ridges [18]; and (3) hypersecretion or hyposecretion of the meibum [19].
We diagnosed MGD when all the signs and findings listed in the criteria were present [17].

2.6.3. Friction-Related Diseases (FRD+/−)

We considered that subjects had friction-related conditions when any of the following conditions
were present: lid wiper epitheliopathy (in the upper and lower lids), conjunctivochalasis (at the central
site of the lower eyelid) or superior limbic keratoconjunctivitis [17,20–22].

2.7. Statistical Methods

We used one eye from each subject for the analysis, as explained above (Section 2.5). Data for all
parameters are presented as the mean ± standard deviation. We performed all statistical analyses using
SAS software, version 9.4 (SAS Inc., Cary, NC, USA). For comparisons between groups, we used Fisher’s
exact test for dichotomous variables and Student’s t-test for continuous variables. We performed a
linear model analysis to adjust for the effects of age. To estimate the association between a given
independent variable and the outcome after adjustment for age, multiple linear regression was used
for continuous variables and multiple logistic regression was used for binary outcomes. We considered
a p-value lower than 0.05 as statistically significant for all analyses.

3. Results

The prevalence of systemic comorbidities was 48.8% (219/449 cases). The most prevalent
comorbidity was hypertension in 108 cases (24.1%), followed by insomnia in 67 cases (14.9%) and
depression in 20 cases (4.5%). The 113 cases categorized as “others” included hyperlipidemia (15),
Sjogren’s syndrome (7), abnormal thyroid function (7), hypercholesteremia (7), angina (4), arrhythmia
(4) and so on. Ninety-eight patients (21.8%) were taking anti-hypertensives and 55 (12.2%) were taking
sedatives (Table 2).
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Table 2. Prevalence of systemic comorbidities and oral medicine use.

Cases %
Age

(Average ± SD)
Female (%) Male (%)

Total 449 62.6 ± 15.6 386 (86.0) 63 (14.0)

Systemic
comorbidity *1

(−) 230 51.2 56.3 ± 16.1 195 (84.8) 35 (15.2)
(+) 219 48.8 69.2 ± 12.1 191 (87.2) 28 (12.8)

Details *2

Hypertension 108 24.1 73.1 ± 10.8 91 (84.3) 17 (15.7)
Insomnia 67 14.9 71.0 ± 11.3 59 (88.1) 8 (11.9)

Depression 20 4.5 64.9 ± 13.5 19 (95.0) 1 (5.0)
DM 16 3.6 70.6 ± 11.6 14 (87.5) 2 (12.5)
RA 15 3.3 70.4 ± 8.4 15 (100.0) 0 (0.0)

Others 113 25.2 68.1 ± 12.4 105 (92.9) 8 (7.1)

Oral medicine *2

Antihypertensive 98 21.8 73.2 ± 11.1 82 (83.7) 16 (16.3)
Sedative 55 12.2 70.9 ± 11.1 48 (87.3) 7 (12.7)

Antidepressant 20 4.5 64.9 ± 13.5 19 (95.0) 1 (5.0)
Others 147 32.7 68.5 ± 12.4 134 (91.2) 13 (8.8)

DM, diabetes mellitus; RA, rheumatoid arthritis; SD, standard deviation. *1: (+) indicates more than one comorbidity
selected among hypertension, insomnia, depression, DM, RA or others. *2: multiple answers allowed.

Patients with dry eye disease who had any systemic comorbidities exhibited a significantly lower
Schirmer value (p= 0.004), shorter TBUT (p= 0.002), higher keratoconjunctival staining score (p= 0.0002)
and lower utility value estimated by HUI-3 (p = 0.003) than those without systemic comorbidities
(Table 3). After adjustment for age, differences in TBUT, keratoconjunctival staining score and HUI-3
utility value remained statistically significant (p = 0.011, p < 0.001 and p = 0.03, respectively). Patients
who in addition to dry eye disease also had hypertension or depression exhibited a significantly
lower Schirmer value than those without (p = 0.008 and p = 0.04, respectively), while those who had
insomnia or depression exhibited a significantly shorter TBUT than those without (p = 0.01 and p = 0.04,
respectively). The DEQS score was lower in patients with dry eye disease and hypertension (p = 0.003).
After adjustment for age, the TBUT in patients with depression or insomnia remained significantly
shorter (p = 0.04 and p = 0.04, respectively).

Regarding oral medicine use, patients with dry eye disease who were prescribed antidepressants
had a significantly lower Schirmer value (p = 0.04) and lower TBUT (p = 0.04), while those who
used anti-hypertensives had a significantly lower Schirmer value (p = 0.009) and lower DEQS score
(p = 0.03) than those who did not receive such medications. After adjustment for age, antidepressant
use remained significantly different for both the Schirmer value and TBUT (p = 0.05 and p = 0.04,
respectively; Table 4).

We examined the relationship between dry eye disease subtypes and systemic comorbidities.
We found that patients with hypertension and insomnia had a significantly higher prevalence of
MGD (hypertension: odds ratio [OR] 2.65, 95% confidence interval [CI] 1.64–4.28, p < 0.01; insomnia:
OR 1.94, 95% CI 1.10–3.42, p = 0.02). Patients with dry eye disease and hypertension, insomnia or
depression had a significantly higher prevalence of FRD (hypertension: OR 1.56, 95% CI 1.00–2.44,
p = 0.05; insomnia: OR 2.66, 95% CI 1.57–4.51, p < 0.01; depression: OR 4.92, 95% CI 1.85–13.08,
p < 0.01). After the OR was adjusted for age, insomnia and depression, comorbidities with dry
eye disease were significantly associated with FRD (insomnia: OR 2.16, 95% CI 1.26–3.72, p < 0.01;
depression: OR 4.89, 95% CI 1.81–13.22, p < 0.01; Table 5).

5



J. Clin. Med. 2020, 9, 2040

T
a

b
le

3
.

Sy
st

em
ic

co
m

or
bi

di
ti

es
an

d
dr

y
ey

e
pa

ra
m

et
er

s.

N
o

.
o

f
C

a
se

s
S

ch
ir

m
e

r
T

e
st

(m
m

)
(M

e
a

n
±S

D
)

T
B

U
T

(s
)

(M
e

a
n
±S

D
)

K
e

ra
to

co
n

ju
n

ct
iv

a
l

S
ta

in
in

g
S

co
re

(P
o

in
ts

)
(M

e
a

n
±S

D
)

D
E

Q
S

(M
e

a
n
±S

D
)

H
U

I
(M

e
a

n
±S

D
)

Sy
st

em
ic

co
m

or
bi

di
ty

+
21

9
8.

38
±8

.2
0

2.
49
±1

.5
9

3.
16
±1

.8
6

25
.1

5
±2

0.
69

0.
72
±0

.2
3

−
23

0
10

.9
8
±1

0.
39

2.
94
±1

.5
1

2.
47
±1

.9
9

28
.3

5
±2

0.
50

0.
79
±0

.2
0

p-
va

lu
e

0.
00

4
*

0.
00

2
*

0.
00

02
*

0.
10

4
0.

00
3

*
A

ge
-a

dj
us

te
d

p-
va

lu
e

0.
65

6
0.

01
1

*
<

0.
00

1
*

0.
41

1
0.

03
0

*

H
yp

er
te

ns
io

n
*

+
10

8
7.

61
±7

.1
9

2.
66
±1

.6
5

2.
96
±1

.7
5

21
.7

1
±1

8.
68

0.
73
±0

.2
4

−
34

1
10

.3
6
±9

.9
9

2.
74
±1

.5
4

2.
75
±2

.0
2

28
.4

0
±2

0.
98

0.
76
±0

.2
1

p-
va

lu
e

0.
00

8
0.

64
5

0.
33

4
0.

00
4

*
0.

27
5

A
ge

-a
dj

us
te

d
p-

va
lu

e
0.

69
4

0.
82

0
0.

34
7

0.
40

6
0.

89
7

In
so

m
ni

a
*

+
67

8.
63
±8

.9
6

2.
31
±1

.5
5

2.
81
±1

.8
0

26
.3

1
±1

9.
59

0.
74
±0

.1
9

−
38

2
9.

88
±9

.5
3

2.
80
±1

.5
6

2.
80
±1

.9
9

26
.8

7
±2

0.
83

0.
76
±0

.2
2

p-
va

lu
e

0.
31

8
0.

01
8

0.
99

3
0.

84
0.

51
6

A
ge

-a
dj

us
te

d
p-

va
lu

e
0.

69
8

0.
04

4
*

0.
96

0
0.

24
9

0.
93

8

D
ep

re
ss

io
n

*

+
20

5.
50
±5

.8
5

2.
03
±1

.8
4

2.
15
±1

.9
0

26
.0

5
±1

8.
05

0.
72

5
±0

.2
13

−
42

9
9.

89
±9

.5
4

2.
76
±1

.5
5

2.
83
±1

.9
6

26
.8

2
±2

0.
76

0.
75

6
±0

.2
15

p-
va

lu
e

0.
04

2
*

0.
04

3
*

0.
12

7
0.

87
4

0.
55

A
ge

-a
dj

us
te

d
p-

va
lu

e
0.

05
6

0.
04

9
*

0.
12

5
0.

99
3

0.
59

8

TB
U

T,
te

ar
fil

m
br

ea
k

up
ti

m
e;

D
EQ

S,
D

ry
Ey

e-
R

el
at

ed
Q

ua
lit

y-
of

-L
if

e
Sc

or
e;

H
U

I,
he

al
th

ut
ili

ti
es

in
de

x;
*

p
≤0

.0
5;

“+
”:

pr
es

en
ce

;“
−”

:a
bs

en
ce

.

6



J. Clin. Med. 2020, 9, 2040

Table 4. Oral medicine and dry eye parameters.

No. of
Cases

Schirmer
Value (mm)

TBUT (s)
Fluorescein

Staining Score
DEQS HUI

Antihypertensive

(+) 98 7.50 ± 6.84 2.74 ± 1.68 2.92 ± 1.73 21.39 ± 18.95 0.73 ± 0.25
(−) 351 10.31 ± 9.99 2.72 ± 1.53 2.77 ± 2.02 28.33 ± 20.86 0.76 ± 0.20
p 0.009 * 0.901 0.514 0.003 * 0.272

Age-adjusted 0.626 0.413 0.548 0.342 0.853

Sedative

(+) 55 8.64 ± 9.13 2.38 ± 1.61 2.93 ± 1.82 27.54 ± 20.16 0.74 ± 0.20
(−) 394 9.84 ± 9.49 2.77 ± 1.55 2.79 ± 1.98 26.69 ± 20.72 0.76 ± 0.22
p 0.378 0.078 0.619 0.779 0.485

Age-adjusted 0.741 0.149 0.649 0.138 0.837

Antidepressant

(+) 20 5.50 ± 5.85 2.03 ± 1.84 2.15 ± 1.90 26.05 ± 18.05 0.73 ± 0.21
(−) 429 9.89 ± 9.54 2.76 ± 1.55 2.83 ± 1.96 26.82 ± 20.76 0.76 ± 0.22
p 0.042 * 0.043 * 0.127 0.874 0.55

Age-adjusted 0.056 0.049 * 0.125 0.993 0.598

TBUT: tear film break up time; DEQS: Dry Eye-Related Quality-of-Life Score; HUI: Health Utilities Index. * p < 0.05.
Mean ± SD; “+”: presence; “−”: absence.

Table 5. Association between dry eye subtype and systemic comorbidities.

DE Subtype (ADDE/sTBUT)

OR (95% Cl) p Value Adjusted OR (95% CI) p Value

Hypertension 1.46 (0.82–2.58) 0.20 1.17 (0.64–2.15) 0.61
Insomnia 0.97 (0.51–1.81) 0.92 0.80 (0.41–1.53) 0.49

Depression 1.69 (0.54–5.27) 0.36 1.67 (0.53–5.22) 0.38

MGD (Yes/No)

OR (95% CI) p Value Adjusted OR 95% CI) p Value

Hypertension 2.65 (1.64–4.28) <0.01 1.33 (0.78–2.27) 0.30
Insomnia 1.94 (1.10–3.42) 0.02 1.21 (0.66–2.21) 0.54

Depression 0.38 (0.09–1.67) 0.20 0.33 (0.07–1.49) 0.15

FRD (Yes/No)

OR (95% CI) p Value Adjusted OR (95% CI) p Value

Hypertension 1.56 (1.00–2.44) 0.05 1.10 (0.68–1.79) 0.70
Insomnia 2.66 (1.57–4.51) <0.01 2.16 (1.26–3.72) <0.01

Depression 4.92 (1.85–13.08) <0.01 4.89 (1.81–13.22) <0.01

OR, odds ratio; CI, confidence Interval; ADDE, aqueous-deficient dry eye; DE, dry eye; sTBUT, short tear film break
up time dry eye; MGD, meibomian gland dysfunction; FRD, friction-related disease.

4. Discussion

In this study, we investigated the relationship between the severity of dry eye disease and systemic
comorbidities. Aging is the most clearly documented risk factor for dry eye disease [6], and the
elderly tend to be affected by multiple comorbidities. As expected, the average age of subjects in
our study was relatively high (62.6 years on average), and approximately half of the patients had
systemic comorbidities. Prevalent systemic comorbidities were hypertension, insomnia and depression.
We found that patients with dry eye disease and any systemic comorbidity exhibited significantly
worse utility, as estimated by HUI-3, than those without. In addition, those with systemic comorbidities
had a higher severity of dry eye disease, as demonstrated by objective parameters, such as the TBUT
and Schirmer value. These correlations remained statistically significant after adjustment for age.
Schein et al. reported that the presence of many systemic comorbidities is strongly associated with
reported symptoms of dry eye disease [5], although no association was seen between systemic
comorbidity and Schirmer or Rose Bengal test scores. Our findings suggest that the presence of
systemic comorbidities may compromise the ocular surface, as well as the QOL of patients with dry eye
disease. However, systemic comorbidities include numerous conditions with different pathophysiology,
which affect various parts of the body. Our findings are based on a statistical and epidemiological
approach and therefore must be re-examined cautiously in further studies.
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In this study, we found that patients with dry eye disease and depression showed a significantly
shorter TBUT after adjustment for age. Interestingly, those taking antidepressants showed a significantly
lower Schirmer value, in addition to a shorter TBUT, after such adjustments. These results suggest that
depression and/or anti-depressant use is associated with poor tear film stability, and that antidepressant
use may worsen tear secretion in addition to tear stability, which is an indicator of dry eye severity.
Previous studies, mostly involving epidemiological questionnaires, have also reported a relationship
between depression and dry eye disease [23–26]. In a comparison of depressive and control groups,
one case-control study revealed significantly lower Schirmer scores and shorter TBUT, as well as a
consistently higher Oxford scores in individuals with depression [27]. Similarly, we demonstrated an
association between depression/anti-depressant use and dry eye severity by undertaking objective
measurements, although the mechanisms involved in this association remain unknown.

Another interesting finding in our study is that patients with dry eye disease and insomnia
showed a significantly shorter TBUT after adjustment for age. Several investigators have recently
reported the association of sleep disturbances, like insomnia, and dry eye disease [28–30]. Our results
also support such an association. Insomnia is a common problem in the elderly and sedative drugs,
including benzodiazepines, are frequently prescribed for this condition in Japan. The mechanism
involved in the association between insomnia and dry eye disease may be derived from insomnia itself.
Alternatively, the intake of sedative drugs may have some influence. Further studies are needed to
clarify this issue.

In addition, we found that FRD was significantly associated with dry eye disease and was a
comorbidity with insomnia or depression, even after adjusting for age. The presence of FRD, including
conjunctivochalasis and lid wiper epitheliopathy, is a predisposing factor for dry eye disease and its
severity. To our knowledge, an association between FRD and depression or insomnia has not yet
been reported. We also noted that antidepressant users had decreased tear secretions. Since FRDs are
associated with lower tear volume and quality (e.g., secreted mucin), dry eye disease is more likely to be
associated with FRD when depression and insomnia are also present than when they are not. Another
possible explanation is that anti-depressant and sedative drugs may induce blepharospasm [31,32],
as blinking problems induced by drugs may result in the development of FRDs. Although the cause is
not known, our study suggests that anti-depressant use may reduce tear secretion and worsen ocular
surface conditions.

In this study, we demonstrated that depression and insomnia comorbidity with dry eye disease
increased dry eye severity and that, in turn, ocular symptoms may worsen depression/insomnia,
thus creating a vicious circle. Therefore, ophthalmologists should be aware of patients’ systemic
comorbidities in the diagnosis and treatment of dry eye disease. Similarly, psychologists should
be aware of patients’ eye conditions when considering mental health management. We feel that
it is especially important for psychiatrists to take this into account, particularly when prescribing
antidepressants, which may aggravate dry eye signs.

Our findings must be considered along with several limitations. First, detailed patient medical
information could not be collected regarding the severity of depression, details of medications,
duration of systemic comorbidities and duration of oral medicine use. This information is important
for establishing the underlying mechanisms of dry eye severity and systemic comorbidities. Dry eye
disease is common in patients with depression, especially those of older age who have been experiencing
depression and taking antidepressant medication for longer periods. Therefore, future studies should
focus on patients with depression and dry eye disease. Second, our study was based on a cross-sectional
design; therefore, it is difficult to ascertain whether the observed associations are due to causal effects.
Third, we included patients with dry eye disease who had been receiving various treatments. Therefore,
there may have been differences in the clinical presentation of these patients.

In conclusion, in the clinical setting ophthalmologists should pay careful attention to the systemic
comorbidities of patients with dry eye disease, and especially of older adults who have a higher

8



J. Clin. Med. 2020, 9, 2040

prevalence of such comorbidities. Comorbidities including depression, insomnia and the use of
antidepressants are associated with dry eye disease severity.
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Abstract: Strip meniscometry (SM) is a relatively new technique for evaluating inferior tear meniscus.
We described SM in an epidemiology study and its potential associations with clinical and tear
parameters. This cross-sectional study involved 1050 factory garment workers in Gazipur, Bangladesh.
The Ocular Surface Disease Index (OSDI) questionnaire and a standard examination for dry eye and
meibomian gland dysfunction (MGD), including the five-second SM, were performed by a single
ophthalmologist. The participants’ ages were 35.56 ± 12.12 years (range 18–59), with 53.8% women.
The overall SM was 7.7 ± 3.6 mm, with skewness of 0.126 and kurtosis of 1.84 in frequency distribution.
SM values were significantly lower in men than women, and significantly correlated with schirmers
(r = 0.71) and tear break up time (TBUT) (r= 0.89). A lower SM value was associated with higher OSDI,
lower Schirmer test, increased MG severity and lower TBUT. In multivariable analysis, when adjusted
by age, SM values remained associated with schirmers and TBUT, and inversely associated with
OSDI. In a separate regression model, higher SM was associated with increasing age, reduced severity
of MGD grading, and increased TBUT. To conclude, SM is a rapid clinical test associated with dry eye
symptoms and signs, with findings affected by both tear secretion and tear stability.

Keywords: dry eye disease; meibomian gland dysfunction; ocular surface disease; dry eye symptoms;
questionnaire; Bangladesh; global health; epidemiology

1. Introduction

Dry Eye Disease (DED), a multifactorial disease of the ocular surface and loss of homeostasis
of the tear film, is associated with visual disturbance, symptoms of ocular discomfort, and tear
instability [1–3]. Tear film and Ocular Surface Society Dry Eye Workshop (TFOS DEWS) II reported
that this disease affects about 5–50% of the population. The large variation is due to a large number of
research studies on small geographically homogeneous populations. The epidemiology sub-committee
emphasized the need to expand prevalence studies to more geographical regions, and to include
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different races and ethnicities [4]. Dry eye can have a significant impact in patients’ visual function
and quality of life, adversely hindering the ability to carry out daily activities, such as reading or
driving. This disease of the ocular surface has thus been an increasing public health concern and it
poses significant socioeconomic implications [5–9].

Blepharitis and meibomian gland dysfunction (MGD) are major associated factors of DED. MGD is
characterized by chronic abnormalities of the meibomian glands, resulting in altered meibum delivery
to the tear film, which can result in poor tear film stability or poor breakup times, a type of dry
eye classified as evaporative dry eye. On the other hand, dry eye may also be due to aqueous tear
deficiency [10,11].

There is scarce data on the epidemiology of dry eye in developing countries within Asia. In developing
countries, dry eye has received minimal clinical management and investigative attention compared to other
eye diseases. The healthcare burden of dry eye in such countries is essentially unknown [12]. In Indonesia,
the age adjusted prevalence of dry eye symptoms is 27.5% (95% CI: 24.8–32.2) [13]. In this report current
smoking and pterygium were independent risk factors for the DED [13].

Bangladesh is a country in South Asia located between India and Myanmar, occupying an area of
57,000 square miles, the 8th most populous country in the world. The per capita GDP of Bangladesh is
4992 USD; the country is considered a low income but has the fastest growing real GDP country in the
world. As Bangladesh is a populous country of 163 mil, a properly designed epidemiological study
will elicit risk factors and knowledge on dry eye that may not be possible in smaller studies elsewhere.

Among the eye diseases in the urban slums of Dhaka, Bangladesh, ocular surface disease forms
an important component. A population-based study in Bangladesh found a prevalence of 17.1% for
conjunctivitis, 1.4% for blepharitis, 3.2% for DED, and 3.0% for pterygium. This study had limitations
in its methodologies of ocular surface diseases assessment. For example, slit-lamp examination was
only used in the study for diagnoses and symptoms were not quantified [14]. However, we believe
that the reported figures are also underestimated, because the prevalence rates of conditions like dry
eye and blepharitis are known to be higher when clinical symptoms are included [14].

Previous studies have shown that strip meniscometry is a rapid clinical test (five seconds per eye)
for the assessment of lower meniscal tear volume and may be useful for screening. Unlike tests like
Schirmer’s I, it does not induce reflex tearing [15,16]. The results of this test have not been reported in
a community setting.

In this study, we performed a community-based study of strip meniscometry in a group of garment
factory workers in Bangladesh [17], and potential associations with demographic factors and other
clinical factors related to tear function.

2. Experimental Section

2.1. Study Design

This was a cross-sectional study conducted in a single garment factory in the town of Gazipur,
Bangladesh. Participants had given informed verbal consent. The study obtained approval from the
local institutional review board (Bangladesh Medical Research Council BMRC/NREC/2017-2018/1157,
approved on 2 August 2018), and only utilized clinically accepted procedures and complied with the
Tenets of Declaration of Helsinki for human research.

2.2. Participants

All participants underwent the following clinical procedures on the initial referral visit.
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2.3. Study Procedures

2.3.1. Questionnaire

All participants underwent a symptom evaluation using the Ocular Surface Disease Index (OSDI)©
questionnaire (Allergan, Inc., Irvine, CA, USA). Briefly, the OSDI questionnaire consisted of 12 questions,
each question graded from 0 to 4. The total OSDI scores on the scale of 0 to 100 were then calculated with
the OSDI© (Allergan, Inc., Irvine, CA, USA) formula (sum of scores) × 25/(12 questions), with higher
scores representing greater symptoms severity [18].

2.3.2. Strip Meniscometry

Strip Meniscometry (SM) Tube (Echo Electricity Co., Ltd., Fukusima, Japan) has been performed
as in previous studies [15,16]. Briefly, one end of the strip was held by the investigator against the
lower tear meniscus for five seconds, and the length of wetting of the thread read directly from the
millimeter markings provided.

2.3.3. Fluorescein Breakup Time (TBUT)

Briefly, a minimally wet (saline) fluorescein strip (Fluorets, Bausch and Lomb, Rochester, NY, USA)
was used to instill fluorescein dye. The procedure for this step has been previously described [19,20].

2.3.4. Schirmer’s I Test

The Schirmer’s I test was done with standard 5 mm wide test strips (Clement Clark®, Essex,
UK) with a notch for folding, and without prior anesthesia. The strips were positioned over the
inferior temporal half of the lower lid margin in both eyes, and participants’ eyes subsequently closed.
After 5 min, the extent of tear wetting of the strip was measured to the nearest mm using a ruler [19].

2.3.5. Meibomian Gland Dysfunction Examination

The characteristics of the meibum secreted was evaluated by one ophthalmologist
using the right thumb with gentle pressure, under slit-lamp microscopy and graded as follows:
0: clear meibum, 1: colored meibum with normal consistency, 2: viscous meibum, 3: inspissated meibum,
and 4: blocked meibomian gland. This was used as a measure of MGD severity.

2.3.6. Slit-Lamp Examination

Other clinical features were examined using a slit lamp biomicroscope. This included scurfing/crusting,
subtarsal papillary reaction [19,21], and regularity of the eyelid margin [22]. Corneal sensitivity was also
screened using a cotton wisp [23].

2.4. Statistical Analysis

Statistical analysis was performed using StataCorp. 2013. Stata Statistical Software: Release 13.1.
College Station, TX: StataCorp LP.

The SM variable was evaluated for its frequency distribution and normality. The univariate
association of SM with continuous variables was evaluated by categorizing these variables into binary
categories, and the association evaluated with the T-test. Whenever there were more than two categories,
analysis of variance was used to determine the statistical significance. Univariate logistic regression
was performed between meniscometry category and sex, age, ethnicity, and the six ocular surface signs
(tear break up time (TBUT), fluorescein corneal staining, Schirmer’s I test, NLMEG, presence of scurf,
and inferior fornix papillary grade).

Multivariate logistic regression was performed with meniscometry category as the dependent
variable. We performed models using only the clinical signs and demographics of patients,
as well as models introducing the predisposing factors of dry eye such as concomitant drugs and
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medical conditions. We performed logistic regressions with two thresholds for SM as the dependent
variable. Statistical significance was based on alpha of 0.05.

3. Results

3.1. Clinical and Characteistics of Participants

In this study, mean age of participants was 35.56 ± 12.12 years (range 18 to 59). 53.8% were women.
64.2% (95%CI: 61.2–67.1) of participants had dry eye defined as OSDI > 12.

3.2. Distribution of Strip Meniscometry Readings

The distribution is bimodal and not normal (Figure 1). The mean readings were 7.7 ± 3.6.

Figure 1. Histogram of strip meniscometry values in factory workers.

3.3. Factors Affecting Strip Meniscometry

The factors associated with SM are shown in (Table 1). When performing a T-test to determine the
association between MGD and SM, the three grades of MGD were categorized into two categories for
the T-test. The smallest two grades of MGD (MGD Types 0 and 1) are combined into one category,
whereas MGD Type 2 was used as the other category.

Table 1. Summary of strip meniscometry readings in this study.

Participants
N (%)

Strip Meniscometry Reading
Mean± Standard Deviation (SD)

Median (Min, Max)
p Value

Overall 1050
(100%)

7.7 ± 3.6
8 (1, 16) -

Gender
<0.001Male 485

(46.19%)
7.1 ± 3.8
7 (1, 16)

Female 565
(53.81%)

8.1 ± 3.3
9 (2, 16)

Age

<0.001
<30 years 371

(35.33%)
8.4 ± 3.8
10 (2, 16)

30–40 years 219
(20.86%)

7.3 ± 3.1
8 (1, 16)

40–50 years 347
(33.05%)

6.9 ± 3.4
8 (2, 16)

>50 years 113
(10.76%)

8.1 ± 3.6
9 (2, 14)
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Table 1. Cont.

Participants
N (%)

Strip Meniscometry Reading
Mean± Standard Deviation (SD)

Median (Min, Max)
p Value

Ocular Surface Disease Index (OSDI)
<0.001Low (<33) 679

(64.67%)
9.7 ± 2.5
10 (3, 16)

High (≥33) 371
(35.33%)

3.9 ± 1.4
4 (1, 14)

Schirmer I test
<0.001Low (<5 mm) 413

(39.33%)
4.0 ± 1.7
4 (1, 14)

High (≥5 mm) 637
(60.67%)

10.0 ± 2.3
10 (2, 16)

Tear Breakup Time (TBUT)
<0.001Low (<5 s) 369

(35.14%)
3.8 ± 1.3
4 (1, 14)

High (≥5 s) 681
(64.86%)

9.8 ± 2.5
10 (3, 16)

Meibomian Gland Dysfunction (MGD) Types

<0.001Type 0 275
(26.19%)

11.2 ± 2.3
11 (3, 16)

Type 1 182
(17.33%)

9.8 ± 2.2
10 (4, 16)

Type 2 593
(56.48%)

5.3 ± 2.4
4 (1, 14)

Reduced SM readings were associated with increased OSDI (Figure 2A) (r = −0.72, p < 0.001),
directly correlated with Schirmer (Figure 2B) (r = 0.71, p < 0.001), and associated with increased MG
severity (Figure 2C) (p < 0.001).

Figure 2. Scatter diagrams showing the relationship between meniscometry and (A) Ocular Surface
Disease Index (OSDI) scores, (B) Schirmer test results. (C) Bar graph showing the relationship between
meniscometry and meibomian gland dysfunction. MG0: clear meibum, MG1: colored meibum with
normal consistency, MG2: viscous meibum, MG3: inspissated meibum, and MG4: blocked meibomian
gland. ***: two-tailed p-value for ANOVA and post-hoc tests, p < 0.001.
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Interestingly, all the 23 subjects with SM < 3 mm had severe dry eye symptoms (OSDI of 33 or
more) (p < 0.001 on Fischer’s exact probability test).

3.4. Multivariate Analysis

We first performed logistic regression with SM categorized as < 7 mm to be low (abnormal),
since the mean SM of this study was 7.7 mm. With age, gender, and the clinical parameters as
independent variables, we found low values of SM to be significantly associated with higher OSDI and
lower Schirmer’s readings (Table 2).

Table 2. Multiple logistic regression where dependent variable is the abnormal meniscometry
values ( < 7 mm)

.
Model 1 Model 2 † Model 3 †† Model 4 †††

Parameters Unadjusted Odds Ratio
(95% Confidence Interval)

Adjusted Odds Ratio
(95% Confidence Interval)

Adjusted Odds Ratio
(95% Confidence Interval)

Adjusted Odds Ratio
(95% Confidence Interval)

Age 1.01 (1.00–1.02) * 1.00 (0.99–1.02) 0.97 (0.95–0.99) * 0.97 (0.94–1.00)
Gender 1.85 (1.44–2.38) * 1.83 (1.42–2.35) * 1.67 (1.06–2.63) * 1.09 (0.61–1.94)
OSDI 1.16 (1.15–1.18) * 1.17 (1.15–1.19) * 1.05 (1.02–1.08) *
TBUT 0.43 (0.39–0.47) * 0.87 (0.72–1.05)

Schirmers 0.17 (0.13–0.23) * 0.43 (0.35–0.54) *
MGD 12.15 (8.96–16.48) * 1.42 (0.79–2.57)

† Adjusted by Age and Gender; †† Adjusted by Age, Gender and OSDI; ††† Adjusted by Age, Gender, ocular surface
disease index (OSDI), tear breakup time (TBUT), Schirmers, and meibomian gland dysfunction (MGD); * p < 0.05.

However, when we performed logistic regression with SM categorized as <3 mm to be low
(abnormal), we found abnormal SM to be significantly associated with higher OSDI and lower TBUT
readings after adjustment for the other variables (Model 4 in Table 3). However there were only
23 or 2.19% of participants with SM less than 3 mm, so it may or may not be possible to uncover all the
associated factors with this sample size.

Table 3. Multiple logistic regression where dependent variable is the abnormal meniscometry
values ( < 3 mm).

Model 1 Model 2 † Model 3 †† Model 4 †††

Parameters Unadjusted Odds Ratio
(95% Confidence Interval)

Adjusted Odds Ratio
(95% Confidence Interval)

Adjusted Odds Ratio
(95% Confidence Interval)

Adjusted Odds Ratio
(95% Confidence Interval)

Age 1.04 (1.00–1.08) 1.03 (1.00–1.08) 1.02 (0.98–1.07) 1.04 (0.99–1.09)
Gender 2.72 (1.11–6.67) * 2.52 (1.02–6.19) * 1.84 (0.70–4.89) 1.37 (0.49–3.82)
OSDI 1.13 (1.09–1.18) * 1.13 (1.08–1.18) * 1.11 (1.06–1.17) *
TBUT 0.41 (0.29–0.60) * 0.48 (0.30–0.77) *

Schirmers 0.59 (0.44–0.78) * 1.33 (0.94–1.86)
MGD grading 4.80 (2.63–8.77) * 1.67 (0.60–4.68)
† Adjusted by Age and Gender; †† Adjusted by Age, Gender and OSDI; †††Adjusted by Age, Gender, ocular surface
disease index (OSDI), tear breakup time (TBUT), Schirmers, and meibomian gland dysfunction (MGD); * p < 0.05.

4. Discussion

The meniscometry readings in this population of garment factory workers in Bangladesh ranged
between 1–16 mm, and significantly lower SM readings were found in males, and in participants with
higher OSDI, lower TBUT, lower Schirmer’s readings, and higher MGD grades.

In the first study performed in a clinic in Japan (n = 90), significantly lower SM readings were
observed among patients with DED. In addition, the Schirmer’s readings, TBUT, mean tear film lipid
layer interferometry grade, and vital staining scores were also observed to be lower among patients
with DED. With regards to the SM readings, a positive linear correlation exists with the Schirmer’s
readings as well as the TBUT [16]. In the second study performed in a clinic in Japan (n = 175),
significantly lower SM readings were observed among patients with DED, with a positive correlation
with graticule scale tear meniscus height (TMH) [15].
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There were no previous studies of SM in a community setting or study based on the
Bangladeshi participants.

In our study (Table 2), lower Schirmer and higher OSDI were associated with abnormal
meniscometry values after adjusting for the other clinical variables. This is not surprising since
Schirmer’s I test, apart from a measure of reflex tear secretion, may also be related to the tear volume
in the lower meniscus. With a stricter threshold of SM (Table 3), only lower TBUT and higher OSDI
were associated with abnormal SM. This may be related to the pre-existing lower meniscal volume to
related to tear stability.

This study involved a large sample in the community within a single occupational group. The use
of a uniform protocol by a single ophthalmologist provided an accurate and comprehensive analysis
and with a higher confidence of estimates. Since the study did not employ a meibomian gland
evaluator, the number of meibomian glands yielding liquid meibum was not documented. The number
of subjects with SM less than 3 mm was limited. Another possible limitation is that this study involved
only one occupational group. We are not certain why the distribution of SM is bimodal.

5. Conclusions

In conclusion, SM is inexpensive, quick and easy to perform, and may be a suitable tool for
epidemiology studies. Although associated with dry eye symptoms, this test is not equivalent to any
one of the conventional tests, but still related to some aspect of tear function. It should be explored in
other populations.
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Abstract: We prospectively evaluated the relationship between meibomian gland dysfunction (MGD)
and Graves’ ophthalmopathy (GO) in 19 patients (38 eyes) with subjective dry eye symptoms, compared
to 14 age-matched normal participants (14 eyes). Extraocular muscle and lacrimal gland enlargement
were evaluated by magnetic resonance imaging (MRI). Ocular surface examinations included
fluorescein staining for keratoconjunctival epithelial damage, tear breakup time (TBUT) evaluation,
and Schirmer’s test. Dry eye symptoms were evaluated with the Dry Eye-related Quality-of-Life Score
(DEQS) questionnaire. Lid-margin abnormalities, meibum grade, and meiboscores were assessed
using meibography. Clinical activity scores and T2 signal intensity ratios were used to define GO
activity. All GO patients had obstructive MGD and 79% exhibited levator muscle enlargement.
Ocular surface parameters of TBUT (p = 0.000), meibum score (p = 0.000), eyelid vasculitis (p = 0.000),
meiboscore of the upper lid (p= 0.002), total meiboscores (p= 0.001), and DEQS (p= 0.000) significantly
differed between GO patients and normal subjects. In addition, GO patients had significantly more
abnormalities of the central region of the upper eyelid than normal subjects (p = 0.000). Thus,
MGD might be related to eye discomfort and deterioration of the ocular surface in GO patients.
Inflammation and morphological meibomian gland changes might be characteristic of GO.

Keywords: graves’ ophthalmopathy; inflammation; meibomian glands; morphological changes

1. Introduction

Graves’ ophthalmopathy (GO) is a periocular and orbital inflammatory manifestation that is
caused by autoimmune thyroid disease [1]. The pathogenesis of GO involves autoantibodies against
thyroid-stimulating hormone (TSH) receptors, which lead to excess production of thyroid hormone.
This, in turn, induces an inflammatory response against the periocular and orbital tissues [2–4].
Dry eye disease (DED) is a frequent complaint among patients with GO [2,5], and a high proportion of
patients with GO reportedly exhibit dry eye symptoms [5,6]. However, although numerous studies
have investigated the pathogenesis of GO, few have offered detailed insight into the association
and interaction between GO and DED [2–9]. Moreover, in clinical settings, DED in GO tends to
remain neglected.

Regarding the DED mechanism in GO, previous studies have suggested (1) a decrease in tear
volume, because the lacrimal gland is one of the target tissues of TSH [2–4], and (2) an increase in
palpebral fissure height, leading to accelerated evaporation of tears [10]. Recent studies have suggested
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that GO pathogenesis is mediated not only by morphological changes but also by immunological
causes, including T-cell-mediated inflammation [3] and TSH-receptor expression in the acinar cells of
impaired lacrimal glands [2].

Meibomian glands secrete the lipid component of tears, which prevents excessive tear evaporation.
Meibomian gland dysfunction (MGD) is considered to be a major cause of evaporative dry eye [11–13].
However, few reports have investigated the relationship between GO and the ocular surface, including
both MGD and DED. Therefore, here we investigated the relationship between GO and MGD in
patients with GO and dry eye symptoms, using detailed GO information obtained using various
modalities, such as magnetic resonance imaging (MRI).

2. Experimental Section

2.1. Patients

This study was a prospective, clinic-based, descriptive study and adhered to the guidelines of the
Declaration of Helsinki (as amended in 2013). The study protocol was approved by the institutional
review board of the Keio University School of Medicine (No. 20120210). All patients received a full
explanation of the study procedures and written informed consent was obtained from each subject prior to
enrolment. To ensure privacy, all records were identified by an anonymous subject identification number.

All GO patients were referred to our clinic from Olympia Eye Hospital, Tokyo, Japan. They were
diagnosed with GO in accordance with previously described criteria [14]. Additionally, the patients
underwent diagnostic imaging by MRI at the hospital. The patients with subjective dry eye symptoms—
such as dry eye sensation, foreign body sensation, and photophobia—had been referred to the Keio
University Hospital MGD clinic consecutively. Normal participants without GO were also included in this
study as controls. All patients underwent a general ophthalmic examination and slit-lamp biomicroscopy.
Furthermore, they underwent a more detailed examination of MGD and the ocular surface.

2.2. Ocular Surface Examination

Two investigators with experience of investigation of the ocular surface (M.K. and S.I.) evaluated
the tear breakup time (TBUT) as well as keratoconjunctival epithelial damage, on the basis of fluorescein
staining scores (0–9) of the cornea and conjunctiva, as described previously [15]. For these tests, 2 μL
of preservative-free 0.5% fluorescein dye was instilled into each eye using a micropipette, to avoid
altering the tear dynamics. Then, conjunctival rose bengal staining was performed to detect superior
limbic keratoconjunctivitis (SLK) and lid wiper syndrome. Finally, Schirmer’s test was performed
without topical anesthesia.

2.3. Criteria for Dry Eye Diagnosis

A dry eye diagnosis was made according to the latest Japanese dry eye diagnostic criteria
(2016) [16]. Briefly, the presence of dry eye symptoms and the presence of qualitative disturbance of
the tear film (TBUT ≤ 5 s) both had to be present for a diagnosis of dry eye [16].

2.4. Criteria for Diagnosis of Meibomian Gland Dysfunction

Obstructive MGD was diagnosed when an eye tested positive for all 3 of the following criteria:
(1) symptoms of MGD, such as dry eye sensation, burning sensation, foreign body sensation; (2) abnormal
findings around the orifices of the glands, and (3) findings indicating meibomian gland orifice obstruction.
The presence of any two or more of these findings was defined as a lid margin abnormality in this study.
An eye was judged positive for abnormal findings around the orifices when at least 1 of 3 findings, i.e.,
irregular lid margin, vascular engorgement, or anterior/posterior displacement of the mucocutaneous
junction, was recognized. Vascular engorgement was defined as the presence of moderate or severe
telangiectasia or redness. An eye was judged positive for orifice obstruction when both findings
indicative of meibomian gland orifice obstruction, i.e., decreased meibomian secretion, and plugging,
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pouting, and ridging were recognized [17]. Meibomian secretion (meibum) was graded as follows:
grade 0, clear meibum, easily expressed; grade 1, cloudy meibum, expressed with mild pressure;
grade 2, cloudy meibum, expressed with more than moderate pressure; and grade 3, no meibum
expression, even with hard pressure [18]. Morphological changes in the meibomian glands were
observed using a non-contact mobile meibography system (Japan Focus Corporation, Tokyo, Japan)
and graded accordingly [19]. Partial or complete meibomian gland loss was scored using the following
grades for each eyelid, as previously described: grade 0, no meibomian gland loss; grade 1, area of
meibomian gland loss < 1/3 of the total meibomian gland area; grade 2, area of meibomian gland loss
between 1/3 and 2/3 of the total area; and grade 3, area of meibomian gland loss > 2/3 of the total area.
Meiboscores (0–6) were summed to obtain a score from 0 through 6 for each eye [20]. The central
region was also defined as the middle 1/3 part of the lid width.

2.5. Examination for Graves’ Ophthalmopathy

Proptosis (protrusion > 15 mm) was measured using a Hertel exophthalmometer (Handaya,
Tokyo, Japan). Lid retraction was defined as a palpebral fissure height > 7 mm [14] and exposure of
the upper sclera. In the MRI investigation, levator muscle enlargement was determined in a sagittal
section. Swelling of the lacrimal gland and extraocular muscle enlargement was determined in a
coronal section. Muscles that were clearly thicker than the optic nerve were determined to be enlarged.
GO activity was defined based on clinical activity score (CAS) [21] and T2 signal intensity ratios
(T2SIR) [22]. Each patient was assigned a CAS after examination by an ophthalmologist. This score
is based on 4 well-known classic signs of inflammation, i.e., pain, redness, swelling, and impaired
function, and consists of scores for 10 items. Each sign judged as present is scored 1 point, and each
sign has the same weight. The active phase of GO was defined by CAS ≥ 4 points. The T2SIR was
defined by the ratio of signal strengths of extraocular muscles and the ipsilateral temporal muscle on
T2-weighted images.

The severity of GO was classified using Olympia Eye Hospital diagnostic criteria. The classification
of mild GO was as follows: palpebral fissure height was 7–10 mm, lid swelling was mild (eyelids
mildly swollen with fluid), the conjunctiva showed chemosis, injection, or congestion; the range of
proptosis was 15–18 mm, the extra-ocular muscles exhibited no or intermittent diplopia. Additionally,
no optic nerve, retina, or corneal findings were exhibited.

The classification of moderate GO was as follows: palpebral fissure height was 10–12 mm;
lid swelling was moderate (eyelid skin showed obvious swelling but the tissue was not tense);
the conjunctiva showed SLK; the range of proptosis was 18–21 mm; the extra-ocular muscle showed
disorder, as exhibited by diplopia of the peripheral field-of-view; and the cornea showed infiltration
due to lagophthalmos that affected the entire cornea. Additionally, no optic nerve or retina findings
were exhibited.

Severe GO was classified as severe if the following were present: palpebral fissure height was
12 mm or more, lid swelling was severe (the upper eyelid skin-fold was ballooned out, filled with
fluid, and the skin was taught), the conjunctiva showed upper scleral vessel engorgement, the range of
proptosis was 21 mm or more, the extra-ocular muscle disorder extended to diplopia of the 1st eye
position, the cornea shows infiltration due to lagophthalmos, affecting the entire cornea. Additionally,
no optic nerve or retina findings were present.

Furthermore, the most severe form of GO was classified when, in addition to the findings of
severe GO, corneal perforation, ulcer, or optic neuropathy were present. If even one of these findings
was present, the condition was regarded as the most severe GO.

2.6. Assessment of Subjective Symptoms, Self-Reported via a Questionnaire

A validated dry eye symptom questionnaire, the Dry Eye-related Quality-of-Life Score (DEQS)
questionnaire, was administered. The DEQS questionnaire was recently developed in Japan and its
internal consistency, test-retest reliability, discriminant validity, and responsiveness to change have all
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been validated previously [23]. It comprises 15 questions; 6 questions assess ocular symptoms and
9 assess the effect of DED on the quality of life. The 6 questions related to ocular symptoms query
respondents on the presence and severity of foreign body sensations, dry eye sensations, pain or
soreness, ocular fatigue, eyelid heaviness, and eye redness. The frequency of symptoms is scored from
0 (none) to 4 (highest frequency), and the severity of symptoms is scored from 1 (low) to 4 (high) [23].
The summary scale score ranges from 0 (best) to 100 (worst).

2.7. Statistical Analysis

Data were analyzed using the Statistical Package for the Social Sciences version 26.0 (IBM Corp.,
Armonk, NY, USA) and Excel® version 14.1.0 (Microsoft®, Redmond, WA, USA). The t-test was used
for continuous variables, the Mann–Whitney U-test for ordinal variables and chi-squared test for
nominal variables. Statistical significance was indicated at p < 0.05.

3. Results

In total, 36 patients were included in this study; 19 were patients with GO and 14 were normal
participants. Table 1 shows the characteristics of the 19 GO patients, among whom 1 (2 eyes) had active GO,
18 had hyperthyroidism, and 1 had hypothyroidism. The mean duration of GO was 52.9 ± 21.5 months
(Table 1). The mean age of all patients was 44.1 ± 7.9 years (range, 27–56 years). The mean age of GO
patients was 44.0 ± 10.0 years (range, 27–56 years) and that of control participants was 44.6 ± 7.6 years
(range, 27–56 years). There were no statistically significant differences between GO patients and normal
patients (p = 0.4). The GO patients comprised of 17 women and 2 men whereas normal participants
were all women (Table 2).

Table 1. Clinical characteristics and ophthalmologic parameter of the 19 patients with Graves’
ophthalmopathy.

Parameter Patients with GO (n = 19)

Clinical parameters

Duration of GO, months 52.9 ± 21.5

Active GO, n (CAS ≥ 4) 1

Smokers, n (%) 8 (42.1)

Thyroid function

Hyperthyroidism, n 18

Hypothyroidism, n 1

Euthyroidism, n 0

Ophthalmologic parameter

Severity of GO, mild n, (%) 10/19 (52.6)

Moderate n (%) 9/19 (47.4)

Proptosis (>15 mm) n, mm, (%) 38/38, 18.8 ± 1.8, (100)

Eyelid retraction, n (%) 4/38 (10.5)

Palpebral fissure height (>7 mm) n, mm, (%) 33/38, 9.0 ± 2.0 (91.7)

Eyelid swelling, n (%) 22/38 (57.9)

Engorgement of the levator muscle, n (%) 30/38 (78.9)

Engorgement of the extra ocular muscle, n (%) 17/38 (44.7)

Swelling of the lacrimal gland, n (%) 28/38 (73.7)

GO: Graves’ ophthalmopathy, CAS: clinical activity score.
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Table 2. Clinical parameters of ophthalmic evaluations.

Parameter
Patients with GO

(n = 19)
Normal Participants

(n = 14)
p Value

Mean age, years (mean ± SD) 44.0 ± 10.0 44.6 ± 2.2 p = 0.6
Male, n 2 0 p = 0.4

Ocular surface examination
Lid margin abnormalities, n 19

Vasculitis, n 19 2 p = 0.000
Fluorescein score 0.6 ± 0.8 0.3± 0.5 p = 0.4

TBUT, s 4.7 ± 3.2 7.1 ± 1.6 p = 0.000
SLK, n 0 0 -

Schirmer’s test, mm 10.5 ± 8.8 9.2 ± 3.5 p = 0.5
Meibum score 1.6 ± 0.5 0.3 ± 0.5 p = 0.000
Meibography
Meiboscores

Upper lid 1.0 ± 0.6 0.3 ± 0.5 p = 0.002
Lower lid 0.9 ± 0.6 0.4 ± 0.5 p = 0.07

Total meiboscores 1.9 ± 1.1 0.7 ± 0.8 p = 0.001
Abnormalities of central part, n 12 0 p = 0.000

DEQS 35.2 ± 28.3 4.3 ± 1.3 p = 0.000

TBUT = tear breakup time; SLK = superior limbic keratoconjunctivitis; DEQS = Dry Eye-related Quality-of-Life
Score, GO: Graves’ ophthalmopathy. All values are expressed as mean ± standard deviation (SD). p-value, vs.
normal participants.

3.1. Ocular Surface Examination

In ocular surface investigations, the right eye was selected in GO patients, and their 19 eyes were
compared to the 14 eyes of normal participants. Overall, 32 of 38 eyes (84.2%) of patients with GO
were diagnosed with DED. Notably, all patients exhibited obstructive MGD. Objective ocular surface
parameters are summarized in Table 2. TBUT was significantly shorter in patients with GO than that in
normal participants (p = 0.000; Table 2). Vasculitis, meibum score, and DEQS were significantly higher
in patients with GO than those in normal participants (p = 0.000, p = 0.000, p = 0.000 respectively;
Table 2). Upper eyelid meiboscore and total meiboscore (upper and lower eyelid) were significantly
higher in patients with GO than in normal participants (p = 0.002, p = 0.001 respectively; Table 2).
Furthermore, abnormalities of the central part of the upper eyelid were significantly more common
in patients with GO than in normal participants (p = 0.000; Table 2). The fluorescein staining score,
Schirmer’s test findings, and meiboscore of the lower lid were not significantly different between the
two groups. There were no patients with SLK (Table 2; Figures 1 and 2).

3.2. Examination for Graves’ Ophthalmopathy

Proptosis was observed in 38 of 38 eyes (100%); the mean proptosis value was 18.8 ± 1.8 mm.
The mean palpebral fissure height was 9.0 ± 2.0 mm; of the 38 eyes, 33 (91.7%) exhibited palpebral
fissure height > 7 mm. Twenty of 38 eyes (52.6%) exhibited thickening of the eyelids (eyelid swelling).
Engorgement of the levator muscle on MR images was seen in 30 of 38 eyes (78.9%) (Figure 1; Figure 2).
Engorgement of the extra-ocular muscles on MR images was seen in 17 of 38 eyes (44.7%). Lacrimal
gland swelling was observed in 28 of 38 eyes (73.7%), and eyelid retraction was observed in 4 of 38
(10.5%) eyelids (Table 1). In terms of severity of GO, 10 patients were classified as having mild and
9 patients were classified as having moderate disease (Table 1). Only 1 patient was in the acute phase
(Table 1).

Detailed data of the ocular surface parameters and GO parameters of the patients are presented in
Table 3.
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3.3. Representative Cases

3.3.1. Case 1

A 53-year-old woman presented with GO, (disease duration of 60 months), in the inactive phase at
presentation. The DEQS score was 25. The patient exhibited eyelid swelling, as well as exophthalmos
(19 mm and 18 mm in the right and left eyes, respectively; Figure 1). There was no obvious eyelid
retraction; the palpebral fissure height of the right and left eyes was relatively normal and mild (7 mm
and 8 mm, respectively). The patient complained of dry eye symptoms, and the TBUT in both eyes
was 6 s. In both eyes, the corneo-conjunctival staining score was 1, and the Schirmer’s test value was
2 mm. The eyelid margins exhibited plugging (upper lid margin), displacement of the mucocutaneous
junction, vascular engorgement (upper and lower lid margins), and inflammation (eyelid and ocular
conjunctiva) (Figure 1d). The meibum grade was 1. On the basis of these findings, the patient was
diagnosed with MGD. Meibography findings indicated meibomian gland dropout in the upper and
lower eyelids of the right eye and the central region of the upper eyelid of the left eye (Figure 1b,c,e,f).
Levator muscle swelling in the upper eyelids and lacrimal gland swelling were observed in MR images
(Figure 1g–i). The CAS score was 0.

 

Figure 1. Representative case of a 53-year-old woman with Graves’ ophthalmopathy. The patient
presented with vascular engorgement, lid-margin inflammation, and plugging of the lid margin (a).
The meibomian glands at the central region of the eyelids exhibit abnormal findings, particularly in the
upper eyelid (b,c). Magnetic resonance imaging findings show enlargement of the levator muscle and
lacrimal gland (d–f).
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3.3.2. Case 2

A 56-year-old woman presented with GO (disease duration of 96 months), in the inactive phase at
presentation. The DEQS score was 8.3. Initially, the patient exhibited swelling, chronic inflammation,
and pigmentation of the eyelids. Exophthalmos was observed in both eyes (17 mm and 16 mm in the
right and left eyes, respectively; Figure 2a). In the follow-up evaluation (current status), no lid retraction
was observed, and the palpebral fissure height of both eyes was mild (8 mm, both eyes). The patient
complained of dry eye symptoms at presentation, and the TBUT in the right and left eyes was 3 s and
5 s, respectively. The corneo-conjunctival score in both eyes was 0. Schirmer’s test values in the right
and left eyes were 4 mm and 13 mm, respectively. Evaluation of eyelid margins revealed plugging
and vascular engorgement (upper and lower eyelid margins) as well as inflammation (palpebral and
ocular conjunctiva) (Figure 2d). Meibum grades in the right and left eyes were 2 and 1, respectively.
On the basis of these findings, the patient was diagnosed with DED and MGD. Meibography findings
revealed meibomian gland dropout in the upper and lower eyelids of both eyes; both eyes exhibited a
meiboscore of 3 (Figure 2b,c,e,f). Levator muscle swelling in the upper eyelid, as well as swelling of
the superior, medial, and inferior rectus muscles and lacrimal glands, were observed on MR images
(Figure 1g–i). The CAS score was 1.

 

Figure 2. Representative case of a 56-year-old woman with Graves’ ophthalmopathy. The patient
presented with lid-margin inflammation (a). The meibomian glands in the central region of the upper
eyelid exhibit abnormal findings (b,c). Magnetic resonance imaging findings show (d,e) levator muscle
and superior and inferior rectus muscle enlargement, as well as (f) medial rectus muscle enlargement
and swelling of the lacrimal glands.
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4. Discussion

This study investigated the relationship between ocular surface parameters, including MGD and
DED, and GO in patients with dry eye symptoms. A high percentage (84.2%) of the patients were
diagnosed with DED. More surprisingly, all patients in this study exhibited obstructive MGD; this
proportion was higher than the proportion of patients with DED. Our findings revealed that patients
presented with clinical features of vascular engorgement and inflammation of eyelid margins, levator
muscle thickening, and in some patients, meibomian gland changes in the central region of the eyelids,
based on meibography. TBUT, vasculitis, DEQS, and meiboscores (upper lid and total score) were
significantly worse in GO patients than those in the normal controls. Recently, Kim et al. reported that
patients with GO exhibited morphological changes in the meibomian glands, which correlated with
proptosis and palpebral fissure height [24]. The authors considered that lack of blinking by proptosis
and palpebral fissure height in patients with GO was caused by decreased excretion of meibum and
gave rise to obstructive MGD. The patients in this study had high meibum grades, which were similar
to those previously reported in 60-year-old patients with MGD [25,26]. Recent studies reported that
oxidative stress is associated with GO [27,28]. According to another study, oxidative stress resulted in
changes in the meibomian glands and meibum composition [29]. In this study, most patients exhibited
proptosis and increased palpebral fissure height. Based on previous studies and the results of the
present study, we speculated that MGD and deterioration of meibum were caused by morphological
changes related to GO and oxidative stress. The meiboscores of patients with GO were significantly
higher than that of normal participants in this study, and those previously reported [24]. Furthermore,
we found that patients with GO exhibited meibomian gland changes in the central region of the eyelids,
particularly of the upper lid, which has not been reported previously. In a previous study of contact-lens
users [30], meibography findings revealed negative changes. Hence, the authors concluded that this
condition was correlated to the duration of use and chronic irritation caused by the contact-lenses.
Most patients (nearly 80%) in the study exhibited levator muscle enlargement. This position might
correspond to the superior levator muscles and also SLK. SLK is often observed in patients with GO
and is caused by abnormal friction and ocular surface inflammation [31,32]. In a previous study, SLK
had a stronger correlation with lid retraction and extra-ocular muscle enlargement in GO patients
than in individuals without GO [31,33]. Although, none of our patients exhibited SLK and eyelid
retraction, because most patients were in the inactive phase of GO. These results suggest that levator
muscle condition may affect the upper central meibomian gland morphology. However, considering
the results of our own and previous reports, patients with meibography changes in the center of the
eyelids might have inflammation and friction. Furthermore, they may have SLK and lid retraction
during the active phase of GO. Hence, we speculated that friction and inflammation may be caused by
GO; prolonged duration of GO might lead to changes in the center of the eyelids that are noted by
meibography. We also hypothesized that these findings would be a characteristic meibography sign in
some GO patients with dry eye symptoms. As in previous studies, TBUT in this study was lower than
normal participants. [3,7,8,24]. Proptosis and increased palpebral fissure height have been reported as
causes of ocular surface damage in patients with GO [2,4]. In particular, increased palpebral fissure
height has been reported to be the most influential factor for tear evaporation [10,34,35]. In our study,
most patients exhibited proptosis and increased palpebral fissure height; therefore, we speculated that
these anatomical factors were among the reasons for the relatively short TBUT. Furthermore, excessive
tear evaporation has been proposed as a cause of hyperosmolarity [35,36].

Tear hyperosmolarity stimulates the production of proinflammatory cytokines at the ocular
surface [35,36]. These inflammatory responses are known to be related to T-lymphocytes. It has been
reported that GO is caused by T-lymphocyte-mediated stimulation of orbital cells [2,4]. Expression of
TSH receptors in GO patients has also been demonstrated, and the lacrimal gland is known as the
target organ for TSH [2]. Previously, computed tomography findings have revealed swollen lacrimal
glands in patients with GO [37]. In this study, MRI findings showed lacrimal gland swelling, and our
patients’ Schirmer’s test values were lower than those reported in previous studies [7,33]. The rate of
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vascular engorgement of the lid margin in this study was 97.3%, although, a previous study showed
that the rate of this phenomenon in normal controls in women of the same age range was only 14% [20].
We also recognized inflammatory signs around the eyes. Since GO is caused by inflammation and
immune-related mechanisms, GO is likely to result in MGD and DED.

This study had a few limitations. First, this was a pilot study and, therefore, the sample size was
small; however, we will be conducting a similar study with a larger sample size in the future and include
additional comparisons such as those of the active and inactive phases of GO. Second, some selection
bias might have occurred, although we included consecutive patients with GO. Inclusion of patients
with GO at different stages of activity (active/chronic) and different disease durations might have
helped to define the details of the relationship between GO and MGD more specifically, thereby helping
to elucidate the point of occurrence of MGD in GO eyes. In addition, in further studies, quantitative
markers, such as those reflecting ocular surface oxidative stress and inflammation, should be studied in
patients with GO. Furthermore, we would like to investigate the pathophysiological mechanisms and
inflammatory pathways (e.g., T-lymphocyte-related pathways and oxidative stress-related pathways)
related to MGD in GO patients, using experimental models.

5. Conclusions

In summary, we found strong associations between dry eye symptoms in GO patients and
ocular surface parameters, including MGD and DED. These were characterized by meibomian gland
dropout at the center of the eyelids, as well as eyelid margin vascular engorgement and inflammation.
Inflammation and morphological changes of meibomian glands might be characteristic findings in
patients with GO. Although further investigations are required to elucidate the mechanism underlying
the association between the ocular surface state, including MGD and DED, and GO, the present findings
indicate the possibility that MGD may be involved in causing eye discomfort in patients with GO.
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Abstract: Although the pathophysiology of meibomian gland dysfunction (MGD) remains incompletely
understood, many treatment options have recently become available. According to an international
workshop report, treatment selection for MGD should be based on a comprehensive stage classification
dependent on ocular symptoms, lid margin abnormalities, meibum grade, and ocular surface staining.
However, it is often difficult to evaluate all parameters required for such classification in routine clinical
practice. We have now retrospectively evaluated therapeutic efficacy in MGD patients who received five
types of treatment in the clinic setting: (1) meibocare (application of a warm compress and practice of lid
hygiene), (2) meibum expression plus meibocare, (3) azithromycin eyedrops plus meibocare, (4) thermal
pulsation therapy plus meibocare, or (5) intense pulsed light (IPL) therapy plus meibocare. Patients
in each treatment group were classified into three subsets according to the meiboscore determined by
noncontact meibography at baseline. Eyes in the IPL group showed improvement even if the meiboscore
was high (5 or 6), whereas meibocare tended to be effective only if the meiboscore was low (1 or 2).
The meiboscore may thus serve to guide selection of the most appropriate treatment in MGD patients.
Prospective studies are warranted to confirm these outcomes.

Keywords: meibomian gland; meibography; meiboscore; meibomian gland dysfunction

1. Introduction

Meibomian gland dysfunction (MGD) is the leading cause of dry eye [1] and has a prevalence that
varies widely from 3.5% to 70% according to age, sex, and ethnicity [2]. A population-based study
(Hirado-Takushima study) performed on Takushima island in Japan found the prevalence of MGD to
be 32.3% [3]. A survey of cataract surgery patients found that 63% of such individuals showed signs of
MGD, and MGD was found to adversely affect visual acuity and patient satisfaction after such surgery [4].
According to the European Society of Cataract and Refractive Surgeons (ESCRS) and American Society of
Cataract and Refractive Surgery (ASCRS) guidelines for cataract surgery, MGD should be diagnosed and
treated before such surgery [5].

MGD is a chronic condition of the meibomian glands that is characterized by terminal duct obstruction
or qualitative or quantitative changes in glandular secretion (meibum) [6]. In the obstructive form of
MGD, hyperkeratinization of the ductal epithelium results in a reduced availability of meibum to coat the
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aqueous layer of the tear film [7]. This meibum deficiency thus gives rise to increased tear evaporation and
consequent tear hyperosmolarity [8].

MGD is diagnosed on the basis of subjective symptoms, lid margin abnormalities, the condition of
the gland orifices, and meibum grade [9]. Approaches such as conventional meibography and confocal
microscopy for observation of the morphology of meibomian glands as well as tear interferometry
for evaluation of gland function are also available [9], but they are not widely adopted in the clinic.
Noncontact meibography is a recently developed noninvasive method that allows relatively rapid imaging
of meibomian glands [10] with high reproducibility and which yields images convincing to patients of
the need for treatment [11]. It is now widely adopted in clinical practice for evaluation of meibomian
gland–related diseases.

Treatment options for MGD have increased greatly—in particular, with the recent advent of
nonpharmaceutical treatments [12]—since the International Workshop on Meibomian Gland Dysfunction
in 2011 [8]. Selection of a treatment for MGD is currently based on the stage classification proposed at the
2011 workshop [13]. Such stage classification is itself based on a comprehensive evaluation of subjective
symptoms, lid margin abnormalities (plugging, vascularity), meibum grade, and degree of ocular surface
staining [13]. However, it is often difficult to select a treatment method according to this complicated
classification in the clinic. Moreover, it is unclear at what stage nonpharmaceutical treatment options,
such as intraductal probing [14], thermal pulsation therapy [15], and intense pulsed light [16], should be
performed.

We have therefore now conducted a retrospective examination of the characteristics of MGD patients
who visited Itoh Clinic and received one of five types of treatment. The efficacy of each treatment was
reevaluated from the viewpoint of noninvasive meibography grading (meiboscore) at baseline [10].

2. Experimental Section

This retrospective randomized study was conducted at Itoh Clinic in Saitama, Japan, adhered to the
tenets of the Declaration of Helsinki, and was approved by the Institutional Review Board of the Faculty of
Medicine at Itoh Clinic (approval code: IRIN201302-05). Written informed consent was obtained from all
participants.

2.1. Patients and Treatment

Patients with MGD who attended Itoh Clinic between April 2014 and September 2020 were eligible
for enrollment. One clinician (R.A.) who is an expert on MGD diagnosed the condition and enrolled MGD
patients. The patients were consecutively enrolled in the study, with their baseline characteristics being
found not to differ significantly among the treatment groups. Inclusion criteria were as follows: (1) an age
of at least 20 years; (2) a diagnosis of MGD according to Japanese diagnostic criteria [17] including ocular
symptoms, plugged gland orifices, vascularity and irregularity of lid margins, and decreased meibum
quality and quantity (Shimazaki grading) [18]. Exclusion criteria comprised active ocular infection, ocular
inflammatory disease, or aqueous-deficient dry eye (Schirmer test value of ≤5 mm). All enrolled patients
performed meibocare, defined as warming of eyelids and the practice of lid hygiene twice a day. Five types
of therapy were conducted during the study period: (1) meibocare alone for 3 months (years 2014–2016),
(2) four sessions of meibum expression with an Arita meibomian gland compressor (Katena) 3 weeks apart
together with meibocare over 3 months (MGX group) (years 2015–2016), (3) instillation of azithromycin
eyedrops, Azimychin, Senju) for 2 weeks together with meibocare (AZM group) (years 2019–2020), (4)
one session of treatment with a LipiFlow thermal pulsation system (Johnson & Johnson) together with
meibocare for 1 month (years 2015–2017), and (5) four sessions of treatment with intense pulsed light
(M22, Lumenis) 3 weeks apart together with meibocare over 3 months (IPL group) (years 2016–2019). All
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patients were allowed to apply artificial tears four times a day. All patients were examined before and1
month after the end of the treatment period.

2.2. Clinical Examinations

Ocular symptoms were assessed with the Standardized Patient Evaluation of Eye Dryness (SPEED)
questionnaire [19]. The thickness of the lipid layer of the tear film (LLT) was measured with a LipiView
interferometer (Johnson & Johnson). Lid margin abnormalities [20]—including plugging (scale of 0–3)
and vascularity (scale of 0–3)—as well as the fluorescein-based breakup time of the tear film (FBUT),
corneal-conjunctival fluorescein staining (fluo) score (scale of 0–9) [21], and grade of meibum expressed
with digital pressure (scale of 0–3) [18] were evaluated by slitlamp microscopy. The meiboscore (0–3 for each
eyelid), which reflects the extent of meibomian gland loss, was determined with a noncontact meibography
system (Topcon) [10], and the meiboscore for both eyelids was summed (total of 0–6) (Figure 1) [10].
The volume of tear fluid was measured by Schirmer’s test performed without the administration of
anesthetic [22]. Eyes were categorized as showing an improvement (that is, treatment was effective) if
the SPEED score had decreased by ≥4 points [23] and meibum grade had decreased by ≥1 point after
treatment compared with before treatment. Data for this study were obtained from the right eye of each
subject unless the right eye was excluded, in which case data from the left eye were used.

Figure 1. Representative images obtained by noncontact meibography from upper (a) and lower (b) eyelids
with a meiboscore of 0 to 3. The lost area of meibomian glands was graded as 0 for no loss (upper left
panels), 1 for a lost area of less than one-third (upper right panels), 2 for a lost area of between one-third
and two-thirds (lower left panels), or 3 for a lost area of more than two-thirds (lower right panels).

2.3. Statistical Analysis

Data were found to be nonnormally distributed with the Shapiro-Wilk test (p< 0.05), and nonparametric
testing was therefore applied. Baseline variables were compared among the treatment groups with Dunn’s
multiple-comparison test. The Wilcoxon signed-rank test was used to compare variables between baseline
and after treatment. The outcome variables of the study were the SPEED score and meibum grade before
and after treatment. We performed a statistical power analysis for both the SPEED score and meibum grade.
For the SPEED score, the mean difference between before after treatment was 5.3, with a corresponding SD
of 4.5; for meibum grade, the mean difference was 1.1 with an SD of 1.0. These changes were calculated
from the results of all 165 eyes in the current study. The average number of eyes in each group was 33. The
power (1 − β) was 0.91 and 0.86 at the level of α = 0.05 for the SPEED score and meibum grade, respectively,
and the sample size was sufficient. Statistical analysis was performed with JMP Pro version 15 software
(SAS). Statistical tests were two sided, and a p value of <0.05 was considered statistically significant.
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3. Results

3.1. Patient Characteristics

A total of 165 patients was enrolled in this study. The characteristics of the study subjects before and
after treatment are presented in Table 1. None of the measured parameters at baseline differed significantly
among the five treatment groups (Table 2).

Table 1. Characteristics of the study subjects with meibomian gland dysfunction before and after treatment
in the meibocare, meibomian gland expression (MGX), azithromycin eyedrop (AZM), LipiFlow, and intense
pulsed light (IPL) groups.

Pre- or
Posttreatment

Meibocare MGX AZM LipiFlow IPL

Characteristic
(n = 30
Eyes)

(n = 30
Eyes)

(n = 38
Eyes)

(n = 30
Eyes)

(n = 37
Eyes)

Sex (male/female) 17/13 16/14 20/18 16/14 22/15

Age (years) 59.1 ± 18.7 58.9 ± 15 60.2 ± 16 62.9 ± 14.2 60.5 ± 18

Duration of dry eye
(years) 4.4 ± 2.5 4.2 ± 2.3 4.4 ± 2.2 4.3 ± 3.5 4.3 ± 2.3

SPEED score (0–28) Pre 12.2 ± 3.9 12.5 ± 4.2 12.6 ± 4 11.3 ± 3 13.4 ± 3.2
Post 9.0 ± 3.6 8.9 ± 4.9 6.2 ± 4.5 8.7 ± 4.2 3.7 ± 2.8

p value <0.001 ** <0.001 ** <0.001 ** <0.001 ** <0.001 **

LLT (nm) Pre 54.8 ± 19.6 53.4 ± 11.6 57.9 ± 20.5 59.8 ± 17.9 56.2 ± 23.7
Post 53.0 ± 18.3 59.3 ± 14.8 61.7 ± 19.2 65.2 ± 27.8 65.4 ± 22.5

p value 0.11 0.031 * 0.36 0.015* 0.10

Plugging (0–3) Pre 2.1 ± 0.8 2.1 ± 0.8 2.0 ± 0.6 2.0 ± 0.8 2.3 ± 0.9
Post 1.9 ± 0.9 1.6 ± 0.9 0.9 ± 0.8 1.4 ± 0.9 0.2 ± 0.4

p value 0.057 <0.001 ** <0.001 ** <0.001 ** <0.001 **

Vascularity (0–3) Pre 1.3 ± 0.5 1.4 ± 0.9 1.6 ± 0.6 1.7 ± 1.0 1.4 ± 0.7
Post 1.3 ± 0.4 1.4 ± 0.9 0.6 ± 0.6 1.4 ± 1.0 0.2 ± 0.4

p value 0.33 1 0.006 * <0.001 ** <0.001 **

FBUT (s) Pre 3.1 ± 1.2 3.0 ± 1.1 3.2 ± 1.0 3.3 ± 0.7 3.1 ± 1.2
Post 3.4 ± 1.3 3.9 ± 0.6 5.8 ± 2.8 3.1 ± 1.7 6.7 ± 2.4

p value 0.030 * <0.001 ** 0.37 <0.001 ** <0.001 **

Fluo score (0–9) Pre 0.8 ± 0.6 0.8 ± 0.8 1.0 ± 1.2 0.9 ± 0.6 1.0 ± 1.1
Post 0.6 ± 0.6 0.5 ± 0.7 0.4 ± 1.0 0.8 ± 0.6 0.1 ± 0.3

p value 0.006 * 0.001 ** 0.043 * <0.001 ** <0.001 **

Meibum grade (0–3) Pre 2.3 ± 0.5 2.4 ± 0.5 2.3 ± 0.4 2.3 ± 0.4 2.6 ± 0.5
Post 1.8 ± 0.9 1.6 ± 0.9 1.2 ± 0.8 1.7 ± 1.0 0.1 ± 0.4

p value <0.001 ** <0.001 ** <0.001 ** <0.001 ** <0.001 **

Meiboscore (0–6) Pre 3.8 ± 1.7 3.8 ± 1.7 3.8 ± 1.6 3.8 ± 1.8 3.9 ± 1.5

Schirmer test value
(mm) Pre 10.9 ± 4.2 12.4 ± 9.1 10.6 ± 5.8 9.7 ± 5.6 11.0 ± 6.7

Post 10.3 ± 4.3 12.0 ± 9 8.5 ± 4.6 9.0 ± 7.3 10.6 ± 6.9
p value 0.056 0.169 0.16 0.11 0.003 *

Data are means ± SD. p values for comparisons between pre- and posttreatment were determined with the Wilcoxon
signed-rank test (* p < 0.05, ** p < 0.001). SPEED, Standardized Patient Evaluation of Eye Dryness; LLT, lipid layer
thickness of the tear film; FBUT, tear film breakup time with fluorescein; fluo, fluorescein staining.
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Table 2. Comparison of the baseline characteristics of the study subjects with meibomian gland dysfunction
in the meibocare, meibomian gland expression (MGX), azithromycin eyedrop (AZM), LipiFlow, and intense
pulsed light (IPL) groups.

Characteristic p Value

Age Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 1 1 1 1

Duration of dry eye Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 1 1 1 1

SPEED score Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 0.62 1 1 0.098

LLT Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 1 1 1 1

Plugging Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 1 1 0.50 0.99

Vascularity Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 0.68 1

LipiFlow 0.44 1 1
IPL 1 1 1 1

FBUT Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 1 1 1 1

Fluo score Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 1 1 1 1

35



J. Clin. Med. 2021, 10, 65

Table 2. Cont.

Characteristic p Value

Meibum grade Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 0.24 0.90 0.062 0.11

Meiboscore Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 1 1 1
IPL 1 1 1 1

Schirmer test value Treatment Meibocare MGX AZM LipiFlow

MGX 1
AZM 1 1

LipiFlow 0.83 1 1
IPL 1 1 1 1

p values were determined with Dunn’s multiple-comparison test. SPEED, Standardized Patient Evaluation of Eye
Dryness; LLT, lipid layer thickness of the tear film; FBUT, tear film breakup time with fluorescein; fluo, fluorescein
staining.

Previous therapies for the enrolled patients are shown in Table 3, with most individuals having
been prescribed eyedrops including hyaluronic acid eyedrops, preservative-free artificial tears, diquafosol
eyedrops, topical steroid eyedrops, and rebamipide eyedrops. About half of the patients had performed
meibocare or undergone meibomian gland expression. None of them had previously received azithromycin
eyedrops, LipiFlow treatment, or intense pulsed light therapy.

Table 3. Previous therapies for the study patients with meibomian gland dysfunction in the meibocare,
meibomian gland expression (MGX), azithromycin eyedrop (AZM), LipiFlow, and intense pulsed light
(IPL) groups.

No. (%) of Patients

Therapy
Meibocare

(n = 30)
MGX

(n = 30)
AZM

(n = 38)
LipiFlow
(n = 30)

IPL
(n = 37)

Hyaluronic acid eyedrops 17
(56.7%)

20
(66.7%)

25
(65.8%)

25
(83.3%)

30
(81.1%)

Preservative-free artificial tears 15
(50.0%)

18
(60.0%)

15
(39.5%)

10
(33.3%)

14
(37.8%)

Diquafosol eyedrops 5
(16.7%)

7
(23.3%)

10
(26.3%)

15
(50.0%)

20
(54.1%)

Topical steroid eyedrops 8
(26.7%)

6
(20.0%)

10
(26.3%)

9
(30.0%)

10
(27.0%)

Rebamipide eyedrops 3
(10.0%)

5
(16.7%)

6
(15.8%)

8
(26.7%)

10
(27.0%)

Meibocare - 12
(40.0%)

16
(42.1%)

15
(50.0%)

20
(54.1%)

Meibomian gland expression 12
(40.0%) - 15

(39.4%)
15

(50.0%)
15

(40.5%)

Azithromycin eyedrops 0
(0.0%)

0
(0.0%) - 0

(0.0%)
0

(0.0%)

LipiFlow 0
(0.0%)

0
(0.0%)

0
(0.0%) - 0

(0.0%)

Intense pulsed light 0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%) -
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3.2. Treatment Efficacy

The SPEED score was significantly reduced at 1 month after the end of the treatment period for
all treatment groups (Table 1). LLT was significantly increased in the MGX group and the LipiFlow
group. Plugging was significantly improved in all groups with the exception of the meibocare group.
Vascularity was significantly improved in the AZM group, the LipiFlow group, and the IPL group. FBUT
was significantly prolonged in all groups with the exception of the AZM group and the LipiFlow group.
The fluo score was significantly decreased in all groups. Meibum grade was significantly improved in all
groups.

3.3. Treatment Efficacy According to the Meiboscore

Eyes in each treatment group were graded on the basis of the meiboscore (1 or 2, mild gland loss; 3
or 4, moderate gland loss; 5 or 6, severe gland loss) at baseline (Figure 1). Eyes were also categorized as
showing improvement (treatment was effective) if the SPEED score decreased by ≥4 points and meibum
grade decreased by ≥1 point compared with the values before treatment. In the meibocare group, 100%
of patients with mild gland loss showed improvement (Table 4). However, none of those with moderate
or severe gland loss showed improvement. In the MGX group, 88% of patients with mild gland loss
improved, compared with 55% of those with moderate gland loss and none of those with severe gland
loss. In the AZM group, 92% of patients with mild gland loss and 100% of those with moderate gland loss
improved, whereas none of those with severe gland loss did so. In the LipiFlow group, 75%, 10%, and 0%
of patients with mild, moderate, or severe gland loss, respectively, showed improvement. Finally, in the
IPL group, all patients with mild to severe gland loss improved.

Table 4. Improvement of eyes with meibomian gland dysfunction after treatment in the meibocare,
meibomian gland expression (MGX), azithromycin eyedrop (AZM), LipiFlow, and intense pulsed light
(IPL) groups according to the meiboscore at baseline.

Meibocare MGX AZM LipiFlow IPL

Meiboscore Improved/Total Improved/Total Improved/Total Improved/Total Improved/Total

1 or 2 8/8
(100%)

7/8
(88%)

11/12
(92%)

6/8
(75%)

10/10
(100%)

3 or 4 0/11
(0%)

6/11
(55%)

13/13
(100%)

1/10
(10%)

14/14
(100%)

5 or 6 0/11
(0%)

0/11
(0%)

0/13
(0%)

0/12
(0%)

13/13
(100%)

Eyes were categorized as showing improvement if the SPEED score decreased by ≥4 points and meibum grade decreased
by ≥1 point compared with the values before treatment.

4. Discussion

Diagnosis of MGD is largely made on the basis of the combination of subjective symptoms and the
findings of slitlamp microscopy [9], but the guidelines for treatment selection according to disease severity
are not clear. Given that more than half of MGD patients have no symptoms [20] and it is difficult to
estimate the disease duration [20], existing guidelines are insufficient for accurate determination of MGD
severity. We have now performed a retrospective assessment of the efficacy of five different types of
treatment based on the meiboscore for MGD patients who attended Itoh Clinic. Our findings suggest
that some treatment options can be selected according to the extent of disruption of meibomian gland
morphology apparent in images obtained by noncontact meibography.

Meibography has been improved substantially since its introduction by Tapie in 1977 [24], but it was
originally invasive and was not widely applied clinically. The development of noninvasive meibography
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based on infrared light [10] made it possible to observe meibomian glands of patients in general clinical
practice, and it has served as a basis for many clinical studies [11,25]. It has thus not only revealed changes
in meibomian gland morphology associated with various ocular surface diseases and provided insight
into disease pathophysiology [25], but also highlighted the importance of diagnosis and treatment of MGD
in many types of ophthalmology patients, including those treated with antiglaucoma eyedrops [26,27]
or undergoing cataract surgery [4], as well as children and adolescents [28,29]. The specificity and
sensitivity for MGD diagnosis based on the morphology of meibomian glands are high at 85% and 96.7%,
respectively [30]. Meibography images convince patients of the need for treatment and are useful for
obtaining informed consent in clinical studies. However, it is difficult to finely quantify meibomian gland
area in such images, and they are not suitable for monitoring because gland area is not readily recovered
by treatment. Tests of meibomian gland function such as meibum grading are relatively subjective. Tear
interferometry is quantitative, but the findings are readily influenced by conditions such as humidity,
room and body temperature, and eye makeup. On the other hand, meibography is objective and highly
reproducible and can accurately diagnose MGD [31] and evaluate disease status [31,32]. Assessment of
both gland morphology and function would be the ideal way to evaluate the efficacy of MGD treatment in
the future. Given the retrospective nature of the present study, however, the efficacy of MGD treatment
was evaluated by one expert clinician according to the meiboscore in order to minimize potential bias.

The five types of treatment performed at Itoh Clinic during the study period are administered
(prescribed) for MGD in Japan. Given that the times the various treatments were launched in Japan differ,
the times they were performed also differed. Patients were consecutively enrolled in the study, and there
was no significant difference in baseline characteristics among the treatment groups. All five treatment
types significantly improved subjective symptoms and objective tear parameters compared with baseline.
However, our analysis of treatment efficacy according to the meiboscore at baseline revealed that meibocare
tended to be effective only for eyes at the mild stage of MGD and that intense pulsed light was effective at
all stages and was the only effective treatment for eyes at the severe stage of the disease characterized by
many gland dropouts. The efficacies of meibomian gland expression and the LipiFlow device tended to be
similar, consistent with the results of a previous study suggesting that LipiFlow is not effective in eyes
with many gland dropouts [33]. We defined improvement of eyes with MGD as a decrease in the SPEED
score of ≥4 points and a decrease in meibum grade of ≥1 point in our study. Our results do not imply that
intense pulsed light induced regeneration of meibomian glands, however. The efficacy of intense pulsed
light may depend on an anti-inflammatory action as well as on melting of meibum, and it may therefore be
more effective for severe MGD associated with many gland dropouts than is the LipiFlow device, whose
efficacy is thought to rely on meibum melting and gland massage. In addition, the standard protocol for
intense pulsed light therapy applied in the present study consists of four sessions at 3-week intervals,
whereas the standard protocol for LipiFlow is a single application. This difference might have affected
the results of our study. Moreover, MGD patients treated with the LipiFlow device showed a significant
improvement in symptoms and most signs.

In the present study, we summed the meiboscores for the upper and lower eyelids [10]. It remains
controversial, however, whether the meiboscore should be evaluated for the upper eyelid alone, the lower
eyelid alone, or both eyelids [34]. Changes apparent in the upper and lower eyelids are not always similar,
and it is important to determine the reserve capacity of both upper and lower meibomian glands from
the viewpoint of the oil reservoir for coating the entire ocular surface. With regard to assessment of the
severity of MGD and selection of a treatment method, it would be desirable to make a comprehensive
judgment based on the sum of the meiboscores of the upper and lower meibomian glands.

Tear film breakup time was measured with fluorescein in this study, which began before publication of
the TFOS DEWS II report [35] that recommended the use of noninvasive measures of tear film stability. The
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invasiveness of the procedure in the present study was minimized by gently applying the fluorescein-stained
paper to the conjunctival sac and asking the patient to blink twice.

Limitations of the present study include its retrospective nature, with the result that there was no
washout period for previous treatments prior to the selected treatment. All patients also received meibocare
in addition to the selected specific treatment option. In addition, the treatment periods and applications
were set according to the treatment protocols and so differed among the patient groups. It should be
considered in the future whether these differences can be minimized.

In conclusion, our results suggest that the most appropriate treatment can be selected for each MGD
patient on the basis of the meiboscore. When meibomian gland loss is early and mild or moderate, several
treatment options are available. When meibomian gland loss is severe, intense pulsed light treatment is
recommended. Meibography may thus predict the effectiveness of future treatment and thereby inform
selection of the best treatment option for each patient, especially for individuals with many gland dropouts.
Future prospective studies are needed to confirm the outcomes of the present study.
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Abstract: Intervention studies have shown that n-3 polyunsaturated fatty acid (PUFA) supplementation
is effective for the treatment of meibomian gland dysfunction (MGD). Ointment containing an analog
of vitamin D has also been found to improve symptoms and signs of MGD. We have now evaluated
the relation of MGD prevalence to dietary intake of fatty acids (FAs) and vitamin D among a Japanese
population. Subjects comprised 300 adults aged 20 to 92 years residing on Takushima Island. MGD
was diagnosed on the basis of subjective symptoms, lid margin abnormalities, and meibomian gland
obstruction. Dietary FA and vitamin D intake was estimated with a brief-type self-administered diet
history questionnaire. MGD prevalence was 35.3%. Multivariate adjusted odds ratios (95% confidence
intervals) between extreme quintiles of intake for MGD prevalence were 0.40 (0.16–0.97) for total fat, 0.40
(0.17–0.97) for saturated FAs, 0.40 (0.17–0.97) for oleic acid, 0.52 (0.23–1.18) for n-3 PUFAs, 0.63 (0.27–1.49)
for n-6 PUFAs, 1.32 (0.59–2.95) for the n-6/n-3 PUFA ratio, and 0.38 (0.17–0.87) for vitamin D. Total fat,
saturated FA, oleic acid, and vitamin D intake may thus be negatively associated with MGD prevalence
in the Japanese.

Keywords: fatty acids; vitamin D; meibomian gland dysfunction; brief-type self-administered diet history
questionnaire; Japanese
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1. Introduction

The ocular surface is covered and protected by the tear film comprised of lipid, aqueous, and mucin
layers. Meibomian glands are sebaceous glands in the eyelids and secrete meibum, which is composed of
>600 types of lipid [1], most of which are unsaturated wax esters and derived from oleic acid [2]. Meibum
forms the lipid layer of the tear film, which plays an important role in the stabilization of the tear film [3,4]
and prevents excessive evaporation of tear fluid [5]. Meibomian gland dysfunction (MGD) is defined
by the International Workshop on Meibomian Gland Dysfunction as “a chronic, diffuse abnormality of
the meibomian glands that is commonly characterized by terminal duct obstruction or qualitative or
quantitative changes in glandular secretion” [6]. MGD is thus associated with tear film instability as a
result of deficiency of the lipid layer. MGD is also a major cause of dry eye disease—in particular, of
evaporative dry eye [6–8]. Population-based studies have revealed prevalence rates for MGD ranging
from 38% to 68% among individuals over the age of 40 years [9]. We previously found that the prevalence
of symptomatic MGD was 32.9% among Japanese individuals aged 6 years or older and 44.5% among
those aged 40 years or older in a population-based study (Hirado-Takushima study) [10].

Therapies for MGD aim to improve the quality and quantity of meibum, to stabilize the tear film,
to reduce inflammation, and to ameliorate subjective symptoms. Dietary supplementation with n-3
polyunsaturated fatty acids (PUFAs) is recommended both by the International Workshop on Meibomian
Gland Dysfunction [11] and by the International Dry Eye Workshop [12]. Given that the human body
is not able to synthesize n-3 or n-6 PUFAs, these essential fatty acids must be obtained from the diet.
Several randomized, double-masked trials found that n-3 PUFA supplementation improved subjective
symptoms [13–15], tear film stability [13–15], lid margin telangiectasia [13,14], as well as meibum
quality [13,15] and expressibility [14,15] in individuals with MGD. A cross-sectional study also reported
that dietary intake of n-3 PUFAs was negatively related and that the n-6/n-3 PUFA ratio was positively
related to the prevalence of dry eye in women [16]. However, another cross-sectional study found that
neither dietary intake of n-3 or n-6 PUFAs nor the n-6/n-3 PUFA ratio was associated with dry eye in
postmenopausal women [17]. This latter study did detect a negative relation between dietary intake of n-3
and n-6 PUFAs and the prevalence of MGD [17].

Topical application of an analog of the active form of vitamin D3 was shown to ameliorate ocular
symptoms and objective signs of MGD compared with baseline [18]. Oral vitamin D supplementation was
also found to improve meibomian gland expressibility in MGD patients with vitamin D deficiency [19]. As
far as we are aware, however, no observational study has previously examined the relationship between
dietary intake of vitamin D and MGD.

Given the paucity of evidence regarding the relation between diet and MGD, we have now performed
a cross-sectional study to investigate the relation of dietary consumption of specific types of fatty acids
and vitamin D to the prevalence of MGD among adult Japanese in the Hirado-Takushima study.

2. Experimental Section

2.1. Study Design and Subjects

The present study is based on the Hirado-Takushima study, a population-based cross-sectional study
that investigated the prevalence and risk factors of MGD and dry eye in Japan [10]. The subjects of
this cross-sectional study were adult residents of Takushima Island, Hirado, Nagasaki, Japan, and the
study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review
Board of Itoh Clinic and registered in the University Hospital Medical Information Network database
(UMIN000028310). Written informed consent was obtained from all participants before inclusion in the
study. The dietary and lifestyle assessments of the study subjects were based on questionnaires conducted
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in August 2017. The ocular assessments were performed in November 2017. A total of 338 adult residents
(119 men, 219 women) was recruited to the study. A set of three self-administered questionnaires was
completed by the participants at home. Responses to the questionnaires were checked once by a physician
who did not participate in the ocular examinations. If any missing or erroneous responses to questions
considered essential for the analysis were detected, the subject was asked to complete or correct those
responses. Exclusion criteria for the present study included pregnancy (n = 0) or nursing (n = 8) for women,
an extremely low (<500 kcal/day, n = 2) or high (>4000 kcal/day, n = 0) reported energy intake, missing
data for ophthalmologic measurements included in multivariate analysis (n = 27), and missing answers to
the diet history questionnaire (n = 1). The final analysis was thus performed for 300 residents (109 men,
191 women) aged 20 to 92 years.

2.2. Dietary Assessment

Dietary habits during the preceding month were assessed with a brief-type self-administered diet
history questionnaire (BDHQ) that was designed to assess the habitual dietary intake of Japanese adults
and had been previously validated [20,21]. Details of the structure of the questionnaire, its method
for calculation of dietary intake, and its validity for commonly studied food and nutrient intake have
been described previously [20,21]. Participants were asked about the frequency of intake for food and
nonalcoholic beverage items, daily intake of rice and miso soup, frequency and amount of alcoholic
beverage consumption, and usual cooking methods. The BDHQ allows estimation of the daily intake of 58
food items, energy, and specific nutrients, including fats and vitamins, on the basis of the Standard Tables
of Food Composition in Japan [22]. It is a four-page fixed-portion questionnaire. To facilitate reading
and completion of the BDHQ, the present study adopted a large-print version that increased the printed
size to 10 pages but which contained no other changes to the structure or content for participants aged
>55 years. Fish and shellfish, meat, eggs, and dairy products were included in animal food. Cereals,
pulses, potatoes, confectionaries, fruits, vegetables, and seasonings and spices were included in plant food.
Dietary supplements were not included in the calculation of nutrient or fatty acid intake because of the
lack of a reliable composition table for dietary supplements in Japan. Supplement use was queried in the
BDHQ and treated as a confounding factor. The percentage contribution of each food group to total fat or
vitamin D intake was calculated by dividing daily fat or vitamin D intake from each food group by total
daily consumption of fat or vitamin D.

2.3. Assessment of Subjective Symptoms and Other Variables

Subjective ocular symptoms related to dry eye were assessed with the Dry Eye-Related Quality-of-Life
Score (DEQS) [23]. The subjects reported their birth date, body weight, and height in the BDHQ. Body
mass index (BMI) was calculated by dividing self-reported body weight (kg) by the square of self-reported
height (m

2
). A questionnaire on lifestyle also elicited information on occupation, history of ocular surgery,

eyedrop use, contact lens wear, history of chronic systemic disease, history of dyslipidemia, taking of
lipid-lowering agents, smoking and alcohol habits, and taking of supplements. Details were described
previously [10].

2.4. Ocular Examinations

The ocular surface of both eyes was assessed according to standardized protocols by a team of
seven ophthalmologists with expertise in dry eye and MGD (members of the Lid and Meibomian Gland
Working Group) [10]. Participants were diagnosed with MGD [24] on the basis of (1) the presence of any
chronic ocular symptom [23]; (2) the detection of more than one lid margin abnormality among vascularity,
displacement of the mucocutaneous junction, and irregularity; and (3) obstruction of meibomian glands as
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revealed by the detection of plugging and reduced meibum expression in response to moderate digital
pressure [25] in at least one eye. The ophthalmologists performing the examinations remained masked to
the responses to the BDHQ throughout the assessment.

2.5. Statistical Analysis

All dietary variables were adjusted for energy by the residual method with the use of a linear
regression model. The data were found to be non-normally distributed with the Shapiro–Wilk test (p <
0.05), and nonparametric testing was thus performed. The characteristics of the subjects with or without
MGD were compared with the Mann–Whitney U test for continuous variables or Fisher’s exact test for
categorical variables.

The intake of specific nutrients adjusted by the residual method was categorized at quintile points on
the basis of the distribution for all study subjects. The odds ratio (OR) and its 95% confidence interval (CI)
for fat, fatty acids, the n-6/n-3 PUFA ratio, and vitamin D with regard to MGD were calculated by different
logistic regression models after adjustment for potential confounding factors: age, sex, BMI, energy intake,
occupation, history of ocular surgery, eyedrop use, contact lens wear, history of chronic systemic disease,
history of dyslipidemia, taking of lipid-lowering agents, current smoking, alcohol habit, and taking of
supplements, with the lowest quintile as the reference. The initial logistic regression model was a crude
model (that is, an unadjusted model), to which covariates were added with a forward selection method. In
a second multivariate model (Model 1), age (years, continuous) and sex (male or female) were used as
potential confounding factors. The final multivariate model (Model 2) included age (years, continuous),
sex (male or female), BMI (kg/m2, continuous), history of chronic systemic disease (yes or no), and alcohol
consumption (yes or no) as potential confounding factors. Other variables—energy intake (kcal/day,
continuous), occupation (fisherman, farmer, local government official, or other), history of ocular surgery
(yes or no), eyedrop use (yes or no), contact lens wear (yes or no), history of dyslipidemia (yes or no),
taking of lipid-lowering agents (yes or no), current smoking (yes or no), and taking of supplements (yes or
no)—were not included in Models 1 and 2 because they had no influence on the relationship between
dietary variables and MGD (p > 0.10).

Data are presented as means ± standard deviations. Statistical analysis was performed with JMP Pro
version 14 software (SAS, Cary, NC, USA), all statistical tests were two sided, and a p value of <0.05 was
considered statistically significant.

3. Results

3.1. Subsection

Table 1 shows the distribution of selected variables among all subjects as well as in the non-MGD and
MGD groups. A total of 106 subjects (35.3%) was diagnosed with MGD. Mean age of the study population
was 61.7 ± 15.6 years, and mean BMI was 23.9 ± 3.5 kg/m

2
. Compared with the non-MGD group, the

MGD group was significantly older (p < 0.001) and included a larger proportion of men (p = 0.006). BMI
did not differ significantly between the two groups (p = 0.99). A higher proportion of subjects with MGD
had a history of chronic systemic disease (p < 0.001). No significant differences between the two groups
were apparent for history of dyslipidemia (p = 0.39), taking of lipid-lowering agents (p = 1.0), or taking of
dietary supplements (p = 0.89).

3.2. Daily Intake of Fatty Acids and Vitamin D in Subjects with or Without MGD

Table 2 shows the daily intake of specific dietary components in all subjects as well as in those of the
non-MGD or MGD groups, with p values for comparisons between the latter two groups being determined
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with the Mann–Whitney U test. Mean intake of total fat, animal fat, or plant fat for all subjects was 50.7 ±
11.7, 23.3 ± 8.3, and 27.4 ± 7.2 g/day, respectively. The mean intake of fatty acids was 13.7 ± 4.0 g/day for
saturated fatty acids (SFAs), 18.1 ± 4.5 g/day for monounsaturated fatty acids (MUFAs), 12.3 ± 2.9 g/day for
PUFAs, 2.6 ± 1.0 g/day for n-3 PUFAs, and 9.7 ± 2.4 g/day for n-6 PUFAs. Mean intake of the MUFA oleic
acid was 16.4 ± 4.1 g/day, whereas that of the n-3 PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) was 0.33 ± 0.27 and 0.55 ± 0.40 g/day, respectively. Mean intake of vitamin D was 15.4 ± 11.9
μg/day. Intake of total fat and animal fat was significantly lower in the MGD group than in the non-MGD
group (p = 0.007 and 0.002, respectively). There was no significant difference in plant fat intake between
the two groups (p = 0.60). Intake of SFAs, MUFAs, PUFAs, and n-3 PUFAs was also significantly lower
in the MGD group than in the non-MGD group (p = 0.015, 0.005, 0.039, and 0.017, respectively), as was
intake of oleic acid and EPA (p = 0.007 and 0.044, respectively). There was no significant difference in
n-6 PUFA intake or in the n-6/n-3 PUFA ratio between the two groups (p = 0.10 and 0.40, respectively).
Vitamin D intake in the MGD group was significantly lower than that in the non-MGD group (p = 0.039).
The main contributors to total fat intake in the study population were cooking oil (20%), meat (15%), fish
and shellfish (12%), and dairy products (11%), whereas those to vitamin D intake were fish and shellfish
(92%) and eggs (4%) (Table 3).

Table 1. Characteristics of adult subjects with or without meibomian gland dysfunction (MGD) in the
Hirado–Takushima study.

Characteristic
Total

(n = 300)
Non-MGD

(n = 194)
MGD

(n = 106)
p

Age (years) 61.7 ± 15.6 57.9 ± 15.7 68.2 ± 12.8 <0.001
**

Male sex, n (%) 109 (36.3) 59 (30.4) 50 (47.2) 0.006 †
Body height (cm) 158.2 ± 8.2 158.5 ± 8.1 157.7 ± 8.3 0.51
Body weight (kg) 60.2 ± 11.6 69.5 ± 12.2 59.5 ± 10.5 0.72

Body mass index (kg/m2) 23.9 ± 3.5 24.0 ± 3.5 23.8 ± 3.4 0.99
Occupation, n (%)

Fisherman 38 (12.7) 27 (13.9) 11 (10.4)

0.52
Farmer 28 (9.3) 8 (4.1) 5 (4.7)

Local government official 13 (4.3) 15 (7.7) 13 (12.3)
Other 221 (73.7) 144 (74.2) 77 (72.6)

History of ocular surgery, n (%) 51 (17.0) 27 (13.9) 24 (22.6) 0.076
Eyedrop use, n (%) 131 (43.7) 81 (41.8) 50 (47.2) 0.40

Contact lens wear, n (%) 15 (5.0) 13 (6.7) 2 (1.9) 0.095
History of chronic systemic disease, n

(%) 171 (57.0) 93 (47.9) 78 (73.6) <0.001
††

History of dyslipidemia, n (%) 13 (4.3) 7 (3.6) 6 (5.7) 0.39
Taking lipid-lowering agents, n (%) 3 (1.0) 2 (1.0) 1 (0.9) 1.0

Current smoking, n (%) 26 (8.7) 19 (9.8) 7 (6.6) 0.40
Alcohol drinking, n (%) 254 (84.7) 165 (85.1) 89 (84.0) 0.87

Dietary supplement use, n (%) 77 (25.7) 49 (25.3) 28 (26.4) 0.89

Data are means ± standard deviations or n (%), as indicated. p values for comparisons between the non-MGD and MGD
groups were determined with the Mann–Whitney U test (age, body height, body weight, and body mass index; ** p <
0.001) or Fisher’s exact test (other characteristics; † p < 0.05, †† p < 0.001).
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Table 2. Daily intake of dietary components in adult subjects with or without meibomian gland dysfunction
(MGD) in the Hirado–Takushima study.

Dietary Component
Total

(n = 300)
Non-MGD

(n = 194)
MGD

(n = 106)
p

Energy intake (kcal/day) 1782.9 ± 564.3 1744.6 ± 550.4 1853.0 ± 585.0 0.057
Total fat (g/day) 50.7 ± 11.7 52.1 ± 11.1 48.0 ± 12.4 0.007 *

Animal fat (g/day) 23.3 ± 8.3 24.5 ± 8.3 21.0 ± 8.0 0.002 *
Plant fat (g/day) 27.4 ± 7.2 27.6 ± 6.9 27.0 ± 7.9 0.60

Saturated fatty acids (g/day) 13.7 ± 4.0 14.2 ± 4.0 12.8 ± 3.9 0.015 *
Monounsaturated fatty acids (g/day) 18.1 ± 4.5 18.7 ± 4.2 17.1 ± 4.7 0.005 *

Oleic acid (g/day) 16.4 ± 4.1 16.9 ± 3.9 15.5 ± 4.3 0.007 *
Polyunsaturated fatty acids (g/day) 12.3 ± 2.9 12.6 ± 2.8 11.8 ± 3.1 0.039 *

n-3 Polyunsaturated fatty acids (g/day) 2.6 ± 1.0 2.7 ± 1.0 2.5 ± 0.9 0.017 *
α-Linolenic acid (g/day) 1.5 ± 0.4 1.6 ± 0.4 1.5 ± 0.5 0.10

Eicosapentaenoic acid (g/day) 0.33 ± 0.27 0.35 ± 0.30 0.30 ± 0.22 0.044 *
Docosahexaenoic acid (g/day) 0.55 ± 0.40 0.58 ± 0.44 0.50 ± 0.33 0.051

n-6 Polyunsaturated fatty acids (g/day) 9.7 ± 2.4 9.8 ± 2.3 9.3 ± 2.5 0.10
Linoleic acid (g/day) 9.4 ± 2.3 9.5 ± 2.2 9.1 ± 2.5 0.11

Arachidonic acid (g/day) 0.16 ± 0.05 0.17 ± 0.05 0.16 ± 0.06 0.17
n-6/n-3 Polyunsaturated fatty acid

ratio 4.1 ± 1.3 4.0 ± 1.2 4.0 ± 1.6 0.40

Cholesterol (mg/day) 377.3 ± 132.6 381.8 ± 126.6 369.0 ± 143.1 0.49
Vitamin D (μg/day) 15.4 ± 11.9 16.4 ± 13.0 13.6 ± 9.6 0.039 *

Data are means ± standard deviations. Nutrient intake was adjusted for energy according to the residual method. p
values for comparisons between the non-MGD and MGD groups were determined with the Mann–Whitney U test (* p <
0.05).

Table 3. Contribution of each food group to total fat and vitamin D estimated by a brief-type diet history
questionnaire in adult subjects of the Hirado–Takushima study.

Food Group Total Fat (%) Vitamin D (%)

Cooking oil 20.2 ± 9.1 0.0 ± 0.0
Animal food

Meat 15.4 ± 10.9 0.4 ± 4.7
Fish and shellfish 11.8 ± 10.1 92.4 ± 55.4

Dairy products 10.8 ± 8.7 0.7 ± 11.2
Eggs 7.4 ± 5.0 3.8 ± 34.8

Plant food
Seasonings and spices 10.3 ± 7.6 0.3 ± 1.9

Confectionaries 8.9 ± 9.6 0.6 ± 13.7
Cereals 7.5 ± 4.3 0.2 ± 1.9
Pulses 6.7 ± 4.1 0.0 ± 0.0

Vegetables 0.8 ± 0.5 1.5 ± 5.1
Fruits 0.2 ± 0.3 0.0 ± 0.0

Potatoes 0.1 ± 0.1 0.0 ± 0.0
Data are mean ± standard deviations.

3.3. Multivariate Adjusted ORs for Fatty Acid and Vitamin D Intake with Regard to MGD

The ORs and 95% CIs for the prevalence of MGD according to dietary intake of specific types of fatty
acids and vitamin D are shown in Table 4 and Figure 1. Intake of SFAs was inversely associated with the
prevalence of MGD after adjustment for sex and age (p for trend = 0.026, Model 1), and this association was
maintained after further multivariate adjustment (p for trend = 0.020, Model 2). The multivariate adjusted
ORs and 95% CIs for MGD prevalence in the first, second, third, fourth, and fifth quintiles of SFA intake
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were 1.00 (reference), 0.34 (0.15– 0.78), 0.44 (0.19–1.02), 0.94 (0.42–2.13), and 0.40 (0.17–0.97), respectively, in
Model 2. Intake of n-3 PUFAs was also inversely associated with MGD after adjustment for sex and age (p
for trend = 0.049, Model 1), but this association was not maintained after further multivariate adjustment
(p for trend = 0.077, Model 2) and none of the multivariate adjusted ORs for the second to fifth quintiles
differed significantly relative to the first quintile. The multivariate adjusted ORs and 95% CIs for the fifth
quintile compared with the first quintile in Model 2 were 0.40 (0.16–0.97) for total fat, 0.40 (0.17–0.97) for
oleic acid, and 0.38 (0.17–0.87) for vitamin D. For EPA, the multivariate adjusted OR (and 95% CI) for
the fourth quintile compared with the first quintile in Model 2 was 0.41 (0.17–0.97), but that in the fifth
quintile compared with the first quintile was 0.68 (0.31–1.50). Whereas intake of animal fat, MUFAs, or
PUFAs was significantly lower in the MGD group than in the non-MGD group by the Mann–Whitney U
test (Table 2), none of these dietary components was significantly related to the prevalence of MGD in
either Model 1 or 2 of the multivariate analysis (Table 4). There was no significant difference in intake of
plant fat, α-linolenic acid, DHA, n-6 PUFAs, linoleic acid, arachidonic acid, or cholesterol or in the n-6/n-3
PUFA ratio between the MGD and non-MGD groups by the Mann–Whitney U test (Table 2), and there was
no significant relationship between these parameters and the prevalence of MGD in Model 1 or 2 of the
multivariate analysis (Table 4).

49



J. Clin. Med. 2021, 10, 350

Table 4. Multivariate adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for the prevalence of
meibomian gland dysfunction (MGD) by quintile (Q) of intake of specific fats and vitamin D among adult
subjects in the Hirado–Takushima study.

Q1
(Lowest)

Q2 Q3 Q4
Q5

(Highest)
p for

Trend

Dietary
Component n = 60) (n = 60) (n = 60) (n = 60) n = 60)

Total fat
Intake (g/day) ≤41.5 41.5–47.7 47.9–53.9 54.1–61.7 ≥61.7
MGD (%) 48.3 31.7 41.7 33.3 21.7

Model 1 OR (95% CI) 1.00 0.61
(0.28–1.34)

1.07
(0.49–2.34)

0.94
(0.42–2.13)

0.46
(0.20–1.07) 0.20

Model 2 OR (95% CI) 1.00 0.60
(0.27–1.35)

1.02
(0.46–2.26)

0.86
(0.37–1.97)

0.40
(0.16–0.97) 0.16

Animal fat
Intake (g/day) ≤16.9 16.9–21.0 21.2–25.0 25.1–29.8 ≥29.8
MGD (%) 46.7 40.0 36.7 30.0 23.3

Model 1 OR (95% CI) 1.00 0.92
(0.42–2.00)

0.76
(0.35–1.66)

0.87
(0.38–1.97)

0.59
(0.25–1.36) 0.75

Model 2 OR (95% CI) 1.00 0.93
(0.42–2.06)

0.69
(0.31–1.53)

0.75
(0.32–1.76)

0.55
(0.23–1.32) 0.66

Plant fat
Intake (g/day) ≤21.5 21.9–25.8 25.9–28.7 28.9–33.0 ≥33.1
MGD (%) 41.7 35.0 36.7 23.3 40.0

Model 1 OR (95% CI) 1.00 0.87
(0.39–1.93)

1.10
(0.49–2.46)

0.64
(0.27–1.49)

1.09
(0.50–2.39) 0.70

Model 2 OR (95% CI) 1.00 0.79
(0.35–1.79)

0.99
(0.43–2.28)

0.54
(0.22–1.30)

0.95
(0.42–2.16) 0.58

Saturated
fatty
acids

Intake (g/day) ≤10.2 10.2–12.6 12.6–14.5 14.5–16.7 ≥16.8
MGD (%) 53.3 26.7 31.7 41.7 23.3

Model 1 OR (95% CI) 1.00 0.34
(0.15–0.77)

0.55
(0.25–1.21)

1.04
(0.47–2.28)

0.46
(0.20–1.09) 0.026 *

Model 2 OR (95% CI) 1.00 0.34
(0.15–0.78)

0.44
(0.19–1.02)

0.94
(0.42–2.13)

0.40
(0.17–0.97) 0.020 *

Monounsaturated
fatty acids

Intake (g/day) ≤14.4 14.5–17.1 17.1–19.5 19.5–22.1 ≥22.1
MGD (%) 46.7 30.0 50.0 23.3 26.7

Model 1 OR (95% CI) 1.00 0.57
(0.25–1.27)

1.33
(0.62–2.88)

0.62
(0.27–1.46)

0.58
(0.25–1.30) 0.13

Model 2 OR (95% CI) 1.00 0.55
(0.24–1.25)

1.27
(0.58–2.80)

0.58
(0.24–1.38)

0.50
(0.21–1.17) 0.094

Oleic acid
Intake (g/day) ≤13.3 13.4–15.2 15.3–17.6 17.6–19.9 ≥19.9
MGD (%) 48.3 30.0 46.7 28.3 23.3

Model 1 OR (95% CI) 1.00 0.50
(0.22–1.11)

1.14
(0.53–2.49)

0.74
(0.33–1.69)

0.46
(0.20–1.07) 0.10

Model 2 OR (95% CI) 1.00 0.54
(0.24–1.21)

1.08
(0.49–2.39)

0.68
(0.29–1.58)

0.40
(0.17–0.97) 0.11

Polyunsaturated
fatty acids

Intake (g/day) ≤9.9 10.0–11.5 11.5–13.1 13.2–14.7 ≥14.7
MGD (%) 45.0 35.0 40.0 31.7 25.0

Model 1 OR (95% CI) 1.00 0.82
(0.37–1.82)

1.20
(0.54–2.64)

0.93
(0.41–2.12)

0.51
(0.22–1.15) 0.31

Model 2 OR (95% CI) 1.00 0.79
(0.35–1.78)

1.16
(0.51–2.62)

0.83
(0.36–1.93)

0.46
(0.19–1.07) 0.25

n-3
Polyunsaturated

fatty acids
Intake (g/day) ≤1.9 1.9–2.4 2.4–2.7 2.7–3.1 ≥3.2
MGD (%) 45.0 48.3 23.3 31.7 28.3

Model 1 OR (95% CI) 1.00 1.33
(0.60–2.94)

0.45
(0.19–1.05)

0.66
(0.29–1.48)

0.53
(0.24–1.18) 0.049 *

Model 2 OR (95% CI) 1.00 1.29
(0.57–2.89)

0.47
(0.20–1.12)

0.64
(0.28–1.47)

0.52
(0.23–1.18) 0.077

α-Linolenic
acid

Intake (g/day) ≤1.2 1.2–1.4 1.4–1.6 1.6–1.9 ≥1.9
MGD (%) 45.0 33.3 36.7 31.7 30.0

Model 1 OR (95% CI) 1.00 0.71
(0.32–1.57)

1.01
(0.45–2.23)

0.75
(0.34–1.68)

0.67
(0.30–1.50) 0.77

Model 2 OR (95% CI) 1.00 0.75
(0.34–1.67)

0.96
(0.42–2.18)

0.68
(0.30–1.55)

0.62
(0.27–1.43) 0.74
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Table 4. Cont.

Q1
(Lowest)

Q2 Q3 Q4
Q5

(Highest)
p for

Trend

Dietary
Component n = 60) (n = 60) (n = 60) (n = 60) n = 60)

Eicosapentaenoic
acid

Intake (g/day) ≤0.15 0.15–0.26 0.26–0.34 0.34–0.47 ≥0.47
MGD (%) 45.0 40.0 35.0 21.7 35.0

Model 1 OR (95% CI) 1.00 0.87
(0.39–1.91)

0.90
(0.40–2.02)

0.40
(0.17–0.94)

0.63
(0.29–1.36) 0.20

Model 2 OR (95% CI) 1.00 0.84
(0.37–1.87)

0.93
(0.41–2.12)

0.41
(0.17–0.97)

0.68
(0.31–1.50) 0.24

Docosahexaenoic
acid

Intake (g/day) ≤0.28 0.28–0.44 0.44–0.57 0.57–0.75 ≥0.76
MGD (%) 43.3 46.7 23.3 31.7 31.7

Model 1 OR (95% CI) 1.00 1.18
(0.54–2.58)

0.55
(0.24–1.30)

0.70
(0.31–1.56)

0.57
(0.26–1.26) 0.24

Model 2 OR (95% CI) 1.00 1.20
(0.54–2.66)

0.58
(0.24–1.38)

0.74
(0.33–1.67)

0.61
(0.28–1.37) 0.34

n-6
Polyunsaturated

fatty acids
Intake (g/day) ≤7.7 7.7–9.2 9.2–10.2 10.2–11.5 ≥11.5
MGD (%) 43.3 33.3 40.0 31.7 28.3

Model 1 OR (95% CI) 1.00 0.79
(0.36–1.76)

1.22
(0.55–2.71)

1.54
(0.70–3.41)

0.97
(0.43–2.02) 0.74

Model 2 OR (95% CI) 1.00 0.71
(0.31–1.62)

1.16
(0.51–2.63)

0.82
(0.35–1.92)

0.63
(0.27–1.49) 0.61

Linoleic acid
Intake (g/day) ≤7.4 7.5–8.9 8.9–9.9 9.9–11.1 ≥11.2
MGD (%) 43.3 31.7 41.7 31.7 28.3

Model 1 OR (95% CI) 1.00 0.72
(0.32–1.62)

1.31
(0.59–2.90)

1.00
(0.44–2.28)

0.74
(0.32–1.68) 0.57

Model 2 OR (95% CI) 1.00 0.66
(0.29–1.50)

1.25
(0.56–2.83)

0.83
(0.35–1.94)

0.63
(0.27–1.49) 0.44

Arachidonic
acid

Intake (g/day) ≤0.12 0.12–0.15 0.15–0.17 0.17–0.20 ≥0.20
MGD (%) 45.0 38.3 21.7 36.7 35.0

Model 1 OR (95% CI) 1.00 0.87
(0.40–1.91)

0.42
(0.18–0.99)

0.95
(0.43–2.11)

0.78
(0.35–1.69) 0.27

Model 2 OR (95% CI) 1.00 0.94
(0.42–2.09)

0.44
(0.18–1.03)

0.46
(0.20–1.10)

1.00
(0.44–2.25) 0.26

n-6/n-3
Polyunsaturated

fatty acid
ratio

Ratio ≤3.2 3.2–3.6 3.6–4.0 4.0–4.7 ≥4.7
MGD (%) 36.7 31.7 28.3 38.3 41.7

Model 1 OR (95% CI) 1.00 0.89
(0.40–1.99)

0.97
(0.43–2.21)

1.44
(0.65–3.21)

1.53
(0.70–3.34) 0.58

Model 2 OR (95% CI) 1.00 0.86
(0.38–1.95)

0.93
(0.40–2.17)

1.36
(0.60–3.07)

1.32
(0.59–2.95) 0.75

Cholesterol
Intake (mg/day) ≤270.6 270.8–330.7 331.2–395.0 399.1–479.8 ≥480.6
MGD (%) 40.0 35.0 26.7 40.0 35.0

Model 1 OR (95% CI) 1.00 1.04
(0.47–2.33)

0.63
(0.27–1.45)

1.41
(0.63–3.14)

0.73
(0.33–1.63) 0.33

Model 2 OR (95% CI) 1.00 1.07
(0.47–2.44)

0.60
(0.25–1.41)

1.36
(0.60–3.11)

0.70
(0.31–1.58) 0.30

Vitamin D
Intake (μg/day) ≤7.6 7.6–11.7 11.7–14.9 15.0–22.3 ≥22.6
MGD (%) 46.7 35.0 38.3 28.3 28.3

Model 1 OR (95% CI) 1.00 0.55
(0.24–1.23)

0.98
(0.44–2.20)

0.55
(0.24–1.24)

0.38
(0.17–0.86) 0.087

Model 2 OR (95% CI) 1.00 0.56
(0.25–1.27)

1.00
(0.44–2.27)

0.51
(0.22–1.19)

0.38
(0.17–0.87) 0.081

Nutrient intake was adjusted for energy by the residual method. Model 1: adjusted for age (years, continuous) and
sex (male or female). Model 2: adjusted for age (years, continuous), sex (male or female), body mass index (kg/m2,
continuous), history of chronic systemic disease (yes or no), and alcohol drinking (yes or no). * p < 0.05.
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Figure 1. Multivariate adjusted odds ratios and 95% confidence intervals for the prevalence of meibomian
gland dysfunction according to extreme quintiles (Q1 and Q5) of intake of specific fats and vitamin D
among adult subjects in the Hirado–Takushima study. Nutrient intake was adjusted for energy by the
residual method. The results are for Model 2, with adjustment for age (years, continuous), sex (male or
female), body mass index (kg/m2, continuous), history of chronic systemic disease (yes or no), and alcohol
drinking (yes or no). PUFA, polyunsaturated fatty acid.

4. Discussion

Our cross-sectional study investigated the relation of dietary intake of fatty acids and vitamin D to the
prevalence of MGD. The results revealed that SFA intake was inversely associated with MGD prevalence
(p for trend = 0.020, Model 2) among adult residents of Takushima Island, and that the highest quintiles
for dietary intake of total fat, SFAs, oleic acid, and vitamin D were significantly associated with a lower
prevalence of MGD compared with the first quintiles (Model 2). There was no significant association
between either the intake of n-3 PUFAs, n-6 PUFAs, or cholesterol or the n-6/n-3 PUFA ratio and the
prevalence of MGD by multivariate logistic regression analysis.

Diet and oral supplementation are different things. In our study, multivariate logistic regression
analysis revealed that there was no significant association between intake of n-3 PUFAs or n-6 PUFAs
or the n-6/n-3 PUFA ratio and the prevalence of MGD. A previous cross-sectional study found that the
prevalence of MGD was 21.9% in 319 postmenopausal women and that high n-3 PUFA intake (OR and 95%
CI, 0.22 and 0.06–0.78) and moderate n-6 PUFA intake (0.37 and 0.15–0.91) were significantly associated
with a lower prevalence of MGD [17]. In this previous study, however, only postmenopausal women 50
years of age and older were recruited and the diagnosis of MGD was based only on reduced meibum
expressibility with digital pressure for the 10 central meibomian glands of the lower eyelids [26]. In our
study, we recruited both men and women at least 20 years of age and diagnosed MGD on the basis of
subjective symptoms, lid margin abnormalities, and obstruction of meibomian glands [24]. In the MGD
group of the previous study [17], the mean daily intake of n-3 PUFAs (1.87 g/day) was lower, that of n-6
PUFAs (15.24 g/day) was higher, and the mean n-6/n-3 PUFA ratio (8.35) was higher compared with the
corresponding values for the MGD group of our study (2.5 g/day, 9.3 g/day, and 4.0, respectively). Another
previous cross-sectional study of the Mediterranean diet found that the daily intake of n-3 PUFAs was not
significantly associated with tear film breakup time as measured with fluorescein (OR and 95% CI, 0.87 and
0.38–2.01), with meibum quality (1.06 and 0.48–2.39), or with plugging of the inferior eyelid margin (0.91
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and 0.37–2.20) in 247 men aged 55 to 95 years [27]. Although meibomian gland parameters were assessed
and dry eye was diagnosed in this previous study, the diagnosis of MGD was not made [27]. The typical
Western diet is heavy on red and processed meats, poultry, and full-fat dairy products, and it tends to
be low in n-3 PUFAs, to be high in n-6 PUFAs, and to have a high n-6/n-3 PUFA ratio of between 15 and
25 [28,29]. In contrast, the Mediterranean-style diet is characterized by a high intake of non-refined cereals,
fruits, vegetables, legumes, olive oil, fish, and potatoes and a low intake of SFAs [30,31], with a low n-6/n-3
PUFA ratio of ~4 [13]. The traditional Japanese diet is characterized by a high intake of fish and plant foods
and a low intake of refined carbohydrates and meat [32]. The participants of our study had a relatively
high n-3 PUFA intake, low n-6 PUFA intake, and low n-6/n-3 PUFA ratio. An inverse relationship between
n-3 PUFA intake and the prevalence of MGD, and the lack of an association between the n-6/n-3 PUFA
ratio and MGD prevalence, might therefore be apparent only when consumption of n-3 PUFAs is low.

There have been only three observational studies that have assessed the relation of dietary intake
of fatty acids to the prevalence of dry eye. A cross-sectional study with a large cohort of female health
professionals (the Women’s Health Study) showed an association between lower dietary intake of n-3
PUFAs and a higher n-6/n-3 PUFA ratio and a higher prevalence of dry eye [16]. There was no association
between n-6 PUFA intake and dry eye prevalence. Dry eye in this study was defined on the basis of asking
participants whether they had been clinically diagnosed with dry eye syndrome [16], and MGD was not
assessed. Two other cross-sectional studies found that dietary intake of n-3 PUFAs was not associated
with the prevalence of dry eye disease [17,27]. An interventional study showed that consumption of a
Mediterranean diet for 6 months was associated with amelioration of subjective symptoms of dry eye, an
increase in both the fluorescein breakup time of the tear film (FBUT) and Schirmer’s test value, and reduced
fluorescein staining of the ocular surface [30]. There is a consensus that dry eye and MGD are similar and
overlapping diseases. We previously showed that the ocular symptoms of MGD and dry eye are similar,
but that the pathogenesis and risk factors of the two conditions differ [10]. The results of research on dry
eye thus need to be considered separately from those of studies on MGD. The Hirado–Takushima study
was designed to focus on dry eye and MGD, and we therefore believe that the current study is equipped to
specifically reveal the relation between diet and MGD prevalence.

Several randomized, controlled studies have investigated the efficacy of n-3 PUFA supplements for
MGD [13–15,33]. A prospective, randomized, double-masked trial found that n-3 PUFA supplementation
with EPA at 1050 mg/day and DHA at 127.5 mg/day together with the practice of lid hygiene
and administration of preservative-free artificial tears for 3 months improved subjective symptoms,
FBUT, lid margin inflammation, and meibomian gland expression compared with baseline [14]. The
placebo (sunflower oil) together with lid hygiene and preservative-free artificial tears ameliorated
subjective symptoms but did not change other objective parameters [14]. A prospective, randomized,
placebo-controlled, masked trial showed that dietary supplementation with EPA at 720 mg/day and DHA
at 480 mg/day for 12 weeks improved contrast sensitivity under photopic and mesopic testing conditions,
subjective symptoms, FBUT, the fluorescein staining score, meibum expressibility, and meibum quality in
patients with moderate MGD compared with the placebo group treated with vitamin E at 400 mg/day [15].
Another such trial showed that dietary supplementation with EPA at 1680 mg/day and DHA at 560 mg/day
for 12 weeks improved subjective symptoms, tear osmolarity, and FBUT compared with the placebo
group treated with linoleic acid (safflower oil) at 3136 mg/day [34]. Yet another trial showed that dietary
supplementation with n-3 PUFAs at 3 g/day for 12 months improved subjective symptoms, FBUT, lid
margin telangiectasia, meibum quality, meibomian gland blockage, and the number of visible ducts of
meibomian glands compared with baseline in patients with blepharitis and obstructive MGD [13]. On the
other hand, the placebo (olive oil) improved FBUT, meibum quality, meibomian gland stenosis, and the
number of visible ducts of meibomian glands. The changes in FBUT and meibum quality did not differ
significantly between the n-3 PUFA and placebo groups [13]. A prospective, randomized, multicenter
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clinical trial (Dry Eye Assessment and Management, or DREAM, trial) recently failed to detect a superior
improvement in subjective symptoms and objective parameters of dry eye in individuals receiving n-3
PUFAs at 3 g/day (EPA at 2 g/day and DHA at 1 g/day) compared with those receiving placebo (olive oil at
5 g/day) [35]. There were no significant differences in the corneal and conjunctival staining score, FBUT,
or Schirmer’s test value between the n-3 PUFA supplement group and the placebo group [35]. Parameters
related to meibomian glands were not assessed in this previous study. In our study, the multivariate
adjusted OR and 95% CI for MGD prevalence and the highest quintile of oleic acid intake compared with
the lowest quintile were 0.40 and 0.17 to 0.97 in Model 2. This result suggests the possibility that oleic
acid intake may protect against the development of MGD. Gas chromatography revealed that the major
components of olive oil were oleic acid (C18:1cis, n-9) at 66.4%, palmitic acid (C16:0) at 16.5%, and linoleic
acid (C18:2cis, n-6) at 16.4%, whereas those of sunflower oil were linoleic acid at 62.2% and oleic acid at
28.0% [36]. Oleic acid has been shown to be a major constituent of meibum [2,37,38] and to protect against
oxidative stress [39]. The use of olive oil containing oleic acid as a placebo might thus have influenced the
results of previous studies of the relation between n-3 PUFA supplementation and MGD or dry eye [13,35].
The average dietary intake of n-3 PUFAs was 2.6 ± 1.0 g/day for all subjects of our study, with values of 1.5
± 0.4 and 4.0 ± 1.0 g/day for those in the lowest and highest quintiles, respectively. The participants of our
study thus had an n-3 PUFA intake similar to that for patients of previous interventional studies with n-3
PUFA supplements. It is possible that we did not detect a protective effect of n-3 PUFAs on MGD in our
study as a result of the relatively high intake even in the lowest intake group.

Both n-3 PUFAs and n-6 PUFAs are essential fatty acids and have been shown to play an important
role in regulation of inflammatory and immune responses. The metabolic pathways for n-3 and n-6
PUFAs share enzymes with the inflammation-related metabolism of arachidonic acid. Whereas n-3 PUFAs
are thought to be anti-inflammatory, n-6 PUFAs are thought to inhibit this function of n-3 PUFAs in a
competitive manner [12,13,29]. The role of inflammation in MGD is not clearly understood [40], but n-3
PUFA intake may reduce the inflammatory state of the eyelid margin.

The balanced composition of meibum is important for maintenance of the stability of the tear
film [38,41]. The oleic acid content of meibum was shown to be higher in patients with meibomian
seborrhea than in those with meibomianitis or in healthy individuals [41]. Fatty acids in meibum of MGD
patients were found to include a higher proportion of branched-chain fatty acids and a lower proportion
of SFAs, especially of palmitic (C16) and stearic (C18) acids, compared with those in healthy meibum [38].
Supplementation with n-3 PUFAs increased n-3 fatty acid levels and reduced the n-6/n-3 fatty acid ratio in
both plasma [13] and red blood cells [13,35] compared with placebo. A randomized, controlled-feeding,
double-blind, crossover study reported that a diet containing oil with a high level of oleic acid lowered
circulating concentrations of total cholesterol, low-density-lipoprotein cholesterol, apolipoprotein B, and
non-high-density-lipoprotein cholesterol compared with a diet containing a Western-type control oil with
a low level of oleic acid [42]. Previous studies have revealed an association between dyslipidemia and
MGD [10,43–47]. In the current study, no difference in the history of dyslipidemia (p = 0.39) or in the
taking of lipid-lowering agents (p = 1.0) was apparent between the non-MGD and MGD groups. In our
previous report of the Hirado–Takushima study, however, we found that the use of lipid-lowering agents
was significantly and independently associated with MGD (OR and 95% CI of 3.22 and 1.05–9.87) by
multivariate logistic regression analysis [10]. Exposure to n-3 and n-6 PUFAs for up to 7 days in vitro
was found to increase the quantity of intracellular small secretory lipid vesicles and the cellular content
of triglycerides in human meibomian gland epithelial cells [48]. Dietary intake of n-3 PUFAs and other
unsaturated fatty acids was also found to be associated with a significant change in the lipid profile of
meibum in 18 women with Sjögren’s syndrome [49]. Dietary fatty acid intake and its balance may thus
affect not only the composition of lipids in blood but also that of meibum.
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We found that the multivariate adjusted OR (and 95% CI) for the prevalence of MGD and the fifth
quintiles of total fat or SFAs in Model 2 was 0.40 (0.16–0.97) and 0.40 (0.17–0.97), respectively, suggesting
that a high intake of total fat and SFAs might protect against MGD. As far as we are aware, the relation
between total fat or SFA intake and MGD has not previously been examined. Dietary guidelines recommend
that SFA intake be limited to <10% of energy intake or be as low as possible in order to reduce ischemic
heart disease and stroke [50,51]. Recent meta-analyses, however, found that SFAs were not associated
with cardiovascular disease [52,53], coronary heart disease [52], ischemic stroke [52], type 2 diabetes [52],
or breast cancer [54]. Another meta-analysis showed that odd-chain SFAs reduced the risk of type 2
diabetes, whereas even- and very long-chain SFAs increased it [55]. Total fat was also not associated with
cardiovascular disease [53] or breast cancer [54] in previous meta-analyses. The human body is made up
of nutrients from the diet. The quantity and quality of lipids secreted from meibomian glands is altered
in MGD [7]. Although the role of fatty acid intake and its balance in MGD is not clearly understood,
excessive, insufficient, or unbalanced intake of dietary fatty acids may induce MGD. Further research is
needed to clarify the role of dietary fatty acid intake in MGD.

Serum levels of 25-hydroxyvitamin D have been associated with dry eye [27,56,57]. There has been no
previous study of the relation between dietary intake or serum levels of vitamin D and MGD. In our present
study, the highest quintile of vitamin D intake was associated with a low prevalence of MGD. A previous
case study reported that oral vitamin D supplementation ameliorated persistent symptoms in a 40-year-old
patient with ocular pain, bilateral MGD, evaporative dry eye, and vitamin D deficiency [58]. A single-arm
clinical study of 40 patients with vitamin D deficiency found that oral vitamin D supplementation for 8
weeks improved meibomian gland expressibility, eyelid margin condition, Schirmer’s test value, FBUT,
and subjective symptoms compared with baseline [19]. Eight-week topical application of an analog of the
active form of vitamin D3 was also found to be associated with improved ocular symptoms, plugging and
vascularity of lid margins, FBUT, corneal fluorescein staining, meibum grade, and meibomian gland area in
patients with obstructive MGD [18]. Recent studies have provided a new insight into the physiological role
of vitamin D in extra skeletal tissues [59]. Hyperkeratinization is thought to be a major cause of obstructive
MGD [40,60], and the active form of vitamin D3 was found to inhibit the proliferation of keratinocytes
and to promote their differentiation [61–64]. Vitamin D and the vitamin D receptor are also implicated in
the control of inflammation and immunity [59,65], as well as in that of lipid metabolism [66]. Vitamin
D deficiency has been found to be related to dyslipidemia [67,68]. Meibum is composed of many types
of lipid. Dietary vitamin D intake might thus be expected to be associated with MGD. Further studies
focusing on the relation between vitamin D and MGD may help to elucidate the pathogenesis of MGD and
develop new treatment strategies for this condition.

The present study has several limitations. First, many of the male subjects work as fishermen
but fish away from the island. Our results thus cannot be readily extended to the general Japanese
population. Epidemiological studies in urban areas may yield different results. We would like to do
another population-based cross-sectional study in an urban area of Japan and compare the results with the
present study in the future. Second, the BDHQ is a self-reported diet history questionnaire. We excluded
subjects reporting low or high energy intake, and we used energy-adjusted values of dietary component
intake, to minimize the effect of writing errors. Third, we were unable to include the intake of dietary
supplements in calculating intake of fatty acids and vitamin D, given that reliable data for composition of
dietary supplements were not available in Japan. We included dietary supplement use (yes or no) as a
confounder. Fourth, although we attempted to adjust for a wide range of potential confounding variables,
we were unable to rule out residual ones. Fifth, we did not perform blood tests. Sixth, we did not assess
the impact of sedentary behavior and physical activity. And finally, the study has a cross-sectional design,
precluding assessment of causal effects of fatty acid or vitamin D intake on the prevalence of MGD.
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5. Conclusions

We have performed a population-based study to assess the relationship between dietary intake of
fatty acids and vitamin D and the prevalence of MGD among residents of Takushima Island, Japan. Our
results suggest that high intake of total fat, SFAs, oleic acid, and vitamin D may be inversely associated
with the prevalence of MGD in Japanese individuals. No significant association was detected between the
prevalence of MGD and either dietary intake of n-3 PUFAs or n-6 PUFAs or the n-6/n-3 PUFA ratio by
multivariate logistic regression analysis. Further epidemiological studies are warranted to clarify dietary
strategies for prevention of MGD.
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Abstract: Aqueous-deficient dry eye (ADDE) and meibomian gland dysfunction (MGD) can be
refractory to therapy. Intense pulsed light (IPL) was recently introduced as an effective treatment
for MGD. We here evaluated the efficacy of IPL combined with MG expression (MGX) compared
with MGX alone (n = 23 and 20, respectively) for patients with refractory ADDE with mild MGD at
three sites. Symptom score, visual acuity (VA), noninvasive breakup time (NIBUT) and lipid layer
thickness (LLT) of the tear film, lid margin abnormalities, fluorescein BUT (FBUT), fluorescein staining,
tear meniscus height (TMH), meibum grade, meiboscore, and Schirmer’s test value were assessed
at baseline and 1 and 3 months after treatment. LLT, plugging, vascularity, FBUT and NIBUT were
improved only in the IPL-MGX group at three months compared with baseline. All parameters with
the exception of VA, meiboscore, TMH, Schirmer’s test value were also improved in the IPL-MGX
group compared with the control group at three months, as was VA in patients with central corneal
epitheliopathy. Although IPL-MGX does not affect aqueous layer, the induced improvement in
quality and quantity of the lipid layer may increase tear film stability and ameliorate symptoms not
only for evaporative dry eye but for ADDE.

Keywords: aqueous-deficient dry eye; meibomian gland dysfunction; meibomian gland; intense
pulsed light

1. Introduction

Dry eye disease is a common condition that causes ocular discomfort [1]. Although it generally
does not reduce conventionally tested visual acuity (VA), most individuals with this condition manifest
impairment of functional visual acuity, with higher-order aberrations in particular leading to disturbance
of quality of vision [2]. Dry eye disease is classified into two major subtypes—aqueous-deficient dry
eye (ADDE) and evaporative dry eye (EDE) [3]—both of which can involve pathology of meibomian
glands, lacrimal glands, the eyelids, the tear film, and ocular surface cells [4]. ADDE and EDE tend to
coexist, in part because the lacrimal gland defects associated with ADDE can lead to meibomian gland
dysfunction (MGD) [5], and consequent EDE as a result of friction between the lid margin and the
cornea and conjunctiva [6].
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Common therapies for patients with ADDE include various topical medications such as
cyclosporine, diclofenac sodium, steroids, loteprednol etabonate, resolvin E1, tacrolimus, autologous
serum, and vitamin A [7,8]. In addition, punctal plug insertion, oral systemic antibiotics, surgery,
dietary modification, local environmental changes, and alternative medicines have been applied [8].
Common therapies for patients with MGD, which is a major cause of EDE, include the application
of a warm compress [9], the practice of lid hygiene [9], dietary supplementation with omega-3 fatty
acids [9], forced meibum expression [9], intraductal probing [10], automated thermal pulsation [11],
and the administration of topical steroids [9], topical and oral antibiotics including topical cyclosporine
and azithromycin [9], preservative-free artificial tears [9], lipid-containing eyedrops [9], and topical
diquafosol [12,13]. Despite the varied treatment options available, however, some patients with
ADDE or MGD are refractory to therapy and therefore do not experience complete or long-term relief
of symptoms.

Intense pulsed light (IPL) therapy based on the delivery of intense pulses of noncoherent light
with wavelengths of 500 to 1200 nm has been applied in dermatology to treat various conditions,
including benign cavernous hemangiomas or venous malformations, telangiectasia, port wine stains,
and other pigmented lesions [14,15]. The efficacy of IPL therapy for patients with dry eye due to
MGD was discovered during IPL treatment of facial rosacea [16]. Subsequent studies found that IPL,
with or without concomitant meibomian gland expression (MGX), is effective for improvement of
subjective symptoms and objective findings in patients with mild to moderate MGD or dry eye [17–28].
The combination of IPL and MGX was also shown to be effective in patients with refractory MGD [28,29].
In addition, it ameliorated dry eye symptoms and improved meibomian gland function in patients
with refractory dry eye, including not only individuals with MGD but also those with graft-versus-host
disease or Sjögren syndrome [20] or those with keratoconjunctivitis sicca [30]. However, as far as
we are aware, no previous study has evaluated the effects of IPL on tear fluid–related parameters in
addition to meibomian gland–related parameters in patients with refractory ADDE accompanied by
mild MGD. We have therefore now performed a multicenter, retrospective, controlled study to evaluate
the efficacy of IPL combined with MGX in comparison with MGX alone in patients with refractory
ADDE and mild MGD who had been treated with conventional therapies.

2. Experimental Section

2.1. Patients

This retrospective controlled study was approved by the Institutional Review Boards of Itoh
Clinic (approval code: IRIN201903-03), Mizoguchi Eye Clinic, and Ohshima Eye Hospital on March
11th, 2019, and it adhered to the tenets of the Declaration of Helsinki. Patients with refractory ADDE
associated with mild MGD who were treated with either IPL and MGX or MGX alone between April
and December 2017 at three sites in Japan (Itoh Clinic, Mizoguchi Eye Clinic, and Ohshima Eye
Hospital) were enrolled in the study. Informed consent to study participation was obtained from
each patient.

Inclusion criteria were as follows: (1) an age of at least 20 years; (2) a diagnosis of ADDE based on
the diagnostic criteria for ADDE in Japan [31], which encompass ocular symptoms, a fluorescein tear
film breakup time (FBUT) of ≤5 s, a Schirmer’s test value of ≤5 mm, and the presence of conjunctival
or corneal epithelial damage as evidenced by a fluorescein staining (Fluo) score of ≥1 (on a scale
of 0 to 9) according to the van Bijsterveld method [32]; (3) a diagnosis of mild MGD based on the
diagnostic criteria for MGD in Japan [33], which encompass ocular symptoms, plugged gland orifices
(plugging grade [34] of ≥1, which corresponds to plugging of fewer than three gland orifices with a
distribution of less than half of the full length of the lid), vascularity and irregularity of lid margins,
reduced meibum expression (meibum grade of ≥2, on a scale of 0 to 3, where 0 = clear meibum easily
expressed, 1 = cloudy meibum expressed with mild pressure, 2 = cloudy meibum expressed with
more than moderate pressure, and 3 =meibum cannot be expressed even with strong pressure) [35],
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and a meiboscore of ≥3 (on a scale of 0 to 6) [36]; (4) refractoriness of ADDE as defined by the
failure to respond over a period of ≥2 years to at least three types of conventional therapy prescribed
in Japan, including tear replacement therapy, tear conservation, and anti-inflammatory eyedrops;
and (5) a Fitzpatrick skin type of 1 to 4 based on sun sensitivity and appearance [37]. Exclusion criteria
included the presence of active skin lesions, skin cancer, or other specific skin pathology or of active
ocular infection or ocular inflammatory disease.

2.2. Experimental Design

Each patient underwent a series of four IPL-MGX treatment sessions or four sessions of MGX
alone at 3-week intervals and was subjected to clinical assessment as described below both before
treatment as well as 4 and 12 weeks after the final treatment session. All patients were asked to continue
their current ocular medications as well as not to initiate therapy with a new topical or systemic agent
for dry eye or MGD during the treatment course.

2.3. Clinical Assessment

The thickness of the lipid layer of the tear film (LLT), noninvasive breakup time of the tear
film (NIBUT), and interferometric fringe pattern of the tear film were determined with a DR-1α tear
interferometer (Kowa, Tokyo, Japan) as described previously [38]. Lid margin abnormalities (plugging
of meibomian gland orifices and vascularity of lid margins) [34], FBUT, the Fluo score [32], tear meniscus
height (TMH) based on fluorescein staining, and meibum grade [35] were evaluated with a slitlamp
microscope. For determination of TMH, the center of the lower tear meniscus stained with fluorescein
was photographed with a CCD camera attached to the slitlamp microscope, with a magnification
of 10 × and under lighting with a blue-free filter. The photographs were examined by an ocular
surface expert (R.A.) for semiquantitative grading of TMH as low, normal or high. Morphological
changes of meibomian glands were assessed on the basis of the meiboscore [36] as determined by
noninvasive meibography. Tear fluid production was measured by Schirmer’s test as performed
without anesthesia [39]. Symptoms were assessed with the standard patient evaluation of eye dryness
(SPEED) validated questionnaire (scale of 0 to 28) [40,41]. VA was also measured with the use of
Landolt C charts, and best corrected Landolt VA was converted to logarithm of the minimum angle of
resolution (logMAR) VA.

2.4. IPL-MGX Procedure

Before the first treatment, each patient underwent Fitzpatrick skin typing [37] and the IPL machine
(M22; Lumenis, Yokneam, Israel) was adjusted to the appropriate setting (Toyos setting: 590-nm cutoff
filter, triple pulses of 6.0 ms with an interval of 50 ms, and total fluence range of 13 to 15 J/cm2). At each
treatment session, both eyes of the patient were closed and sealed with IPL-Aid disposable eye shields
(Honeywell Safety Products, Smithfield, RI, USA). After generous application of ultrasonic gel to the
targeted skin area, each patient received ~13 pulses of light (with slightly overlapping applications)
from the right preauricular area, across the cheeks and nose, to the left preauricular area, reaching
up to the inferior boundary of the eye shields. This procedure was then repeated in a second pass.
Immediately after the IPL treatment, MGX was performed on both upper and lower eyelids of each eye
with an Arita Meibomian Gland Compressor (Katena, Denville, NJ, USA). Pain was minimized during
MGX by the application of 0.4% oxybuprocaine hydrochloride to each eye. Patients in the control
group underwent the MGX procedure alone, without IPL.

2.5. Statistical Analysis

Data were found to be non-normally distributed with the Shapiro–Wilk test (p < 0.05),
and nonparametric testing was therefore applied. The Mann–Whitney U test was used to compare
numerical variables between the control (MGX alone) and the IPL-MGX groups. The Wilcoxon
signed-rank test was used to compare numerical variables between baseline and either 1 or 3 months
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after the final treatment session. Fisher’s exact test was used to compare categorical variables between
the control and IPL-MGX groups. The chi-square test was used to compare lipid layer grade and
TMH between before and either 1 or 3 months after the final treatment session. Adjusted p values
were calculated by multiplication of obtained p values by the number of comparisons in Bonferroni’s
correction. The outcome variables of the study were the SPEED score and NIBUT before and after
treatment. We performed a statistical power analysis for both the SPEED score and NIBUT at 3 months
after the final treatment session in the control and IPL-MGX groups. The power (1-β) was >0.90 at the
level of α = 0.025, and the sample size was sufficient. Statistical analysis was performed with JMP Pro
version 15 software (SAS, Cary, NC, USA). All statistical tests were two sided, and a p value of <0.05
was considered statistically significant.

3. Results

3.1. Patient Characteristics

The characteristics of the 43 study subjects with refractory ADDE and mild MGD, including 23
individuals in the IPL-MGX group and 20 in the MGX group, are presented in Table 1. Approximately
40% of patients had Sjögren syndrome or rheumatoid arthritis.

Table 1. Characteristics of the study subjects with aqueous-deficient dry eye (ADDE) and mild
meibomian gland dysfunction in the intense pulsed light (IPL)-meibomian gland expression (MGX)
and MGX (control) groups.

Characteristic
Control (MGX) Group

(n = 20 Subjects, 40 Eyes)
IPL-MGX Group

(n = 23 Subjects, 46 Eyes)
p

Age (years), mean ± SD (range) 61.4 ± 15.1 (31–78) 59.0 ± 15.0 (43–84) 0.64
Sex (male/female) 7/13 9/14 0.78

Duration of ADDE (years),
mean ± SD (range) 8.8 ± 5.1 (2–20) 8.1 ± 6.7 (2–24) 0.60

History of contact lens wear 22 eyes of 11 patients 24 eyes of 12 patients 0.85
(55.0%) (52.2%)

Previous ocular surgery 24 eyes of 12 patients 18 eyes of 9 patients 0.17
(60.0%) (39.1%)

Sjögren syndrome 6 patients 7 patients 1
(30.0%) (30.4%)

Rheumatoid arthritis 2 patients 2 patients 1
(10.0%) (8.7%)

p values were determined with Mann–Whitney U test (displayed in gray) or Fisher’s exact test. SD,
standard deviations.

The frequency of other ADDE therapies previously administered is shown in Table 2, with most
patients having been treated with diquafosol eyedrops, topical steroids, hyaluronic acid eyedrops,
or punctal plugs.

Table 2. Previous therapies for the study patients in the intense pulsed light (IPL)-meibomian gland
expression (MGX) and MGX (control) groups.

Therapy

No. (%) of Patients

Control Group
(n = 20)

IPL-MGX Group
(n = 23)

Diquafosol eyedrops 19 (95.0) 22 (95.7)
Topical steroids 10 (50.0) 21 (91.3)

Rebamipide eyedrops 9 (45.0) 15 (65.2)
Hyaluronic acid eyedrops 8 (40.0) 18 (78.3)

Punctal plugs 8 (40.0) 16 (69.6)
Preservative-free artificial tears 8 (40.0) 10 (43.5)

Omega-3 fatty acid supplementation 3 (15.0) 6 (26.1)
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3.2. Efficacy of IPL-MGX

The SPEED score was significantly reduced at 4 weeks after the final treatment session compared
with baseline in both IPL-MGX group and MGX groups, and this difference was maintained for up to
3 months (Table 3). LLT was significantly increased at both 1 and 3 months after the final treatment
session in the IPL-MGX group but not in the control group (Table 3).

Both NIBUT and FBUT were significantly prolonged at both 1 and 3 months after the final
treatment session in the IPL-MGX group, whereas they were significantly improved only at 1 month
in the control group (Table 3). Changes in interferometric fringe pattern (lipid layer grade) from one
typical of aqueous deficiency (Jupiter like) to the normal condition (pearl like) were apparent in 61%
and 35% of eyes in the IPL-MGX group as well as in 30% and 5% of those in the control group at 1 and
3 months, respectively, after the final treatment session compared with baseline (Table 4). Lipid layer
grade was thus significantly better in the IPL-MGX group compared to the control group at both 1 and
3 months after the final treatment session. The Fluo score had decreased significantly at both 1 and 3
months after the final treatment session in both groups, with the value being significantly lower in the
IPL-MGX group than in the control group at both posttreatment assessment points (Table 3).

The logMAR VA of eyes in the IPL-MGX group was significantly improved at both 1 and 3 months
after treatment completion compared with baseline, although the values that did not differ between the
two groups either before or 1 or 3 months after treatment (Table 5). Eleven of 40 (27.5%) and 12 of 46 (26.1%)
eyes in the control and IPL-MGX groups, respectively, manifested central corneal epitheliopathy central
corneal epitheliopathy (CCE) with these frequencies not differing significantly between the two groups
(p = 1, Fisher’s exact test). A significantly improvement in log MAR VA was apparent for the eyes with
CCE in the IPL-MGX group compared with those in the control group, both after amerilration of the CCE
at 1 month and at 3 months after treatment completion (Table 5, Figure 1).

Meibum grade was significantly decreased in both groups at both 1 and 3 months after treatment
completion compared with baseline, whereas vascularity score was significantly decreased at both
time points only in the IPL-MGX group (Table 3). Plugging score was significantly decreased in both
groups at 1 month after treatment completion compared with baseline, whereas only in the IPL-MGX
at 3 months (Table 3). The IPL-MGX group showed a significant difference in meibum grade and lid
margin abnormality (plugging and vascularity) scores compared with the control group at both 1 and
3 months after the treatment (Table 3). The meiboscore was not significantly changed at either 1 or
3 months in the IPL-MGX or control group (Table 3). Schirmer’s test value also remained unchanged at
1 and 3 months after the final treatment session in both the IPL-MGX and control groups (Table 3).
Finally, TMH was low at baseline and remained so after treatment in both groups (Table 4).
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(a) (b) 

Figure 1. Representative case of a 72-year-old woman treated with intense pulsed light-meibomian
gland expression. Slitlamp images of fluorescein staining of the left eye obtained before (a) and 3 months
after completion of (b) treatment showed amelioration of central corneal epitheliopathy. The logMAR
visual acuity also improved from 0.15 to 0.09 in association with improvement in the lipid layer of the
tear film, whereas tear meniscus height was unchanged.

4. Discussion

This is the first multicenter study to show an improvement in subjective symptoms and objective
signs in patients with refractory ADDE (including those with Sjögren syndrome or rheumatoid
arthritis) with mild MGD by treatment with a series of IPL sessions combined with MGX compared to
MGX alone. Clinical parameters including ocular symptoms, tear film stability, fluorescein staining,
and meibomian gland function were significantly improved by IPL-MGX treatment compared with
MGX alone, although tear fluid parameters remained unchanged. Moreover, eyes with CCE showed an
improvement in VA associated with IPL-MGX after amelioration of the epitheliopathy. Our results thus
suggest that IPL-MGX might be an effective treatment not only for EDE but also for ADDE and mixed
EDE-ADDE, although the present study examined only patients with refractory ADDE accompanied
by mild MGD. Given that homeostasis of the lipid and tear fluid components of the tear film appears
to be important for tear film health, IPL-MGX may have a role as a supportive treatment for ADDE.

We found that IPL-MGX therapy was more effective for the management of refractory ADDE
accompanied by mild MGD than was MGX alone, and it was associated with an improvement in
meibomian gland-related parameters but not with a change in tear fluid-related parameters. Although
>30 studies have indicated that IPL is safe and effective for the treatment of MGD, as far as we are
aware only one previous study included patients with Sjögren syndrome [20]. However, this previous
study did not evaluate tear fluid-related parameters such as TMH or Schirmer’s test value, but instead
assessed only ocular symptoms and meibomian gland expressibility [20]. Five previous studies
determined the Schirmer’s test value [30,42–44], but all of these studies with the exception of one [43]
found no significant change in this parameter in response to IPL therapy. The one exception among
these five studies showed that the median Schirmer’s test value increased from 13 to 15 mm (p = 0.046)
after IPL therapy [43]. The one previous study that measured TMH found no significant difference
in this parameter between before and after IPL treatment [21]. Our present results are thus largely
consistent with those of previous studies and suggest that IPL does not affect lacrimal glands, but rather
influences meibomian glands alone.

With regard to the mechanism of action of IPL in MGD, the treatment likely warms meibomian
glands by increasing the temperature of the thin periocular skin and thereby promotes the melting
of meibum [16,23]. In addition, the IPL device emits energy that is absorbed by chromophores
in hemoglobin and likely thereby promotes closing of abnormal vessels in the lid margin and
adjacent conjunctiva as well as attenuates the local release of inflammatory factors from the abnormal
vessels [45,46]. A recent study found that the concentrations of various inflammatory factors—including
interleukin-17A, interleukin-6, and prostaglandin E2—in tear fluid were reduced after IPL therapy [25].
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IPL treatment is also likely able to reduce bacterial load of the eyelid margin and the number of
Demodex mites surrounding adnexa [44] as well as to ameliorate the associated inflammation [47].

Our present results show that MGX alone was also effective for the treatment of refractory ADDE
accompanied by mild MGD with regard not only to subjective symptoms but also objective parameters
with the exception of LLT, vascularity of lid margins, the meiboscore, TMH and Schirmer value. MGX
alone likely does not have anti-inflammatory and meibum-melting effects or improve the condition
of the aqueous layer of the tear film. In contrast, IPL-MGX showed significant effects on all of the
parameters measured with the exception of the meiboscore, TMH and Schirmer’s test value compared
with MGX alone. Our findings suggest that IPL alone might be effective for the treatment of refractory
ADDE, although the present study did not examine the effects of IPL without MGX.

The improvement of ADDE by IPL-MGX is consistent with the notion that tear film homeostasis
is required for maintenance of tear film health. Self-reported ocular symptoms covered by the SPEED
questionnaire were significantly ameliorated after IPL-MGX treatment in the present study, similar
to the results of previous studies [20,23,25,29,42,48]. Twenty-two of the 23 study patients (96%)
thus showed a decrease in the SPEED score of ≥8 points at both one and three months after the final
IPL-MGX treatment session. The Fluo score was also significantly reduced after IPL-MGX therapy,
again consistent with previous data [21,23,28–30,42–44,49]. Of note, eyes with CCE showed a significant
improvement in VA after IPL-MGX compared with those receiving MGX alone. The targeting of MGD
by IPL-MGX may thus improve the quality and quantity of lipids in the tear film and thereby result in
a decline in the concentrations of inflammatory cytokines in tear fluid. Such an action might break the
vicious cycle of corneal-conjunctival epitheliopathy and ocular surface inflammation.

The patients treated with IPL-MGX therapy in the present study had experienced ADDE for
8.1 ± 6.7 years (range of 2–24 years), and conventional therapies had proven insufficient of amelioration
of ocular symptoms and improvement of tear film–related parameters. A recent study found that
most patients with ADDE due to Sjögren syndrome and a disease duration of >3 years also developed
MGD, likely because the early destruction of lacrimal glands eventually begins to affect meibomian
glands [50]. Indeed, ~40% of patients in the present study also had systemic diseases such as Sjögren
syndrome or rheumatoid arthritis. The conditions of such patients may be too severe to manage
even with a combination of several conventional therapies. Our study has now demonstrated an
improvement in clinical parameters of patients with refractory ADDE and mild MGD by treatment
with IPL-MGX or MGX alone, suggesting that therapy targeted to the lipid layer of the tear film may be
necessary for such patients who do not respond to conventional therapies. The efficacy of MGX alone
in the present study was essentially apparent only one month after treatment completion, whereas
that of IPL-MGX remained manifest at three months. The combination of therapies that target both
aqueous and lipid layers may thus improve homeostasis of the tear film, resulting in amelioration of
corneal-conjunctival epitheliopathy and subjective symptoms as well as an increase in VA.

Previous studies have found that ADDE and EDE occur frequently together, given that not only
lacrimal glands but also meibomian glands can be affected in ADDE. A reduced production of tear
fluid can increase friction between the eyelid and the ocular surface and thereby promote eyelid
inflammation [4,5]. We propose that IPL therapy can increase the quality and quantity of lipid in the
tear film, dampen the inflammatory reaction due to abnormal vessels, and thereby block the vicious
circle underlying the pathophysiology of dry eye. It ameliorates ocular surface epitheliopathy and
increases tear film stability, leading to an improvement in ocular symptoms (Figure 2). Together,
our results suggest that it is important to treat not only the aqueous layer but also the lipid layer of the
tear film in order to restore ocular surface health in patients with ADDE including those with refractory
ADDE associated with mild MGD.
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Figure 2. Proposed mechanism of action of IPL therapy on the vicious cycle of dry eye. IPL increases
the quality and quantity of the lipid layer of the tear film as well as reduces inflammation of the
ocular surface and lid margin. These effects result in amelioration of ocular surface epitheliopathy
(ocular surface staining) and an increase in tear film stability, followed by improvement of ocular
symptoms without any change in tear fluid secretion. IPL can block the vicious cycle (yellow x)
underlying the pathophysiology of dry eye. IPL, Intense pulsed light.

Limitations of the present study include its retrospective nature and the relatively small sample
size. In addition, both eyes of the study subjects were included, although the two eyes of each patient
are not independent. Moreover, the study was not randomized or performed in a masked manner.
Finally, osmolarity of tear fluid was not measured as an indicator of the efficacy of IPL-MGX treatment.
Our data nevertheless suggest that prospective case-control studies with long-term follow-up are
warranted for IPL-MGX treatment of patients with refractory ADDE associated with mild MGD.
Further studies should also investigate the effectiveness of such treatment for patients with ADDE
alone. Guidelines for IPL therapy based on disease severity are also needed for dry eye patients.

In conclusion, our results suggest that IPL-MGX therapy is effective for patients with refractory
ADDE accompanied by mild MGD, with the severe disease of such patients being difficult to manage
with conventional therapies. IPL-MGX thus has the potential to improve the condition of not only
patients with MGD but also those with refractory ADDE and mild MGD.
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Abstract: The aim of the HYLAN M study was to investigate if symptoms and/or signs of patients
suffering from severe dry eye disease (DED) can be improved by substituting individually optimized
artificial tear therapy by high molecular weight hyaluronan (HMWHA) eye drops. In this international,
multicenter study, patients with symptoms of at least ocular surface disease index (OSDI) 33 and
corneal fluorescein staining (CFS) of at least Oxford grade 3 were included. A total of 84 per-protocol
patients were randomized in two study arms. The control group continued to use their individual
optimum artificial tears over the study period of eight weeks; in the verum group, the artificial tears
were substituted by eye drops containing 0.15% HMWHA. At the week 8 visit, the average OSDI
of the verum group had improved by 13.5 as compared to the control group (p = 0.001). The best
corrected visual acuity (BCVA) had improved by 0.04 logMAR (p = 0.033). CFS, tear film break-up
time (TBUT), Schirmer I, lid wiper epitheliopathy (LWE), mucocutaneous junction (Yamaguchi score),
and tear osmolarity were not significantly different between the verum and control groups (p > 0.050).
We conclude that for most patients with severe DED, 0.15% HMWHA eye drops provide excellent
improvement of symptoms without impairment of dry eye signs.
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1. Introduction

Dry eye disease (DED) is a multifactorial disorder affecting 5% to 35% of the world population [1].
In cases of severe DED, patients experience symptoms of ocular discomfort and visual instability,
resulting in a considerable loss of quality of life. Ocular burning or stinging, ocular discomfort,
and ocular pain are rated as the most important symptoms by patients [2]. The loss of visual stability
additionally causes a negative impact on quality of life and is attributed to an instable tear film [3].
DED has a significant socio-economic effect due to considerable direct treatment costs as well as indirect
costs due to a loss of work productivity [4–6].

The Tear Film and Ocular Surface Society (TFOS) summarizes the current concepts as a staged
management and treatment for DED. Lubricating, hydrating eye drops not targeting the underlying
pathophysiology of DED are the standard long-term treatment for DED [7]. Secretagogues may
have an initial effect, but this may fade over time. If ocular lubricants and secretagogues are not
providing acceptable relief from symptoms, immunomodulatory eye drops such as cyclosporine
may be tried [7]. This treatment approach reflects the current model of pathophysiology of DED.
Other models can either reflect a different understanding or the existence of regional differences.
The Asia Dry Eye Society, e.g., proposes a tear film-oriented therapy distinguishing between lipid
layer, aqueous/secretory mucin deficiency, and corneal epithelial surface/membrane bound mucin
deficiency [8,9]. It is assumed that the instability of the tear film increases the friction between the
eyelids and the eye, which will result in ocular inflammation and epithelial damage [9–11]. Persistent
systemic conditions of the patient or environmental adverse conditions may lead to a self-maintaining
vicious circle of inflammation, which may result in chronic, eventually irreversible forms of severe
dry eye [12]. Hence, a prerequisite for successful therapy is personalized clinical assessment and
treatment [13]. Inflammation caused by autoimmune diseases or elevated osmolarity of the tear film
due to excess evaporation have been pointed out as driving forces of the vicious circle of inflammation.
Here, the treatment of inflammation as a driving force within the vicious circle plays a key role [14–16].
Although hyperosmolarity measured in the tear meniscus has been proposed for diagnosing DED,
the level of osmolarity and its absolute value apparently plays a minor role as a local stress factor
compared to the extent of diurnal variation [17–19]. Severe discomfort as a symptom of DED may
transit to changes in neuroception, reflecting nerve damage. Nerve damage itself may be another
underlying pathophysiological mechanism in severe chronic DED [20]. Not only does nerve damage
result in a reduction of trophic support for the corneal epithelium, it could also initiate and maintain
inflammation, and thus the interplay between nerve damage and inflammation needs to be taken
into consideration [21,22]. This might contribute to the well-known discordance between dry eye
signs and symptoms [23–26]. Although some substances have recently demonstrated certain potential
in the treatment of neuropathic keratopathy, there is currently no therapy that directly addresses
the underlying nerve damage [27,28]. Additionally, patients suffering from neuropathic ocular pain
frequently respond poorly to treatment with lubricant eye drops [29,30].

High molecular weight hyaluronan (HMWHA) has in contrast to the majority of lubricating eye
drops anti-inflammatory activity and the capability to reduce the activity of the pain transducing
channel TRPV1 in nociceptive nerves, thus reducing neuropathic pain [31–35]. HMWHA in eye
drops provides excellent lubrication due to shear-thinning properties such as the natural tear film,
good hydrating and water-binding properties resulting in reduced evaporation, and stabilization of
the ocular surface barrier function to recover the protection against infection [36]. A recent study
demonstrated in an environmental dry eye stress model in mice that HMWHA eye drops protect
the ocular surface from mechanical damage and inflammation better than low molecular weight
hyaluronan (LMWHA) [37].
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The aim of the presented study (HYLAN M study) was to investigate the effect of HMWHA eye
drops in comparison with other tear substitutes in an international multicenter prospective open label
clinical investigation.

2. Experimental Section

2.1. Study Design

The HYLAN M study, a multicenter prospective randomized open label study, was performed
in 11 centers in eight countries. Details of the study centers, administrative structure, planning,
and conduct are provided in Appendix A. The study adhered to the Declaration of Helsinki, was
approved by ethics committees of all eight countries involved, and registered as outlined in Appendix B.

Patients identified as having severe DED were randomized in two parallel arms. The control
group continued with the currently used therapy as by the time of inclusion. In the verum group,
the individual lubricant eye drops used by each patient by the time of inclusion were replaced by
preservative-free eye drops containing 0.15% HMWHA dissolved in isotonic saline solution buffered
with 120 mmol/L phosphate (Comfort Shield® eye drops; i.com medical GmbH, Munich, Germany;
see Appendix C). Concomitant treatment for dry eye such as cyclosporine eye drops remained
unchanged in both arms.

Demographic data and medical history were recorded during the baseline visits. Symptoms and
signs associated with DED were assessed at the baseline visit and at the week 4 and week 8 follow-up
visits, respectively (see Table 1).

Table 1. Diagnostic testing schedule with optional tests in round brackets.

Test Baseline Week 4 Week 8

OSDI X X X
dropping frequency X X X

BCVA X X X
CFS X X X

TBUT X X X
Schirmer 1 X X

Tear osmolarity X X
IOP X X

LWE Korb score (X) (X)
Yamaguchi score (X) (X)

Confocal microscopy (X) (X)

2.2. Participants

Patients over 18 years suffering from DED of any underlying etiology were eligible for inclusion.
The patients had to be under stable, unchanged dry eye therapy for at least two months (in case of
concomitant cyclosporine therapy three month) by the time of inclusion. Patients were excluded if they
participated in any other clinical trial, suffered from eye diseases other than dry eyes, had ocular surgery
less than three months prior to study inclusion, were using punctual plugs, or had masquerading
conditions as identified by Karpecki [38]. Masquerading conditions are conjunctivochalasis, recurrent
corneal erosions, epithelial basement membrane dystrophy, mucin fishing syndrome, floppy eyelid
syndrome, giant papillary conjunctivitis, Salzmann’s nodular degeneration, and ocular rosacea.

As inclusion criteria for severe dry eye, the primary criteria according to Baudouin et al. were
chosen [39]. The dry eye symptoms were assessed using the ocular surface disease index (OSDI)
questionnaire [40]. For inclusion, patients had to have an OSDI score of 33 or more [39]. As dry eye
sign, corneal fluorescein staining (CFS) was chosen [41]. For inclusion, patients had to have at least
one eye with CFS Oxford grade 3 or more, but no confluent CFS.
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Based on the OSDI score and visually assessed CFS grade, the study centers decided on preliminary
enrollment. CFS images were transferred to the reading center for quantitative electronic evaluation
of corneal fluorescein staining (RC1), as described in Appendix D. The reading center was masked
for the assigned treatment to minimize bias. If the submitted images met the criteria for automated
assessment, the staining was not confluent, and at least one eye of the patient met the CFS inclusion
criteria, the reading center confirmed the definite enrollment of the patient. Otherwise the patient was
excluded as “screen fail”.

The eyes with the higher staining score were defined as study eyes. However, the fellow eye was
retrospectively redefined as a study eye if the masked reading center determined that the images from
the fellow eye had significantly better contrast than those of the designated eye, given that the follow
eye fulfilled all inclusion criteria at the baseline visit.

2.3. Efficacy Assessment

TFOS recommends to formally assess dry eye disease by symptoms using a questionnaire such as
the OSDI in combination with at least one test for homeostasis markers (signs) such as tear break-up
time (TBUT), tear osmolarity, or ocular surface staining [42]. Accordingly, the OSDI questionnaire
was used to assess dry eye symptoms throughout the HYLAN M Study. Due to the variable and
controversial association between dry eye signs and symptoms, the following standardized battery of
tests for dry eye signs was applied in the HYLAN M study. Best corrected visual acuity (BCVA) was
used as an indicator of visual stability. CFS, TBUT, and the Schirmer test without topical anesthesia
(Schirmer I) were used to assess the lubricating properties, stability, and quantity of the tear film [43–47].
Tear film osmolarity in the lower tear meniscus was additionally measured using the TearLab osmolarity
system (TearLab Corporation, San Diego, CA, USA). Specific training of the correct test performance
and daily calibration of the test instrument was performed at every study center. Intraocular pressure
(IOP) was determined by Goldman applanation tonometry or Icare® tonometry at the baseline and
week 8 visits as a safety parameter to rule out uncontrolled glaucoma or ocular hypertension.

Additionally, most but not all study centers additionally performed lissamine green staining
of the lid rim to assess lid wiper epitheliopathy (LWE) as the Korb score and the mucocutaneous
junction (Marx line) as the Yamaguchi score [48–50]. Moreover, four out of 11 study centers assessed
the subbasal nerve plexus by confocal laser scanning microscopy and provided images to a second
masked reading center (RC2) for evaluation [51].

Table 1 provides the testing schedule of the HYLAN M study. For more details on diagnostic test
methods and assessment of results by reading centers, see Appendices A and D.

2.4. Statistical Analysis

The primary endpoint for the demonstration of superiority of Comfort Shield eye drops
(verum group) over other ocular lubricants currently used by the patients (control group) was
the difference between CFS at week 8 and at baseline visits as quantitatively determined by RC1
(see Appendix D).

The key secondary endpoint was the difference between OSDI scores at week 8 and baseline [40].
To further analyze the improvement of symptoms, OSDI subscores for the questions related to pain
OSDIpain (OSDI questions 1–3) and OSDI subscore for questions related to visual stability OSDIvision

(OSDI questions 4–9) were analyzed according to the following formulas:

OSDIpain =
sensitive to light + feeling gritty + pain score eye

n
× 25 (1)

OSDIvision =
blurred vision+poor vision+reading+driving at night+computer ATM+watch TV

n × 25 (2)

n = number of questions answered (at most, 3 for the pain, and 6 for vision subscores, respectively)
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Additional secondary endpoints were the differences between BCVA, TBUT, Schirmer I value,
tear osmolarity, Korb score, and Yamaguchi score at week 8 and baseline, respectively.

The full analysis set (FAS) was defined as all patients who were not in “screen fail” status, have at
least once used their eye drops, have data for the primary endpoint (CFS from reading center RC1) or
the key secondary endpoint OSDI, and have had at least one follow-up visit. The per-protocol set (PPS)
comprised all patients of the FAS without any major protocol deviation that could substantially affect
the evaluation of the randomized treatment. One patient who had not taken lubricant eye drops before
the time of inclusion and patients who did not show up for the week 8 follow-up visit were excluded
from the PPS.

Considering the potential influence of climatic differences, two subgroups of the verum and
control groups were defined: Desert = all patients from the two study centers in Riyadh, Saudi Arabia,
and Europe = all other patients. For these subgroups, the results of CFS and OSDI were separately
analyzed [52].

3. Results

3.1. Participant Flow

Figure 1 summarizes the participant flow. In total, 148 patients were pre-screened for severe dry
eye disease. Out of these, eight patients were excluded at the initial interview and not randomized,
and 121 patients have at least once taken their eye drops (= safety set SS). In total, 140 patients were
preliminarily included by the study centers and randomized (= randomized set RS), out of these 75 in
the Comfort Shield group and 65 in the control group. Out of the 140 randomized patients, 47 were
classified as “screen fails” by the reading center or did not use their eye drops. Of the remaining
93 patients, 49 had been randomized to the Comfort Shield group and 44 had been randomized to the
control group (=full analysis set FAS). Out of these, five patients of the Comfort Shield group and four
patients of the control group did not show up for the week 8 visit. Therefore, the per-protocol set (PPS)
comprises 44 patients in the Comfort Shield group and 40 patients in the control group (see Figure 1).

Figure 1. Participant flowchart.

79



J. Clin. Med. 2020, 9, 3536

3.2. Demographic Data

The full analysis set (FAS) of the HYLAN M study comprises 93 patients. Out of these, 84 belonged
to the per-protocol set (PPS), 44 belonged to the Comfort Shield group, and 40 were in the control
group. The study was performed in different climate zones, and patients from different ethnicities
were enrolled. Table 2 provides an overview of the socio-demographic data of the study.

Table 2. Climate zone and socio-demographic characteristics according to the treatment arm–
per-protocol set (PPS) population (n = 84).

Comfort Shield (n = 44) Control (n = 40) Total (n = 84)

climate zone n 44 40 84
Desert 6 (13.6) 7 (17.5) 13 (15.5)
Europe 38 (86.4) 33 (82.5) 71 (84.5)
missing 0 0 0

age (years) n 44 40 84
mean (sd) 57.66 (14.39) 59.45 (12.48) 58.51 (13.46)

median (iqr) 61.5 (50.75, 65.25) 60 (51.5, 69.0) 61 (50.75, 67.00)
min, max 26, 81 27, 84 26, 84
missing 0 0 0

age (years) n 44 40 84
<40 6 (13.6) 2 (5.0) 8 (9.5)

[40–65[ 25 (56.8) 23 (57.5) 48 (57.1)
≥65 13 (29.5) 15 (37.5) 28 (33.3)

missing 0 0 0

sex n (%) n 44 40 84
female 35 (79.5) 34 (85.0) 69 (82.1)
male 9 (20.5) 6 (15.0) 15 (17.9)

missing 0 0 0

ethnicity n (%) n 44 40 84
Arabian 7 (15.9) 8 (20.0) 15 (17.9)

Caucasian 36 (81.8) 31 (77.5) 67 (79.8)
other 1 (2.3) 1 (2.5) 2 (2.4)

missing 0 0 0

Abbreviations: sd = standard deviation; iqr = interquartile range; min =minimum; max =maximum [53].

An overview of the medical history for the PPS set is provided in Appendix E, Table A1.

3.3. Efficacy Results

The results presented below refer to the 84 per-protocol patients in the study (PPS population
in Figure 1).

3.3.1. Corneal Fluorescein Staining

The difference in corneal fluorescein staining (CFS) between baseline and week 8 determined by
the masked reading center RC1 was the primary endpoint of the HYLAN M Study. The test method,
electronic assessment, and calculation are described in Appendix D. Figure 2 and Table 3 describe the
test results for the Comfort Shield group and the control group.

The changes from baseline to week 4 and to week 8 are documented in Table 4.
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Figure 2. Mean (±SD) of corneal fluorescein staining (CFS) (central reading value, transformed into
grade exact value) by group according time—PPS (n = 84). Open circles = Comfort Shield group, filled
squares = control group.

Table 3. CFS: Value at baseline and at each post-baseline visit—PPS (n = 84)—Descriptive analysis,
by group.

Comfort Shield (n = 44) Control (n = 40) Total (n = 84)

value at baseline n 44 40 84
mean (sd) 4.01 (0.55) 4.27 (0.56) 4.13 (0.57)

median (iqr) 3.92 (3.55, 4.37) 4.39 (3.72, 4.67) 4.18 (3.6, 4.6)
min, max 3.0, 5.0 3.12, 5.00 3.0, 5.0
missing 0 0 0

value at week 4 n 41 38
mean (sd) 3.82 (0.84) 3.49 (1.25)

median (iqr) 4 (3.26, 4.46) 3.8 (2.82, 4.36)
min, max 1.35, 5.0 0.0, 5.0
missing 3 2

value at week 8 n 41 38
mean (sd) 3.91 (1.04) 3.62 (1.2)

median (iqr) 4.31 (3.38, 4.68) 3.82 (3.27, 4.43)
min, max 0.0, 5.0 0.0, 5.0
missing 3 2

Table 4. CFS: Value at baseline and change from baseline to each post-baseline visit—PPS
(n = 84)—Descriptive analysis, by group.

Comfort Shield (n = 44) Control (n = 40) Total (n = 84)

baseline n 44 40 84
mean (sd) 4.01 (0.55) 4.27 (0.56) 4.13 (0.57)

median (iqr) 3.92 (3.55, 4.37) 4.39 (3.72, 4.67) 4.18 (3.6, 4.6)
min,max 3.0, 5.0 3.12, 5.00 3.0, 5.0
missing 0 0 0

change from
baseline to week 4 n 41 38

mean (sd) −0.22 (0.76) −0.76 (1.02)
median (iqr) −0.06 (−0.70, 0.28) −0.68 (−1.02, −0.20)

min,max −2.54, 1.13 −4.41, 0.90
missing 3 2

change from
baseline to week 8 n 41 38

mean (sd) −0.13 (1.08) −0.63 (1.05)
median (iqr) −0.07 (−0.57, 0.58) −0.33 (−0.99, 0.10)

min,max −4.73, 1.45 −3.60, 0.84
missing 3 2
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There was no significant (p-value < 0.05) difference between the two groups for the primary
endpoint CFS, as documented in Table 5.

Table 5. CFS: multivariate analysis on change from baseline to week 8—mixed-effects model for
repeated measures—PPS population (n = 84). n used = 79.

Parameter Comparison E(1) CI 95% Low CI 95% High p-Value (2)

Change from baseline
to week 8

Control vs.
Comfort Shield −0.411 −0.865 0.043 0.075

(1) Estimate (E) and associated 95% two-sided confidence interval (CI) of the difference between treatment group
adjusted means: mixed-effects model for repeated measures (MMRM) with the fixed, categorical effects of treatment,
visit, and treatment-by-visit interaction, the random categorical effect of center, as well as the continuous, fixed
covariates of baseline and baseline-by-visit interaction. A positive estimate of the difference between treatment
group adjusted means is in favour of the Comfort Shield, a negative ones in disfavor of the Comfort Shield. (2)

two-sided p-value associated with the test of treatment effect.

3.3.2. Ocular Surface Disease Index

The key secondary endpoint of the HYLAN M study was the difference in ocular surface disease
index (OSDI) between baseline and week 8 assessed by a questionnaire to be filled by the patients
at the beginning of each visit. The Comfort Shield group had experienced at the end of the study
(week 8 visit) significantly more relief from dry eye symptoms than the control group as documented
in Figure 3a and Tables 6–8 (p-value 0.001).

Figure 3. (a) Mean (±SD) OSDI total score; (b) mean (±SD) OSDI pain subscore; (c) mean (±SD) OSDI
vision subscore; (d) mean (±SD) best corrected visual acuity (BCVA). Open circles = Comfort Shield
group, filled squares = control group.

82



J. Clin. Med. 2020, 9, 3536

Table 6. Ocular surface disease index (OSDI): value at baseline and at each post-baseline visit—PPS
(n = 84)—descriptive analysis, by group.

Comfort Shield
(n = 44)

Control (n = 40) Total (n = 84)

value at baseline n 44 40 84
mean (sd) 57.41 (16.5) 61.13 (16.99) 59.18 (16.74)

median (iqr) 54.55 (43.61, 68.75) 61.8 (51.56, 75.00) 57.91 (43.75, 70.45)
min, max 34.09, 91.67 34.09, 95.45 34.09, 95.45
missing 0 0 0

value at week 4 n 44 40
mean (sd) 42.82 (20.34) 55.49 (19.64)

median (iqr) 39.2 (29.79, 56.96) 54.03 (38.07, 68.50)
min, max 7.14, 85.42 22.22, 95.45
missing 0 0

value at week 8 n 44 40
mean (sd) 40.7 (19.18) 56.16 (21.39)

median (iqr) 40.91 (28.13, 52.81) 57.91 (36.11, 75.00)
min, max 0.0, 87.5 9.09, 93.18
missing 0 0

Table 7. OSDI: value at baseline and change from baseline to each post-baseline visit—PPS
(n = 84)—Descriptive analysis, by group.

Comfort Shield
(n = 44)

Control (n = 40) Total (n = 84)

value at baseline n 44 40 84
mean (sd) 57.41 (16.5) 61.13 (16.99) 59.18 (16.74)

median (iqr) 54.55 (43.61, 68.75) 61.8 (51.56, 75.00) 57.91 (43.75, 70.45)
min, max 34.09, 91.67 34.09, 95.45 34.09, 95.45
missing 0 0 0

change from
baseline to week 4 n 44 40

mean (sd) −14.6 (20.71) −5.63 (12.66)

median (iqr) −10.21 (−25.80,
−2.09) −3.98 (−12.5, 0.0)

min, max −70.83, 27.27 −37.92, 25.76
missing 0 0

change from
baseline to week 8 n 44 40

mean (sd) −16.71 (22.25) −4.96 (16.95)

median (iqr) −13.41 (−29.66,
−0.68) −3.82 (−13.02, 6.99)

min, max −84.09, 27.08 −43.06, 40.91
missing 0 0

Table 8. OSDI: Multivariate analysis on change from baseline to week 8—mixed-effects model for
repeated measures—PPS population (n = 84)—n used = 84.

Parameter Comparison E (1) CI 95% Low CI 95% High p-Value (2)

Change from baseline
to week 8

Control vs.
Comfort Shield 13.511 5.586 21.437 0.001

(1) Estimate (E) and associated 95% two-sided confidence interval (CI) of the difference between treatment group
adjusted means: MMRM with the fixed, categorical effects of treatment, visit, and treatment-by-visit interaction,
the random categorical effect of center, as well as the continuous, fixed covariates of baseline and baseline-by-visit
interaction. A positive estimate of the difference between treatment group adjusted means is in favor of the
Comfort Shield, a negative one in disfavor of the Comfort Shield. (2) two-sided p-value associated with the test of
treatment effect.

The subscores for pain and visual stability-related symptoms were calculated and analyzed as
described in the section on statistical analysis. The results are provided in Figure 3b,c and in Tables 9
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and 10. Both subscores OSDIpain and OSDIvision improved significantly in the Comfort Shield group as
compared to the control group (p-values 0.002 and 0.003, respectively).

Table 9. Pain OSDI subscore: multivariate analysis on change from baseline to week 8—mixed-effects
model for repeated measures—PPS population (n = 84)—n used = 84.

Parameter Comparison E (1) 95% CI Low (1) 95% CI High (1) p-Value (2)

Change from baseline
to week 8

Comfort Shield vs.
Control 14.503 5.517 23.49 0.002

(1) Estimate (E) and associated 95% two-sided confidence interval (CI) of the difference between treatment group
adjusted means: MMRM with the fixed, categorical effects of treatment, visit, and treatment-by-visit interaction,
the random categorical effect of center, as well as the continuous, fixed covariates of baseline and baseline-by-visit
interaction. A positive estimate of the difference between treatment group adjusted means is in favour of the
Comfort Shield, a negative one in disfavour of the Comfort Shield. (2) two-sided p-value associated with the test of
treatment effect.

Table 10. Vision OSDI subscore: Multivariate analysis on change from baseline to week 8—mixed-effects
model for repeated measures—PPS population (n = 84)–n used = 84.

Parameter Comparison E(1) 95% CI Low(1) 95% CI High(1) p-Value(2)

Change from baseline
to week 8

Comfort Shield vs.
Control 13.999 5.011 22.986 0.003

(1) Estimate (E) and associated 95% two-sided confidence interval (CI) of the difference between treatment group
adjusted means: MMRM with the fixed, categorical effects of treatment, visit, and treatment-by-visit interaction,
the random categorical effect of center, as well as the continuous, fixed covariates of baseline and baseline-by-visit
interaction. A positive estimate of the difference between treatment group adjusted means is in favour of the
Comfort Shield, a negative one in disfavor of the Comfort Shield. (2) two-sided p-value associated with the test of
treatment effect.

3.3.3. Best Corrected Visual Acuity

The BCVA slightly improved after eight weeks of Comfort Shield treatment as compared to the
control group (p-value 0.033). Details are provided in Figure 3d and Table 11.

Table 11. BCVA: value at baseline and change from baseline to each post-baseline visit—PPS
(n = 84)—descriptive analysis, by treatment arm.

Comfort Shield (n = 44) Control (n = 40) Total (n = 84) p-Value

baseline n 44 40 84
mean (sd) 0.17 (0.35) 0.17 (0.28) 0.17 (0.31)

median (iqr) 0 (0.0, 0.2) 0.1 (0.00, 0.22) 0 (0.0, 0.2)
min, max −0.1, 1.5 −0.2, 1.3 −0.2, 1.5
missing 0 0 0

change from
baseline to

week 4
n 41 39

mean (sd) 0 (0.11) 0.02 (0.11)
median (iqr) 0 (0, 0) 0 (0.00, 0.05)

min, max −0.4, 0.3 −0.2, 0.5
missing 3 1

change from
baseline to

week 8
n 44 40 0.033

mean (sd) −0.02 (0.14) 0.02 (0.1)
median (iqr) 0 (−0.1, 0.0) 0 (0.0, 0.1)

min, max −0.4, 0.6 −0.2, 0.3
missing 0 0
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3.3.4. Other Secondary Endpoints

The secondary endpoints TBUT, Schirmer I, lid wiper epitheliopathy Korb score, Yamaguchi score,
and tear film osmolarity are summarized in Table 12. No significant differences between the Comfort
Shield group and control group were observed (all p-values > 0.05).

Table 12. Values at baseline and change from baseline to week 8 for tear film break-up time (TBUT),
Schirmer I, lid wiper epitheliopathy (LWE) Korb score, Yamaguchi score, and tear osmolarity—PPS
(n = 84).

Comfort Shield Group n = 44 Control Group n = 40 p-Value

Baseline Mean
(SD)

Change at
Week 8 Mean

(SD)

Baseline Mean
(SD)

Change at
Week 8 Mean

(SD)

Change from
Baseline to

Week 8

TBUT (s) n = 44 2.90
(1.87)

n = 42
0.66 (2.32)

n = 40
2.76 (1.44)

n = 40
0.24 (1.47) 0.468

Schirmer I
(mm/5 min)

n = 44 5.19
(5.99)

n = 43
−0.43 (4.72)

n = 40
6.50 (7.52)

n = 40
0.55 (4.61) 0.343

LWE Korb
score

n = 37 1.22
(1.00)

n = 37
−0.19 (0.92)

n = 37
0.91 (0.96)

n = 37
0.12 (0.71) 0.153

Yamaguchi
score

n = 37 5.05
(2.33)

n = 37
−0.14 (2.42)

n = 37
4.14 (2.41)

n = 37
0.19 (1.97) 0.498

tear osmolarity
* (mOsm/L)

n = 40 297.12
(14.47)

n = 37 2.11
(14.54)

n = 37 299.16
(12.11)

n = 35 0.94
(17.59) 0.294

* See Appendix F for details of statistical handling of measurement values below the detection limit of the TearLab
test instrument.

3.3.5. Observation of the Subbasal Nerve Plexus by Confocal Microscopy

Confocal laser scanning microscopy was performed on 16 patients (eight patients each in the
Comfort Shield group and in the control group) at four out of 11 study centers. Images of the subbasal
nerve plexus were taken at baseline and week 8 and assessed at RC2. There was a significant increase
of total nerve fiber length in the Comfort Shield group (51% growth; p-value 0.030), whereas in the
control group, the total subbasal corneal nerve fiber length did not significantly change from baseline
to week 8. Detailed results will be subject to a separate publication.

3.3.6. Dropping Frequency

The patients were instructed to use their lubricant eye drops whenever ocular discomfort occured.
They recorded the dropping daily. The average dropping frequency was not significantly different
in the two treatment arms. By the time of inclusion into the study, the patients reported using 7.6
(minimum: 2; maximum: 36) artificial tear drops or autologous serum eye drops per day in the control
group, and 8.2 (minimum: 3; maximum: 20) in the Comfort Shield Group. During week 8 of the study,
the average dropping frequency was 6.5 (minimum: 1; maximum: 24.6) per day in the control group
and 7.1 (minimum: 2; maximum: 23.8) in the Comfort Shield group.

3.3.7. Influence of Climate on CFS and OSDI

In order to investigate whether or not climate has a significant impact on the study results,
the primary endpoint CFS and the key secondary endpoint OSDI were analyzed separately for the
nine study centers located in Europe and the two study centers in Riyadh in the desert region of Saudi
Arabia. There were no significant differences between these two subgroups. The complete results are
presented in Appendix G, Tables 6–8 and A5.
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3.4. Safety Results

The assessment of safety results refers to the safety set (SS), i.e., all patient that had at least once
received eye drops (n = 121).

The average intraocular pressure in both study arms at baseline and week 8 was 14 mmHg.
All values were between 8 and 23 mmHg. There were no patients suspect of uncontrolled glaucoma or
ocular hypertension.

Of the Comfort Shield group, one patient discontinued the participation in the study after one
week because the dry eye symptoms had worsened. Two patients reported during the week 4 visit
about blurred vision for 10 min after the instillation of Comfort Shield eye drops, but they wanted to
continue to participate in the study. One patient reported during the week 4 visit about persistent
redness but wanted to continue to participate in the study. One patient reported during the week 4
visit about burning sensation, but they wanted to continue to participate in the study. One patient
reported during the week 4 visit an episode of three days of red, painful, itching left eye, but they
wanted to continue to participate in the study.

Of the control group, three patients had experienced not device-related adverse events between
the week 4 and week 8 visits. One patient had nausea for two days, one patient had a mild viral
conjunctivitis, and one patient had to be admitted to the hospital with cervical pain and was treated
for six days with analgesics.

4. Discussion

The population of this study shows the typical predominance of age and female gender in dry eye
disease, as the majority of patients was older than 45 years (90.4%, respectively, 65 years (33.3%) and
most patients were female (82.1%) [54]. There was no significant difference between the verum and the
control group.

The design of clinical trials on dry eye disease needs to consider symptoms, namely ocular
discomfort and visual disturbance, as well as signs, such as tear film instability, damage of the
ocular surface, increased tear osmolarity, and inflammation of the ocular surface [55]. International
regulatory agencies rely on ocular surface staining as a primary endpoint for new drug approvals [56].
The ODISSEY European Consensus Group recommended CFS as the primary sign for severity of
DED [39]. For this reason, the HYLAN M study used CFS as the primary endpoint of the study and
standardized the test method as well as the objective assessment of staining as far as reasonably
possible. Other dry eye signs, such as tear osmolarity, TBUT, Schirmer I, lid wiper epitheliopathy,
and position of the mucocutaneous junction at the lid rim were chosen as secondary endpoints, having
in mind the well-known poor correlation between symptoms and signs in DED. As corneal nerve
damage has in recent years been recognized as an important pathomechanism in severe ocular surface
disease, the assessment of the subbasal nerve plexus using confocal laser scanning microscopy had
been included as an additional optional test in the study design. OSDI was chosen as the key secondary
endpoint for the assessment of dry eye symptoms as it is widely used and easy to interpret.

The HYLAN M study did not find a statistically significant difference between the Comfort Shield
group and the control group at the week 8 visit for the primary endpoint CFS or any of the following
secondary endpoints: TBUT, Schirmer I, lid wiper epitheliopathy, and tear osmolarity. This emphasizes
that in patients with severe dry eyes, a change from the therapy with individualized lubricant eye
drops to HMWHA eye drops does not result in a worsening of dry eye signs.

The primary endpoint of the HYLAM M study, CFS, did not show any significant difference
between the two study arms. The value of CFS as an absolute number to judge the improvement or
deterioration of the corneal surface condition has been questioned. As it is known that the difference in
grading between different investigators may limit the sensitivity of detectable changes in CFS over time,
the CFS test method within the HYLAN M study had been highly standardized, and a reading center
performing electronic assessment of CFS images has been involved (see Appendix D). The well-known,
possibly even physiological variation of CFS between measurements has been supported by the present
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study. Moreover, it is known that CFS is sensitive to effects of quenching and pooling, which may affect
the repeatability and accuracy of measurement. A post hoc analysis of the control group demonstrated
that there is a significant fluctuation in CFS over time even in the best treated patients under stable
optimum treatment (see Appendix H). This variation emphasizes the difficulty of judging the ocular
surface condition from surface staining intensity. Similar fluctuations such as the one experienced for
CFS are known for other dry eye signs [17,52,57–63]. Originally enthusiastically welcomed as a highly
reliable parameter for DED and used as a major decision maker with respect to the severity of DED,
the diagnostic significance of tear osmolarity determined in the lower tear meniscus has recently been
questioned [64]. The average osmolarity of 298 mOsm/L found in the HYLAN M study for patients
suffering from severe DED is not hyperosmotic, as expected for severe DED.

OSDI was the key secondary endpoint of the HYLAN M study. The OSDI questionnaire is one
of the most commonly used tests to assess dry eye symptoms [42]. The OSDI score was assessed at
the baseline visit, after four weeks, and after eight weeks. Whereas, in the control group, the OSDI
score slightly improved in the first four weeks, which was presumably due to better compliance of
the patients with their treatment regimen, but it did not further improve beyond the four-week study
participation. Contrarily, the OSDI score significantly improved under Comfort Shield treatment in
the first four weeks and continued to improve in the second four-week period (see Figure 3a). Such
improvement applies also to the subscore for discomfort and pain, as well as for the subscore for
visual instability (see Figure 3b,c). After eight weeks treatment, the difference between the Comfort
Shield group and the control group were for the total OSDI score 13.5 (p-value 0.001), for the pain
subscore 14.5 (p-value 0.002), and for the vision subscore 14.0 (p-value 0.003). This unexpectedly great
improvement in dry eye symptoms under the treatment with HMWHA eye drops deserves further
investigation. The Asia Dry Eye Society recently concluded that subjective severity (symptoms) could
be used as a marker for therapeutic efficacy in dry eye treatment [9].

The improvement of the symptoms of visual stability in the HYLAN M study was reflected by a
minor but significant improvement of BCVA. Whereas, BCVA determines the best visual acuity within
a certain period of time, functional visual acuity continuously determines visual acuity and, therefore,
better reflects the subjective stability of vision [65–67]. Therefore, in future clinical studies on dry eye
disease, functional visual acuity rather than BCVA might be used as an endpoint.

As an optional test within the HYLAN M study, the subbasal nerve plexus was analyzed in a
subgroup of 16 patients. There was a significant increase of total nerve fiber length in the Comfort Shield
group as compared to the control group after eight weeks of treatment. This observation correlates
well with the significant improvement of pain symptoms. The fact that at the same time there was no
significant change of other dry eye signs suggests that the observed therapeutic effect cannot be attributed
to a physical effect of the eye drops such as hydration or lubrication, but it is likely to result from a
pharmacological effect downregulating ocular inflammation and supporting corneal nerve recovery.

5. Conclusions

In an international multicenter randomized clinical study on patients suffering from severe dry
eye disease, 0.15% high molecular weight hyaluronan (HMWHA) eye drops have been compared
with lubricant eye drops individually selected as optimum therapy. HMWHA eye drops have shown
superior potential to significantly ameliorate symptoms including discomfort and pain, as well as
visual instability without affecting dry eye signs.
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Appendix A. Study Centers, Administrative Structure of the Study, and Author Contributions

Eleven study centers in eight countries with different climate zones and different ethnicities
participated in the HYLAN M Study:

(1) Centre Hospitalier National d’Ophtalmologie—Quinze-Vingts, Paris, France, principle
investigator (PI) Christophe Baudouin

(2) St. Erik Eye Hospital, Stockholm, Sweden, PI Gysbert-Botho van Setten
(3) Department of Ophthalmology, University Medical Center Rostock, Rostock, Germany, PI Ria Beck
(4) Department of Ophthalmology, Medical University Graz, Graz, Austria, PI Jutta Horwath-Winter
(5) Department of Ophthalmology, University Clinic Salzburg, Paracelsus Medical University,

Salzburg, Austria, PI Herbert A. Reitsamer
(6) Department of Ophthalmology, Saarland University Medical Center, Homburg/Saar, Germany,

PI Berthold Seitz
(7) KKESH—King Khaled Eye Specialist Hospital, Riyadh, Saudi Arabia, PI Osama Al-Sheikh
(8) Marmara University Pendik Training and Research Hospital, Marmara University Medical School,

Department of Ophthalmology, Istanbul, Turkey, PI Ebru Toker
(9) Department of Ophthalmology, PSMMC Prince Sultan Military Medical City, MSD Medical

Services Department, MODA Ministry of Defense and Aviation, Riyadh, Saudi Arabia,
PI Sultan Al-Zaaidi

(10) Universidad Complutense de Madrid, Hospital Clinico San Carlos, Departamentos de
Oftalmologia, Madrid, Spain, PI Jose M. Benitez-del-Castillo

(11) Ocular Surface & Dry Eye Center, Ospedale L. Sacco, University of Milan, Milan, Italy,
PI Stefano Barabino

The HYLAN M Study was designed in accordance with the international standard ISO 14155:2012
by the sponsor CORONIS GmbH (Munich, Germany) in close cooperation with the PIs Christophe
Baudouin, Gysbert van Setten, and Jutta Horwath-Winter, the representatives of the reading centers,
Daniel Böhringer for RC1 and Oliver Stachs for RC2, the biostatistician Sébastian Marque (IQVIA,
France), and the randomization center (C2R, Paris, France). CORONIS is operating under a quality
management system including clinical research, which was certified according to the international
standard 13485:2016 and annually supervised by the European notified body mdc medical device
certification GmbH (Stuttgart, Germany).

The representative of the sponsor, Wolfgang G.K. Müller-Lierheim, had overall responsibility as
study director (SD). In obtaining local ethics committee approval, registering the study with national
authorities, and monitoring the study, he was supported by

• IPR—International Pharmaceutical Consultancy, Paris, France
• OPIS, Desio, Italy
• Monitor Medikal Araştırma ve Danışmanlık Tic. Ltd. Şti., Istanbul, Turkey
• KKESH Research Department, Riyadh, Kingdom of Saudi Arabia.

The medical scientific management of the HYLAN M Study was under the overall responsibility
of the coordinating investigator (CI) Gysbert-Botho van Setten, who was supported by Jutta
Horwath-Winter with respect to the lissamine green staining procedure and diagnostic judgement,
and Oliver Stachs regarding confocal microscopy.

The HYLAN M Study used detailed work instructions including the diagnostic procedures
corneal fluorescein staining (see Appendix D), tear film break-up time, lissamine green staining
(including assessment of lid wiper epitheliopathy and mucocutaneous junction), tear film osmolarity
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using the TearLab osmolarity system (TearLab Corporation, San Diego, CA, USA), and taking and
evaluating confocal microscopy images of the subbasal nerve plexus using the Heidelberg Retina
Tomograph HRT in combination with the Rostock Cornea Module RCM (Heidelberg Engineering
GmbH, Heidelberg, Germany).

Paper case report forms (CRF) were used by the study centers throughout the study and were
archived by each study center for a minimum of 10 years beyond the completion of the HYLAN M
study. The contents of the case report forms were anonymously transferred to electronic case report
forms (eCRF) using a web-based system allowing electronic transfer to the HYLAN M study database
hosted at the University Eye Hospital in Freiburg, Germany. For monitoring purposes, the SD had
online access to the HYLAN M database. Printouts of the eCRFs were used to assure the correct and
complete data transfer from the paper CRFs to the eCRFs during regular monitoring visits of the study
centers. At the closure visits of each study center, printouts of all eCRFs were signed by the responsible
PI and provided to the sponsor who scanned and electronically archived the signed eCRFs. After the
closing the last study center and monitoring the reading centers and the host of the study database,
the database was locked on 26 March 2020, and exported for statistical analysis.

The company C2R (Paris, France) under the responsibility of the data managers Pascale Croix and
Mélinda Ezzedine provided the electronic block randomization of patients of the HYLAN M study
in two equally sized study arms A (control group) and B (Comfort Shield group = verum group).
The investigators were kept unaware of block randomization and the block size of four. For the
randomization, the module CSRandomization of the ENNOV CLINICAL® software (version 7.5) was
used. The clinical data management system had been developed and validated to meet all regulatory
requirements of data management and create a non-modifiable audit trail. The study centers had
password-protected secure CS Online internet interface access to the randomization tool. After entering
the patient number, the system automatically created the result of randomization. Then, the study
centers printed the patient number and result of randomization and filed this together with their CRFs
to be controlled during monitoring visits.

The HYLAN M Study used two masked reading centers for the analysis of digital images provided
by the study centers. The cornea reading center located at the Eye Center, University Hospital Freiburg,
Germany, in the text referred to as RC1, analyzed the corneal fluorescein staining (see Appendix D).
Oliver Stachs (Department of Ophthalmology, University Medical Center, Rostock, Germany), in the
text referred to as RC2, analyzed the subbasal nerve fibers in confocal microscopy images, which were
taken as an additional optional diagnostic test at the baseline and week 8 visits of the HYLAN M study
(the results of this subgroup analysis will be published separately).

The statistical analysis plan (SAP) for the HYLAN M Study was developed by IQVIA, Bordeaux,
France in cooperation with the SD. IQVIA performed the statistical analysis by using the software R
version 3.5.3 (The R Foundation for Statistical Computing, Vienna, Austria) after database lock and
provided the statistical analysis report (SAR) of the HYLAN M study. Upon request, the sponsor of the
HYLAN M study will provide a copy of the SAR.

The statistical analysis of the results from the optional assessment of the subbasal nerve plexus by
confocal laser scanning microscopy was performed by RC2.

The manuscript of this report was prepared by Gysbert-Botho van Setten, Jutta Horwath-Winter,
Daniel Böhringer, Oliver Stachs, and Wolfgang G.K. Müller-Lierheim.

Appendix B. Ethics Committee Approval, Compliance with the Declaration of Helsinki,
and Registration of the Study

The HYLAN M study was approved by ethics committees in all eight countries where study
centers were located:

• Austria: Medical University Graz, Ethic Committee, reg. no. 28-458 ex 15/16
• France: Comite de protection des Persones Ile de France V, reg. no. 16138
• Germany: Ärztekammer des Saarlandes, Ethik-Kommission, reg. no. 176/16
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• Italy: Comitato Etico Milano Area 1, protocol no. 47068/2018
• Kingdom of Saudi Arabia: King Khaled Eye Specialist Hospital, Research Department, reference

RSCH/665/5957-16 and Prince Sultan Military Medical City, Research Ethics Committee, reg.
no. HAP-01-R-015

• Spain: CEIC Hospital Clinico San Carlos, reg. no. 18/016-R_P
• Sweden: EPN Regionala etikprövningsnämnden I Stockholm protocol 19 October 2016
• Turkey: Marmara University Hospital, Klinik Arastirmalar Etik Kurulu, form 2013-KAEK-60

All subjects gave their informed consent for inclusion before they participated in the HYLAN M
Study. The study was conducted in accordance with the Declaration of Helsinki.

The HYLAN M study was registered on the database of the European Commission for medical
devices EUDAMED under the registration number CIV-16-06-015964. Moreover, the study was
registered with national competent authorities in Austria, France, Germany, Italy, Sweden, and Turkey.

Appendix C. Investigational Device

The control group of the HYLAN M study continued to use the lubricant eye drops which the
individual participant had been using by the time of inclusion. In the verum group (Comfort Shield
group), the lubricant eye drops which the individual participant had been using by the time of inclusion
were replaced by Comfort Shield® eye drops (i.com medical GmbH, Munich, Germany). Comfort
Shield® eye drops were available to the participants in two dosage forms with identical preservative-free
composition, as Comfort Shield® SD in boxes containing 15 monodoses each, and as Comfort Shield®

MDS in 10 mL bottles. Comfort Shield® contains 0.15% high molecular weight hyaluronan (Hylan A;
intrinsic viscosity 2.9 m3/kg) dissolved in isotonic saline solution with 1.20 mmol/L phosphate buffer.

Comfort Shield® eye drops are approved in Europe as Class IIb medical device and were used
within the HYLAN M study in accordance with the labeling.

Appendix D. Corneal Fluorescein Staining and Electronic Analysis Method

Sterile, preservative-free 0.5% sodium fluorescein solution in 0.4 mL monodose containers
(FLUORESCEINE FAURE 0.5 PER CENT ophthalmic solution in unit dose, SERB SAS, Paris, France)
and Eppendorf Reference 2 pipettes with 10 μL fixed volume (Eppendorf AG, Hamburg, Germany)
were provided by the sponsor to each study center.

Then, 10 μL fluorescein solution was released in the cul-de-sac of the patient’s eye without
touching the ocular surface. The patient blinked five times to evenly distribute the fluorescein on
the ocular surface. After 20 to 120 s, the corneal and conjunctival fluorescein staining was judged
visually at 16×magnification using the slitlamp with “cobalt” blue light illumination and a yellow
barrier filter in the observation beam and graded using the Oxford score [41]. Digital images are taken.
The images are electronically transferred to the reading center RC1 with the file names containing the
patient number, visit, and eye (OD = right eye or OS = left eye).

During the qualification of the study centers, each study center submitted images of corneas with
fluorescein staining together with their visual Oxford grading of staining to ensure and verify that RC1
will correctly assess the staining grade. Then, the settings of slitlamp, illumination, filters, and camera
were fixed and kept constant throughout the HYLAN M study.

RC1 analyzed the staining in two steps. Figure A1a shows a typical image that is uploaded to the
reading center. First, the region of interest comprising the cornea to be analyzed is segmented manually.
In the second step, the CSF-positive lesions are electronically segmented using a threshold-based image
processing algorithm. Figure A1b shows the image after electronic processing. The final readout is the
percentage of total green pixels divided by the total pixels of the cornea area. The parameters for the
automated segmentation were carefully set up for each study center individually as part of the center
certification procedure.
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Figure A1. (a) CFS image as uploaded by the trial sites to the reading center; (b) CFS image after
manually segmenting the cornea and application of a threshold-based segmentation of the CFS-positive
lesions. The final readout is the percentage of total green pixels divided by the total pixels of the
cornea area.

RC1 had empirically found that 2.00% staining correlates well with Oxford grade 3, and therefore,
this was used as the inclusion criteria to be met at least by one eye of the patient. Patients with confluent
staining were excluded because the staining cannot be electronically quantified.

The Oxford grading is based on 0.5 log units difference between grade 1 and grade 5 [41].
Therefore, for the transformation percentage of fluorescein staining into “continuous Oxford grades”,
the following formula was used:

If staining < 0.2%→ Grade = 0
If staining [0.2–20%]→ Grade = 2.398 + 2 × log10(% staining)
If staining > 20%→ Grade = 5.

Appendix E. Medical History

Table A1. Tabular overview of the medical history according to the treatment arm—PPS population
(n = 84).

Comfort Shield (n = 44) Control (n = 40) Total (n = 84)

Rheumatoid disease n (%) n 43 40 83
no 21 (48.8) 20 (50.0) 41 (49.4)
yes 22 (51.2) 20 (50.0) 42 (50.6)

missing 1 0 1

Thyroid disease n (%) n 43 40 83
no 27 (62.8) 33 (82.5) 60 (72.3)
yes 16 (37.2) 7 (17.5) 23 (27.7)

missing 1 0 1

Trachoma n (%) n 43 40 83
no 43 (100.0) 40 (100.0) 83 (100.0)

missing 1 0 1

Other disease n (%) n 43 39 82
no 23 (53.5) 17 (43.6) 40 (48.8)
yes 20 (46.5) 22 (56.4) 42 (51.2)

missing 1 1 2

History betablocker n (%) n 43 40 83
no 33 (76.7) 33 (82.5) 66 (79.5)
yes 10 (23.3) 7 (17.5) 17 (20.5)

missing 1 0 1
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Table A1. Tabular overview of the medical history according to the treatment arm—PPS population
(n = 84).

Comfort Shield (n = 44) Control (n = 40) Total (n = 84)

Antidepressants n (%) n 43 40 83
no 36 (83.7) 34 (85.0) 70 (84.3)
yes 7 (16.3) 6 (15.0) 13 (15.7)

missing 1 0 1

Other drugs n (%) n 42 38 80
no 20 (47.6) 11 (28.9) 31 (38.8)
yes 22 (52.4) 27 (71.1) 49 (61.2)

missing 2 2 4

History contact lenses n (%) n 43 40 83
no 42 (97.7) 40 (100.0) 82 (98.8)
yes 1 (2.3) 0 (0.0) 1 (1.2)

missing 1 0 1

Conjunctival injection n (%) n 43 39 82
no 25 (58.1) 20 (51.3) 45 (54.9)
yes 18 (41.9) 19 (48.7) 37 (45.1)

missing 1 1 2

Inflammation of lid rim n (%) n 43 39 82
no 30 (69.8) 28 (71.8) 58 (70.7)
yes 13 (30.2) 11 (28.2) 24 (29.3)

missing 1 1 2

Six patients of the Comfort Shield group and two patients of the control group had received
autologous serum eye drops by the time of inclusion into the study. In the Comfort Shield group,
the autologous serum therapy was substituted by Comfort Shield eye drops.

Fifteen (34.1%) of 44 patients in the Comfort Shield group and 15 (37.5%) of 40 patients in the
control group received cyclosporine eye drops and continued their application throughout the study.

Twenty-five (56.8%) of 44 patients in the Comfort Shield group and 23 (57.5%) of 40 patients in
the control group were using hyaluronan containing artificial tears by the time of inclusion into the
HYLAN M study.

Appendix F. Tear Osmolarity Test Results

Figure A2. Mean (±SD) of osmolarity by treatment arm according time—PPS (n = 84). Open
circles = Comfort Shield group, filled squares = control group.
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Table A2. Osmolarity: value in mOsm/L at baseline and at week 8—PPS (n = 84)—Descriptive analysis,
by treatment arm.

Comfort Shield
(n = 44)

Control (n = 40) Total (n = 84)

value at baseline n 40 37 77
mean (sd) 297.12 (14.47) 299.16 (12.11) 298.1 (13.34)

median (iqr) 295.5 (287.75,
304.25) 299 (292, 307) 298 (289, 306)

min, max 277, 337 275, 336 275, 337
* <275 mOsm/L 2 2 4

missing 2 1 3

value at week 8 n 40 37
mean (sd) 299.43 (16.99) 299.49 (18.94)

median (iqr) 300 (286, 308) 299 (291, 304)
min, max 275, 353 276, 395

* <275 mOsm/L 1 3
missing 3 0

* values below detection limit (<275 mOsm/L) were not included in the statistical analysis.

Table A3. Osmolarity: Value in mOsm/L at baseline and at week 8—PPS (n = 84)–Descriptive analysis,
by treatment arm.

Comfort Shield
(n = 44)

Control (n = 40) Total (n = 84)

value at baseline n 42 39 81
<275 mOsm/L 2 (4.8) 2 (5.1) 4 (4.9)
≥275 mOsm/L 40 (95.2) 37 (94.9) 77 (95.1)

missing 2 1 3

value at week 8 n 41 40
<275 mOsm/L 1 (2.4) 3 (7.5)

* ≥275 mOsm/L 40 (97.6) 37 (92.5)
missing 3 0

* values below detection limit (<275 mOsm/L) were not included in the statistical analysis.

Figure A3. Mean (±SD) change from baseline to week 8 (week 8–baseline) of osmolarity by group—PPS
(n = 84). Open circle = Comfort Shield group, filled square = control group.
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Table A4. Osmolarity: value in mOsm/L at baseline and change from baseline to week 8–PPS
(n = 84)–Descriptive analysis, by treatment arm.

Comfort Shield
(n = 44)

Control
(n = 40)

Total (n = 84) p-Value

value at
baseline n 40 37 77

mean (sd) 297.12 (14.47) 299.16 (12.11) 298.1 (13.34)

median (iqr) 295.5
(287.75, 304.25)

299
(292, 307)

298
(289, 306)

min, max 277, 337 275, 336 275, 337
* <275 mOsm/L 2 2 4

missing 2 1 3

change from
baseline to

week 8
n 37 35 0.294

mean (sd) 2.11 (14.54) 0.94 (17.59)
median (iqr) 2 (−6, 12) −1 (−7.0, 7.5)

min, max −29, 27 −30, 80
* <275 mOsm/L 1 3

** missing 6 2

* No missing value but at least one value below detection limit (<275 mOsm/L). ** At least one missing value at
baseline or Week 8.

Appendix G. Influence of Climate on CFS and OSDI

The primary endpoint CFS and the key secondary endpoint were separately assessed for two
subgroups: “Europe” (patients from all European study centers, including Istanbul) and “Desert”
(patients from the two study centers in Riyadh, Saudi Arabia). The results are summarized in the
following tables.

Table A5. CFS: value at baseline and at each post-baseline visit—PPS (n = 84)—descriptive analysis
by subgroup.

Comfort Shield Control
Desert (n = 6) Europe (n = 38) Desert (n = 7) Europe (n = 33)

value at
baseline n 6 38 7 33

mean (sd) 3.79 (0.71) 4.04 (0.52) 4.11 (0.61) 4.30 (0.55)
median (iqr) 3.62 (3.37, 4.05) 3.94 (3.59, 4.39) 3.95 (3.60, 4.56) 4.41 (3.80, 4.65)

min, max 3, 5 3, 5 3, 5 3, 5
missing 0 0 0 0

value at week 4 n 5 36 6 32
mean (sd) 3.37 (0.89) 3.89 (0.82) 2.22 (1.53) 3.72 (1.05)

median (iqr) 3.74 (2.81, 4.09) 4.00 (3.43, 4.54) 2.15 (1.41, 3.36) 3.93 (3.25, 4.48)
min, max 2, 4 1, 5 0, 4 0, 5
missing 1 2 1 1

value at week 8 n 6 35 6 32
mean (sd) 3.79 (1.30) 3.94 (0.97) 2.21 (1.91) 3.88 (0.83)

median (iqr) 4.20 (2.60, 4.84) 4.31 (3.38, 4.68) 2.56 (0.58, 3.22) 3.99 (3.37, 4.45)
min, max 2, 5 0, 5 0, 5 2, 5
missing 0 3 1 1
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Table A6. CFS: value at baseline and change from baseline to each post-baseline visit—PPS
(n = 84)—descriptive analysis by subgroup.

Comfort Shield Control
Desert (n = 6) Europe (n = 38) Desert (n = 7) Europe (n = 33)

baseline n 6 38 7 33
mean (sd) 3.79 (0.71) 4.04 (0.52) 4.11 (0.61) 4.30 (0.55)

median (iqr) 3.62 (3.37, 4.05) 3.94 (3.59, 4.39) 3.95 (3.60, 4.56) 4.41 (3.80, 4.65)
min, max 3, 5 3, 5 3, 5 3, 5
missing 0 0 0 0

change from
baseline to

week 4
n 5 36 6 32

mean (sd) −0.43 (0.59) −0.18 (0.78) −1.74 (1.16) −0.57 (0.90)

median (iqr) −0.70 (−0.91,
−0.06)

−0.03 (−0.52,
0.31)

−1.51 (−2.29,
−0.82)

−0.35 (−0.92,
−0.14)

min, max −1, 0 −3, 1 −4, −1 −4, 1
missing 1 2 1 1

change from
baseline to

week 8
n 6 35 6 32

mean (sd) 0.00 (0.98) −0.14 (1.06) −1.79 (1.48) −0.42 (0.82)

median (iqr) −0.02 (−0.62,
0.64)

−0.07 (−0.56,
0.56)

−1.33 (−3.11,
−0.75)

−0.23 (−0.64,
0.12)

min, max −1, 1 −4, 1 −4, 0 −3, 1
missing 0 3 1 1

Table A7. OSDI: value at baseline and at each post-baseline visit—PPS (n = 84)—descriptive analysis
by subgroup.

Comfort Shield Control
Desert (n = 6) Europe (n = 38) Desert (n = 7) Europe (n = 33)

baseline n 6 38 7 33
mean (sd) 62.34 (18.55) 56.63 (16.29) 62.98 (20.34) 60.73 (16.53)

median (iqr) 63.63
(51.14, 76.14)

54.36
(43.32, 68.44)

70.45
(46.93, 77.71)

61.11
(52.08, 75.00)

min, max 35, 84 34, 92 36, 85 34, 95
missing 0 0 0 0

value at week 4 n 6 38 7 33
mean (sd) 36.89 (31.71) 43.75 (18.39) 49.74 (15.73) 56.71 (20.37)

median (iqr) 20.45
(19.18, 61.36)

40.91
(32.71, 55.31)

43.18
(36.82, 64.02)

55.56
(41.67, 69.44)

min, max 7, 80 9, 85 33, 70 22, 95
missing 0 0 0 0

value at week 8 n 6 38 7 33
mean (sd) 26.45 (20.34) 42.95 (18.26) 65.85 (12.65) 54.11 (22.42)

median (iqr) 32.95
(9.38, 40.91)

41.67
(29.27, 55.94)

65.91
(58.62, 74.75)

52.08
(35.42, 75.00)

min, max 0, 48 15, 88 46, 82 9, 93
missing 0 0 0 0
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Table A8. OSDI: Value at baseline and change from baseline to each post-baseline visit—PPS
(n = 84)—descriptive analysis by subgroup.

Comfort Shield Control
Desert (n = 6) Europe (n = 38) Desert (n = 7) Europe (n = 33)

baseline n 6 38 7 33
mean (sd) 62.34 (18.55) 56.63 (16.29) 62.98 (20.34) 60.73 (16.53)

median (iqr) 63.63
(51.14, 76.14)

54.36
(43.32, 68.44)

70.45
(46.93, 77.71)

61.11
(52.08, 75.00)

min, max 35, 84 34, 92 36, 85 34, 95
missing 0 0 0 0

change from
baseline to

week 4
n 6 38 7 33

mean (sd) −25.45 (33.48) −12.88 (18.03) −13.24 (12.94) −4.02 (12.19)

median (iqr) −34.59
(−45.60, −7.07)

−9.66
(−19.69, −2.61)

−12.50
(−16.32, −5.93)

−2.50
(−8.61, 0.00)

min, max −64, 27 −71, 17 −38, 2 −31, 26
missing 0 0 0 0

change from
baseline to

week 8
n 6 38 7 33

mean (sd) −35.89 (27.94) −13.68 (20.02) 2.88 (18.26) −6.63 (16.47)

median (iqr) −34.95
(−40.34, −23.15)

−12.50
(−20.98, −0.23)

−2.50
(−7.41, 4.52)

−3.86
(−18.75, 6.82)

min, max −84, 0 −69, 27 −12, 41 −43, 15
missing 0 0 0 0

Appendix H. Fluctuation of Corneal Fluorescein Staining in the Control Group

The HYLAN M study included patients with severe dry eye, whose optimum therapy had not
changed within the two months (in the case of concomitant cyclosporine therapy, three months) prior
to inclusion. Therefore, it was assumed that the corneal fluorescein staining in the control group,
where the therapy remained unchanged, will remain fairly constant over the eight-week study period.
To prove this assumption, we post hoc analyzed the changes in corneal fluorescein staining of the study
eyes of the control group from the baseline to the week 4 visit and from the week 4 to the week 8 visit.
We found that from the baseline visit to the week 4 visit, the CFS Oxford grade improved on average
by 0.69 with a standard deviation of 1.05, and from the week 4 visit to the week 8 visit, it worsened on
the average by 0.23 with a standard deviation of 1.12. An improvement from the baseline to the week 4
visit might be attributable to the fact that the patients participated in a study with controlled dropping
frequency and, therefore, adhered more strictly to the prescribed therapy. However, this argument
should not apply to the differences observed between the week 8 visit and the week 4 visit.

We interpret our findings in the sense that CFS as an endpoint is subject to significant fluctuation
in patients suffering from severe dry eye disease.
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Abstract: The purpose of this study was to investigate the effect of high molecular weight hyaluronan
(HMWHA) eye drops on subbasal corneal nerves in patients suffering from severe dry eye disease
(DED) and to evaluate the damage of subbasal corneal nerves associated with severe DED. Designed
as an international, multicenter study, 16 patients with symptoms of at least an Ocular Surface
Disease Index (OSDI) score of 33, and corneal fluorescein staining (CFS) of at least Oxford grade
3, were included and randomized into two study arms. The control group continued to use their
individual optimum artificial tears over the study period of eight weeks; in the verum group,
the artificial tears were substituted by eye drops containing 0.15% HMWHA. At the baseline visit,
and after eight weeks, the subbasal nerve plexus of 16 patients were assessed by confocal laser
scanning microscopy (CSLM). The images were submitted to a masked reading center for evaluation.
Results showed a significant increase of total nerve fiber lengths (CNFL) in the HMWHA group
(p = 0.030) when compared to the control group, where the total subbasal CNFL did not significantly
change from baseline to week 8. We concluded that in severe DED patients, HMWHA from topically
applied eye drops could cross the epithelial barrier and reach the subbasal nerve plexus, where it
exercised a trophic effect.

Keywords: dry eye disease; severe keratitis; diabetes; neuropathic keratopathy; neuropathy; nerve
growth; neurotrophic

1. Introduction

Millions of people worldwide are affected by dry eye disease (DED), a heterogeneous, complex
disorder of the ocular surface [1]. Within the current concept of a staged treatment, lubricating,
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hydrating teardrops are the standard long-term therapy for DED [2]. Hyaluronan (HA) eye drops,
aiming to increase tear viscosity and enhancing lubrication, are one of the options favored, particularly
in Europe and Asia [2]. The combination of concentration and chain length of the HA molecules
contained in these eye drops determines their viscoelastic and mucoadhesive properties, resulting in
more or less entanglement and rheological synergism with the mucins dissolved in the muco-aqueous
layer of the tear film. These physical properties of HA eye drops contribute to minimizing the
friction between the moving eyelid and the surface of the eyeball during blinking, thus reducing
known stimuli of ocular surface inflammation [3]. High molecular weight hyaluronan (HMWHA)
has an anti-inflammatory effect, whereas low molecular weight hyaluronan (LMWHA) promotes
inflammation [4,5]. A recent study confirmed in an environmental dry eye stress model in mice that
HMWHA eye drops protect the ocular surface from mechanical damage and inflammation better than
LMWHA [6]. Future clinical investigations of HMWHA eye drops in humans suffering from chronic
ocular surface inflammation should, therefore, include inflammation markers.

The current treatment for severe DED is mainly based on the model of the self-maintaining
circle of chronic inflammation [7–10]. The underlying pathomechanism of severe dry eye disease
focuses on inflammation in various situations such as in autoimmune diseases, as well as damage
of corneal nerves, for example, in diabetes mellitus or aging [11]. The cornea is by far the most
densely innervated tissue of the human body [12]. Nerves provide important trophic support to the
corneal epithelium and contribute to ocular surface homeostasis [12–16]. Activated corneal nerves
release neuropeptides that contribute to neurogenic inflammation [17–19]. Denervation eliminates the
neurotrophic support causing neuroparalytic keratitis and breakdown of the corneal epithelium [17,20].
On the other hand, trophic interactions are essential for neuronal survival [21–23]. Moreover, there is
cross-talk between glia, the extracellular matrix, and neurons [24]. Attrition within the ocular epithelia
has been recognized as a lubrication deficit induced factor, enhancing inflammation [25]. Due to these
complex interactions, severe DED is regularly associated with compromised corneal nerves [26–30].
This, in turn, results in dysregulation of tear production and blink reflex [31]. Corneal innervation
disorders as a primary pathogenic mechanism are due to the absence of ocular pain only diagnosed
in a late-stage, although they are often accompanied by keratopathy and delayed epithelial wound
healing, sometimes leading to corneal ulcerations and vision loss [32–34]. There is a lack of treatments
targeting nerve regeneration [34,35].

Patients suffering from neuropathic ocular pain tend to respond poorly to the treatment with
lubricant eye drops [36,37]. Experimental evidence suggests that HMWHA, but not LMWHA,
can suppress pain in nociceptive afferent nerves [38–40], but it is not yet proven whether or not
topically applied HMWHA can reduce ocular pain. Moreover, the possible role of hyaluronan in the
proliferation of nerve cells has raised attention [24,41,42]. Therefore, we decided to study the potential
influence of HMWHA on the corneal nerves within the HYLAN M study. The main intention of
the HYLAN M study was to investigate if symptoms and/or signs of patients suffering from severe
DED could be improved by substituting the best treatment lubricant eye drops with HMWHA eye
drops. In vivo confocal microscopy (IVCM), in particular, when performed as confocal laser scanning
microscopy (CSLM), is the gold standard in assessing the subbasal corneal nerve plexus [43–46]. Within
the HYLAN M study, CSLM images were taken at baseline and after eight weeks of treatment and
were sent to a masked reading center for evaluation.

2. Experimental Section

2.1. Study Design

The HYLAN M study, a multicenter prospective randomized, open-label study, was performed in
11 centers in eight countries. Details have been published elsewhere [47]. The study adhered to the
Declaration of Helsinki, was approved by ethics committees of all countries involved, and registered
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on the database of the European Database for Medical Devices (EUDAMED) under the registration
number CIV-16-06-015964.

Patients suffering from severe DED were randomized into two parallel arms. The control group
continued with their currently-used therapy by the time of inclusion. In the verum group (Comfort
Shield group), the individual lubricant eye drops used by each patient by the time of inclusion
were replaced by eye drops containing 0.15% HMWHA (Comfort Shield® eye drops, i.com medical
GmbH, Munich, Germany). Concomitant treatment for dry eye, like cyclosporine eye drops, remained
unchanged in both arms.

Demographic data and medical history were recorded during the baseline visits. Symptoms and
signs associated with DED were assessed at the baseline visit, at week 4, and week 8 follow-up visits,
respectively (see Table 1).

Table 1. Diagnostic testing schedule with optional tests in round brackets.

Test Baseline Week 4 Week 8

OSDI X X X
Dropping frequency X X X

BCVA X X X
CFS X X X

TBUT X X X
Schirmer 1 X X

Tear osmolarity X X
IOP X X

LWE, Korb score [48] (X) (X)
Yamaguchi score [49] (X) (X)
Confocal microscopy (X) (X)

Abbreviations: Ocular Surface Disease Index (OSDI), best corrected visual acuity (BCVA), corneal fluorescein
staining (CFS), tear film break-up time (TBUT), intraocular pressure (IOP), and lid wiper epitheliopathy (LWE).

The study centers were suggested to optionally take CSLM images at the baseline and week
eight visits and provide them to a masked reading center for assessment. Four out of 11 study
centers participated in this optional test. These four study centers provided CSLM images of all
their per-protocol patients; thus, the electronic randomization used throughout the HYLAN M study
also applied to the optional confocal microscopy study. The results of the assessment of the CSLM
images of these four study centers are the subject of this report. The results of the other diagnostic
tests performed, such as the Ocular Surface Disease Index (OSDI), dropping frequency, best corrected
visual acuity (BCVA), corneal fluorescein staining (CFS), tear film break-up time (TBUT), Schirmer 1,
tear osmolarity, intraocular pressure (IOP), lid wiper epitheliopathy (LWE), and Yamaguchi score of all
84 per-protocol patients included in the HYLAN M study have been previously reported [47].

2.2. Participants

Patients over 18 years suffering from DED of any underlying etiology were eligible for inclusion.
The patients had to be under stable, unchanged, dry eye therapy for at least two months (in case of
concomitant cyclosporine therapy, three months) by the time of inclusion. Patients were excluded if they
participated in any other clinical trial, suffered from eye diseases other than dry eyes, had ocular surgery
less than three months prior to study inclusion, were using punctual plugs, or had masquerading
conditions as identified by Karpecki [50]. Masquerading conditions are conjunctivochalasis, recurrent
corneal erosions, epithelial basement membrane dystrophy, mucus fishing syndrome, floppy eyelid
syndrome, giant papillary conjunctivitis, Salzmann’s nodular degeneration, and ocular rosacea.

As inclusion criteria for severe dry eye, the primary criteria, according to Baudouin et al.,
were chosen [51]. The dry eye symptoms were assessed using the Ocular Surface Disease Index (OSDI)
questionnaire, with an OSDI score of 33 or more being required for inclusion [52]. Corneal fluorescein
staining (CFS) was selected as a dry eye sign [53]. For inclusion, patients had to have at least one eye
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with CFS Oxford grade 3 or more, but no confluent CFS. The eyes with the higher staining score were
defined as study eyes.

2.3. Confocal Scanning Laser Microscopy

The Heidelberg Retina Tomograph (HRT 3), in combination with the Rostock Cornea Module
(Heidelberg Engineering GmbH, Heidelberg, Germany), was used for the in vivo assessment of the
corneal subbasal nerve plexus (SNP), as described previously [54,55]. Both eyes were anesthetized
with topical anesthetic and covered with artificial tears. To prevent eye movements, the patients were
asked to fixate on a spotlight with the unexamined eye.

Five non-overlapping images were taken in the central region of the cornea, close to the apex
and more than 0.5 mm apart from the inferior whorl (see Figure 1A for an example of an image and
Figure 1B after image processing by the reading center).

Figure 1. Single image from the subbasal nerve plexus (SNP) in an individual (A) and automatically
detected nerve fibers used for quantification (B).

Image processing and quantitative image analysis were performed by the reading center using
Mathematica (Version 11.3, Wolfram Research Inc., Champaign, IL, USA), as previously described [56].
The following SNP parameters were calculated: corneal nerve fiber length (CNFL), defined as the
total length of all nerve fibers per unit area (mm/mm2); corneal nerve fiber density (CNFD), defined
as the number of nerve fibers per unit area (n/mm2); corneal nerve branch density (CNBD), defined
as the number of branching points per unit area (n/mm2); average weighted corneal nerve fiber
tortuosity (CNFTo), reflected variability of nerve fiber directions and defined as absolute nerve fiber
curvature/nerve fiber length (μm−1); corneal nerve connection points (CNCP), defined as the number of
nerve fibers crossing the area boundary (connections/mm2); average corneal nerve single-fiber length
(CNSFL), defined as the average length of nerve fibers (μm); and average weighted corneal nerve fiber
thickness (CNFTh), measured as mean thickness perpendicular to the nerve fiber course (μm).

2.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics (Version 22, IBM Corp., Armonk,
New York, NY, USA). Descriptive statistics were calculated, and box plots were generated. Data were
examined for normal distribution using the Shapiro–Wilk test. Group comparisons were performed
using the Wilcoxon Signed Rank Test and the Mann–Whitney U test, respectively. The significance
level was determined to be p < 0.05.

3. Results

3.1. Participant Demography

Table 2 contains the socio-demographic characteristics of the patients with the CSLM assessment
of the SNP.
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Table 2. Socio-demographic characteristics according to the treatment arm (n = 16).

Comfort Shield
n = 8

Control
n = 8

Age (years) n 8 8
mean (SD) 59.5 (9.2) 61.6 (18.4)
min, max 36, 77 47, 73

Sex n (%) n 8 8
female 6 (75) 6 (75)
male 2 (25) 2 (25)

Medical History n 8 8
Sjögren syndrome 2 3

rheumatoid disease 3 2
rheumatoid + thyroid disease 1

thyroid disease 1
Graves disease + betablocker 1

diabetes mellitus + betablocker 1
no dry eye related disease 1 1

3.2. Confocal Microscopy Results

Five CSLM images of eight patients of the control group and eight patients of the Comfort
Shield group taken at the end of the baseline visit and at the end of the week 8 visit were analyzed
(see examples in Figure 2).

Figure 2. Typical SNP images of subjects from the control and study group, as well as a schematic
representation of detected nerve fibers used for characterization of the SNP at baseline and after 8 weeks
of treatment.

We found a statistically significant difference in CNFL between baseline and the eight weeks
follow-up visit; the Comfort Shield group showed a significant difference in CNFL (p = 0.030) contrary
to the control group (p = 0.294). CNFL was comparable for Comfort Shield and control at baseline
(p = 0.793) and showed a significant difference after eight weeks (p = 0.031). Possibly due to the small
number of patients, we did not find significant differences for the other SNP parameters (CNFD, CNBD,
CNFTo, CNCP, CNSFL, CNFTh). Moreover, patients suffering from severe dry eye generally do
not have a well-developed SNP, and there was a lot of foreign tissue in the vicinity of the SNP that
complicated the image analysis. Figure 3 summarized the CNFL findings of the Comfort Shield group
and the control group at baseline and eight weeks visit.
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Figure 3. CNFL of the Comfort Shield group and the control group at baseline and eight weeks.

4. Discussion

Due to the heterogeneous, multicausal nature of DED, particularly in patients suffering from
severe, chronic DED, a personalized clinical management resulting in an individualized optimum
therapy is required [57]. Only patients under stable therapy had been included in the HYLAN M
study, and their optimum individual therapy served as a control in comparison to patients in which
0.15% HMWHA eye drops were tested. The assessment of the subbasal corneal nerve plexus was
an optional test in addition to the standard diagnostic test battery of the study. Four out of 11 study
centers provided CSLM images from 16 per-protocol patients, eight each in the Comfort Shield group
and in the control group. The SNP is usually not well structured in severe dry eye disease [58]. Due to
the small number of patients, only the results of CNFL showed a significant difference between the
two study arms. This is in accordance with other studies reporting that CNFL is the most reproducible
parameter in the evaluation of IVCM images of the subbasal nerve plexus [28,59–65].

Until recently, HA eye drops had been applied as a lubricating, hydrating, and mechanically
buffering tear substitute [66]. It was known that the apical surface of the superficial epithelial cells
of the cornea and conjunctiva have HA receptors (CD44 and HARE), which can bind HA and thus
support the antiadhesive properties of the glycocalyx [67–71]. HMWHA, but not LMWHA, can also
adhere to the membrane-bound mucins of the glycocalyx, thus strengthening the cellular barrier of the
ocular surface [72]. HA is an essential part of the extracellular matrix (ECM) and plays an important
molecular weight dependent role in wound healing and immunoregulation [4,73–78]. Disturbed
immunoregulation involving chronic inflammation, which triggers a vicious circle, is currently
considered the characteristics of severe DED [10]. HMWHA enables cross-bridging between the HA
receptors of adjacent cells and can thus contribute to the mechanical stabilization of the wing cell
layers of the corneal epithelium [79–81]. Reactive oxygen species (ROS) formed during inflammatory
processes effectively cleave HMWHA, which in turn enhances the inflammatory process and weakens
the cross-bridging function of HA between epithelial cells [82]. So far, it had been unknown whether
HMWHA from topically applied eye drops can, in a situation of chronic ocular inflammation, pass the
ocular surface barrier to recover the homeostatic HA weight distribution in the extracellular matrix.
The first evidence came from an animal experiment where 0.15% HMWHA eye drops were compared
with 0.1% and 0.3% LMWHA eye drops with respect to their ability to prevent and treat DED caused
by environmental stress [6]. The 0.15% HMWHA eye drops proved superiority with respect to the
prevention and treatment of inflammation and stabilization of aqueous tear secretion and mucin
production [6].

The HYLAN M study indicated that topically applied HMWHA could pass the intercellular
barrier of the corneal epithelium. By changing the extracellular matrix in the proximity of the subbasal
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nerve plexus, this could result in trophic effects reflected in the significant regeneration of compromised
nerves. This also provided evidence that HMWHA becomes available in the ECM in all cell layers
of the corneal epithelium and thus can contribute to regaining ocular surface homeostasis in eyes
with chronic inflammation. Further methods detecting specific anti-inflammatory and neurotrophic
factors such as nerve growth factor (NGF) in the tear film or in the ocular surface will provide valuable
additional information in future clinical studies. On the other hand, the study showed that within
eight weeks of treatment, simultaneously with nerve growth, the symptoms of patients with severe
DED improved significantly. According to the results of the HYLAN M study, in combination with the
animal study [6], we may conclude that 0.15% HMWHA eye drops grant a holistic approach in the
treatment of DED, simultaneously addressing the various and complex interacting pathomechanisms
of the disease: lubrication, hydration, stabilization of glycocalyx and barrier function, downregulation
of inflammation, trophic support to corneal nerves, increasing goblet cell counts and expression of
MUC5AC [83], support of aqueous tear production, and reduction of pain.

It needs to be emphasized that the effect of HMWHA on nerve regeneration has only been
investigated in a very small number of eyes. Hence, conclusions on significance in numbers cannot
be given. Nevertheless, the high incidence of nerve regeneration during treatment with HMWHA
was clearly different from the unchanged situation in the control group. Future studies with a higher
number of eyes and a primary focus on nerve regeneration will provide further details.

As the HYLAN M study included dry eye patients with any disease etiology, it seems likely
that patients with corneal nerve injury or degeneration as an underlying cause for ocular surface
disease or neurotrophic keratopathy would benefit from treatment with HMWHA eye drops [11,84].
The causes may include acute nerve injury like in ocular surgery, refractive surgery, corneal cross-linking,
chemical burns, or ocular trauma [85,86]. Similarly, HMWHA eye drops may also be effective in
promoting neuroregeneration in progressing peripheral neuropathies associated with ocular infections,
keratoconus, small-fiber neuropathy, diabetes mellitus, or simply aging [87–90].

The progressive loss of corneal sensory innervation of any etiology may result in neurotrophic
keratopathy (NK) [15,16,35,91–94]. NK is characterized by corneal anesthesia and is a condition that is
very difficult to treat, especially as for the required regeneration of trigeminal terminal nerve fibers,
no such treatment is currently available [35,93,95]. Medical management with lubricating eye drops,
anti-inflammatory agents, and anti-proteases provide unspecific temporary relief in NK but do not
prevent disease progression [93,96]. Whereas some degree of inflammation promotes nerve regeneration,
excessive inflammation may lead to a loss of corneal innervation and subsequent development of
NK [15]. As corneal nerve regeneration and inflammation are intertwined, the therapeutic strategy
must consider the interaction of both pathways [15]. HMWHA eye drops seem to offer a promising
treatment option in this situation.

According to the International Diabetes Federation (IDF), more than 400 million people worldwide
suffer from diabetes mellitus (DM). DM is associated with a progressive loss of peripheral nerves.
Corneal nerve damage may serve as an early indicator in DM [63,97–99]. The prevalence of corneal
neuropathy in diabetic patients is approximately 50% [32,100–103]. However, corneal neuropathy, as a
manifestation of DM, is underrated due to the absence of ocular discomfort and pain [33,98,103,104].
Persistent corneal epithelial erosions, superficial punctate keratopathy, delayed epithelial regeneration,
and decreased sensitivity are associated with diabetic keratopathy [32,34,105,106]. Diabetic keratopathy
is a significant clinical problem and a progressing disease, and currently, no effective treatment is
available [34]. IVCM has proven to be a valuable and reliable diagnostic tool to assess nerve fiber
damage and assess improvement of risk factors for diabetic neuropathy, thus allowing visualizing
treatment success [59,107,108]. Having shown that 0.15% HMWHA eye drops support corneal nerve
regeneration allows the assumption that these eye drops will also prove as an effective preventive
therapy against the progression of diabetic keratopathy. This may contribute to lower the enormous
global economic burden of DM [109]. The results reported here were obtained from a small number of
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patients. This report is, therefore, intended to encourage further clinical research rather than to provide
comprehensive answers or interpretation.

5. Conclusions

This is the first evidence that topically applied HMWHA eye drops induced a significant
neurotrophic effect on the subbasal nerve plexus in humans. When applied after any kind of ocular
surgery, HMWHA eye drops may serve to support the recovery of damaged nerves. Moreover,
HMWHA eye drops offered a new therapeutic option in preventing and treating ocular surface
disease, in particular diseases associated with nerve damage like diabetic keratopathy and all forms
of neuropathic keratopathy. Future research will focus on the question if patients with diabetic
keratopathy and other forms of neuropathic keratopathy could benefit from HMWHA eye drops.
HMWHA eye drops provide a holistic approach while simultaneously addressing different interacting
pathomechanisms of DED.

Author Contributions: B.D., S.A.T., B.S., and H.R. were the investigators taking IVCM images of their patients
within the HYLAN M study; R.F.G. provided advice during the design of the HYLAN M study investigation plan
and in the interpretation of the results of IVCM; O.S. provided the precise work instruction for IVCM and served
as masked reading center for the IVCM images; K.W. performed the digital assessment of the images; G.-B.v.S.
served as the coordinating investigator of the HYLAN M study; W.G.K.M.-L. had an overall responsibility for the
HYLAN M study design, organization, regulatory compliance, monitoring, and study report; O.S., K.W., G.-B.v.S.,
J.H.-W., and W.G.K.M.-L. prepared the manuscript of this publication. All authors have read and agreed to the
published version of the manuscript.

Funding: The HYLAN M study received unrestricted funding from i.com medical GmbH, Munich, Germany.

Conflicts of Interest: The study director Wolfgang G.K. Müller-Lierheim is also the CEO of the company i.com
medical GmbH, Munich, Germany. The remaining authors declare no conflict of interest.

References

1. Stapleton, F.; Alves, M.; Bunya, V.Y.; Jalbert, I.; Lekhanont, K.; Malet, F.; Na, K.S.; Schaumberg, D.; Uchino, M.;
Vehof, J.; et al. TFOS DEWS II Epidemiology Report. Ocul. Surf. 2017, 15, 334–365. [CrossRef]

2. Jones, L.; Downie, L.E.; Korb, D.; Benitez-Del-Castillo, J.M.; Dana, R.; Deng, S.X.; Dong, P.N.; Geerling, G.;
Hida, R.Y.; Liu, Y.; et al. TFOS DEWS II Management and Therapy Report. Ocul. Surf. 2017, 15, 575–628.
[CrossRef] [PubMed]

3. Müller-Lierheim, W.G.K. Why Chain Length of Hyaluronan in Eye Drops Matters. Diagnostics 2020, 10, 511.
[CrossRef] [PubMed]

4. Jiang, D.; Liang, J.; Noble, P.W. Hyaluronan as an immune regulator in human diseases. Physiol. Rev. 2011,
91, 221–264. [CrossRef] [PubMed]

5. Tavianatou, A.G.; Caon, I.; Franchi, M.; Piperigkou, Z.; Galesso, D.; Karamanos, N.K. Hyaluronan: Molecular
size-dependent signaling and biological functions in inflammation and cancer. FEBS J. 2019, 286, 2883–2908.
[CrossRef] [PubMed]

6. Kojima, T.; Nagata, T.; Kudo, H.; Müller-Lierheim, W.G.K.; van Setten, G.-B.; Dogru, M.; Tsubota, K.
The Effects of High Molecular Weight Hyaluronic Acid Eye Drop Application in Environmental Dry Eye
Stress Mice. Int. J. Mol. Sci. 2020, 21, 3516. [CrossRef] [PubMed]

7. Stern, M.E.; Pflugfelder, S.C. Inflammation in dry eye. Ocul. Surf. 2004, 2, 124–130. [CrossRef]
8. Baudouin, C. A new approach for better comprehension of diseases of the ocular surface. J. Fr. Ophtalmol.

2007, 30, 239–246. [CrossRef]
9. Bron, A.J.; de Paiva, C.S.; Chauhan, S.K.; Bonini, S.; Gabison, E.E.; Jain, S.; Knop, E.; Markoulli, M.; Ogawa, Y.;

Perez, V.; et al. TFOS DEWS II pathophysiology report. Ocul. Surf. 2017, 15, 438–510. [CrossRef]
10. Baudouin, C.; Irkec, M.; Messmer, E.M.; Benitez-Del-Castillo, J.M.; Bonini, S.; Figueiredo, F.C.; Geerling, G.;

Labetoulle, M.; Lemp, M.; Rolando, M.; et al. Clinical impact of inflammation in dry eye disease: Proceedings
of the ODISSEY group meeting. Acta Ophthalmol. 2018, 96, 111–119. [CrossRef]

11. Belmonte, C. Pain, Dryness, and Itch Sensations in Eye Surface Disorders Are Defined By a Balance Between
Inflammation and Sensory Nerve Injury. Cornea 2019, 38 (Suppl. 1), S11–S24. [CrossRef] [PubMed]

108



J. Clin. Med. 2020, 9, 3799

12. Muller, L.J.; Marfurt, C.F.; Kruse, F.; Tervo, T.M. Corneal nerves: Structure, contents and function. Exp. Eye Res.
2003, 76, 521–542. [CrossRef]

13. Garcia-Hirschfeld, J.; Lopez-Briones, L.G.; Belmonte, C. Neurotrophic influences on corneal epithelial cells.
Exp. Eye Res. 1994, 59, 597–605. [CrossRef] [PubMed]

14. Korsching, S. The neurotrophic factor concept: A reexamination. J. Neurosci. 1993, 13, 2739–2748. [CrossRef]
15. Shaheen, B.S.; Bakir, M.; Jain, S. Corneal nerves in health and disease. Surv. Ophthalmol. 2014, 59, 263–285.

[CrossRef]
16. Al-Aqaba, M.A.; Dhillon, V.K.; Mohammed, I.; Said, D.G.; Dua, H.S. Corneal nerves in health and disease.

Prog. Retin. Eye Res. 2019, 73, 100762. [CrossRef]
17. Belmonte, C.; Acosta, M.C.; Gallar, J. Neural basis of sensation in intact and injured corneas. Exp. Eye Res.

2004, 78, 513–525. [CrossRef]
18. Ordovas-Montanes, J.; Rakoff-Nahoum, S.; Huang, S.; Riol-Blanco, L.; Barreiro, O.; von Andrian, U.H. The

Regulation of Immunological Processes by Peripheral Neurons in Homeostasis and Disease. Trends Immunol.
2015, 36, 578–604. [CrossRef]

19. Dastjerdi, M.H.; Dana, R. Corneal nerve alterations in dry eye-associated ocular surface disease.
Int. Ophthalmol. Clin. 2009, 49, 11–20. [CrossRef]

20. Ueno, H.; Ferrari, G.; Hattori, T.; Saban, D.R.; Katikireddy, K.R.; Chauhan, S.K.; Dana, R. Dependence of
corneal stem/progenitor cells on ocular surface innervation. Investig. Ophthalmol. Vis. Sci. 2012, 53, 867–872.
[CrossRef]

21. Purves, D. The trophic theory of neural concentrations. Trends Neurosci. 1986, 9, 486–489. [CrossRef]
22. Di, G.; Qi, X.; Zhao, X.; Zhang, S.; Danielson, P.; Zhou, Q. Corneal Epithelium-Derived Neurotrophic Factors

Promote Nerve Regeneration. Investig. Ophthalmol. Vis. Sci. 2017, 58, 4695–4702. [CrossRef] [PubMed]
23. Sacchetti, M.; Lambiase, A. Neurotrophic factors and corneal nerve regeneration. Neural Regen Res. 2017, 12,

1220–1224. [PubMed]
24. Song, I.; Dityatev, A. Crosstalk between glia, extracellular matrix and neurons. Brain Res. Bull. 2018, 136,

101–108. [CrossRef] [PubMed]
25. van Setten, G.-B. Impact of Attrition, Intercellular Shear in Dry Eye Disease: When Cells are Challenged and

Neurons are Triggered. Int. J. Mol. Sci. 2020, 21, 4333. [CrossRef]
26. del Castillo, J.M.B.; Wasfy, M.A.S.; Fernandez, C.; Garcia-Sanchez, J. An In Vivo Confocal Masked Study on

Corneal Epithelium and Subbasal Nerves in Patients with Dry Eye. Investig. Ophthalmol. Vis. Sci. 2004, 45,
3030–3035. [CrossRef]

27. Villani, E.; Galimberti, D.; Viola, F.; Mapelli, C.; Ratiglia, R. The cornea in Sjogren’s syndrome: An in vivo
confocal study. Investig. Ophthalmol. Vis. Sci. 2007, 48, 2017–2022. [CrossRef]

28. Labbe, A.; Alalwani, H.; Van Went, C.; Brasnu, E.; Georgescu, D.; Baudouin, C. The relationship between
subbasal nerve morphology and corneal sensation in ocular surface disease. Investig. Ophthalmol. Vis. Sci.
2012, 53, 4926–4931. [CrossRef]

29. Tepelus, T.C.; Chiu, G.B.; Huang, J.; Huang, P.; Sadda, S.R.; Irvine, J.; Lee, O.L. Correlation between corneal
innervation and inflammation evaluated with confocal microscopy and symptomatology in patients with
dry eye syndromes: A preliminary study. Graefe’s Arch. Clin. Exp. Ophthalmol. Albrecht Von Graefes Arch. Fur
Klin. Und Exp. Ophthalmol. 2017, 255, 1771–1778. [CrossRef]

30. Matsumoto, Y.; Ibrahim, O.M.A.; Kojima, T.; Dogru, M.; Shimazaki, J.; Tsubota, K. Corneal In Vivo
Laser-Scanning Confocal Microscopy Findings in Dry Eye Patients with Sjogren’s Syndrome. Diagnostics (Basel)
2020, 10, 497. [CrossRef]

31. Belmonte, C.; Nichols, J.J.; Cox, S.M.; Brock, J.A.; Begley, C.G.; Bereiter, D.A.; Dartt, D.A.; Galor, A.; Hamrah, P.;
Ivanusic, J.J.; et al. TFOS DEWS II pain and sensation report. Ocul. Surf. 2017, 15, 404–437. [CrossRef]
[PubMed]

32. Ljubimov, A.V. Diabetic complications in the cornea. Vis. Res. 2017, 139, 138–152. [CrossRef] [PubMed]
33. Kopf, S.; Groener, J.B.; Kender, Z.; Fleming, T.; Bischoff, S.; Jende, J.; Schumann, C.; Ries, S.; Bendszus, M.;

Schuh-Hofer, S.; et al. Deep phenotyping neuropathy: An underestimated complication in patients with
pre-diabetes and type 2 diabetes associated with albuminuria. Diabetes Res. Clin. Pract. 2018, 146, 191–201.
[CrossRef] [PubMed]

34. Priyadarsini, S.; Whelchel, A.; Nicholas, S.; Sharif, R.; Riaz, K.; Karamichos, D. Diabetic keratopathy: Insights
and challenges. Surv. Ophthalmol. 2020, 65, 513–529. [CrossRef] [PubMed]

109



J. Clin. Med. 2020, 9, 3799

35. Mastropasqua, L.; Massaro-Giordano, G.; Nubile, M.; Sacchetti, M. Understanding the Pathogenesis of
Neurotrophic Keratitis: The Role of Corneal Nerves. J. Cell. Physiol. 2017, 232, 717–724. [CrossRef]

36. Galor, A.; Batawi, H.; Felix, E.R.; Margolis, T.P.; Sarantopoulos, K.D.; Martin, E.R.; Levitt, R.C. Incomplete
response to artificial tears is associated with features of neuropathic ocular pain. Br. J. Ophthalmol. 2016, 100,
745–749. [CrossRef]

37. Galor, A.; Moein, H.R.; Lee, C.; Rodriguez, A.; Felix, E.R.; Sarantopoulos, K.D.; Levitt, R.C. Neuropathic pain
and dry eye. Ocul. Surf. 2018, 16, 31–44. [CrossRef]

38. Gomis, A.; Pawlak, M.; Balazs, E.A.; Schmidt, R.F.; Belmonte, C. Effects of different molecular weight
elastoviscous hyaluronan solutions on articular nociceptive afferents. Arthritis Rheum. 2004, 50, 314–326.
[CrossRef]

39. Caires, R.; Luis, E.; Taberner, F.J.; Fernandez-Ballester, G.; Ferrer-Montiel, A.; Balazs, E.A.; Gomis, A.;
Belmonte, C.; de la Pena, E. Hyaluronan modulates TRPV1 channel opening, reducing peripheral nociceptor
activity and pain. Nat. Commun. 2015, 6, 8095. [CrossRef]

40. Ferrari, L.F.; Khomula, E.V.; Araldi, D.; Levine, J.D. CD44 Signaling Mediates High Molecular Weight
Hyaluronan-Induced Antihyperalgesia. J. Neurosci. 2018, 38, 308–321. [CrossRef]

41. Casini, P.; Nardi, I.; Ori, M. RHAMM mRNA expression in proliferating and migrating cells of the developing
central nervous system. Gene Expr. Patterns 2010, 10, 93–97. [CrossRef] [PubMed]

42. Preston, M.; Sherman, L.S. Neural stem cell niches: Roles for the hyaluronan-based extracellular matrix.
Front. Biosci. 2011, 3, 1165–1179. [CrossRef] [PubMed]

43. Guthoff, R.F.; Zhivov, A.; Stachs, O. In vivo confocal microscopy, an inner vision of the cornea—A major
review. Clin. Exp. Ophthalmol. 2009, 37, 100–117. [CrossRef] [PubMed]

44. Kheirkhah, A.; Dohlman, T.H.; Amparo, F.; Arnoldner, M.A.; Jamali, A.; Hamrah, P.; Dana, R. Effects of
corneal nerve density on the response to treatment in dry eye disease. Ophthalmology 2015, 122, 662–668.
[CrossRef]

45. Cruzat, A.; Qazi, Y.; Hamrah, P. In Vivo Confocal Microscopy of Corneal Nerves in Health and Disease.
Ocul. Surf. 2017, 15, 15–47. [CrossRef]

46. Kowtharapu, B.S.; Stachs, O. Corneal Cells: Fine-tuning Nerve Regeneration. Curr. Eye Res. 2020, 45, 291–302.
[CrossRef]

47. van Setten, G.B.; Baudouin, C.; Horwath-Winter, J.; Bohringer, D.; Stachs, O.; Toker, E.; Al-Zaaidi, S.;
Benitez-Del-Castillo, J.M.; Beck, R.; Al-Sheikh, O.; et al. The HYLAN M Study: Efficacy of 0.15% High
Molecular Weight Hyaluronan Fluid in the Treatment of Severe Dry Eye Disease in a Multicenter Randomized
Trial. J. Clin. Med. 2020, 9, 3536. [CrossRef]

48. Korb, D.R.; Herman, J.P.; Blackie, C.A.; Scaffidi, R.C.; Greiner, J.V.; Exford, J.M.; Finnemore, V.M. Prevalence
of lid wiper epitheliopathy in subjects with dry eye signs and symptoms. Cornea 2010, 29, 377–383. [CrossRef]

49. Yamaguchi, M.; Kutsuna, M.; Uno, T.; Zheng, X.; Kodama, T.; Ohashi, Y. Marx line: Fluorescein staining line
on the inner lid as indicator of meibomian gland function. Am. J. Ophthalmol. 2006, 141, 669–675. [CrossRef]

50. Karpecki, P.M. Why dry eye trials often fail: From disease variability to confounding underlying conditions,
there are countless reasons why new dry eye drugs have come up short in FDA testing. Rev. Optom. 2013,
150, 50–56.

51. Baudouin, C.; Aragona, P.; Van Setten, G.; Rolando, M.; Irkec, M.; Benitez del Castillo, J.; Geerling, G.;
Labetoulle, M.; Bonini, S.; ODISSEY European Consensus Group Members. Diagnosing the severity of dry
eye: A clear and practical algorithm. Br. J. Ophthalmol. 2014, 98, 1168–1176. [CrossRef] [PubMed]

52. Schiffman, R.M.; Christianson, M.D.; Jacobsen, G.; Hirsch, J.D.; Reis, B.L. Reliability and validity of the
Ocular Surface Disease Index. Arch. Ophthalmol. 2000, 118, 615–621. [CrossRef] [PubMed]

53. Bron, A.J.; Evans, V.E.; Smith, J.A. Grading of corneal and conjunctival staining in the context of other dry
eye tests. Cornea 2003, 22, 640–650. [CrossRef] [PubMed]

54. Ziegler, D.; Papanas, N.; Zhivov, A.; Allgeier, S.; Winter, K.; Ziegler, I.; Bruggemann, J.; Strom, A.; Peschel, S.;
Kohler, B.; et al. Early detection of nerve fiber loss by corneal confocal microscopy and skin biopsy in recently
diagnosed type 2 diabetes. Diabetes 2014, 63, 2454–2463. [CrossRef]

55. Stachs, O.; Guthoff, R.F.; Aumann, S. In Vivo Confocal Scanning Laser Microscopy. In High Resolution
Imaging in Microscopy and Ophthalmology: New Frontiers in Biomedical Optics; Bille, J.F., Ed.; Springer:
Cham, Switzerland, 2019; pp. 263–284.

110



J. Clin. Med. 2020, 9, 3799

56. Winter, K.; Scheibe, P.; Kohler, B.; Allgeier, S.; Guthoff, R.F.; Stachs, O. Local Variability of Parameters for
Characterization of the Corneal Subbasal Nerve Plexus. Curr. Eye Res. 2016, 41, 186–198. [CrossRef]

57. Aragona, P.; Giannaccare, G.; Mencucci, R.; Rubino, P.; Cantera, E.; Rolando, M. Modern approach to the
treatment of dry eye, a complex multifactorial disease: A P.I.C.A.S.S.O. board review. Br. J. Ophthalmol. 2020.
[CrossRef]

58. Giannaccare, G.; Pellegrini, M.; Bernabei, F.; Moscardelli, F.; Buzzi, M.; Versura, P.; Campos, E.C. In Vivo
Confocal Microscopy Automated Morphometric Analysis of Corneal Subbasal Nerve Plexus in Patients
With Dry Eye Treated With Different Sources of Homologous Serum Eye Drops. Cornea 2019, 38, 1412–1417.
[CrossRef]

59. Malik, R.A.; Kallinikos, P.; Abbott, C.A.; van Schie, C.H.; Morgan, P.; Efron, N.; Boulton, A.J. Corneal confocal
microscopy: A non-invasive surrogate of nerve fibre damage and repair in diabetic patients. Diabetologia
2003, 46, 683–688. [CrossRef]

60. Mocan, M.C.; Durukan, I.; Irkec, M.; Orhan, M. Morphologic alterations of both the stromal and subbasal
nerves in the corneas of patients with diabetes. Cornea 2006, 25, 769–773. [CrossRef]

61. Hertz, P.; Bril, V.; Orszag, A.; Ahmed, A.; Ng, E.; Nwe, P.; Ngo, M.; Perkins, B.A. Reproducibility of in vivo
corneal confocal microscopy as a novel screening test for early diabetic sensorimotor polyneuropathy.
Diabet Med. 2011, 28, 1253–1260. [CrossRef]

62. Stem, M.S.; Hussain, M.; Lentz, S.I.; Raval, N.; Gardner, T.W.; Pop-Busui, R.; Shtein, R.M. Differential
reduction in corneal nerve fiber length in patients with type 1 or type 2 diabetes mellitus. J. Diabetes Complicat.
2014, 28, 658–661. [CrossRef] [PubMed]

63. Srinivasan, S.; Dehghani, C.; Pritchard, N.; Edwards, K.; Russell, A.W.; Malik, R.A.; Efron, N. Corneal and
Retinal Neuronal Degeneration in Early Stages of Diabetic Retinopathy. Investig. Ophthalmol. Vis. Sci. 2017,
58, 6365–6373. [CrossRef] [PubMed]

64. Lagali, N.S.; Allgeier, S.; Guimaraes, P.; Badian, R.A.; Ruggeri, A.; Kohler, B.; Utheim, T.P.; Peebo, B.;
Peterson, M.; Dahlin, L.B.; et al. Reduced Corneal Nerve Fiber Density in Type 2 Diabetes by Wide-Area
Mosaic Analysis. Investig. Ophthalmol. Vis. Sci. 2017, 58, 6318–6327. [CrossRef]

65. Kalteniece, A.; Ferdousi, M.; Petropoulos, I.; Azmi, S.; Adam, S.; Fadavi, H.; Marshall, A.; Boulton, A.J.M.;
Efron, N.; Faber, C.G.; et al. Greater corneal nerve loss at the inferior whorl is related to the presence of
diabetic neuropathy and painful diabetic neuropathy. Sci. Rep. 2018, 8, 3283. [CrossRef] [PubMed]

66. Laurent, T.C.; Laurent, U.B.; Fraser, J.R. The structure and function of hyaluronan: An overview.
Immunol. Cell Biol. 1996, 74, A1–A7. [CrossRef] [PubMed]

67. Asari, A.; Miyauchi, S.; Takahashi, T.; Kohno, K.; Uchiyama, Y. Localization of hyaluronic acid, chondroitin
sulfate, and CD44 in rabbit cornea. Arch. Histol. Cytol. 1992, 55, 503–511. [CrossRef] [PubMed]

68. Lerner, L.E.; Schwartz, D.M.; Hwang, D.G.; Howes, E.L.; Stern, R. Hyaluronan and CD44 in the human
cornea and limbal conjunctiva. Exp. Eye Res. 1998, 67, 481–484. [CrossRef]

69. Zhu, S.N.; Nolle, B.; Duncker, G. Expression of adhesion molecule CD44 on human corneas. Br. J. Ophthalmol.
1997, 81, 80–84. [CrossRef]

70. Falkowski, M.; Schledzewski, K.; Hansen, B.; Goerdt, S. Expression of stabilin-2, a novel fasciclin-like
hyaluronan receptor protein, in murine sinusoidal endothelia, avascular tissues, and at solid/liquid interfaces.
Histochem. Cell Biol. 2003, 120, 361–369. [CrossRef]

71. Harris, E.N.; Baker, E. Role of the Hyaluronan Receptor, Stabilin-2/HARE, in Health and Disease. Int. J.
Mol. Sci. 2020, 21, 3504. [CrossRef]

72. Hansen, I.M.; Ebbesen, M.F.; Kaspersen, L.; Thomsen, T.; Bienk, K.; Cai, Y.; Malle, B.M.; Howard, K.A.
Hyaluronic Acid Molecular Weight-Dependent Modulation of Mucin Nanostructure for Potential Mucosal
Therapeutic Applications. Mol. Pharm. 2017, 14, 2359–2367. [CrossRef] [PubMed]

73. Delmage, J.M.; Powars, D.R.; Jaynes, P.K.; Allerton, S.E. The selective suppression of immunogenicity by
hyaluronic acid. Ann. Clin. Lab. Sci. 1986, 16, 303–310. [PubMed]

74. Jiang, D.; Liang, J.; Noble, P.W. Hyaluronan in tissue injury and repair. Annu. Rev. Cell Dev. Biol. 2007, 23,
435–461. [CrossRef] [PubMed]

75. Petrey, A.C.; de la Motte, C.A. Hyaluronan, a crucial regulator of inflammation. Front. Immunol. 2014, 5, 101.
[CrossRef]

76. Aya, K.L.; Stern, R. Hyaluronan in wound healing: Rediscovering a major player. Wound Repair Regen. Off.
Publ. Wound Health Soc. Eur. Tissue Repair Soc. 2014, 22, 579–593. [CrossRef]

111



J. Clin. Med. 2020, 9, 3799

77. Litwiniuk, M.; Krejner, A.; Speyrer, M.S.; Gauto, A.R.; Grzela, T. Hyaluronic Acid in Inflammation and Tissue
Regeneration. Wounds A Compend. Clin. Res. Pract. 2016, 28, 78–88.

78. Ruppert, S.M.; Hawn, T.R.; Arrigoni, A.; Wight, T.N.; Bollyky, P.L. Tissue integrity signals communicated
by high-molecular weight hyaluronan and the resolution of inflammation. Immunol Res. 2014, 58, 186–192.
[CrossRef]

79. Toole, B.P. Hyaluronan and its binding proteins, the hyaladherins. Curr. Opin. Cell Biol. 1990, 2, 839–844.
[CrossRef]

80. Knudson, C.B.; Knudson, W. Hyaluronan-binding proteins in development, tissue homeostasis, and disease.
FASEB J. 1993, 7, 1233–1241. [CrossRef]

81. Evanko, S.P.; Tammi, M.I.; Tammi, R.H.; Wight, T.N. Hyaluronan-Dependent Pericellular Matrix. Adv. Drug
Deliv. Rev. 2007, 59, 1351–1365. [CrossRef]

82. Agren, U.M.; Tammi, R.H.; Tammi, M.I. Reactive oxygen species contribute to epidermal hyaluronan
catabolism in human skin organ culture. Free Radic. Biol. Med. 1997, 23, 996–1001. [CrossRef]

83. Di, G.; Qi, X.; Zhao, X.; Zhang, S.; Zhou, Q. Efficacy of Sodium Hyaluronate in Murine Diabetic Ocular
Surface Diseases. Cornea 2017, 36, 1133–1138. [CrossRef]

84. Semeraro, F.; Forbice, E.; Romano, V.; Angi, M.; Romano, M.R.; Filippelli, M.E.; Di Iorio, R.; Costagliola, C.
Neurotrophic keratitis. Ophthalmologica 2014, 231, 191–197. [CrossRef]

85. Ambrósio, R., Jr.; Tervo, T.; Wilson, S.E. LASIK-associated dry eye and neurotrophic epitheliopathy:
Pathophysiology and strategies for prevention and treatment. J. Refract. Surg. 2008, 24, 396–407. [CrossRef]

86. Sarkar, J.; Milani, B.; Kim, E.; An, S.; Kwon, J.; Jain, S. Corneal nerve healing after in situ laser nerve
transection. PLoS ONE 2019, 14, e0218879. [CrossRef] [PubMed]

87. Karacorlu, M.A.; Cakiner, T.; Saylan, T. Corneal sensitivity and correlations between decreased sensitivity
and anterior segment pathology in ocular leprosy. Br. J. Ophthalmol. 1991, 75, 117–119. [CrossRef] [PubMed]

88. Niederer, R.L.; Perumal, D.; Sherwin, T.; McGhee, C.N. Laser scanning in vivo confocal microscopy reveals
reduced innervation and reduction in cell density in all layers of the keratoconic cornea. Investig. Ophthalmol.
Vis. Sci. 2008, 49, 2964–2970. [CrossRef]

89. Peters, M.J.; Bakkers, M.; Merkies, I.S.; Hoeijmakers, J.G.; van Raak, E.P.; Faber, C.G. Incidence and prevalence
of small-fiber neuropathy: A survey in the Netherlands. Neurology 2013, 81, 1356–1360. [CrossRef] [PubMed]

90. Erie, J.C.; McLaren, J.W.; Hodge, D.O.; Bourne, W.M. The effect of age on the corneal subbasal nerve plexus.
Cornea 2005, 24, 705–709. [CrossRef] [PubMed]

91. Bonini, S.; Rama, P.; Olzi, D.; Lambiase, A. Neurotrophic keratitis. Eye 2003, 17, 989–995. [CrossRef] [PubMed]
92. Sacchetti, M.; Lambiase, A. Diagnosis and management of neurotrophic keratitis. Clin. Ophthalmol. 2014, 8,

571–579. [PubMed]
93. Dua, H.S.; Said, D.G.; Messmer, E.M.; Rolando, M.; Benitez-Del-Castillo, J.M.; Hossain, P.N.; Shortt, A.J.;

Geerling, G.; Nubile, M.; Figueiredo, F.C.; et al. Neurotrophic keratopathy. Prog. Retin. Eye Res. 2018, 66,
107–131. [CrossRef] [PubMed]

94. Soifer, M.; Starr, C.E.; Mousa, H.M.; Savarain, C.; Perez, V.L. Neurotrophic Keratopathy: Current Perspectives.
Curr. Ophthalmol. Rep. 2020, 8, 29–35. [CrossRef]

95. Nishida, T.; Yanai, R. Advances in treatment for neurotrophic keratopathy. Curr. Opin. Ophthalmol. 2009, 20,
276–281. [CrossRef]

96. Yanai, R.; Nishida, T.; Chikama, T.; Morishige, N.; Yamada, N.; Sonoda, K.H. Potential New Modes of
Treatment of Neurotrophic Keratopathy. Cornea 2015, 34 (Suppl. 11), S121–S127. [CrossRef]

97. Bitirgen, G.; Ozkagnici, A.; Malik, R.A.; Kerimoglu, H. Corneal nerve fibre damage precedes diabetic
retinopathy in patients with type 2 diabetes mellitus. Diabet Med. 2014, 31, 431–438. [CrossRef]

98. Barsegian, A.; Lee, J.; Salifu, M.O.; McFarlane, S.I. Corneal Neuropathy: An Underrated Manifestation of
Diabetes Mellitus. J. Clin. Endocrinol. Diabetes 2018, 2. [CrossRef]

99. Zhivov, A.; Winter, K.; Hovakimyan, M.; Peschel, S.; Harder, V.; Schober, H.C.; Kundt, G.; Baltrusch, S.;
Guthoff, R.F.; Stachs, O. Imaging and quantification of subbasal nerve plexus in healthy volunteers and
diabetic patients with or without retinopathy. PLoS ONE 2013, 8, e52157. [CrossRef]

100. Schultz, R.O.; Van Horn, D.L.; Peters, M.A.; Klewin, K.M.; Schutten, W.H. Diabetic keratopathy. Trans. Am.
Ophthalmol. Soc. 1981, 79, 180–199.

101. Manaviat, M.R.; Rashidi, M.; Afkhami-Ardekani, M.; Shoja, M.R. Prevalence of dry eye syndrome and
diabetic retinopathy in type 2 diabetic patients. BMC Ophthalmol. 2008, 8, 10. [CrossRef]

112



J. Clin. Med. 2020, 9, 3799

102. Burda, N.; Mema, V.; Md, E.M.; Selimi, B.; Zhugli, S.; Lenajni, B.; Bunjaku, I. Prevalence of dry eye syndrome
at patients with diabetus melitus tip 2, one year retrospective study May 2011–June 2012. J. Acute Dis. 2012,
1, 110–114. [CrossRef]

103. Bikbova, G.; Oshitari, T.; Baba, T.; Bikbov, M.; Yamamoto, S. Diabetic corneal neuropathy: Clinical perspectives.
Clin. Ophthalmol. 2018, 12, 981–987. [PubMed]

104. Achtsidis, V.; Eleftheriadou, I.; Kozanidou, E.; Voumvourakis, K.I.; Stamboulis, E.; Theodosiadis, P.G.;
Tentolouris, N. Dry eye syndrome in subjects with diabetes and association with neuropathy. Diabetes Care
2014, 37, e210–e211. [CrossRef] [PubMed]

105. Shih, K.C.; Lam, K.S.; Tong, L. A systematic review on the impact of diabetes mellitus on the ocular surface.
Nutr. Diabetes 2017, 7, e251. [CrossRef] [PubMed]

106. Misra, S.L.; Braatvedt, G.D.; Patel, D.V. Impact of diabetes mellitus on the ocular surface: A review.
Clin. Exp. Ophthalmol. 2016, 44, 278–288. [CrossRef]

107. Tavakoli, M.; Kallinikos, P.; Iqbal, A.; Herbert, A.; Fadavi, H.; Efron, N.; Boulton, A.J.M.; Malik, R.A. Corneal
confocal microscopy detects improvement in corneal nerve morphology with an improvement in risk factors
for diabetic neuropathy. Diabet Med. 2011, 28, 1261–1267. [CrossRef]

108. Azmi, S.; Jeziorska, M.; Ferdousi, M.; Petropoulos, I.N.; Ponirakis, G.; Marshall, A.; Alam, U.; Asghar, O.;
Atkinson, A.; Jones, W.; et al. Early nerve fibre regeneration in individuals with type 1 diabetes after
simultaneous pancreas and kidney transplantation. Diabetologia 2019, 62, 1478–1487. [CrossRef]

109. Bommer, C.; Heesemann, E.; Sagalova, V.; Manne-Goehler, J.; Atun, R.; Barnighausen, T.; Vollmer, S. The global
economic burden of diabetes in adults aged 20–79 years: A cost-of-illness study. Lancet Diabetes Endocrinol
2017, 5, 423–430. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

113





Journal of

Clinical Medicine

Article

Efficacy and Safety of Houttuynia Eye Drops
Atomization Treatment for Meibomian Gland
Dysfunction-Related Dry Eye Disease:
A Randomized, Double-Blinded,
Placebo-Controlled Clinical Trial

Zhaolin Liu 1,2,3, Ming Jin 4, Ying Li 5, Jun Liu 6, Xianghua Xiao 7, Hongsheng Bi 8, Zhiqiang Pan 9,

Huijun Shi 10, Xiaofeng Xie 8, Minglian Zhang 10, Xuemin Gao 11, Lei Li 11, Weijie Ouyang 1,2,3,

Liying Tang 1,2,3, Jieli Wu 1,2,3, Yiran Yang 1,2,3, Jiaoyue Hu 1,2,3 and Zuguo Liu 1,2,3,*

1 Department of Ophthalmology, Xiang’an Hospital of Xiamen University, Fujian Provincial Key Laboratory of
Ophthalmology and Visual Science, Xiamen 361102, China; zhaolin@stu.xmu.edu.cn (Z.L.);
24520190154789@stu.xmu.edu.cn (W.O.); liyingtang@stu.xmu.edu.cn (L.T.);
24520180155744@stu.xmu.edu.cn (J.W.); yangyr1026@stu.xmu.edu.cn (Y.Y.); jiaoyuehu@xmu.edu.cn (J.H.)

2 Eye Institute of Xiamen University, School of Medicine, Xiamen University, Xiamen 361102, China
3 Department of Ocular Surface, Xiamen University Affiliated Xiamen Eye Center, Xiamen 361102, China
4 Department of Ophthalmology, China-Japan Friendship Hospital, Beijing100029, China; jinming57@163.com
5 Department of Ophthalmology, Peking Union Medical College Hospital, Beijing 100006, China;

liyingpumch@126.com
6 Department of Ophthalmology, Shenzhen Eye Hospital, Shenzhen 518040, China; jiu28@126.com
7 Department of Ophthalmology, Xi’an First Hospital, Shaanxi Eye Research Institute, Shaanxi 710001, China;

xianghuaxiao@yeah.net
8 Department of Ophthalmology, Shandong University of Traditional Chinese Medicine Affiliated Eye

Hospital, Jinan 250004, China; hongshengbi@126.com (H.B.); yankeboshi@126.com (X.X.)
9 Department of Ophthalmology, Capital Medical University Affiliated Beijing Tongren Hospital,

Beijing 100730, China; panyj0526@sina.com
10 Department of Ophthalmology, Hebei Eye Hospital, Xingtai 054001, China; 15631901079@163.com (H.S.);

zhmlyk@sohu.com (M.Z.)
11 Technical Center for Drug Research and Evaluation of China Association of Traditional Chinese Medicine,

Beijing 100061, China; xuemingao2011@163.com (X.G.); cptlilei@sina.com (L.L.)
* Correspondence: zuguoliu@xmu.edu.cn; Tel./Fax: +86-592-2183761

Received: 15 September 2020; Accepted: 8 December 2020; Published: 12 December 2020

Abstract: Purpose: To evaluate the efficacy and safety of Houttuynia eye drops (a Chinese traditional
medicine) atomization treatment in meibomian gland dysfunction (MGD)-related dry eye disease
(DED) patients. Methods: A total of 240 eligible patients diagnosed with MGD-related DED were
assigned either Houttuynia eye drops or placebo for atomization once daily for four weeks in
a multi-center, randomized, double-blind, placebo-controlled clinical study. Primary outcome
evaluations used included eye symptom score (using the Chinese Dry Eye Questionnaire),
meibum quality, and tear break-up time (TBUT), while safety evaluations included adverse events
(AEs), visual acuity, and intraocular pressure monitoring. Indicators were measured at baseline as
well as one week, two weeks, and four weeks after treatment. Results: Primary outcome measures of
the Houttuynia group were improved compared with their placebo counterparts following four-week
treatment. Eye symptom scores were significantly reduced relative to the baseline in the Houttuynia
group (mean ± standard error of the mean, 9.00 ± 0.61) compared with the placebo group (6.29 ± 0.55;
p = 0.0018). Reduction in meibum quality score in the Houttuynia group (0.91 ± 0.10) was also
significantly higher compared with the placebo group (0.57 ± 0.10; p = 0.0091), while TBUT in
the treatment group (6.30 ± 0.22) was also longer than in the latter (5.60 ± 0.24; p = 0.0192).
No medication-related adverse events were observed. Conclusions: Atomization treatment with
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Houttuynia eye drops is both clinically and statistically effective for the treatment of mild to moderate
MGD-related DED patients. This approach is generally safe and was tolerated well by patients.

Keywords: Houttuynia; ultrasonic atomization; meibomian gland dysfunction; dry eye

1. Introduction

TFOS DEWS II [1] has defined 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. The prevalence of dry eye disease (DED) is currently between 5%
and 50% globally and particularly high in Asian countries [2–4]. The causes of DED are very complex,
including age, systemic immune disease, visual display terminal, and meibomian gland dysfunction
(MGD) [1]. MGD is one of the most common causes of DED overall and is also the main underlying
factor leading to evaporative dry eye (EDE). Thus, DED caused by MGD is also known as MGD-related
DED. Epidemiological investigations showed that 80% of DED patients have either developed this
condition from MGD or are also suffering from this affliction [3]. Prevalence rates of MGD-related DED
in Asian populations over the age of 40 range between 46.2% and 69.3% [4]. It is clear that MGD-related
DED is characterized by terminal duct obstructions and/or qualitative/quantitative changes in glandular
secretions; this latter effect reduces lipid secretion to tear film and increases evaporation, resulting in
tear hyperosmolarity. These tear changes further induce inflammatory cascade reactions which then
cause a series of clinical symptoms. Changes in tear fluid also aggravate destruction of the eyelid
margin and meibomian gland, conditions which then go on to develop into a vicious cycle [5–7].

A variety of methods are utilized for the treatment of MGD-related DED, including physical therapies
such as meibomian gland massage, intraductal meibomian gland probing, lipiflow, intense pulsed light,
and local anti-inflammatory drugs. Although these approaches are all effective to a certain extent,
problems remain including the inconvenience of application, high financial costs, insignificant effects,
and some side effects [5,8]. It is therefore necessary to consider ways to explore new therapies that are
safe, effective, and convenient in order to improve MGD-related DED treatment.

Traditional medicine has often been used for the clinical treatment of DED in China, and a
great deal of documentation supports the fact that this approach achieves positive therapeutic
effects [9]. Ultrasonic atomization is a method that destroys liquid surface tension and atomizes
droplets into fine molecules via ultrasonic vibration. It is the most commonly utilized ophthalmological
method in Chinese traditional medicine for DED treatment. This therapy for 20 min enables the
drug to fully contact and penetrate the ocular surface and take effect. Stimulation of an atomized
steam can promote blood and lymph circulation in eyelid tissue and thus enhance the discharge of
meibomian gland secretions [10]. The majority of Chinese hospitals possess specialized ultrasonic
atomization units and traditional medicine is the most commonly applied treatment. Although several
studies have evaluated the therapeutic effects of ultrasonic nebulization for the treatment of MGD,
DED, and MGD-related DED [10–12], clear clinical evidence is lacking from a standardized multicenter,
double-blind, randomized, controlled clinical study.

The plant Houttuynia cordata is used in traditional Chinese medicine because it induces
anti-inflammatory effects. This therapy mainly reduces the levels of inflammation-related cytokines
and chemokines by inhibiting the Nuclear Factor Kappa-B (NF-κB)/Mitogen-Activated Protein Kinase
(MAPK) pathway, leading to anti-inflammatory effects [13–15]. Thus, Houttuynia eye drops have been
widely used across China for the treatment of DED. A number of non-double-blind, non-randomized,
single-center small sample studies have shown that ultrasonic atomization using Houttuynia eye drops
is both safe and effective for treating dry eye [16,17]. Therefore, building on this earlier work and
in order to evaluate the specific therapeutic effects and safety of ultrasonic-atomized Houttuynia eye
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drops for the treatment of MGD-related DED, the China Association of Traditional Chinese Medicine
(CATCM) organized the novel multi-center, randomized, double-blind, placebo-controlled trial reported
in this study. So far, this is the first multicenter, randomized, double-blind, placebo-controlled study to
evaluate the efficacy and safety of traditional Chinese medicine for the treatment of DED.

2. Methods

This randomized, double-blind, placebo-controlled, multi-center study was conducted at eight
centers across China (Table S1) between 31 October 2018 and 29 January 2019. The design of this
clinical trial complied with local laws and regulations and was developed in accordance with accepted
standards for Good Clinical Practice of Pharmaceutical Products (2003) [18], Provisions of Drug
Registration (2007) [19], and the Declaration of Helsinki. Data acquisition and analysis were performed
in compliance with protocols approved by the Ethical Committee of Xiamen University and China-Japan
Friendship Hospital (*ethical approval number 2018-97-K69*) and were prospectively registered on the
Chinese Clinical Trial Registry www.chictr.org.cn (ChiCTR1800018611). All subjects signed informed
consent forms prior to study initiation.

2.1. Study Patients

A total of 120 cases were included in the experimental Houttuynia group and the control placebo
group, respectively, by applying the 1:1 design principle. Patients needed to meet the following inclusion
criteria. First, subjects were required to be aged between 18 and 70 years and had to be diagnosed with
MGD-related DED. Diagnostic criteria for MGD were according to the “Expert consensus of diagnosis
and treatment of meibomian gland dysfunction in China (2017)” [20]. People who had eye symptoms,
combined with abnormal eyelid margin and meibomian gland opening, or abnormal meibum secretion,
were diagnosed as MGD. Second, diagnostic criteria for DED were according to the “Expert consensus
on clinical diagnosis and treatment of dry eye (2013)” [21]. The following examination test criteria were
required: 2 mm/5 min < Schirmer I test ≤ 10 mm/5 min, 0 s < TBUT ≤ 10 s, and corneal fluorescence
staining point numbers < 10 points. That is, only patients with mild or moderate dry eye were included
because severe dry eye generally needs to be combined with other treatments. Third, patients had to
not use, or had to have stopped using, artificial tears for more than seven days. We chose just one eye
from each subject for observations; if both eyes met the inclusion criteria, the more severely affected
eye was used, while if the condition in both eyes was identical, the right one was used.

Patients were excluded if they had conditions including additional eye diseases such as macular
degeneration, glaucoma, keratitis, and retinal vascular embolism, as well as lacrimal passage
obstructions, prominent exophthalmos, and severe corneal decompensation. Patients were also
excluded if they had undergone eye surgery less than half a year ago, if they had a history of wearing
corneal contact lens up to one week prior to enrollment, or if they had suffered from other serious
primary diseases including those of the cardiovascular, cerebrovascular, liver, kidney, or hematopoietic
systems. Patients were excluded from this trial if they had an allergic constitution or were allergic to
experimental drug ingredients. Exclusion also took place if patients had participated in other clinical
trials within the last three months, or if individuals were unable to cooperate or were mentally ill.

2.2. Study Design

A double-blind design was used in this study. Thus, the 1:1 ratio between experimental
treatment and control groups was used to generate random codes using the statistical software SAS9.4
(SAS Institute Inc., Cary, NC, USA), applying the block randomization method. Subjects were then
assigned a medication box labeled with a serial number which contained all medications for the
treatment duration. The experimental group used commercially available Houttuynia eye drops
(specification: 8 mL; national drug approval no. Z20010110; Sichuan Shenghe Pharmaceutical
Co. Ltd., China). The exact composition of Houttuynia eye drops was 2-undecanone (C11H22O) at the
concentration of 9.8 μg/mL, and 2-undecanone was the main effective component of the Houttuynia
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cordata extract [14,15]. Meanwhile, the control group was treated with a placebo agent (Sichuan
Shenghe Pharmaceutical Co. Ltd., Chengdu, China), and the placebo was a 0.72% (g/mL) sodium
chloride solution with a pH value of 6.7 and osmotic pressure of 237 mOsmol/kg. Patients were also
equipped with handheld ultrasonic nebulizers (product number: HL100A, Yuwell, Jiangsu, China)
(Figure S1). The medication application method used in this study was atomizing each eye for 20 min
per day with the ultrasonic nebulizer held in front of each eye. The atomizing tube was placed 5–10 cm
away from the eye, and the patient kept their eyes wide open, staring in all directions intermittently to
ensure that the atomizing agent fully touched the conjunctival sac. Patients used 20 mL houttuynia
cordata eye drops or placebo at a time. The temperature of an ultrasonic-atomized aerosol is very
close to room temperature, making the therapy induce slight irritation. The treatment course was
four weeks with visit points at time zero (baseline) and then after one week, two weeks, and four
weeks; treatment efficacy and safety assessments were carried out on-site during these visits. All tests
were carried out using the same equipment type. The tester and the statistician were both unaware of
patient groupings.

2.3. Outcome Measures

Primary outcomes evaluated included eye symptom score (using the Chinese Dry Eye
Questionnaire, which is a dry eye questionnaire that conforms to the use habits of Chinese patients;
the clinical diagnosis of dry eye in Chinese patients showed better diagnostic value than the OSDI
questionnaire) [22] (Table S2), meibum quality, and tear break-up time (TBUT). Secondary outcomes
evaluated included meibum expressibility, meibomian gland dropout, eyelid margin change,
conjunctival congestion, corneal staining, and the Schirmer I test [23].

Sodium fluorescein TBUT was measured using a commercial fluorescein strip which was moistened
and applied to the lower eyelid conjunctiva. One minute after application, patients were then asked to
blink three times and to hold their eyes open. The time between the eyes open and the appearance
of the first dark spot on the precorneal film was then measured using a slit lamp with cobalt blue
illumination and a yellow-barrier filter. This was repeated three times before an average for each eye
was recorded [21].

Meibomian gland functionality was assessed by applying digital pressure to the central
(nasal, temporal) third of the lower/upper lids in order to determine MGD extent and severity
(i.e., expressibility and meibum quality). Scoring values for meibum quality were as follows:
0, clear (normal); 1, cloudy; 2, cloudy with particles; and 3, inspissated (like toothpaste). Values were
recorded for the highest grade encountered from any expressed glands, encompassing a range
between 0 and 3. Similarly, meibum expressibility scoring criteria were as follows: 0, all glands
expressed; 1, 3–4 glands expressed; 2, 1–2 glands expressed; and 3, no glands expressed. Meibum
expressibility was scored based on five glands from the nasal side, while values for the middle
and temporal sides of the lower eyelid were also recorded. Total scores for these three parts were
recorded at the same time, across a range between 0 and 9 [23].

The eyelid margin change scoring criteria used follow standards set by the international MGD
consensus group, while the presence or absence of lid abnormalities were scored via irregularity
of the lid margin, lid margin vascular engorgement including plugging of the meibomian orifices,
and anterior or retroplacement of the MCJ. These were either scored as present (1) or absent (0), across a
range between 0 and 4 [23].

Meibomian gland dropout scoring criteria refer to the loss of acinar tissue detected by meibography.
Non-contact meibography using a standard infrared video security camera was examined in patients.
Scoring values for meibomian gland dropout were as follows: 0, no gland dropout; 1, between 1% and
33%; 2, between 34% and 66%; and 3, ≥67% dropout. The percentage of partial, or total, gland dropout
of the lower lid was recorded across a range between 0 and 3 [23].
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The MGD staging was determined according to the score of meibum quality, eyelid margin change,
meibomian gland expressibility (middle meibomian gland expression score), and dropout. The higher
these index scores were, the more serious the MGD was [20].

The conjunctival congestion scoring criteria used here follow the classification outlined by the
Cornea and Contact Lens Research Unit, as follows: 0, no hyperemia; 1, mild hyperemia; 2, moderate
hyperemia; and 3, severe hyperemia [24].

The corneal staining scoring criteria involved fluorescein staining that was examined two minutes
subsequent to the instillation of sodium fluorescein at the slit lamp using cobalt blue illumination and
a yellow-barrier filter. The 12-points method was used to assess the staining degree. Each of the four
quadrants of the cornea on a scale ranged between 0 and 3: 0, no staining; 1, between one and 30 dots
stained; 2, >30 dots stained without fusion; and 3, corneal diffuse or coalescent punctate staining,
corneal filaments, and an ulcer. Scores for the four quadrants were then summed to attain a total score
for each eye across a range between 0 and 12 [21].

The Schirmer I test was performed on unanesthetized patients by placing a strip in each eye and
recording the wetted length (mm) after five minutes [21].

Eye tolerance, irritant symptoms, and treatment satisfaction values were also incorporated in
this analysis.

The safety evaluations included adverse events (AEs), routine eye examinations (including
monitoring of uncorrected/corrected visual acuity and intraocular pressure (IOP)), vital signs,
and laboratory indicators (including blood and urine routine, liver and kidney function) which were
selected according to the requirements of each hospital and the condition of subjects. Artificial tears,
anti-inflammatory eye drops, and physical therapies such as eyelid cleaning, the use of hot compresses,
meibomian gland massages, acupuncture, and silicone eye masks were prohibited. The comorbidity of
patients and the use of any drug or treatment for the comorbidity was recorded, including the drug
name (or other treatment), dosage, number, and time of use. If a prohibited drug or treatment was
used, the subjects were required to discontinue the study.

2.4. Statistical Methods

A descriptive quantitative statistical analysis was performed encompassing the number of cases,
mean, standard error of the mean (SEM), and 95% confidence intervals (CIs). A group t-test or a
Wilcoxon rank-sum test was then used to make comparisons between groups and covariance analysis
was also performed. In the case of qualitative data, a descriptive statistical analysis was carried out on
the number of cases in various categories and their percentages. Thus, the chi-squared test alongside
the Fisher exact test was used to compare enumerated data between the different treatment groups,
while a Wilcoxon rank-sum test was used for comparison amongst treatment groups. A CMH-x2

test was used when the center or other factors were considered, while the relationship between a
reduction in eye symptom score after four weeks of treatment and baseline scores was analyzed using
Spearman’s correlation coefficient. The reduction in eyelid margin change score vs. the baseline was
also examined using Spearman’s correlation coefficient, following the intention-to-treat principle (ITT).
The latest observation data were carried forward to the final test result in each case to determine
missing values for the main efficacy evaluation index (the last observation carried forward (LOCF)
method). The post hoc subgroups were defined according to baseline severity of symptoms (eye
symptoms score ≥15 vs. <15) and severity of signs (meibum quality score 0–3, middle meibomian
gland expression score 0–3, eyelid margin change score 0–4, conjunctival congestion score 0–2, corneal
staining score 0, 1, >1). Tests of interaction were used to evaluate whether the effect of atomization
treatment with Houttuynia eye drops and placebo differed among subgroups. The software packages
SAS9.4 (SAS Institute Inc., Cary, NC, USA) and GraphPad Prism version 8.2.1 (GraphPad Software,
San Diego, CA, USA) were used for all statistical calculations. All tests were two-sided, and p < 0.05
was considered significant.
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3. Results

A total of 240 selected patients were randomized for double-blind treatment. Two patients in the
Houttuynia group did not take medication, thus 120 and 118 patients in the placebo and Houttuynia
groups, respectively, were analyzed. A total of 113 and 103 patients completed all study visits,
respectively; this means that seven and 13 patients dropped out from each group for various reasons
(Figure 1). The data in Table S3 demonstrate patient clinical characteristics at baseline. These data
show no significant differences in demographic characteristics between the placebo and Houttuynia
groups, comprising about 75% of women with an average age of about 38 years. Results also show no
statistical differences in the data at baseline between the two groups in terms of ocular symptoms as
well as in signs of MGD and DED.

Figure 1. Subject flow chart.

3.1. Efficacy Evaluation

3.1.1. Primary Outcomes

Total and individual ocular symptom scores gradually decreased in both the groups in the
following three visits (Figure 2A). There was a statistically significant difference between the two
groups in the score reduction of 1 week (p = 0.0002) and 2 weeks (p = 0.0020); results reveal a
6.29 ± 0.55 (p < 0.0001) and 9.00 ± 0.61 (p < 0.0001) reduction in total symptom scores after four weeks
of atomization treatment compared with baseline in the placebo and Houttuynia groups, respectively,
as well as a statistically significant difference between the two (p = 0.0018) (Table 1). Results for
each individual symptom score show that values for the Houttuynia group dropped more than in the
placebo group, while reduced values for eye dryness, foreign body sensation, and photophobia were
statistically different between the two groups (Table S4).
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Figure 2. Change in eye symptom score. (A) shows eye symptom scores at baseline, one week,
two weeks, and four weeks. (B) shows the linear correlation between decreases in eye symptom
score after four weeks of treatment and scores at baseline. Points represent the values in this figure.
The regression line equation and the correlation coefficient R squared value are also shown in this
figure. (C) highlights the reduction in eye symptom score after four weeks of therapy in scores <15 and
≥15 (at baseline) in two subgroups. Data are presented as mean ± standard error of the mean (SEM).
* p < 0.05, *** p < 0.001. ns, no significance.

Figure 2B reveals a positive linear correlation between eye symptom score reduction after four
weeks of treatment and scores at baseline in both groups. Correlation coefficient (r) values were 0.3331
(p = 0.0002) and 0.6293 (p < 0.0001) in the placebo and Houttuynia groups, respectively. We then divided
patients into two groups according to the severity of their eye symptoms at baseline (Figure 2C);
results show that the reductions in scores after four weeks of therapy in scores < 15 of placebo and
Houttuynia per group were 4.85 ± 0.45 and 5.32 ± 0.47, respectively, and that there were no statistical
differences, while for score ≥ 15, the reductions of placebo and Houttuynia group were 8.53 ± 1.14
and 13.07 ± 0.90, respectively. A significant statistical difference was seen between these two groups
(95% CI, range between −7.38 and −1.70; p = 0.0003) with an interaction p value = 0.0057 (Table 2).
These results demonstrate that the group with symptom scores ≥ 15 compared to scores < 15 improved
more significantly when treated with Houttuynia eye drops.

Results show that both meibum quality and TBUT also improved in both groups (Figure 3).
Changes in these two indicators after therapy were also significantly statistically different in the two
groups compared with the baseline (p < 0.0001) (Table 1). Meibum quality scores decreased after
therapy; these reductions were 0.57 ± 0.10 and 0.91 ± 0.10 in the placebo and Houttuynia groups after
four weeks. There were statistical differences between the Houttuynia and placebo groups in the
meibum quality score or the reduction value of the score after four weeks of treatment (p= 0.0032/0.0091)
(Table 1). Patients were divided into four groups on the basis of meibum quality scores at baseline.
Results show that the fall in the Houttuynia group was higher amongst each subgroup than in the
placebo set (p value for interaction = 0.0282) (Table 2). Values for TBUT in the Houttuynia group
were always higher than those in the placebo group after treatment over different lengths of time.
Indeed, there was a statistically significant difference between the two groups in the TBUT of 1 week
(p = 0.0300) and 2 weeks (p = 0.0199). After four weeks of treatment, TBUT was 5.60 ± 0.24 s and
6.30 ± 0.22 s (p = 0.0172) in the placebo and Houttuynia groups, respectively.

Table 2. Subgroup analysis.

Variables
Placebo Houttuynia Mean Difference

(95%CI)
p Value for
InteractionN Mean ± SEM N Mean ± SEM

After 4-week therapy

Primary outcome
Eye symptom score reduction 0.0057

Score < 15 (at baseline) 73 4.85 ± 0.45 62 5.32 ± 0.47 −0.47 (−2.96 to 2.01)
Score ≥ 15 (at baseline) 47 8.53 ± 1.14 56 13.07 ± 0.90 −4.54 (−7.38 to −1.70)
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Table 2. Cont.

Variables
Placebo Houttuynia Mean Difference

(95%CI)
p Value for
InteractionN Mean ± SEM N Mean ± SEM

Meibum quality score reduction 0.0282
Score = 0 (at baseline) 49 −0.08 ± 0.04 49 −0.02 ± 0.02 −0.06 (−0.41 to 0.29)
Score = 1 (at baseline) 40 0.35 ± 0.08 43 0.54 ± 0.09 0.18 (−0.57 to 0.20)
Score = 2 (at baseline) 23 0.96 ± 0.18 21 1.62 ± 0.13 −0.66 (−1.19 to −0.14)
Score = 3 (at baseline) 8 1.38 ± 0.46 5 1.60 ± 0.51 −0.23 (−1.22 to 0.77)

Secondary outcome
Middle meibomian gland expression score reduction 0.0051

Score = 0 (at baseline) 42 −0.12 ± 0.06 49 −0.08 ± 0.05 −0.04 (−0.43 to 0.36)
Score = 1 (at baseline) 52 0.52 ± 0.08 42 0.57 ± 0.10 −0.05 (0.44 to 0.34)
Score = 2 (at baseline) 23 1.00 ± 0.18 25 1.24 ± 0.18 −0.24 (−0.79 to −0.31)
Score = 3 (at baseline) 3 1.00 ± 0.58 2 3.00 ± 0.00 −2.00 (−3.72 to −0.28)

Eyelid margin change score reduction 0.0158
Score = 0 (at baseline) 2 −1.00 ± 1.00 3 0.00 ± 0.00 −1.00 (−3.35 to 1.35)
Score = 1 (at baseline) 57 0.25 ± 0.08 61 0.38 ± 0.09 −0.13 (0.61 to 0.34)
Score = 2 (at baseline) 46 1.11 ± 0.11 42 1.00 ± 0.13 −0.11 (−0.44 to 0.66)
Score = 3 (at baseline) 11 1.64 ± 0.24 9 1.78 ± 0.40 −0.14 (−1.30 to 1.02)
Score = 4 (at baseline) 4 0.75 ± 0.75 3 2.67 ± 1.33 −1.92 (−3.89 to 0.05)

Conjunctival congestion score reduction 0.6094
Score = 0 (at baseline) 33 −0.06 ± 0.04 32 −0.06 ± 0.04 0.00 (−0.39 to 0.39)
Score = 1 (at baseline) 66 0.61 ± 0.07 67 0.63 ± 0.06 −0.02 (−0.29 to 0.25)
Score = 2 (at baseline) 21 0.86 ± 0.17 19 1.05 ± 0.20 −0.20 (−0.69 to 0.30)

Corneal staining score reduction 0.9723
Score = 0 (at baseline) 65 −0.11 ± 0.05 65 −0.12 ± 0.04 0.02 (−0.32 to 0.35)
Score = 1 (at baseline) 41 0.56 ± 0.11 45 0.58 ± 0.10 0.02 (−0.39 to 0.42)
Score > 1 (at baseline) 14 1.07 ± 0.37 8 1.13 ± 0.48 −0.05 (−0.89 to 0.78)

Score reduction value = pre-treatment value—post-treatment value. Abbreviations: N, number; SEM, standard
error of the mean; CI, confidence interval.

Figure 3. Change in meibum quality and tear break-up time. (A) shows the meibum quality score
reduction values after one week, two weeks, and four weeks compared with the baseline. (B) shows tear
break-up time at baseline, one week, two weeks, and four weeks. Data are presented as mean ± SEM.
* p < 0.05, ** p < 0.01, ns, no significance.

3.1.2. Secondary Outcomes

Secondary outcomes in the two groups also improved after four weeks of treatment (Figure 4A–F).
Meibum expressibility scores in the Houttuynia group subsequent to treatment remained continuously
low compared to the placebo group and there were no statistical differences. Patients were then divided
into four groups according to their middle meibomian gland expression scores at baseline; this enabled
us to demonstrate that decreases in the Houttuynia group among each subgroup were higher than
those in the placebo group and there were statistical differences for interactions (p = 0.0051) (Table 2).
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Figure 4. Changes in secondary outcome measures. (A–E) illustrate meibum expressibility scores,
eyelid margin change, corneal staining, and Schirmer I test results, respectively. These data are shown
at baseline as well as after one week, two weeks, and four weeks. (C,F) show reduction values for
conjunctiva congestion and meibomian gland dropout scores after one week, two weeks, and four
weeks compared with the baseline. Data at each point are presented as mean ± SEM. ns, no significance.

Eyelid margin change scores in the Houttuynia group were also continuously low compared to
the placebo group, although there were no statistical differences. A positive correlation was found
between decreases in eyelid margin change scores after four weeks of treatment and these scores at
baseline in the two groups. The r-values in this case were 0.7707 (p = 0.1272) and 0.9890 (p = 0.0014) in
the placebo and Houttuynia groups, respectively (Table S5). The eyelid margin score reduction of the
Houttuynia group was more overall than that of the placebo group in each subgroup case, encapsulating
a statistically significant interaction difference (p = 0.0158) (Table 2).

Results show that conjunctival congestion improved following atomization treatment.
Decreased values of the placebo and Houttuynia groups were 0.61 ± 0.07 (p < 0.0001) and 0.63 ± 0.06
(p < 0.0001) in one subgroup (score = 1 at baseline) and 0.86 ± 0.17 (p < 0.0001) and 1.05 ± 0.20
(p < 0.0001) in another subgroup (score = 2 at baseline) (p value for interaction = 0.6094) (Table 2).
The corneal staining score also reduced after treatment: values were 1.07 ± 0.37 and 1.13 ± 0.48 in the
placebo and Houttuynia groups, respectively. There was no statistical difference in the subgroup at
the last visit (corneal staining score > 1 at baseline) (Table 2). Volumes for the Schirmer I test were
7.74 ± 0.32 mm/5 min and 8.45 ± 0.50 mm/5 min (p value for interaction = 0.6298) in the placebo
and Houttuynia groups, respectively (Table 1). Meibomian gland dropout score reduction gradually
increased; score reduction in the Houttuynia group was higher than in the placebo group and there was
no statistical difference.

Thus, taking all these data together, they suggest that treatment with Houttuynia was more effective
than treatment with placebo.

3.2. Safety Assessments

Visual acuity and IOP values for the two groups remained basically unchanged following medication.
Patients in one center (Peking Union Medical College Hospital) were assessed for blood/urine routines
and liver/kidney functions but all indicators remained basically unchanged following medication.
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Although some patients exhibited abnormal indicators after medication, there were no clinically significant
differences in index values and indicators returned to normal in the follow-up.

The data presented in Table S6 reveal that seven adverse event cases were seen throughout
the test. Four of these were in the placebo group (i.e., animal wool allergy, upper respiratory tract
infection, blurred vision, and allergic conjunctivitis), and the incidence rate of these events was
2.50%, while three further cases were in the Houttuynia group (i.e., upper respiratory tract infection,
conjunctivitis, and allergic conjunctivitis). The incidence rate for the cases was 2.54% and data
show no statistically significant difference between the two groups. Two subjects in the placebo
group and one in the Houttuynia group were withdrawn from the trial due to these adverse events.
Indeed, as all adverse event cases either recovered or were relieved, we consider these irrelevant to the
experimental treatment.

4. Discussion

The novel results of this strictly randomized, double-blinded, placebo-controlled clinical trial
regarding the use of ultrasound-atomized Houttuynia eye drops for the treatment of MGD-related
DED demonstrate that both the symptoms and signs of this condition are statistically significantly
ameliorated from the baseline before treatment. Primary efficacy indicators were significantly enhanced
compared with the placebo control group, and differences between the two groups were statistically
significant. The specific clinical data were as follows: patients’ eye symptom scores decreased by
an average of 9 points, meibum quality decreased by nearly 1 point (indicating an improvement of
nearly a grade), and TBUT increased to an average of 6.3 s after 4 weeks of treatment. The results
of our subgroup analysis also show that the more severe the symptoms and the more turbid the
nature of meibomian gland secretions, the better the therapeutic effect of Houttuynia eye drops will
be. These results suggested that ultrasonically atomized Houttuynia eye drops had a clear positive
effect on the treatment of MGD-related DED. This therapy can obviously relieve eye-related symptoms,
improve meibum quality, and prolong tear break-up time in the clinic.

Inflammation is the main pathological manifestation of DED. This means that anti-inflammatory
treatment is the most commonly used therapy for this condition. Inhibiting inflammation can
stabilize the tear film and improve the clinical symptoms and signs of DED; indeed, the ultrasonic
atomization of Houttuynia eye drops can improve both the symptoms and signs of DED, perhaps
mainly related to the anti-inflammatory and antibacterial effects of this plant [11–13]. MGD-related
DED is characterized by terminal duct obstruction and/or qualitative/quantitative changes in glandular
secretions. This is because, on one hand, lipid discharge into the tear film is reduced, causing
excessive tear evaporation and tear hyperosmolarity. Tear hyperosmolarity, therefore, also stimulates a
cascade in the epithelial cells of the ocular surface, involving MAPK and NF-κB signaling pathways as
well as the generation of inflammatory cytokines (i.e., interleukin-1 (IL-1α; IL-1β)), tumor necrosis
factor-α (TNF-α)), and proteases. These activate and recruit inflammatory cells, induce inflammatory
cascade reactions, and promote inflammation of the meibomian gland, eyelid margin, and ocular
surface [25]. On the other hand, meibum stasis inside the gland can promote bacterial proliferation
(including Staphylococcus aureus and other species); growth of these microorganisms enhances the
production of lipid-degrading lipases and esterases that decompose the meibum into toxic mediators
including free fatty acids. These toxic mediators increase meibum viscosity and melting temperature
and result in tear film instability. Inflammation and the release of inflammatory cytokines can also
occur; these phenomena aggravate the destruction of meibomian glands and, again, lead to a vicious
circle [7]. The plant H. cordata is a traditional Chinese medicine therapy and has been shown to have
significant anti-inflammatory and antibacterial effects. Indeed, results show that extracts from this
species have anti-inflammatory effects on various cell and animal models. The main anti-inflammatory
mechanism in this case acts to reduce the level of inflammation-related cytokines (i.e., TNF-α and IL-1β)
and chemokines by inhibiting the NF-κB/MAPK pathway. It is clear that the NF-κB/MAPK pathway is
one transduction inflammation pathway caused by MGD-related DED. One in vitro bacteriostatic test
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showed that H. cordata exerts an obvious inhibitory effect on catarrhal bacteria, S. aureus, influenza
bacillus, and pneumococcus [11,26]. Clinical observations have also shown that this treatment can
inhibit bacteria on the ocular surface and can therefore be useful for bacterial conjunctivitis therapy.
Houttuynia eye drops can inhibit bacterial growth on ocular surfaces and meibomian glands, thereby
improving meibum quality.

The results of this study show that patients in the placebo group exhibited improved symptoms
as well as all signs after four weeks of treatment. These data were statistically different from those seen
before treatment and are mainly related to the ultrasonic atomization treatment method. A number of
clinical studies have shown that this method using different liquid can improve meibum expressibility,
stabilize the tear film, increase fluid, and mitigate the symptoms and signs of DED [10–12]. The placebo
in this study was a sodium chloride solution. A previous study showed that eye atomization treatment
with saline alone can also improve the symptoms and signs (including TBUT, corneal fluorescent
staining, and Schirmer I test) of dry eye patients. Compared with the artificial tear (0.1% sodium
hyaluronate eye fluid of Shentian Pharmaceutical Co., LTD., Shanghai, China) group, the therapeutic
effect of the saline atomization group was significantly better (p < 0.05) [12]. Ultrasonic atomization
makes droplets uniformly, continuously, and comprehensively act on the cornea, conjunctiva, and eyelid,
maximizes the contact area between an eye and liquid, and therefore speeds up drug absorption [10].
Therefore, in this study, there was no statistical difference in the change values of TBUT and tear
secretion after 4 weeks of treatment, which may be related to the significant improvement effect of
ultrasonic atomization on DED. This study has further clarified the effectiveness of this treatment.

Although the experimental group did not exhibit any statistical differences in terms of secondary
efficacy indicators in comparison with the placebo group, data on the improvement of symptoms
and signs in this former group were better than those in the latter. In addition, post hoc subgrouping
analysis was conducted. Due to the limited number of samples, though the subgroup analysis cannot
draw accurate conclusions, it can provide potential directions and ideas for the study. Thus, subsequent
to grouping secondary indicators according to baseline severity, the data in this study show a statistical
difference between the two groups in terms of meibum expressibility and eyelid margin change.
This may suggest that patients with more severe meibomian gland blockage and worse eyelid margin
state will experience more marked improvements as a result of Houttuynia eye drops when compared
to the placebo set. This might be due to the therapeutic effects of the ultrasonic atomization method.
No statistical differences were seen between conjunctival congestion and corneal fluorescent staining;
this may be related to the low occurrence of severe conjunctival congestion and corneal fluorescent
staining in the included patients. A further possibility might be that treatment times were not long
enough and sample sizes were not big enough; larger samples and longer-term research projects will
therefore be needed.

The results of visual acuity, IOP, and laboratory examinations after four weeks of treatment were
basically unchanged and there were no adverse events related to the test drug. This shows again that
this treatment is safe. Indeed, regarding subjective evaluation results, patients tolerated Houttuynia eye
drop atomization treatments well, there was little irritation, and individuals were willing to tolerate
this approach.

The main limitation of this study was that Houttuynia eye drops were not compared with other
anti-inflammatory drugs. It is therefore unclear whether, or not, the therapeutic effect of Houttuynia eye
drops is superior to other anti-inflammatory drugs commonly used in clinical practice. Inflammatory
cytokines of tears were not detected during the delivery of this medication, another important indicator
that can be used to evaluate eye surface inflammatory state. This is another important indicator that
can be used to reflect Houttuynia eye drop mechanisms. Another major limitation was that there was
missing correction for multiple comparisons. This study tested for multiple hypotheses. The test was
considered valid when all three primary indicators were statistically significant. The three indices are
independent of each other, and the results of the individual tests are essential, hence we made the
decision not to adjust p values.
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We have shown that treating patients with mild to moderate MGD-related DED for one month
via the ultrasonic atomization of Houttuynia eye drops can significantly ameliorate the symptoms of
eye discomfort, improve meibomian gland function, and stabilize tear films. The results of this study
show that this treatment is safe.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/12/4022/s1,
Figure S1: The ultrasonic nebulizer, Table S1: Specific distribution of cases at each center, Table S2: Ocular symptom
rating scale, Table S3: Characteristics of the patients at baseline, Table S4: Changes in individual eye symptom
after 4-week treatment, Table S5: Correlation between indicator change and that at baseline, Table S6: Adverse
events during the trial.
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Abstract: Purpose: To investigate the response to gabapentin treatment in patients with dry eye (DE)
accompanied by features of neuropathic ocular pain (NOP), and to analyze the differences between
clinical manifestations of the groups according to treatment response. Methods: We retrospectively
reviewed the records of 35 patients with DE accompanied by NOP features and obtained information
on their medical history and previous ocular history. The patients underwent clinical examinations
of the tear film, ocular surface, and meibomian gland and completed the Ocular Pain Assessment
Survey (OPAS). One month after treatment with topical eye drops, add-on of gabapentin treatment
was determined according to the Wong–Baker FACES Pain Rating Scale (WBFPS). A reduction of
2 points or more on the WBFPS was considered a positive treatment response. Enrolled patients were
divided into three groups according to the treatment response: topical treatment response group
(group 1, n = 11); gabapentin response group (group 2, n = 13); and gabapentin non-response group
(group 3, n = 11). The medical history, clinical parameters, and OPAS scores were compared between
groups. Results: The incidence of systemic comorbidities was higher in group 2 than in other groups.
The corneal staining scores were lower in groups 2 and 3 than in group 1. Among the treatment
response groups, group 2 showed improvements in OPAS scores of ocular pain severity, pain other
than eyes, and quality of life, while group 1 showed improved OPAS scores of ocular pain severity
and ocular associated factors. Group 2 exhibited lower scores of pains aggravated by mechanical
and chemical stimuli than group 3. Conclusions: Gabapentin could be effective in patients who have
systemic comorbidity and less pain evoked by mechanical and chemical stimuli for the treatment of
DE patients with NOP, which is refractory to topical treatment.

Keywords: gabapentin; dry eye; neuropathic pain

1. Introduction

Dry eye (DE) is a multifactorial disease of the ocular surface characterized by a loss of homeostasis of
the tear film and accompanied by ocular symptoms [1]. The prevalence of DE has increased considerably
worldwide over the last three decades [2]. Some patients with DE experience severe pain that reduces
their quality of life (QoL) with minimal ocular surface signs [1,3]. Their manifestations include a
variety of unpleasant spontaneous ocular sensations, such as burning, aching, and photoallodynia [1,3].
A neurobiological mechanism is known to underline the ocular symptoms of DE [3].

The classification of pain is based on the underlying etiology: nociceptive, neuropathic,
and mixed [4]. The primary approach to treating severe ocular pain is to target potential nociceptive
factors [5]. Topical treatment could be attempted to lower tear osmolarity and reduce inflammation [6].
If the pain cannot be resolved with the primary approach, neuropathic pain could be considered [5,7,8].
In DE, persistent damage to the ocular surface and nerve endings induced by tear film instability and
inflammation can cause peripheral neuronal sensitization. Moreover, repeated peripheral nerve injury
can lead to central neuronal sensitization [9–12].
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DE and neuropathic pain share several common features, including frequent discordance between
the symptoms and signs, abnormal somatosensory testing, accompanying comorbidity, and anatomic
nerve injury or somatosensory nerve sensitization [9,13]. Ocular pain symptoms disproportionally
outweighing the clinical signs are suggestive of an underlying neuropathic etiology that requires
systemic pain management [9,13].

Oral gabapentin is the first-line agent for the treatment of chronic systemic neuropathic pain [14].
Especially, gabapentin could reverse elements of central sensitization in patients with chronic pain [15–17].
This agent has been studied as a therapy for ocular pain after refractive surgery and painful DE [7,18–20].
However, central nervous system (CNS) depression may occur as a side effect [15], and the therapeutic
efficacy of gabapentin for neuropathic ocular pain (NOP) has not been verified. Hence, ophthalmologists are
less likely to use gabapentin for treating NOP which is refractory to topical agents. In this study, we aimed
to investigate the response to gabapentin treatment in DE patients with NOP features and compare the
clinical parameters and ocular pain assessment survey (OPAS) scores between groups according to the
treatment response.

2. Methods

Ethical approval was obtained from the Chonnam National University Hospital Institutional
Review Board, and the study protocol adhered to the guidelines of the Declaration of Helsinki.
Data were collected by retrospective review of the patients’ medical charts and recorded using
electronic case report forms.

2.1. Study Population

Patients with DE accompanied by NOP features, who underwent evaluation between January 2018
and February 2020, were included in the analysis. DE was diagnosed at the first visit, based on an ocular
surface disease index (OSDI) score≥ 13 and tear break-up time (TBUT) ≤ 10 s. The inclusion criteria were
as follows: (1) chronic ocular pain lasting for more than 3 months, which was unresponsive to topical
lubricants (e.g., sodium hyaluronate, carboxymethylcellulose sodium, carbomer, lanolin ointment,
etc.); (2) discordance between the painful DE symptoms and signs; (3) specific descriptors,
including spontaneous burning, stinging, photosensitivity, and allodynia; and (4) Wong–Baker FACES
Pain Rating Scale (WBFPS) score≥ 6. The exclusion criteria were as follows: (1) topical anti-inflammatory
drug use, including steroids and cyclosporin; (2) use of systemic medications that alter the pain and
mood status, including analgesics, antidepressants, and antiepileptics; (3) systemic comorbidities that
contraindicate the use of gabapentin, including chronic kidney disease; and (4) follow-up duration of
less than 2 months.

2.2. Measurement of Clinical Parameters

The OSDI score, TBUT, Schirmer score, corneal stain score (CSS), and meibomian gland (MG)
parameters were evaluated by the same investigator (K.C.Y.). Only the “worse” eye was assessed as
follows: (1) eyes with severe CSS, or (2) the right eye if the CSS was the same in both eyes.

The OSDI questionnaire was used to quantify the vision-related QoL and included the following
subscales: (1) ocular symptoms (OSDI symptoms); (2) vision-related activities of daily living
(OSDI visual function); and (3) environmental triggers (OSDI trigger). The total OSDI score and each
subscale score, which ranged from 0 to 100, were analyzed [21].

TBUT was assessed using a moistened fluorescein strip (Haag-Streit, Koeniz, Switzerland), and the
time interval between the last complete blink and the first appearance of a dry spot or disruption of the
tear film was recorded in seconds. This examination was performed thrice, and the mean TBUT value
was used for the analysis. CSSs were obtained through a white light and cobalt blue filter, using the
area-density index, scoring area and density of the superficial punctate corneal lesion and multiplying
the area and density score [22]. Schirmer score was measured using a calibrated sterile strip (Color Bar
Schirmer Tear Test; Eagle Vision Inc., Memphis, TN, USA) under topical anesthesia (0.5% proparacaine
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chloride). The sterile strips were placed at the lateral canthus away from the cornea and left for 5 min
with the eyes closed. Schirmer scores were represented as the length of wetting in millimeters for
5 min.

The MG quality score was graded using a scale ranging from 0 to 3 as follows: grade 0,
normal, clear oil expressed; grade 1, opaque, diffusely turbid, normal viscosity; grade 2, opaque,
increased viscosity; and grade 3, inspissated (thick, toothpaste-like appearance) meibum or
non-expressible glands. The MG expressibility score was graded by counting the central eight
expressed MG orifices of the lower lid as follows: grade 0, all glands are expressible; grade 1, 3–4 glands
are expressible; grade 2, 1–2 glands are expressible; and grade 3, no gland is expressible [23].

2.3. Assessment of Ocular Pain

The WBFPS was chosen to screen pain severity in patients with DE. We explained to the patients
that each face represented a person who had no pain, had some pain, or had severe pain. Patients chose
the face that best depicts the pain they were experiencing at that moment [24].

All patients completed the OPAS, which is a validated questionnaire for neuropathic pain
that combines patient responses regarding ocular and non-ocular pain intensity, impact on QoL,
aggravating factors, associated factors, and symptomatic relief [25]. The questions were divided
into sections for analysis: questions 4–9 pertained to eye pain intensity (0 to 60); questions 10–11,
pertained to non-eye pain (0 to 20); questions 13–19 (0–10, total score 0 to 60) assessed the QoL
(reading and/or computer use; driving and/or watching TV; general activity; mood; sleep; and enjoying
life/relations with other people); questions 20–21 (each score 0–1, total score 0 to 2) assessed aggravating
factors (mechanical and chemical stimuli); and questions 22–25 (each score 0–1, total score 0 to
4), assessed associated factors (redness; burning; sensitivity to light; and tearing). The section on
symptomatic relief was excluded, and only questions 4–25 were analyzed in this study.

2.4. Protocol of Treatment and Grouping

At the first visit, all patients were instructed to instill preservative-free sodium hyaluronate
0.15% (Hyaluni eye drops 0.15%®, Taejoon Pharmaceutical Co., Ltd., Seoul, Korea) 6 times a day,
and loteprednol 0.5% (Lotemax®, Bausch & Lomb, Rochester, NY, USA) and cyclosporin A ophthalmic
nanoemulsion 0.05% (Cyporin N®, Taejoon, Seoul, Korea) twice a day. After 1 month of treatment,
an add-on of gabapentin 600 to 1200 mg/day (Neurontin cap®, Pfizer, New York, NY, USA) was
determined according to the WBFPS score. The topical treatment was continued without gabapentin
if the WBFPS score decreased by more than 2 points. If not, the add-on gabapentin treatment was
administered for 1 month.

Patients were divided into three groups according to the treatment response: group 1 comprised
patients who experienced symptomatic relief only with eye drops (topical treatment response group,
n = 11); group 2 comprised patients who experienced symptomatic relief after the administration
of gabapentin (gabapentin response group, n = 13); and group 3 comprised patients who were
unresponsive to both treatments (gabapentin non-response group, n = 11; Figure 1).

2.5. Statistical Analysis

Statistical analyses were conducted using Statistical Package for the Social Sciences, version 22.0,
for Windows (SPSS Inc., Chicago, IL, USA). The normality of distribution for all variables was assessed
using the Shapiro–Wilk test. Fisher’s exact test was used for categorical data. Variables satisfying
normal distribution were analyzed using the one-way analysis of variance and independent t-test,
and those with non-normal distribution were analyzed with the Mann–Whitney U test. Post hoc analysis
was performed after multiple comparison analysis using Tukey’s honestly significant difference test and
Bonferroni adjustment. The symptom scores obtained before and after treatment were compared using
the Wilcoxon signed-rank test, with differences corrected using the Benjamini–Hochberg procedure
using false discovery rates of 0.25. p-values less than 0.05 were considered statistically significant.
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Figure 1. Flowchart of treatment protocol and grouping.

3. Results

This study included 35 patients with DE accompanying NOP features. The mean age was
55.6 ± 11.7 years, and 27 patients (77.1%) were women. There were no differences in baseline
characteristics according to sex (data not shown). Only 1 of the 24 patients treated with gabapentin
experienced a side-effect (mild tremor).

Table 1 shows the demographics and medical history of the patients enrolled in this
study. There was no history of systemic comorbidity, ocular surgery, and trauma in group 1.
Systemic comorbidities including rheumatologic, neurologic, and phycological disorders were more
frequent in group 2 than in group 3 (p = 0.034). No differences were observed between the previous
ocular histories of groups 2 and 3.

Table 1. Demographics and personal history of patients with dry eye accompanied by neuropathic
ocular pain features.

Topical Treatment
(n = 11)

Gabapentin Treatment
p-Value

Response (n = 13) Non-Response (n = 11)

Demographics

Age (years) 59.4 ± 11.7 52.5 ± 10.3 55.5 ± 13.2 0.367
Sex (M:F) 3:8 3:10 2:9 0.879

Comorbidities, n 0 7 1 0.010

Rheumatologic disease 0 3 0
Neurologic disorder 0 2 1

Psychological disorder 0 2 0

Previous ocular history, n 0 6 6 0.014

Cataract 0 2 1
LASIK/LASEK 0 1 3
Ocular trauma 0 1 1
Eyelid surgery 0 2 1

Number of previously
used topical agents, n 1.55 ± 0.69 1.77 ± 0.60 1.82 ± 0.75 0.603

M, male; F, female; LASIK, laser-assisted in situ keratomileusis; LASEK, laser-assisted sub-epithelial keratectomy.
Compared using Fisher’s Exact test.

Table 2 presents the comparisons of the clinical DE and MG parameters of the three groups.
The CSS of groups 2 and 3 were lower than those of group 1 (p = 0.048 and p = 0.033). There were no
differences between the CSS and other clinical parameters of groups 2 and 3.
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Table 2. Clinical parameters in patients with dry eye accompanied by neuropathic ocular pain features
according to the treatment response.

Topical
Treatment

(n = 11)

Gabapentin Treatment
p-Value

Post Hoc Analysis

Response
(n = 13)

Non-Response
(n = 11)

Group
1 vs. 2

Group
1 vs. 3

Group
2 vs. 3

OSDI 71.9 ± 7.34 69.2 ± 35.3 74.48 ± 19.1 0.959 0.993 0.994 0.956

Tear film and ocular
surface parameters

TBUT (sec) 4.73 ± 2.28 4.62 ± 1.94 4.00 ± 1.27 0.621 0.988 0.640 0.707
Schirmer test score (mm) 6.73± 5.31 5.85 ± 1.41 7.91 ± 2.98 0.369 0.814 0.712 0.336

CSS (0–9) 1.09 ± 1.04 0.31 ± 0.75 0.27 ± 0.47 0.031 0.048 0.033 0.994

MG parameters

MG quality (0–3) 0.91 ± 0.83 0.85 ± 0.69 0.82 ± 0.75 0.959 0.977 0.957 0.996
MG expressibility (0–3) 0.55 ± 0.69 0.77 ± 0.60 0.69 ± 0.79 0.712 0.711 0.811 0.988

All values are presented as mean ± SD. OSDI, ocular surface disease index; TBUT, tear break-up time; CSS,
corneal staining score; MG, meibomian gland. Comparison using one-way analysis of variance, and post hoc
analysis using Tukey’s honestly significant difference test with Bonferroni adjustment.

Table 3 shows the changes in the OPAS scores of groups 1 and 2. Improved OPAS scores of ocular
pain severity and associating factors were noted after treatment in group 1 (both p = 0.026). Group 2
exhibited improved OPAS scores of ocular pain severity, pain other than eyes, and QoL (p = 0.011,
p = 0.026, and p = 0.011, respectively).

Table 3. Changes in the Ocular Pain Assessment Survey score in the topical treatment and gabapentin
response groups.

Pre Post p-Value

Topical treatment response group

Eye pain intensity (0–60) 41.0 (22.0–60.0) 29.5 (21.0–38.0) 0.026
Non–eye pain (0–20) 6.0 (5.0–7.0) 13.5 (9.0–18.0) 0.063
Quality of life (0–60) 37.5 (14.0–60.0) 34.8 (23.0–46.6) 0.113
Aggravating factors (0–2) 1.30 (1.00–1.60) 1.35 (0.80–1.90) 0.459
Associated factors (0–4) 2.85 (2.50–3.20) 2.20 (1.60–2.80) 0.026

Gabapentin response group

Eye pain intensity (0–60) 38.0 (22.0–38.0) 26.0 (21.0–35.0) 0.011
Non–eye pain (0–20) 13.0 (10.0–19.0) 8.0 (6.0–16.0) 0.026
Quality of life (0–60) 43.0 (31.0–53.0) 20.0 (12.0–47.0) 0.011
Aggravating factors (0–2) 0.60 (0.20–1.40) 0.90 (0.80–1.30) 1.000
Associated factors (0–4) 1.50 (1.40–2.60) 0.80 (0.30–3.20) 0.122

All values are presented as median (interquartile range). Comparing using Wilcoxon signed-rank test.

The comparisons of the OPAS scores between groups 2 and 3 are presented in Table 4. The scores
of “enjoying life/relations with other people” associated with the QOL and pain aggravated by
mechanical and chemical stimuli were lower in group 2 than in group 3 (p = 0.019, p = 0.003,
and p = 0.004, respectively).
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Table 4. Comparison of the Ocular Pain Assessment Survey score between the gabapentin response
and non-response groups.

Gabapentin Treatment p-Value
Response (n = 13) Non-Response (n = 11)

Eye pain intensity (0–60) 39.0 (15.0–40.0) 35.0 (19.5–44.5) 0.722 †

Non–eye pain (0–20) 8.0 (0.0–10.0) 4.0 (0.75–11.75) 0.249 †

Quality of life

Reading and/or computer use (0–10) 0.0 (0.0–8.0) 7.0 (4.25–9.75) 0.254 †
Driving and/or watching TV (0–10) 6.67 ± 1.97 6.20 ± 2.94 0.674 *
General activity (walking, etc.) (0–10) 5.00 ± 3.30 5.40 ± 3.57 0.788 *
Mood (0–10) 1.0 (0.0–7.0) 6.5 (3.25–9.0) 0.456 †
Sleep (0–10) 5.0 (5.0–6.0) 5.0 (0.0–10.0) 0.381 †
Enjoying life/relations with other people (0–10) 4.67 ± 3.06 7.60 ± 2.17 0.019 *

Aggravating factors

Mechanical stimuli (0–1) 0.42 ± 0.24 0.78 ± 0.28 0.003 *
Chemical stimuli (0–1) 0.40 ± 0.28 0.76 ± 0.22 0.004 *

Associated factors

Redness (0–1) 0.50 ± 0.35 0.45 ± 0.32 0.628 *
Burning sensation (0–1) 0.50 ± 0.32 0.45 ± 0.42 0.381 *
Sensitivity to light (0–1) 0.60 ± 0.17 0.45 ± 0.33 0.080 *
Tearing (0–1) 0.4 (0.4–0.5) 0.3 (0.03–0.88) 0.123 †

* Compared using independent t-test. † Compared using Mann–Whitney U test.

4. Discussion

Pain is an unpleasant sensory and emotional experience associated with actual or potential
tissue damage, or described with respect to such damage, and can be classified into nociceptive and
neuropathic pain [26]. Nociceptive pain is caused by actual or threatened damage to tissue due to
the activation of nociceptors. In contrast, neuropathic pain is caused by a lesion or disease of the
somatosensory nervous system. Repeated peripheral nerve injury can lead to peripheral sensitization,
and prolonged peripheral ectopic pain initiates central sensitization [13,26].

DE is a multifactorial disease of the ocular surface, which is accompanied by ocular symptoms [1].
At times, patients experience ocular pain that affects their QoL. The discordance between the ocular
symptoms and signs suggest an underlying neuropathic pain etiology; in such cases, ocular pain
could be refractory to conventional topical DE treatment [5,8,13]. Gabapentin is the first-line treatment
for systemic neuropathic pain in conditions such as fibromyalgia, postherpetic pain, and diabetic
neuropathy [14]. It is an anti-convulsant drug that reduces the release of multiple excitatory
neurotransmitters by acting on the α2δ subunit of the voltage-gated calcium channels, thus decreasing
central sensitization [7,15].

However, limited data are available to support the use of systemic neuropathic pain medication
for NOP associated with DE. A prospective, placebo-controlled study demonstrated that gabapentin
reduced postoperative pain after photorefractive keratectomy [27]. However, a recent randomized
pilot study showed that pregabalin, which has a similar mechanism with gabapentin, failed to prevent
DE symptoms after laser-assisted in situ keratomileuses [28]. Ongun et al. [19] showed that gabapentin
was more effective for the treatment of severe DE with NOP compared to topical treatment. In the
present study, we aimed to analyze the differences in the clinical manifestations between groups
according to treatment response in patients with DE accompanied by NOP features.

Our results showed that the frequency of other comorbidities such as rheumatologic, neurologic,
and psychological disorders was higher in the gabapentin response group. Gabapentin has
pharmacologic characteristics, binding to voltage-sensitive calcium channels at the α2δ subunit,
affecting their function as well as influencing receptor trafficking [15]. It can secondarily influence
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gamma-aminobutyric acid and glutamate tone and activity via this mechanism [15]. Therefore,
gabapentin can relieve not only neuropathic pain but also general systemic symptoms, such as mood,
sleep, vasomotor symptoms, etc. [15,29]. This explanation corresponds to the results seen in Table 4,
i.e., the significant improvement in non-ocular pain and QoL.

In contrast, the topical treatment response group had no ocular history including surgery
and trauma, with more severe CSS compared to the other groups. The sensory neurons of the
ocular surface and nociceptors could actually be injured in patients who had ocular surgery and
trauma leading to neuroinflammation associated with peripheral and central sensitization [5,8,13].
Topical anti-inflammatory agents such as topical steroids and cyclosporin could decrease the release
of proinflammatory neuropeptides and cytokines from injured nerves, affecting nociceptive pain
and peripheral sensitization [9]. However, improvement of corneal nerve morphologic status
and central sensitization has not been demonstrated. Therefore, patients with previous ocular
history, including surgery and trauma, may not respond to topical treatment and require systemic
NOP treatment.

The evoked pain in response to chemical and mechanical stimulation tended to be greater
in the gabapentin non-response group than in the gabapentin response group. Evoked pain,
including allodynia and hyperalgesia, is provoked or increased pain in response to stimulation [26].
These manifestations are common clinical characteristics of neuropathic pain; however, their underlying
mechanisms are complex and diverse depending on the provoking stimulus [30]. The efficacy of
gabapentin for the alleviation of systemic neuropathic pain was proven by several randomized,
double-blind placebo-controlled studies [14]. Nevertheless, few studies have specifically focused
on the treatment of evoked pain. Furthermore, one study showed that mechanical allodynia was a
negative predictor of the overall effect of pregabalin in patients with postherpetic neuralgia [30,31].

Dieckmann et al. [9] suggested the proparacaine challenge test for differentiating between
peripheral and central neuropathic pain and proposed a corresponding treatment strategy for DE
patients with neuropathic pain etiology. The results of our study showed that the treatment response was
related not only to the degree of central sensitization before treatment, but also to the patients’ systemic
comorbidity, ocular history, ocular surface status, and presence of evoked pain. Gabapentin can cause
side effects including CNS depression (drowsiness, dizziness, headache, etc.) and mood problems; thus,
consultation with a neuropsychiatrist may be needed [15]. In this study, only one patient experienced
a mild tremor as a side-effect for gabapentin treatment. Therefore, we believe gabapentin may be
tolerable in DE patients associated with NOP. In addition, our results will help clinicians predict in
which DE patients associated with NOP gabapentin treatment will be more effective.

Our study had some limitations. First, it was designed retrospectively and the sample size was
small. Patients were recruited from a single tertiary center; thus, the findings may not be representative
of the general DE population. Further prospective and longitudinal studies with a large sample size
are required in the future. Second, the threshold value for determining the group classification may
not have been a representative value. We classified patients with an improvement of 2 or more points
on the WBFPS as the treatment response group; however, this might be not a standardized cut-off
value. Moreover, we did not analyze the results of the proparacaine challenge test. It was difficult to
classify the enrolled patients based on the central or peripheral phenotype of pain, since the majority of
participants showed a mixed phenotype. Third, the extent of actual nerve damage was not measured
using in vivo confocal microscopy. However, to the best of our knowledge, this was the first study to
analyze the differences in the clinical manifestations between groups according to treatment response
in DE patients with NOP features.

In conclusion, gabapentin could be successful for the treatment of DE patients with NOP features
who have systemic comorbidities including rheumatological, neurological, and psychological disorders,
and less evoked pain in response to mechanical and chemical stimuli. Topical treatment for DE with
NOP features could be successful for patients who have a corneal staining and no ocular history
including surgery and trauma.
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Abstract: Background: Activation of TRPM8, a cold-sensing receptor located on the cornea and eyelid,
has the potential to relieve the neuropathic ocular pain (NOP) in dry eye (DE) by inhibiting other aberrant
nociceptive inputs. We aimed to investigate the effect of a topical TRPM8 agonist, cryosim-3 (C3), on
relieving DE-associated NOP. Methods: We conducted a prospective pilot study of 15 patients with
DE-associated NOP. These patients applied topical C3 to their eyelid, 4 times/day for 1 month. The
patients underwent clinical examinations. They also completed the Ocular Pain Assessment Survey
(OPAS), which is a validated questionnaire for NOP, at baseline, 1 week, and 1 month after treatment.
Result: At 1 week, the OPAS scores of eye pain intensity, quality of life (driving/watching TV, general
activity, sleep, and enjoying life/relations with other people), and associated factors (burning sensation,
light sensitivity, and tearing) improved. The total OPAS scores of eye pain intensity, quality of life, and
associated factors remained improved at 1 month. The Schirmer test scores also improved at 1 month.
Conclusion: TRPM8 agonist (C3) could be a novel agent for treating patients with DE-associated NOP
who are unresponsive to conventional treatments.

Keywords: TRPM8 agonist; cryosim-3; dry eye; neuropathic pain

1. Introduction

Dry eye (DE) is a multifactorial disease of the ocular surface characterized by a loss of homeostasis
of the tear film and accompanying ocular symptoms [1]. It has a prevalence of 10% to 70% [1]. Some
patients with DE experience severe pain that reduces their quality of life (QoL) with minimal ocular
signs [1]. Topical agents could be applied as a part of DE treatment to reduce inflammation and tear film
osmolality [2]. Generally, if the ocular pain cannot be resolved with topical treatment, other specific causes
should be suspected, in particular, neuropathic pain could be the underlying cause [3,4]. In DE, ocular
pain disproportionally outweighing the clinical signs is suggestive of underlying neuropathic ocular pain
(NOP) nature [4].

Transient receptor potential (TRP) cation channels are associated with the perception of chemical and
temperature stimulations [5]. Within the TRP family, TRPM8 is a cold-sensing receptor located on nerve
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endings of the ophthalmic branch of the trigeminal nerve [6]. Since the activation of TRPM8 can inhibit
other aberrant nociceptive inputs, agents for targeting this channel might have the potential to relieve
the NOP in DE [7,8]. In particular, TRPM8 is distributed in not only cornea but also eyelid; therefore, it
can be activated using topical agents that are applied onto the eyelid without directly instilling eye drops
to the cornea [6,9,10]. In our previous study, we revealed the effectiveness of topical cryosim-3 (C3)—a
water-soluble and selective TRPM8 agonist—in the treatment of DE by increasing basal tear secretion and
alleviating ocular discomfort without any complications [9]. In this pilot study, we aimed to investigate
the effect of the topical TRPM8 agonist (C3) on relieving NOP in patients with DE.

2. Methods

This prospective nonrandomized pilot study was conducted in accordance with the tenets of the
Declaration of Helsinki. Ethical approval was obtained from the Chonnam National University Hospital
Institutional Review Board (CNUH-2018-274). Informed consent was obtained from all included patients.
The sample size was calculated using the G*Power software (version 3.1.9.4; Heinrich-Heine University,
Germany) with a level of α = 0.05 and a power of 95% to detect a 2-point difference in pain scales.
Accordingly, a total sample size of 13 patients was found sufficient.

Patients with DE accompanied by NOP features, who underwent evaluation between January and
December in 2018, were enrolled. DE was diagnosed based on ocular surface disease index (OSDI) score
≥13 and tear break-up time (TBUT) ≤7 s. The inclusion criteria were as follows: (1) chronic ocular pain that
was unresponsive to conventional topical agents (i.e., lubricants, anti-inflammatories, and secretagogues)
for >3 months; (2) discordance between the painful DE symptoms and signs and specific descriptors,
including burning or stinging; and (3) a Wong–Baker FACES Pain Rating Scale (WBFPS) score ≥4. Patients
who had a history of ocular diseases other than DE and those receiving systemic medications that alter the
pain and mood statuses were excluded.

The patients were treated with add-on C3 while undergoing conventional topical treatment. C3
samples (2 mg/mL) were diluted in purified water, soaked in gauze, and packaged using automated
equipment. The patients applied topical C3 by wiping the gauze on the closed eyelid margin, 4 times/day
for 1 month (Figure 1B).

Figure 1. Chemical structure of cryosim-3 (A) and the method of topical application of the gauze containing
cryosim-3, which targets TRPM8 on the eyelid margin (B).

The OSDI questionnaire, which ranged from 0 to 100, was used to quantify the vision-related QoL.
TBUT, the time interval between the last complete blink and the first appearance of disruption of the
tear film, was measured thrice, and the mean value was used for analysis. Corneal staining scores were
assessed using the area-density index, by multiplying the area and density score. The Schirmer test score
represented the length of wetting, and was measured using a calibrated sterile strip placed at the lateral
canthus for 5 min under topical anesthesia (0.5% proparacaine). Only the score of the right eye was
assessed.

140



J. Clin. Med. 2021, 10, 250

The WBFPS was chosen to screen the pain severity in the patients with DE. The patients chose the face
that best depicted the pain they were experiencing. At baseline, 1 week, and 1 month after treatment, the
patients also completed the OPAS, which is a validated questionnaire for neuropathic pain as previously
described [11]. The questions were divided into sections for analysis: questions 4–9 pertained to eye pain
intensity (0 to 60); questions 10–11 pertained to non-eye pain (0 to 20); questions 13–19 (0–10, total score
0 to 60) assessed the QoL (reading and/or computer use, driving and/or watching TV, general activity,
mood, sleep, and enjoying life/relations with other people); questions 20–21 (each score 0–1, total score
0–2) assessed aggravating factors (mechanical and chemical stimuli); questions 22–25 (each score 0–1, total
score 0–4) assessed associated factors (redness, burning, sensitivity to light, and tearing). The section on
symptomatic relief of the OPAS was excluded, and only questions 4–25 were analyzed. The questions
were divided into 5 sections as follows: eye pain intensity, non-eye pain, QoL, aggravating factors, and
associated factors.

Statistical analyses were conducted using PASW Statistics for Windows, Version 18.0 (SPSS Inc.,
Chicago, IL, USA). The normality of distribution was assessed using the Shapiro–Wilk test. The Wilcoxon
signed-rank test and repeated-measures analysis of variance with Bonferroni’s post hoc test were used for
comparing parameters before and after treatment. A p-value <0.05 was considered statistically significant.

3. Results

This study enrolled 20 patients with DE accompanying NOP features. Five patients (25.0%)
discontinued the treatment because of drug ineffectiveness or intolerance. The remaining 15 patients
(75.0%) were included in the analysis. Their mean age was 59.5 ± 13.0 years, and nine patients (60.0%) were
women. Five patients had a history of intraocular surgery, and one patient had a history of ocular trauma.

At 1 week after treatment, eye pain intensity, QoL (driving/watching TV, general activity, sleep, and
enjoying life/relations with other people), and associated factors (burning sensation, light sensitivity, and
tearing) were improved. The total Ocular Pain Assessment Survey (OPAS) scores of eye pain intensity,
QoL (sleep), and associated factors (burning sensation and light sensitivity) remained improved at 1
month. However, the score of non-eye pain and aggravating factors did not change after treatment
(Table 1). Among the clinical DE parameters, OSDI and Schirmer test score were improved at 1 month after
treatment (Table 2). There were no significant differences in pain scores according to previous medications
(Supplementary Table S1).
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Table 1. Changes in the Ocular Pain Assessment Survey scores after the application of cryosim-3 for 1
month.

Baseline a 1 Week b 1 Month c
p-Value *

a vs. b a vs. c b vs. c

Eye pain intensity (0–60) 30.60 ± 12.84 26.47 ± 11.45 21.53 ± 10.84 0.009 0.015 0.073
Non-eye pain (0–20) 7.67 ± 6.22 6.73 ± 6.18 5.47 ± 5.62 0.999 0.435 0.409

Quality of life (total 0–60) 33.53 ± 14.24 27.60 ± 15.49 27.17 ± 16.06 0.003 0.022 0.743

Reading and/or computer use (0–10) 7.79 ± 1.76 7.14 ± 2.48 6.93 ± 2.59 0.120 0.054 0.272

Driving and/or watching TV (0–10) 6.80 ± 2.31 5.27 ± 2.52 5.60 ± 2.90 0.002 0.070 0.417

General activity (walking, etc.) (0–10) 4.00 ± 3.18 3.27 ± 2.71 3.20 ± 2.86 0.016 0.138 0.843

Mood (0–10) 5.40 ± 2.77 4.53 ± 2.50 4.40 ± 2.47 0.121 0.177 0.769

Sleep (0–10) 4.27 ± 3.81 2.93 ± 3.67 2.73 ± 3.81 0.027 0.049 0.486

Enjoying life/relations with other people
(0–10) 5.07 ± 2.84 4.33 ± 2.97 4.27 ± 3.03 0.036 0.068 0.806

Aggravating factors (total 0–2) 1.11 ± 0.49 0.87 ± 0.56 0.88 ± 0.57 0.113 0.132 0.077

Mechanical stimuli (0–1) 0.63 ± 0.29 0.47 ± 0.25 0.47 ± 0.26 0.068 0.086 0.999

Chemical stimuli (0–1) 0.47 ± 0.35 0.41 ± 0.35 0.41 ± 0.32 0.363 0.432 0.872

Associated factors (total 0–4) 2.09 ± 0.76 1.55 ± 0.85 1.58 ± 0.93 0.006 0.046 0.835

Redness (0–1) 0.41 ± 0.32 0.41 ± 0.30 0.39 ± 0.30 0.094 0.104 0.080

Burning sensation (0–1) 0.57 ± 0.37 0.40 ± 0.33 0.29 ± 0.29 0.007 0.002 0.015

Sensitivity to light (0–1) 0.76 ± 0.24 0.57 ± 0.26 0.59 ± 0.28 0.005 0.030 0.663

Tearing (0–1) 0.36 ± 0.29 0.17 ± 0.18 0.21 ± 0.27 0.013 0.197 0.578

All values are presented as mean ± SD. * Compared using repeated measures analysis of variance with Bonferroni’s post
hoc test. (a) means “baseline”, (b) means “1-week”, and (c) means “1-month”

Table 2. Changes in clinical parameters after the application of cryosim-3 for 1 month.

BASELINE 1 Month Z p-Value

Ocular surface disease index 57.5 ± 13.8 40.2 ± 12.6 −3.41 0.001
Tear break-up time (s) 4.13 ± 0.83 4.00 ± 0.85 −0.82 0.414

Schirmer test score (mm) 7.07± 2.76 8.47 ± 2.80 −3.02 0.003
Corneal staining score (0–9) 0.60 ± 0.91 0.13 ± 0.35 −1.82 0.068

All values are presented as mean ± SD. Compared using the Wilcoxon signed rank test.

4. Discussion

DE is a multifactorial disease of the ocular surface that is accompanied by ocular symptoms [1]. The
prevalence of DE has increased considerably worldwide over the last three decades [1]. Some patients
with DE experience ocular pain that affects their QoL without any specific abnormal ocular signs [1].
The classification of pain is based on the underlying etiology: (1) nociceptive pain caused by actual or
threatened damage to tissues due to the activation of nociceptors, and (2) neuropathic pain caused by a
lesion or disease of the somatosensory nervous system [12]. Repeated peripheral nerve injury can lead to
peripheral sensitization, and prolonged peripheral ectopic pain initiates central sensitization [4]. Ocular
pain symptoms disproportionally outweighing the clinical signs are suggestive of an underlying NOP that
might require specific management including systemic treatment [4].

However, chronic NOP associated with DE is a challenging clinical problem that is difficult to treat with
conventional medications [4,13]. Conventional topical agents such as cyclosporine A could decrease the
release of proinflammatory neuropeptides and cytokines from injured nerves, thereby affecting nociceptive
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pain and peripheral sensitization [13]. However, these topical treatments appear to have limitations in
producing an improvement in the corneal nerve morphologic status and central sensitization in patients
with chronic NOP. Current systemic medication mainly includes oral antidepressants, anticonvulsants,
or gabapentinoid; however, these systemic treatments have several limitations, such as delayed onset,
variable efficacy, and unacceptable side effects [4,13,14]. In addition, limited data are available to support
the use of systemic neuropathic pain medications for NOP associated with DE [14–16]. In this regard,
topical agents that are rapid acting, effective, and safe are needed for treating the NOP in DE.

Several members of the TRP super family have emerged as important targets for pain control owing
to their critical role in nociception, especially, in chronic states [5]. TRP receptors have been identified in
the cornea (TRPV1-4, TRPA1, TRPC4, and TRPM8), conjunctiva (TRPV1, TRPV2, and TRPV4), and eyelid
(TRPM8) [6]. In addition, many studies have reported an association between the dysfunction of TRP
channels and DE [3,6,17]. TRPM8 is the principal receptor associated with sensing coolness and regulates
lacrimal function via response to evaporative cooling and hyperosmolar stimuli [10,18–20]. Several studies
have showed that cooling the periocular area with an ice pack or instilling cold artificial tears into the
eye could relieve ocular pain after surgery [21,22]. Both TRPM8 agonists and antagonists are considered
therapeutic agents for pain control [5–7,23]. TRPM8 antagonists were shown to improve acute and chronic
pain such as cold allodynia [23,24]. However, TRPM8 antagonists can reduce basal tear secretion as an
undesirable side effect in DE, as shown in the result of experiments using TRPM8 knock-out mice [20].
TRPM8 agonist could present significant anti-allodynic activity through an excessive activation of TRPM8,
leading to its downregulation [25]. Furthermore, TRPM8 agonists have been found to have analgesic
effects on neuropathic pain, such as chemotherapy-induced neuropathic pain [8,26,27].

This pilot study showed that the topical application of a TRPM8 agonist (C3) to the eyelid was safe
and effective in relieving NOP in patients with DE. We previously showed that the topical application of
C3 stimulates basal tear secretion and relieves ocular discomfort in patients with mild DE [9]. The sensory
fibers of TRPM8, which innervate the upper eyelid and cornea, are located in the ophthalmic branch of the
trigeminal nerve [6]. We speculated in this study that TRPM8 signaling via the eyelid margins may be
perceived in the brain as signals from not only the cornea but also the entire ocular surface [9]. Activation
of TRPM8 leads to the central synaptic release of glutamate, which then suppresses the injury-activated
nociceptive afferent neurotransmission through inhibitory receptors at nerves ending (Figure 2) [8]. In
addition, a hypothesis suggests that these actions attenuate neuropathic sensitization on the dorsal horn [8].
In addition, OSDI and Schirmer test scores improved, but TBUT and corneal staining scores remained
unchanged after C3 treatment. TRPM8 agonist is known to increase the basal tear secretion and reduce
ocular discomfort via neuronal action, but it does not have direct effect on the tear film [6,9]. These results
were consistent with our previous study [9].
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Figure 2. Schematic illustrating the mechanism of action of the TRPM8 agonist in relieving ocular pain in
patients with dry eye.

Topical delivery of C3 to the eyelid margins could minimize corneal exposure that induces side effects,
such as discomfort or paradoxical ocular pain [9]. In addition, the wiping of C3 was more comfortable for
patients than conventional instillation of eye drops, and produced a painless cooling sensation lasting
approximately 40 min [9]. The OPAS scores also decreased at 1 week after treatment, indicating that
the topical drug produces effect faster than systemic drugs do [14]. Moreover, although the effect was
temporary, C3 was particularly effective when the patients experienced severe pain due to DE, such as
when driving or sleeping, thereby resulting in an improved QoL.

This study included a short follow-up period of 1 month and a small sample size. In our study, 15
patients who were included in the analysis showed improved symptoms after treatment; however, a larger
sample size would have yielded a more accurate response rate. The number of enrolled patients was too
small to perform a subgroup analysis. This was a single-center study, and hence, the findings should be
verified in future multicenter prospective randomized control studies evaluating the objective signs.

In addition, we did not strictly control for previous medications for DE when enrolling the patients.
This might have induced a bias during analysis. However, patients in our study did not respond to
conventional treatment for a long period of time (122.7 days), but they showed an improvement of ocular
pain within 1 week after C3 treatment. This improvement suggests a direct effect of C3 treatment rather
than a delayed effect of previous conventional treatment. We believe that including patients with varying
histories of medical treatments may likely emulate the actual use of this drug. Despite the aforementioned
limitations, the TRPM8 agonist (C3) could be a novel agent for treating NOP in patients with DE who are
unresponsive to conventional topical treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/10/2/250/s1, Table
S1: Previous topical treatment and Wong-Baker FACES Pain Rating Scale (WBFPS) score in enrolled patients.
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